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BCTYII

Jlane MeToanuHe BUJAHHS MICTUTH pPe3yJIbTaTH O0araTopiuHOl CyMiCHOI poOOoTH
kadenp i1H0O3eMHOI MOBH Ta KOHCTPYKIIIH 3 METally, IepeBa Ta IjacTMac YHIBEpCUTe-
Ty 1 BKJIFOYAE TIATOTOBICHI BUKJIajadaMu ITuX Kadeap MaTepiaid 1 HAyKOBi JOTOBI/I,
MpeICTaBICHI Ha MXKHAPOIHUX KOH(EpEeHIisX, 110 MPOBOIMWINCS Y 3apyOIKHUX Kpa-
inax, takux sk Iramis, Hopseris, [1IBetinapis, Manbra, Uexist, CioBakis, YropiyHa,
[Tonwma. BmimeHi y 1anHoMy 301pHUKY TEKCTH JOIOBiACH omy0JiKoBaH1 y 301pHUKaX
mpaib BiAMOBITHUX KOH(EPEHITIH.

ABTOpPHU BBa)KalOTh, 1110 HABEJEHI Yy JTAHOMY BUJAHHI TEKCTH MAlOTh MOJBIHHE
HayKOBE-METOIUYHE IPU3HAYCHHS.

[lo-nepiie, BOHM AalOTh JIOCTAaTHHO IOBHE YSIBJICHHS IMPO 3MICT HAYKOBO-
MPaKTUYHOTO METOAY OLIHKUA HAJIMHOCTI OyMiBEIbHUX KOHCTPYKIIIH, po3po0JIeHOro
B onHii 13 HaykoBux K1 [THTY imeni FOpig Konapatioka. ¥ 1boMy BIJHOIIECHHI
HaBEJICHI MaTepiajid MOXKYTh OyTH KOPUCHUMHU, 30KpEMA, HAYKOBUSAM-TIOYATKIBIISIM Y
BXOJ/KEHHI B aKTyaJbHYy MPOOJIEMAaTUKy HAAIMHOCTI y OYJIBHUIITBI Ta y BUOOpI Ha-
psAMY NOJABIIUX HAYKOBUX JOCIIKEHb. CyTh 1 0COOIUBOCTI pO3p00IEHOr0 METO-
Iy PO3KPUBAIOTHCS Y JIOT1UHIN MOCHIIOBHOCTI Y HACTYITHUX PO3/1Iax:
® 3arajbHUN METOJ PO3paxyHKy HaAlHHOCTI OyAIBEIbHUX KOHCTPYKILIH (po3aia 1);
® IMOBIPHICHMI OINKC HABAHTAXKEHb HA OyAIBIL 1 ciopyau — BiTpoBoro (pozain II),

cuirosoro (po3xin III) 1 kpanoBoro (po3ain V) HaBaHTaKeHb;
® OIllIHKA HAJIMHOCTI CTaJleBUX E€JIEMEHTIB 1 CTAaTUYHO HEBU3HAYEHUX CUCTEM (pO3-
i V).

[To-npyre, 3 METOAMYHOI 1 JIHIBICTUYHOI TOYKH 30pY MPEICTABIECHI TEKCTH
MOXKYTh BUKOPHUCTOBYBATHUCA :
® ISl BIOCKOHAJICHHS HABUYOK YUTAHHS HAYKOBO-TEXHIYHOI JIITEpaTypH Ta poOOTH
3 pPI3HUMH CIIOBHHKAMH 1 JIOBIJIKOBOIO JIITEPATYPOIO;

y PO3BUTKY HABUUOK MTUChMa 3 OMOPOIO Ha MPOUYNTAHUIN TEKCT;
JUTSl PO3LUMPEHHS aKTUBHOTO 1 MACUBHOI'O TEPMIHOJIOTYHOIO CIOBHUKA YNTAYa;
3 METOI0 BAOCKOHAJICHHS HABUYOK TEXHIYHOTO TMEepeKIIaay;

SIK TI0Ka30B1 MPHUKJIAIM HAYKOBHUX ITyOIIKAIM MO TEXHIYHIA TEMaTHIIi, sIKIi MOYKHA

3aCTOCOBYBATH, 30KpeMa, y MJATOTOBII JIOMOBIJEH Ha MI>XHAPOIHUX KOH(EPEHIIi-

AX;

® K 3pa3Ky CTUJIIO BUKJIAJECHHS, IPEACTABICHHS 1 0()OpMIIEHHS HAYKOBUX MyOIiKa-
11 32 KOPAOHOM,;

® K TEKCTH CaMOCTIMHOI MIArOTOBKM CTYAEHTIB 1 acHipaHTIB, 3BakKarouu Ha Jedi-
IIUT OPUTIHATBHOI HAYKOBOI JIITEPATYPH aHTIIHCHKOIO MOBOIO.

Bapro BigMiTUTH TO# (haKT, 110 BETUKHA 00’ €M aHTJIOMOBHOTO MaTepiay, 310-
panuii B JaHOMY 301pHUKY, J03BOJISIE POPMYyBaATH 1 PO3BUBATH HABUUKHU pedepyBaHHS
1 aHOTyBaHHS, 0€3 BOJIOJIHHA SIKUMU YCIIIIHE HAaBYaHHS 1 HAyKOBa JISUIBHICTH CTa-
I0Th IPOOJIEMAaTHYHUMH.

Jlanuit 30ipHUK TEKCTIB y MOBHIM MIpi aJjpeCcy€eThCsl CTyAEHTaM, JUIIOMHUKAM
1 MaricTpantam BCiX cHelliaJbHOCTeN OyAiBebHOrO (haKyJbTETy, acHipaHTaM 1 3710-
OyBauaM HAyKOBOT'O CTYIEHsI KaHIuJaTa TEXHIYHUX HayK OyaiBEIbHOTO Hampsmy.



7

Kpim Toro, 3Bakaroun Ha MIUPOKE BUKOPUCTAHHS MAaTEMAaTUYHHUX ¥ IMOBIPHICHUX Me-
TOMIB, MPEJICTABIIEHI MaTepiajJd MOXKYTh BHUKOPHUCTOBYBATHUCS TaKOX CTYJCHTAMH 1
acriipantamu HanpsMmiB “Ilpukitanna matemaruka” Ta “Komm’toTepHa TexHika.

ABTOpH BBaXaroTh, 110 3aIIPONIOHOBAHUMN 301pHUK TEKCTIB Oyjae cripusTa Qop-
MYBaHHIO MO3UTHBHOI MOTHBAIlli YYEHHSI, TaK K YCIIIIIHE OBOJOJIHHS CKJIaJHUMHU
HAaBUYKAMH PO3YMIHHS 1HIIOMOBHOTO TEKCTY JOIOMOKE THUM, XTO HABYAETHCS, MiJ-
HSTUCS 11I€ HA OJJHY CXOJIMHKY BHUIIIE MO KPYTUM CXOJiaM HaYKOBOTO IMi3HaHHS 1 MPO-
(heciifHOTO YIOCKOHAJICHHH.

Jlanuii 301pHUK TEKCTiB MOXe OYTH BUKOPUCTAHUMN SIK JIJIS1 HABYAHHS YUTAHHIO
B ayJIUTOPII IiJl KEPIBHUIITBOM BHKJIa[a4ya, TaK 1 JIJIT CAMOCTIMHOI pOOOTH CTY/ICHTIB
CTapUINX KypcCiB, aclipaHTiB, MOIIYKyBayiB.

ABTOpH



GENERAL METHOD OF STRUCTURE RELIABILITY
ESTIMATION
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RELIABILITY ESTIMATION OF STEEL ELEMENTS UNDER
VARIABLE LOADS

1 INTRODUCTION

The probabilistic assessment of structural elements with random strengths sub-
ject to snow, wind and crane loads is under investigation. The actions are described
by random processes (RP). Their real distributions and frequency characteristics are
taken into account.

2 GENERAL APPROACH

The principal ideas of applied method were developed in works [1, 2]. The
failure of an element takes place when a stochastic stress under the joint applied loads
S(t) (t-time) exceeds the random limit of a steel yielding state (resistance of an ele-
ment) R. The failure of the element is defined by the equation

Y(t)=R-S(t) <0, (1)

where: Y(t) — margin function of load carrying capacity introduced by
A.R.Rzhanitsyn [3].
The safety characteristic is of great importance and is derived from equation

B=YIY =(R-8)/I(R*+S$?)"2, (2)

where: Y,R,S - the corresponding mathematical expectations,Y,R,S — the cor-
responding standard mean deviations.

The loads are presented in the form of stationary and quasistationary RP.
Hence the Y(t) function is RP as well. Therefore the element failure is a projection of
RP load carrying capacity margin (1) into the negative region. In this case the proba-
bility of failure Q(t) is estimated as follows

QW) =a, - F(B)I(B,N2r), (3)

where: wq and fy(z) — the effective frequency and density of the distribution of
RP Y(t) ordinate; f,, — the coefficient of RP Y(z) structural complexity.

The equation (3) is based on the formula of frequency of stationary RP projec-
tion which has the general distribution of ordinate and normal distribution of a de-
rivative [4].

The solving of the problem (3) demands the presentation of distributions and
the characteristics of RP Y (t) frequency.

3 JOINT LOAD AND STRENGTH DISTRIBUTIONS DESIGN

Various statistical distributions were used in probabilistic research [5]. The
normal distribution was introduced for a steel yielding state and crane loads. The
Weibull’s distribution was applied [6] for the wind. The snow load for changeable
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Ukrainian winters was described by exponential law with the argument in the form of
a polynomial of the 3-th degree (fig. 1b).

e
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Fig. 1. Examples of joint load and strength distributions: a) composition of the nor-
mal and Weibull’s distributions, b) the normal and polynomial — exponential distri-
bution.

The compositions of differences of loads and strength should be done several
loads and for design of margin of carrying capacity (1). Convolution formulae are
used for this purpose. They can not be determined in a closed form for the mentioned
distributions therefore numerical integration is adopted. The convolutions are trans-
formed (presented in an unified comparable form) for the design simplification and
their parameters are combined. From 13 received analytical expressions of convolu-
tions, only the formula for difference of normal and arbitrary f,(z) density distribu-
tions is suggested

Z3
f(y) = (D/27) _[ exp(~0.5E2) f,(2)dz, ()
2

where: y=(Y-Y)/Y — standardised variable; E=D-y+z/p; D=41+p?;
p=%X/%; v, =% /X ; X ; % — parameters of the normal distribution, &, — standard

a



11

deviation of arbitrary distribution, z, =y.1+p*-p/v, — lower limit of integration,
z, — upper limit of integration which is determined with the account of necessary

calculation accuracy.

The examples of joint distributions based on the proposed formulae are pre-
sented on the figure 1. They can be non-symmetrical and differ considerably from the
normal distribution in solutions of structural reliability problems.

4  ANALYSIS OF FREQUENCY COMPOSITION OF SEVERAL
SIMULTANEOUS APPLIED LOADS

The overhead-crane load is a stationary RP. Snow and wind loads are the qua-
sistationary RP’s with a constant effective frequency and mathematical expectation
which changes slowly during the year. This change is supposed to be accounted with
k,. coefficients which are in the limits of 0.35-0.42 for wind and for snow it is
0.13-0.23 (for Ukraine). With regard to the above mentioned information the known
formula of effective frequency summation [4] can be written in a following way:

wq:{i(“i’di'wi 'ktri)zli(ai'qi)z} ) ()

where: wq, w; — effective joint and i-th load frequencies, respectively, o, g, —
influence number and i-th load standard.

Correlation functions (fig. 2a) and effective frequencies of RP various loads
differ considerably: for crane loads w=1700+5160 1/day, for wind ones
w=5.4+6.6 1/day, for snow loads w=0.073+0.141 1/day [2]. Therefore the joint ac-
tion of several loads become multifrequent. This peculiarity can be defined in the
formula (3) by the RP structure complexity coefficient which equals the ratio of mean
frequency on maximum e, to the effective frequency on zero wy:

o _[K"©@-KO" _ g -Jark-09a+k)]” (6)
@ l_K(O)J (1+ k2-®2) ,

q

p=

where: K(0), K(0), K" (0) — RP correlation function and its derivatives with

zero argument, f; — RP structure complexity coefficient of separate loads equals ap-
proximately 3, k=%,/%,; 0=w,/o, — are the standard deviations and effective fre-
quency proportion of summed up RP loads.

In accordance with equations (6) the frequency composition analysis can be re-
alised if RP is differentiated sufficiently many times.

For the atmospheric and crane loads the coefficient of structure complexity is
shown at figure 2b, which is done on a logarithmic scale. The S, — coefficient differs
negligibly from £,=3 coefficient which is usual for separate RP with £>1, it goes up
synchronously at the interval k=L0+0.1; it gets maximum in a narrow band
k=10.2+10.5 and it goes down again to p=3 with k=0. If the effective frequency of
one of the loads prevails and w is large, then formula (6) is simplified as follows:
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Fig. 2. The frequent analysis of load combination: a) normalised correlation func-

tions, b) structural complexity coefficient of combined loads

5 CONCLUSION
The worked out method gives possibility to estimate reliability of a wide range

of steel structures and to specify some coefficients of design standard [7].

[1]

[2]
[3]
[4]
[5]

[6]
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GENERAL METHOD OF STRUCTURE RELIABILITY
ESTIMATION

SUMMARY

The probabilistic method of structural reliability estimation has been devel-
oped. It takes account of the random load and steel strength, loads joint action, specif-
ic character of work and failure of steel elements, nodes and the whole steel structure
as well. On the base of the determined method the numerical computations of a wide
range of steel structures including crane, girders, trusses, beams, columns, frames
were realized. As a result some design coefficients for Codes improvement as well as
the reduction of cost have been offered.

Keywords: reliability, failure, load, structure, crane girders, truss, beam, col-
umn, frame.

1 INTRODUCTION

The steel structure reliability is the problem of high priority today. It can be
treated like a scientific trend, which doesn’t need both material and financial expens-
es. The general probabilistic models of wind, snow and crane loads can be considered
as a statistic basis of reliability estimation. However, these approaches lack both sys-
tematic analysis and model comparison, which can cause different results in structure
reliability design. The numeric values of wind and snow loads probabilistic parame-
ters were not determined for different districts of Ukraine. The probabilistic computa-
tion of structures was not developed with regard to join loads application, their real
distributions and frequency characteristics. The assessment of a redundant structure
safety is rather difficult task. In spite of many studies that have been done the prob-
lem of reliability analysis of these structures has not been solved yet. The exploitation
experience demonstrated the existence of quite different reliability of various struc-
tures.

2 BASE OF PROPOSED METHOD

2.1 Researches of Loads

The general algorithm of the method of reliability estimation of steel building
structures is illustrated in figure 1. This method is based on experimental researches,
pooling and integration of load statistic data. The results of regular snow measure-
ments for 1540 years at 62 Ukrainian meteorological stations have been taken as
reference statistical material for ground snow load. The systematic information about
the wind velocity measurements done with ten minutes average at 70 Ukrainian and
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NIS (New Independent States) meteorological stations were used as a initial data. The
wind force values were analyzed with the help of a certain quadratic transformation
of the wind velocity without the account of its direction. The crane load experimental
studies were performed at several metallurgical plants in different shops from 10 to
30 years of service. Vertical and horizontal loads of bridge cranes with rigid or flexi-
ble hanged cargo were analyzed.

In accordance with obtained results the following load features were deter-
mined. Ground snow and wind loads for Ukraine are of a quasi-stationary origin.
Their mathematical expectations and standards have a seasonal trend. At the same
time snow and wind frequent characteristics and normalized ordinate distributions
remain constant during the season [1,2]. The crane load is stationary and ergodic; its
density distribution corresponds well to normal law [3]. Taking into account the bi-
modal characters character of Ukrainian snow density distributions so-called po-
linomial-exponential law was used:

f(7) = eXp(Co +Cy +C272 +Cs7/3)’ (1)

where y =(x—X)/X — normalized deviation of snow load; K,,...,C, — param-

eters which are determined by the values of load mathematical expectations, standard
and relative skewness. Wind density distribution is well approximated by Veibull’s
law or distributions (1).

2.2 Probabilistic Load Models

The systematic analysis of random loads was realized for the five most com-
monly used probabilistic models. The main one is presented in the form of a station-
ary (crane load) or quasi-stationary (wind and snow loads) random processes; their
parameters are an effective frequency » and the coefficient of trend K, which ac-

counts the atmospheric load season change.

The absolute maxima of random process are one of simpler model; they are de-
termined by the tail part of the distribution of outliers and are higher then characteris-
tical maximum level »,. The letter is a solution of the following equa-

tion N, (,; 0<z <t)=1, where N, () — the number of outliers of random process.

The model in the form of a random sequence of independent random loads
with the intensity 2 is widely spread (4 — the number of loads in per-unit time t,).
For discrete presentation of loads the frequent parameter of which is the mean dura-
tion of overloading A connected with the intensity by the ratio A=t, /1.

The analysis of the problem has demonstrated that the load values sampling
can be classified as the exponential type. That’s why their maximum values can be
presented correctly by the extreme double exponential Gumbel distributions of a
normalized type:

yzan(j/_un)’ (2)
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where u, — characteristic  extremum; «, — extreme intensity;
y =—In[-In F(t)] — Gumbel distribution argument; F(t) — integral distribution func-
tion.
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Fig. 1. General algorithm of reliability estimation of steel building structures.

2.3 Comparison of Load Models

The choice of models of loads depends on a specific of solving probabilistic
problems: the more complicated ones are solved in the manner of random processes
which, however, are difficult for description and take much more computation time.
More accessible and simple models, mentioned earlier, are based on the random val-
ues and corresponding frequent characteristics and provide not less exact solution if
they are proper grounded. In particular, all the examined models are close to its sense
of the following evaluation:

QM =N, (7.t) =wtKy f ()2 = ()] T (7,) = 3)
= At[L-F@®)]=tL-F®)]/A,

where Q(t) — probability of exceeding y — level during t.

The first formula is based on the expression of frequency of quasi-stationary
random process which has the general distribution of ordinate and normal distribution
of a derivative [4].

Provided with the equation (3) the formulae which connect the parameters of
different probabilistic load models were derived in author’s papers [1,2,5].

Load probabilistic comparison can be well performed at the extreme scale [6]
which is illustrated in figure 2. On the axis of ordinate of a scale the standardized
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load is laid off, on the axis of abscissa the Gumbel’s distribution argument vy is laid
of which is connected with the load return period T.Gumbel’s distribution (2) is de-
scribed on the scale in the form of straight lines. The models of a random process, a
random sequence of independent loads and discrete presentation are introduced as
different curves. The main advantage of this scale is its visual effect of the tail parts
of the load distributions which have rather small distinctions in the usual form of
presentation. It enables to present the visual comparison and correspondence of pa-
rameters of different load models.

All necessary mean wind and snow probabilistic parameters of Ukrainian dis-
tricts were introduced in our works [1,2]. The worked out parameters give possibility
to develop the reliability estimation of building structures.

3 RELIABILITY OF STEEL ELEMENTS UNDER DIFFERENT
RANDOM LOADS

3.1 General Approach
The principal ideas of applied method were developed in works [7,8]. The fail-
ure of an element takes place when a stochastic stress under the joint applied loads
S(t) exceeds the random limit of a steel yielding state (resistance of an element R).
The failure of the element is defined by the equation

Y(t)=R-S(t)<0, (4)

where Y (t) — margin function of load carrying capacity.
The safety characteristics is of great importance and is derived from equation

B=Y1Y =(R-5)/(R?*+S$?)"2, (5)

where Y,R,S — the corresponding mathematical expectations; Y,R,S — the
corresponding standard mean deviations.

The probability of failure Q(t) is estimated from the formula (3). The solving
of this problem demands the presentation of joint distributions and the characteristics
of Y (t) frequency. The compositions or differences of load and strength distributions
should be done for design of margin of carrying capacity (5). Convolution formulae
are used for this purpose; their analytical expressions were represented in our paper
[8]. The examples of joint distributions based on the proposed formulae are presented
on the figure 3. They can be non-symmetrical and differ considerably from the nor-
mal distribution in solutions of structural reliability problems.

Correlation functions and effective frequencies of random processes of various
loads differ considerably [7,8]. Therefore the joint action of several loads becomes
multi-frequent. This peculiarity can be defined in the formula (3) by the structure
complexity coefficient g, which equals the ratio of mean frequency on maximum to

the effective frequency on zero.
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3.2 Analysis of Steel Element Reliability

Some of the building parts consist of numerous structures, roofs or ceilings.
The dead load of structures like these is a sum of normal random values describing
the weight of every layer. It is established that decreasing coefficient of combination
w=0.60-0.95 can be applied to a dead load in this case.

Crane beams as well as crane trestle structure can be treated like elements un-
der only crane load. We’ll examine general stress of these elements without local ef-
fects and fatigue. In this case the probability of structure failure Q(t) depends on the
ratio of a load stress of one bridge crane Xy; to the load stress of two bridge cranes
Xwm2, then on the ratio of a load carrying capacity of cranes to their mass and it also
depends on crane work condition. The analysis showed that steel elements have a de-
ficient reliability if they are under 4-wheeled crane load when Xy;1/Xy220.8 i.e. in the
case of the one crane loads dominance. In the rest cases steel elements reliability de-
termined on the base of general stress state criteria under crane loads is sufficient. In
some cases the design crane load on steel structures can be decreased when their reli-
ability is preserved. For example in the case if the approach of a loaded crane trolley
to a crane track is limited or if the structure service term T is also limited. For the last
case the design crane load may be multiplied by temporary coefficient yr=0.93-1.0
for T=1-50 years.

The reliability of steel structures (beams, trusses) under snow load was esti-
mated by a developed method. These structures are of different mass roofs and snow
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loads for all Ukrainian districts. The calculation demonstrated the lack of reliability
of rafter structures. That justifies the idea of understating of existing snow loads Code
in Ukraine. Besides this fact validates the causes of steel truss failures. It applies to
steel structures with lightweight roofs in the southern districts of Ukraine when there
Is much snow in winter. The increasing of snow design load for 1.5-2 times for our
region can solve the reliability problem of steel structures under snow load.

Steel elements under wind load designed in accordance with the existing code
(glass elements, wind protection screens etc) are of sufficient reliability. So if the ser-
vice term of these elements will be limited it is possible to introduce the temporary
coefficient yy=0.46-1.0 for T=1-50 years for the design wind load. The obtained re-
sults allow decreasing considerably the design wind load for the conditions of struc-
ture erection. It is recommended to introduce the increasing coefficients of combina-
tion w=0.7-0.9 into the steel structure design under snow, wind and crane loads.

4 RELIABILITY OF STEEL BEAM-COLUMN STRUCTURES

Time factor, existing loads, random steel strength were taken into account dur-
ing computation process of these elements [9]. For that reason the statistic stability of
steel beam column elements was investigated; the function of stability reserve has
been offered; the possibility of its linearizing has been suggested; some approaches
with regard to geometrical and physical non-linearity have been worked out. Existing
steel columns of industrial buildings in a broad range of parameters were examined:
when the truss and column conjugation is rigid or hinged; if the building span is
24-36 m, column step is 6-12 m: if the roof is with steel profile flooring or reinforced
concrete panels, with bridge cranes of 30 to 125 tons and different conditions of
work. It is right for all snow and wind districts of Ukraine. All the columns were de-
signed in accordance with existing Code.

The analysis of obtained results demonstrated the failure probability of steel
column of a constant section as well as the upper parts of stepped columns. The fail-
ure period of mentioned above elements is 100-250 years. So the general conclusion
is as follows: the reliability of steel columns of industrial buildings is quite sufficient.
Besides, the reliability of lower parts of the stepped columns appeared to be much
higher then upper ones. That is the result of applying additional random crane force
to the lower part of a column. Taking into account these facts and using the criteria of
equal reliability of upper and lower parts it is recommended to introduce the addi-
tional coefficient of work condition ?-=1.15 in the calculation of lower parts of
stepped columns. The introduction of this coefficient will allow decreasing steel col-
umn weight.

5 RELIABILITY ANALYSIS OF STEEL STRUCTURE NODES

The logic and probabilistic methodology was used for analysis. It was founded
out that reliability of typical steel nodes could be compared with the schemes of suc-
cessive connections of correlated elements. Thus, the node reliability depends upon
the number of engaged independent load carrying elements. It is obvious that if the
number of elements is increased the node reliability will be decreased. The reliability
of nodes with less number of elements is higher. As a result of this the nodes can be
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less reliable that the structure itself (column rods, span parts of beams and so on). The
reliability of existing structures has to be examined together with the reliability of el-
ements (sections) as well as nodes.

6 PROBABILISTIC ESTIMATION OF STEEL REDUNDANT
STRUCTURES

Some beams and simple frames, as well as multistory and multi-span structures
of industrial and residential buildings present this type of structures. The failures of
these systems are various. This paper attacks the problem which concern is only steel
structures with the loss of carrying load capacity [10]. Redundant structure failures
occur after some member failures in the form of transmission to different workable
states. These states match different designing schemes with various probabilistic pa-
rameters. Thus, the redundant structure failure estimation is a very complicated prob-
lem as depends upon the system complexity. The method of states, probabilistic
method of ultimate equilibrium and logic and probabilistic method were developed
for solving this problem. The main attention was paid to the redundant structures with
bending dominance (beams, frames). Corresponding formulae are derived; the algo-
rithms and computing programs are developed. The estimation of a wide range of in-
dustrial redundant structures with different degree of redundancy was obtained on the
base of this approach. It gave possibility to evaluate the safety level of redundant
structures in comparison with separate members and statically determined structures.
This level can be taken into account introducing the additional coefficient of work
condition »=1.1...1.4. The minimum values of this coefficient correspond to the least
number of appeared plastic hinges (two or three for so called “partial” mechanism of
structure failure). The largest coefficient y: values have to do with failure scheme
with the largest number of hinges of plasticity close to the degree of redundancy
(“full” failure mechanism).

7 CONCLUSION

The general probabilistic models of wind, snow and crane loads were designed
and taken as a statistic basis of reliability estimation. These models are as follows:
stationary and quasi-stationary random processes, its absolute maxima, and random
sequence of independent loads, discrete presentation and extreme model. The practi-
cal method of reliability analysis of steel structure elements is proposed. Load real
distributions and frequency characteristics are taken into account. Using the worked
out method the reliability analysis of wide range of steel structures designed in ac-
cordance with existing Codes was examined. This analysis showed that the structures
have rather different level of reliability. In particular the light roof structures are not
reliable enough being under great influence of snow load for Ukraine. At the same
time the Building Code allows over-estimation of reliability for steel columns. With
regard to mentioned above it’s proposed to correct some load factors, a combination
factor and a factor for model uncertainties of Design Codes of steel structures and
loads. In addition the numeric computations offer to introduce a design coefficient,
which takes into account the specific character of work and failure of redundant
structures.
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PROBABILISTIC ANALYSIS ON WIND LOAD AND
RELIABILITY OF STRUCTURES

SUMMARY

The mean value of wind load on a building structure is under investigation in
this paper. The different probabilistic models of wind load were developed. The
method, which connects the components of various wind models, was obtained. All
necessary wind parameters were determined for districts of Ukraine. The estimation
of the design values of the wind load has been substantiated.

1 INTRODUCTION

The evolution of reliability computation theory and design Codes of building
structures are still of interest because of the complexity of a problem on the one hand
and on the other of the ignoring the random loads including the wind ones. The nu-
meric values of wind loads probabilistic parameters were not determined for different
districts of Ukraine. The traditional approach doesn’t enable to get the exact structure
reliability evaluation for the practical purposes especially for some building processes
as reconstruction, erection and setting up the unique structures. There were used dif-
ferent probabilistic models for wind load description but the most of them are based
on the deficient statistic material and presented in the forms of samples.

In our previous paper [1] only some problems on wind load description were
examined. In this one we’ll give more detailed information on this matter. The given
below results are treated as the integral part of reliability estimation method which
was developed in the previous works [2, 3].

2 STOCHASTIC PROPERTIES OF WIND LOADS
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Fig. 1. Season change of the wind load mathematic expectation.

The systematic results of the wind velocity measurements are quite informative
and allow getting the ordinate distribution, the numeric characteristics and frequent
parameters of the mean wind value. This value corresponds to the macro-
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meteorological peak of VVanderkhoven wind spectrum [4], with the period of 1 up 4
twenty-four hours.

Wind load has the season change of the mathematic expectation X and the
standard deviation X during the year, which can be described approximately with
polynomial of the 3rd degree as it’s illustrated in figure 1. At the same time the coef-
ficient of variation V, relative skewness S and excess E can be treated as time inde-
pendent.

The wind load for examined territory is of the stationary frequency nature. This
solution is based on the fact that its normalized correlation function and effective fre-
guency have no significant distinctions during the year.

The experimental distributions of the wind load are well corresponded to the
Veibull’s law (see figure 2).
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Fig. 2. Veibull’s law for the wind ordinate (January).
Its integral and differential functions are usually written in the form of:

F(X)=1-exp|- (X —&)’ Ja} (1)
f(X)=(Bla)X —&)  expl-(X &)’ Ja]

where &£— parameter of a position of the distribution, when X >0 ¢=0; « and

3— the parameters of a scale and the form of distribution.
Let’s dwell upon the normalized Veibull’s distribution. The standardized vari-
able y=(X-X)/X, the expression X=X(V+1) will be used but « should be neglected:

F(X) :1—exp% (v +1)ra+ ﬂ*l)]”} (2)

to) = vl 7Y (7 +1Y e [ov +0rt g |

where T(1+ ) — gamma-function.

As the coefficient of variation V remains constant the parameters of 3 and
gamma-functions are not also changeable. So the approximate normalized presenta-
tion in the form of equation (2) remains unchangeable per year.
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The analysis of the received results has demonstrated that the wind load is of a
quasi-stationary origin with the stationary not only on frequency but on the normal-
ized distribution of ordinate.

3 PROBABILISTIC MODELS OF THE WIND LOAD

The systematic analysis of five most commonly used probabilistic presenta-
tions of random loads with the account of unspecified and normal laws of distribution
were introduced in our previous work [2]. This article gives the general analysis,
which is applied to the wind load described with Veibull’s distribution, partially these
results are represented in work [1]. For this model the solutions of the direct problem
of the calculation of the wind level load »@(t) corresponding to the given probability
Q(t) and opposite problem of the determination of Q(t) of exceeding y-level during t
were obtained. The evident advantage of all these solutions is the obvious account of
a time factor “1”.

X I X
@ e
-3
wll”: g [N
t f20)
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Fig. 3. Probabilistic models of the wind load: a — realization of load: 1 — random
process; 2 — random sequence of independent loads; 3 — discrete presentation; b —
density distribution: 4 — process ordinate; 5 — absolute maxima; 6 — extremes.

The main probabilistic model of wind load is the model presented in the form
of a quasi-stationary random process, it is illustrated in figure 3, position 1. The num-
ber of outliers of this process gives the estimation Q(t):

Q) =N(7,0<r<t)=04wt K, AW @+ A7) [V +1) "%

3
cexpl-[(v +0rts 57} ©)

where K, — the coefficient accounts the load wind trend during the year.

For the simplification of a design computation the parameter ¢ is introduced,
which numeric values are in the intervals of 0.54-0.66 and can be determined as fol-
lows:

5 =-Inp4apNT+ 57)-(B-05)In(WV +1). (4)
As a result the equation (3) will be transformed into
Q) = ot K, expl-[ov +)r+ g2 -5, (5)

The model of the absolute maxima of random process treats the largest wind
loads as random values. These loads are higher than characteristical maximum level
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7, [2] as it’s shown in figure 3, position 5. Its density distribution differs from
Veibull’s one:

Ktr \4 -1
f) :[K—j{ o +1J{H[r(1+/3 v+ - p+05)x

xexp{(+ 2oV +1) -V +1) J+5, - 5}

(6)

In this case the solution of a direct problem is as follows:

s
y= {{(}/OV +1) + (In{ﬁ}} —5, + 5} ' 1} Vv, (7)

where Ktro, & — refer to » loadlevel.

Very often the wind loading is introduced in the form of a random sequence of
independent loads as it’s shown in figure 3, position 2. In this case the frequent pa-
rameter is the intensity A, which equals the number of a load in per-unit time t,. The
possibility of overloading of yis:

Q(t) = At exp{f (v +1)ra-+ ,B’l)]ﬂ} (8)

The probabilistic model of the wind load in the form of discrete presentation is
depicted in fig. 3, position 3. It uses the time parameter-mean duration of overloading
A, connected with the intensity by the ratio A=t,/A; in accordance with it the direct
and opposit problems are solved like:

(1) = [(In t/fowal)ris ,B‘l)—l}V'l; (9)
Q=¥ exo-[ov +0ri+ s (10)

In order to adopt the statistics of extremes [6], it’s necessary to confirm that the
wind load values samples which as presented in accordance with Veibull’s distribu-
tion correspond to the exponential type. In this case the following condition should be
satisfied:

fX) __fi(X)

L-FX)]  f(X) (1)

If the Veibull’s distribution function is performed in the form of (1) when &=0
the left part of equation (11) will be written as follows:

(Bla)X texpl-X’/a) B

exp(- X’Ja)  aX/’

The derivative of Veibull’s distribution density equals:



26
00 =(1 ool X -]

The first term in square brackets asymptotically approaches to zero with X
growth. The right part of the condition (11) can be written like:

_(%jz exp(— X %)X 205-)

P ) b

Thus, the exponential condition of Veibull’s sampling asymptotically performs.
So the wind maximum values can be described correctly by the double exponential
Gumball distribution of the I type [6], which is shown in figure 3, position 5. In this
case the direct problem is solved with the help of the function from the volume of
body sampling n,:

7@ ={Inn, )4 a-1n Q/(81nn, YT+ 571V (12)

The formulae for necessary extremal parameter computation were represented
in our paper [1].

4 COMPARISON OF PROBABILISTIC MODELS OF WIND LOAD
All the examined models are close to its sense and forms of Q(t) evaluation:

QM) = wtK, f (1)/V2r = () £ (7o) = ML-F(y)]= (13)
=t[l- F(y)[/A =1-exp[-exp(-y))

where F(y) and f(») are integral and differential functions of a load distribution
in accordance with the equation (2).
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Fig. 4. The comparison of probabilistic models of the wind load on the extremal
scale.
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Fig. 5. The map of districts of Ukraine according to the wind pressure [7].

5 MEAN WIND PARAMETERS OF UKRAINIAN DISTRICTS

Table 1. Probabilistic parameters of wind load

Numeric values for wind
No. Model, parameter Symbol | Unit districts of Ukraine
I ] i
Common parameters
Mathematic expectation X kPa 8.6 14.6 22.3
Coefficient of variation Y, - 1.81 1.78 1.73
Veibull’s form parameter B - 0.5862 | 0.5941 | 0.6078
Gamma-function r@+p*) | - | 1.5518 | 1.5243 | 1.4796
1 Quasi-stationary random
process
ihours
Effective frequency ) 24 6.58 5.16 5.42
5 Absolute maxima of random
process
Caracteristical maximum ’e ] 8058 | 7327 | 7.154
level
3 Random sequence
Load intensity A year™ 650 480 465
4 Discrete presentation
Mean duratl?nngof overload- % hour 13,55 18.31 18.92
5 | Veibull’s extremes per year
Body sampling N, - 977 738 963
Characteristical extremum u, kPa 0.149 | 0.230 | 0.333
Extreme intensity a, kPa™ 27.1 17.1 12.0

Provided with the equation (13) the formulae, which connect the parameters of
different probabilistics models of the wind load were derived in our paper [1].

Load probabilistic comperison will be well performed at the extreme scale [6],
which is illustrated in figure 4. On the axis of ordinate of a scale the standartized load
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IS laid off, on the axis of abscissae the Gumbel’s distribution argument
y =—In[-InF(t)] is laid off which is connected with the load return period T

Gumbel’s distribution of the first type is discribed on the scale in the form of
straight lines. The models of a random process, random sequences of independent
loads and discrete representation are introduced as different curves.

In the case these curves are of a faint concaved character as it’s shown in fig-
ure 4. The main advantage of this scale is its visual effects of the tail parts of the load
distributions, which have rather small distinctions in the usual forms of presentation.
It enables to present the visual comparison and correspondation of parameters of dif-
ferent load models.

In accordance with existing Codes [7] Ukraine is divided into three wind dis-
tricts as it shown in figure 5. The 1l wind district occupies the main part of a country,
the 111 district is situated in the south and south-east parts and some part of the Carpa-
thian Mountains, the | district stretches along a narrow part of the north-west board of
Ukraine.

The experimental wind probabilistic parameters of all examined models were
approximated in accordance with the Ukrainian districts and tabulated in table 1.
Some of these results were given in work [8]. The values 2, r(1+ ﬂ‘l) and coeffi-
cients of variations, which fully determine the average district Veibull’s distributions
of wind load derived from equation (2) are tabulated there. In table 1 the correspond-
ing frequent characteristics are shown. The numeric values of parameters of different
models were derived from the condition of close evaluation Q(t) for the working life
t=50 years. This idea is well illustrated in figure 4.

6 PROVISION OF DESIGN VALUES OF THE WIND LOAD

The results of the problem are tabulated in table 2. They demonstrated that
specified and design values of the wind load correspond differently to the experi-
mental statistic data for the Ukrainian territory. For the I-st district the design values
are larger then the real ones, for the Il1 district it is just on the contrary: the real loads
can exceed the design ones. These data justify of the necessary of further researches
and development of the National Codes of wind loads for Ukraine.

The worked out method, which examined the model and obtained parameters
gives possibility to estimate reliability of a wide range structures under wind and oth-
er loading. Unfortunately the range of this paper doesn’t allow representing all the
results. We’d like to point out that the received data show that the reliability differs
considerably for structures designed in accordance with the Building Codes [7]. This
method also allows specifying some coefficients of design standards.

Table 2. Probabilistic provision of the design wind Loads on [7] for Ukraine

Wind Specified load Design load
district w_,Pa 7, T ,years | w,y,Pa 2 T,,years
I 230 14.22 11.6 322 20.13 86.8
1 300 10.98 5.1 420 15.60 28.2
11 380 9.27 2.5 532 13.21 13.4
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with w_— specified mean wind load; w,y, — the same design load; y, —
load factor; y,=(w, —X)/X, y,=(w,7, -X)/X; T, T, — standard deviation and the
return period correspondingly to the specified design load.

7 CONCLUSIONS

The large amount of statistics results on wind loads were examined for the ter-
ritory of Ukraine. The wind load is of quasi-stationary origin with the constant fre-
quent parameters and normalized distribution. For the description of ordinate density
Veibull’s law and double exponential Gumbel’s distribution were used. The most
widely spread probabilistic models of wind load were observed. They are as follows:
quasi-stationary random process and its absolute maxima, random sequence of inde-
pendent loads, discrete presentation and extreme model. Having integrated some ini-
tial data all necessary mean parameters of mentioned probabilistic wind models were
determined for three districts of Ukraine. The worked out method and parameters
give possibility to develop the probabilistic analysis of building structures.
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PROBABILISTIC SPECIFICATION OF DESIGN WIND LOAD
COEFFICIENTS

SUMMARY

Large number of wind meteorological data was gathered for the territory of
Ukraine. Quasi-stationary model of the mean wind load was substantiated. Design
coefficients for practical reliability computation were offered. Trend coefficient takes
Into account season changeability of wind load parameters. This coefficient together
with the auxiliary one allows obtaining the closed solution for determination of wind
load level, which corresponds, to a chosen probability of excess. A simple approxi-
mate formula for wind load values with different return period has been derived.
Numeric values of temporary factor for practical calculations were obtained. It can be
used for buildings with different terms of serviceability.

1 INTRODUCTION

Mean wind load is the main one for the majority of buildings and structures.
We consider this problem hasn’t got enough estimation yet whereas the development
of probabilistic description of the mean wind load is very important for the perfection
of both Building Code design and the theory of building structure reliability. A large
number of meteorological data was collected for the territory of Ukraine. Quasi-
stationary model of the wind load was developed on its base [1,2]. For its practical
computation usage the simplifications should be introduced in the form of designed
coefficients. Return period of a wind load is being still ignored in structure design.

2 TREND COEFFICIENT K+gr

The character of season change of wind load mathematic expectation X for
Ukraine is examined in the work [2]. Taking into account the mentioned above facts
Weibull distribution for the mean wind load also depends on calendar time t:

F(x):l—exp[— x/’/a(t)], (1)

where g and «(t) — parameters of a form and a scale of distribution corre-

spondently.

From the developed probabilistic wind models the main one is the representa-
tion in the form of a random process. The formula of the number of outliers of a wind
random process is in the form of:

v, (t) = 04l B/ (X exp - xa()], @)

where: 2(t) — wind standard deviation; » — constant effective frequency.
The estimation of probability of level excess is very important for reliability
computation and requires the integration:

Q(x,t)= jm (x,t)dt. (3)
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For design simplification the coefficient of trend is introduced in the form of:

| fe o k) @

0

where: t, =135 days. It’s a base date in January. It corresponds to the trend top

of the mathematic expectation since the conventional date is the 1st of September;
t, — the design time interval which equals to 1 year.

Let’s substitute the numeric integration to the summation of monthly outliers.
Then the formula (3) will be as follows:

K, - {iwo o) el ke’ —aal)]} /12, ©)

i=1

where: o, and «,- Weibull parameters of a scale for i month and the base one

correspondently.
The obtained numeric values K, for the wind districts of Ukraine, which corre-

spond to Building Codes [3] are tabulated in table 1 in the function of a return period
of the wind load 7. As it’s presented in figure 1-a, the coefficient K, decreases if T

Is increased and it changes slightly in the interval T =20+50years.

3 AUXILIARY COEFFICIENT 4
For the transition to a normalized Weibull distribution the normalized deviation
7 =(x-x)/% and the ratio x=a*’T(1+4*) (Mi+p*) — gamma function) were used.
Then formula (1) is presented in the form of:

F(y)=1-expt [V +rl+ g2 |, (6)
Table 1. Numeric values of coefficients Ky, 6 and yt
Coef- | Wind
ficient disc':;ict 1 5 5 10 20 30 50
Ukraine

I 0.5205 | 0.4994 | 0.4749 | 0.4587 | 0.4434 | 0.4351 | 0.4257
Ky ] 0.4920 | 0.4720 | 0.4490 | 0.4340 | 0.4200 | 0.4130 | 0.4040
11 0.4406 | 0.4206 | 0.3980 | 0.3832 | 0.3698 | 0.3627 | 0.3541
I 0.6591 | 0.6451 | 0.6280 | 0.6164 | 0.6042 | 0.5989 | 0.5918
S I 0.6508 | 0.6333 | 0.6144 | 0.6010 | 0.5888 | 0.5821 | 0.5739
11 0.6224 | 0.6041 | 0.5824 | 0.5677 | 0.5540 | 0.5465 | 0.5373
yro | Alldis) 646 | 054 | 066 | 0.76 | 0.86 | 0.92 | 1.00

tricts

The same transformation is applied to formula (2) and with the account of Ky
for the evaluation (3) the formula (7) is derived:
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Q. t)= tK, exp(- 5)expl- [V +Orl+ g1 . ()

In this formula the coefficient Jequals:
§=— In[O.4BVO'5(yV + 1)3‘0-5r(1+ gt ] . (8)

All the arguments of this formula are constant except 7. So the numeric values
o for wind districts of Ukraine are in the narrow range of 0.54-0.66 for T=1+50 years
(see table 1 and figure 1-b).

The use of coefficients K and ¢ reduces the design and excludes the numeric
integration. As a result the closed solution of normalized load level has been derived
which corresponds to a chosen excess probability Q(t):

1 1L
r©)=v s 57 In(wtk, /Q()-5)% 1] (©)
K, 2
0.6 o
Tdistrict
05 Hie— 11 district
e e R o E— S S I district
0.4 I —
0.3
0.2 T, years
12 5 10 20 30 40 a0
5 b)
0.7 Idistrict
0e Fed e B D W R 11 district
—
T 11T district
0.5
0.4 T, years
12 5 10 20 30 40 a0
YT o)
1o
fﬂ
0.8
0.6
0.4
0.2
0 T, years
12 5 10 20 30 40 a0

Fig. 1. Design coefficients of wind load in the function of its return period: a) trend
coefficient Ky; b) auxiliary coefficient &; c) temporary coefficient .

Average wind parameters @, V, S, and F(1+ ﬂ*l) for Ukrainian territory are pre-

sented in the work [2]. The computation of normalized wind load values »(T) which
are connected with the return period T (in years) was significantly simplified with the
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account of the mentioned above parameters and proposed coefficients Ky and o. For
this purpose the next simplified formula was offered:

y(T)=alln(bT)f, (10)

where: a, b and ¢ — numeric coefficients from table 2. The formula can be ap-
plied if T>20 years.

Table 2. Coefficients of formula (10)

Wind district of Ukraine a b Cc
I 0.356 556.1 1.706
1 0.369 428.5 1.684
1 0.391 409.2 1.647

4 TEMPORARY FACTOR s

The obtained results allow to compute mean wind load which corresponds to
different return period T:

w,,(T)=x[1+(T V], (11)

where: x, V— mathematic expectation and wind load variation coefficient
represented in [2]; (T) — standard deviation, derived from formula (9) or (10).

Temporary factor j; determined as (12) is recommended for practical applica-
tion

VT =Wm(T)/Wm(T0)’ (12)

where: To=50 years — return period in accordance with the Building Code [3]
for design load chose.

The corresponding arguments about j+ for Ukrainian territory are given in table
1 and figure 1-c. Design wind load is multiplied by these coefficients in the computa-
tion of time strength of reconstructed members and some other objects with the lim-
ited term of serviceability. For the design of structures under erection it’s allowed to
apply specified wind load multiplied to the reduced coefficient »,=0.55. This rec-
ommendation is based on the value » for T=1 year.

5 CONCLUSION

The results reported in this paper as well as ones presented in the previous au-
thor’s works [1,2] suggest rather detailed probabilistic description of mean wind load
for Ukraine. Proposed design coefficients significantly simplify the computation pro-
cess and allow to obtain the wind load values in the form of closed ones for different
return periods. A derived temporary coefficient s allows increasing the structure
economical efficiency under strength, reconstruction and erection. Numeric wind pa-
rameter values and design coefficients are developed for Ukraine. General approach-
es and design formulae are worked out and are of universal character and can be ap-



34

plied to any geographical districts. Probabilistic wind load model was successfully
introduced into the computation of usual and specific structures [5,6].
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CERTAIN PROBLEMS IN PROBABILISTIC MODELLING OF
WIND LOAD

Wind load probabilistic research for Ukraine is of great importance now. This
Is a problem, which deals with the necessity for developing National Codes of atmos-
pheric loads on building structures as well as the need for reliability design of build-
ings and structures. This problem has been studied for several years at Poltava State
Technical University. The propositions presented in this paper are the continuation of
wind research results which were developed through the author’s papers at 1%
EECWE in Warsaw in 1994 [1], 2nd EECWE in Prague in 1998 [2] and 2nd EACWE
in Genova in 1997 [3].

The mean and fluctuation values of wind load on a building structure are under
investigation in this paper. The systematic results of mean velocity measurements at
70 Ukrainian meteorological stations had been taken as the initial ones. The mean
wind force distribution and its numeric parameters were analysed with the help of a
certain quadratic transformation of the Veibull’s distribution of the wind velocity
without the account of its direction.

The mean wind load is of a quasi-stationary origin. Its mathematical expecta-
tion and standard have a seasonal trend. This change is supposed to be accounted
with a trend coefficient that is in limits of 0.35-0.40 the wind of Ukraine. At the same
time wind frequent characteristics and normalised ordinate distribution remain con-
stant during the season. For the description of mean wind ordinate density Veibull’s
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law and polynomial-exponential distribution were used. Wind load can be described
faithfully by different probabilistic models: quasi-stationary differentiated random
process with its absolute maxima, random sequence, discrete presentation and ex-
tremes. System comparative analysis of these wind load models was performed, and
all necessary mean parameters of different probabilistic wind models were deter-
mined for three districts of Ukraine.

The fluctuation is presented in the form of a normal stationary random process.
Its effective frequency was determined on the base of Davenport’s spectrum.

On the base of calculation procedure of structure reliability under wind loading
It’s necessary to determine the sum or the differences of distributions using the for-
mulae of convolution with numerical integration. Variants of convolutions of the
normal law with the Veibull’s distribution and the polinomial-exponential one were
transformed, simplified and presented in the unified form suitable for comparison.
The distribution form is presented as a function of normalized deviation from the cen-
tre with respect of a total standard of joint distribution. The joint distributions based
on the proposed formulae can be non-symmetrical and differ considerably from the
normal distribution in solutions of structural reliability problems.

Correlation functions and effective frequencies » of random processes of
mean and fluctuation values of wind load differ considerably: for mean wind values
w=5.4-6.6 1/day, for fluctuation values w=4500-9000 1/day. Therefore the joint ac-
tion of these wind components become multi-frequent. This peculiarity can be de-
fined by the structure complexity coefficient, B, which equals the ratio of mean fre-
guency on maximum to the effective frequency on zero of the random process.

The numerical modelling of wind stochastic process was realized in three
phases. The following points were determined at the first phase:
indispensable probabilistic characteristics;
guess about a stationarity and ergodicity of wind stochastic process;
adequate accuracy of probabilistic model;
distribution laws of stochastic process ordinates;
application of the correlation theory;
minimal length of the realization of wind stochastic process (T =1 year);
necessary quantity of realizations for obtaining of the given model precision;
quantity of a quantum on a level and time (st =3 hours).

At the following phase the general algorithm of model operation was devel-
oped and the numerical probabilistic model was worked out on the computer.

At the last phase the adequacy of wind stochastic model to actual wind process
was estimated.

The numerical probabilistic model bases on the model of normalized stochastic
stationary process with the Veibull’s distribution of ordinates:

S I SR AR T
é:(i)(yy)_v {F(l+,31){ In[l]} 1}1 (1)

where:
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50(i)(3’x)

I :l—E ;'I._exp[_OIS(é:O(i)(y)())Z] d§0(i)(7/x) 1

B is the parameter of the Veibull’s distribution form; () is the Gamma func-
tion; a, is the left-hand border of integration; y, is the normalized random value with
a normal distribution law; &, (r,)is the ordinate of normalized normal stochastic pro-
cess

Ex (7, = 1= [Xp(=aty AT 7, +[Xp(~tg Ay 2)
with normalized correlation function
r(z) =exp(-a,| 7). 3
The ordinates of wind load stochastic process are determined as follows:
S (G0 =1V &4 (7, s D+ X (), (4)

where X(t) is the trend function of wind load mathematical expectation.

These results were used for practical design of structure reliability. The worked
out method, which examined the model and obtained parameters gives possibility to
estimate reliability of a wide range structures under wind loading.

The analysis has demonstrated that steel elements under mean wind load de-
signed in accordance with the existing code (glass elements, wind protection screens
etc) are of sufficient reliability. So if the service term of these elements will be lim-
ited it is possible to introduce the temporary coefficient y1=0.46-1.0 for T=1-50 years
for the design wind load. The obtained results allow decreasing considerably the de-
sign wind load for the conditions of structure erection. The consideration of the fluc-
tuation wind component reduces seriously the level of structure reliability.

It is recommended to introduce the increasing coefficients of combination
w =0.7-0.9 into the steel structure design under snow, wind and crane loads.
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SNOW LOAD ON BUILDING STRUCTURES
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ABILISTIC DESCRIPTION OF GROUND SNOW LOAD FOR
UKRAINE

SUMMARY

This material is based on a large bulk of meteorological data. Considerable
probabilistic characteristics of ground snow load were revealed through its study.
Ukrainian winters are changeable with little too much snow. Various models of snow
loads were developed. Method of parameter comparisons of different snow models
was worked out. All necessary probabilistic parameters were obtained for snow dis-
tricts of Ukraine. It is demonstrated that the design snow loads are considerably lower
than the actual ones. It’s pointed out that the development of National Codes of at-
mospheric loads can be considered as one of the main tasks.

1 INTRODUCTION

Snow load probabilistic research for Ukraine is of great importance now. This
Is a problem which deals with the necessity for developing National Codes of atmos-
pheric loads on building structures as well as the need for reliability design of build-
Ings and structures, preventing structure failures which routinely occur every winter
in Ukraine. Snow loads are described with different probabilistic models by many au-
thors. However, these approaches lack both systematic analysis and model compari-
son which can cause different results in structure reliability design. This problem has
been studied for several years at Poltava State Technical University. The results pre-
sented in this paper are the integral part of a structure reliability estimation method
developed through the author’s work (Pichugin 1995a,b).

2 SNOW LOAD PROBABILISTIC DISTINCTIONS

The results of regular snow measurements for 15-40 years at 62 Ukrainian me-
teorological stations have been taken as the reference statistic material. Ground snow
load realisations were obtained, their intervals run 5 or 10 whole days. This statistic
analysis has demonstrated some specific characteristics of snow loading in the territo-
ry of Ukraine.

2.1 Snow season cycle

During winter, snow load has two little transitional irregular parts. The begin-
ning of winter is the period of snow accumulation, the end of winter is the snow melt-
ing stage. The main winter period lies between the winter average beginning date ts
and the average end date t-. The 10th—15th of November is the starting point of win-
ter for Ukraine (ts) and the 10th of April can be treated as the end of it (tz). The peri-
od t, =t —t, is the most important stage of stable snow cover. At this time snow load
has relatively high values, which are of interest to the structure reliability design.

Within this period (ty) some general rules of snow load can be traced and they will be
described later.
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2.2 Season winter period

Seasonal changes of mathematical expectation X(t) and standard X(t) of snow
load (t — is the time interval which is calculated from the 1st of September) is of
skewness nature and its top corresponds to the middle of February (Fig. 1). This trend
Is described approximately as a polynomial of the 3rd degree. Meanwhile, the district
coefficients of variation ¥ and relative skewness S can be roughly treated as con-
stants (Pachinski 1999). In this paper we use the snow loads for different districts of
Ukraine in accordance with the Ukrainian Code (Loads 1987).
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Fig. 1. Season change of the snow load mathematical expectation.

2.3 Frequent character of snow loads
Stable snow load (in the interval t, =t. —t.) is of a stationary frequent charac-

ter. This conclusion is based on the fact that snow normalised correlation function
and effective frequency have no significant distinction during winter.

2.4 Distribution of snow load values
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Fig. 2. Normalised district snow load distributions.

Experimental snow distributions for Ukrainian territory are of bimodal charac-
ter. Therefore (Fig. 2), the normal low that satisfactory describes the snow loads of
many snow districts cannot be applied in these cases. That’s why so-called polynomi-
al-exponential distribution was substantiated and used. Its normalised presentation is
as follows:

f(y)=exp(C, +Cyy +C,p? +Cop), (1)
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where y = (x - X)/ X — normalised deviation of snow load.

If v and S are constant the coefficient of exponential index in expression (1)
remains constant and does not depend upon the date (t). As a result snow load is sta-
tionary not only in frequency, but in normalised distribution of ordinate (1).

2.5 Specific characters of snow polynomial-exponential distribution

This distribution (Fig. 2) has an exponential maximum to the left at the original
coordinates, which means absence of snow during some winter periods. This is a spe-
cific characteristic of changeable Ukrainian winters with little snow. The second top
of the curve is determined by the period of stable snow loads. It is interesting to ana-
lyse the influence on distribution of coefficients of the polynomial argument in ex-
pression (1). Term C, determines the original ordinate, C, determines down — going
exponential part, positive coefficient C, — existence and height of a curve top. The
last negative multiplier, Cs, suppresses the effect of C, to the level of y=(3-3.5) and it
makes a curve tag down to the X-axis. Thus, it is not by coincidence that the distribu-
tion tags (1) are located lower then the normal distribution ones. It is necessary to
note that charts of integral functions of snow load distribution F(y), are of more sta-

ble and smooth character in comparison with differential functions f(y) (Fig. 2).

3 SNOW LOAD AS A RANDOM PROCESS

3.1 Outliers of snow random process

Mentioned above, probabilistic specific characteristics were taken into account
while presenting ground snow load in the form of quasi-stationary differentiated ran-
dom process. Mathematical expectation, X(t), and the standard, X(t), of the process
change during a seasonal cycle just as the effective frequency, », and normalised dis-
tribution of ordinate (1) remain constant. The outlier frequency of this process for the
moment (t) of a seasonal cycle can be derived from a stationary process (Pichugin
1995a)

v.(xt)=wf(y)/N2r = a)exp(C0 +Cy+C,y*+Cyp° )/@ : (2)

where x=X(t}(L+V) is the chosen level of snow load; » =[x— X({)[/[X(tV] —
normalised load deviation.

Let us estimate the probability of snow load excess of level x per year (oppo-
site problem). It is determined by the quantity of outliers of quasi-stationary random
process over that level. It is calculated with the help of the integral expression (2) at
the interval ty

t,

O(x,t = 1year)=N (x,t,)= _[v+ (x,t)dx . (3)

0

The mean annual curve of snow load outliers for different districts was ob-
tained by summation of numbers of outliers for the fortnight intervals. These curves
are presented in Figure 3. They are characterised by sharp peaks at the beginning and
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long extended parts at the level of N. (1 year)=0.2-1.0. These parts are formed by
ground snow storage and the snow-melting period during different months. This spe-
cific characteristic is typical for rather warm Ukrainian winters. The nature of outlier
curves has no simple analytical description, but it is much simpler than the distribu-
tion (1).
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Fig. 3. Number of snow load outliers (per year).

Let us take into account the proportion between the number of outliers per year
and return period T=1/N. (1 year). Than, it is possible to determine the loads of dif-
ferent return periods directly using the outlier curves. These loads are shown on the
additional low scale in Figure 3. Because of specific characteristics of snow loads an
outlier comparatively low normalised snow load value y=0.2—0.4 correspond to the
return period T (which equals 1 year). These values are located at the beginning of
the rise. The transition to T period, which is 5-10 years, occurs as the shift along the
stretch curves to level with y =1.5-2.7. The loads of higher return periods (T=20-50

years) are closely grouped, located on descending outlier curve partsy =2.5-3.0.

3.2 Trend coefficient

The trend coefficient, K, was introduced to simplify computation and to get
closed decisions. This coefficient equals the proportion of numbers of quasi-
stationary random process outliers during the ty period to the number of outliers dur-
ing the same stationery process period. It corresponds to the trend top for t,=165
whole days:

twy

[v.(xt)dt
AT @

Figure 4 illustrates the district values K. They are in the intervals between
0.13-0.70 for T=1-50 years. If T>10 years, they slowly descend. Instead of expres-
sion 3 for probabilistic description of snow load (inverse problem), Ky application al-
lows one to use the dependence for stationary process in the form of
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tt K
Q(x,t):va;exp(c0 +Cy+C,p° +Cy°), (5)

wherey = [x— X (t,)J/[X (t,); t — is the serviceability term in years.

This approach allows, one to derive the normalised level of snow load » (from

5). It corresponds to a given probability of exceeding [Q(t)] (direct problem). This
decision is a root of a cube equation

Cy+C,°P +C° +<C,+1In Ko =0 (6)
4 2V 3 0 Q(t)\/ﬁ =V,

4 SNOW LOAD PROBABILISTIC MODELS

4.1 Absolute maxima of a random snow process
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Fig. 4. Trend coefficient of snow load

As mentioned above, models in the form of quasi-stationary random process
fully characterise ground snow load, but it takes a lot of initial statistical information
which is difficult to access. The model, in the form of random snow load maxima, is
more laconic and accessible. Distribution of maxima determined by the tag part of
this random process is located higher than the level of characteristical normalised
maximum y,. The letter is derived from the equation N, (y,;0<z<t)=1, where

N, (¢) — the number of outliers of random process (Bolotin 1969). This distribution
for absolute snow maxima has the integral and differential function:

F(V’Vo)zl_ }}:tr eXp[C1(7/_70)+C2(7/2 _702)+C3(73 _7/03)]1 (7)
tr0
Ky

K (Cl +2C27/+3C37/2)X eXp[C1(7_7o)+Cz(72 _702)+ Cs(ys _703)]1 (8)
tro

f(rivo)=

where Ky and Ky are trend coefficients corresponding to the y and y, levels.

It’s easy to see that the distribution (8) is normalised (neglecting Ky/Kyo). The exam-
ple of a distribution like that is given in Figure 5.
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4.2 Random sequence and discrete presentation on snow load
Snow load is presented rather often as a random sequence of independent

loads. This model is sometimes called a scheme of independent tests. The load inten-
sity, 2=N/t,, is the frequent characteristic here, N is the number of loads; t, is the

chosen time interval. The answer to inverse problem is derived from the use of the

integral function F(y)
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Fig. 5. Absolute maxima of snow load random process (Il district, t=5 years).

Q(y.t)=Al1-F(r)]=2t[exp(C, +Cyy +C,p 2 +Cyr* Wy . (9)
Y
4.3 Direct problem can be reduced to the solution of a cube equation
C,+Cy+C ;/2+C;/3+In{$}:0 (10)
o 1y QL)

where u(y) = f () /[1-F(y)] — distribution intensity of a snow load.

Applying to snow load, this model advantage is the possibility to obtain a priori
A parameter (for example for month or annual intervals) and relative access of mete-
orological data in the intervals mentioned above. Besides, this integral function F(y)
is of a smoother character and is more suitable for computation in comparison to the
differential function f(y) (Fig. 2). Discrete presentation of snow load is of the same

form, its frequent parameter is mean duration of overloading A(y). In this case the de-
sign formula are derived from (9) and (10) with the help of substitution 1= A",

4.4 Snow extremes

This presentation is widely used and it describes well annual snow maxima.
Gumball’s well known distribution of the I-st type (Gumball 1967) is used

F(y)=exp[-exp(-y)ly =a,(r—u,), (11)

where u, and ¢, are the characteristically extremum and experimental intensity
correspondingly, which depend upon body samplingn, .
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Let’s check the possibility of applying experimental presentation for maxima
from snow load samples, subjected to polynomial and exponential distribution (1).
With this purpose, we’ll check the validity of condition:

uly)=t)M-F@)]=u()=—F() f(y).
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Fig. 6. Estimation of the exponential condition for snow body sampling (Il district)
Its left part is evaluated numerically; the right part is of closed
typeC, +2C,y +3C,»*. As it is possible to see at Figure 6, the given condition is carried
out from the level (3.5—-4)y . Thus, snow load sample is of an exponential type and the

extremum use is quite correct in that case.
For selection procedure simplification of u_ let’s connect general extreme pro-

portions with snow load distribution

Q(u,)=n," = f(u, )/ u(u,) =exp(C, + Cu, +Cou, 2 +Cu,* )/ (). (12)
Cube equation for u_ estimation is derived from (12)
C,+Cu, +C,u,>+Cu,’ +In[n,/ u(u,)]=0. (13)

If relation u, =y —y/«a, is substituted into (12) we will obtain expression (14)
for the body sampling (by «, ).

ne =Q, exp[_CO _Cl(y_y/an)_cz(j/_ y/an)2 _C3(7_ y/an )3J (14)
Another expression for n, is derived from (12) by u,
n, = /J(Un )EXD(— CO +Clun _CZUn2 _C3un3)' (15)

5 COMPARISON OF PROBABILISTIC SNOW MODELS

The connection of models in the form of random process, random sequence,
and discrete presentation is described as follows

A=K =ouy)K, IV2r . (16)
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The selection of corresponding extreme parameters can be performed numeri-
cally or with the help of extreme scale (Fig. 7). Normalised deviation of » load is

graphed on the ordinate axis and distribution argument (11) y=-In[-InF(t)] or corre-
sponding probabilities Q(t) of » level exceeding connected with the return period of

T load is graphed on the abscissa axis. Random process transition to the scale (Fig. 7)
is carried out by annual outliers, the number of which equals N, (y1lyear)

y=—InN,(ylyear). (17)

As it can be seen in Figure 7, a random process chart is of a complicated and ir-
regular character if T <5 years. The curves which illustrate random sequences and
discrete presentations are of a smoother character and approach to random process
curves at the top quite closely if T > 5 years. Straight lines in Figure 7 show gum-
ball’s extremes. The analysis demonstrated that the most suitable snow extremes are
from the 10-year samples. The corresponding line is tangent to the random process
curve at point T = 10 years, it exceeds, insignificantly, snow loads for T = 10 — 50
years and it is higher than the irregular part of the curve for T < 10 years, which is of
no importance.
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Fig. 7. Exposition of snow load models at the extreme scale

6 MEAN SNOW LOAD PARAMETERS OF UKRAINIAN DISTRICTS

All necessary mean snow load parameters were determined, for the mentioned
above probabilistic models of ground snow loads, for districts of Ukraine (Table 1).
In accordance with existing Codes (Loads 1987) the territory of Ukraine can be di-
vided into three snow districts. The first district stretches along southern and western
Ukrainian parts; the second one is situated in the northern and western parts of
Ukraine and the third one is the narrow area in the northeast territory. Analytical ex-
pressions, numeric methods, and extreme scales (Fig. 7) were used. Snow load prob-
abilistic model parameters were determined on the basis of equality of normalised
load level y (T=50 years) (Fig. 7).

There are, in Table 1, the largest values of mathematical expectation for all ex-
amined snow load models corresponding to the top of a seasonal trend, coefficient of
variations and coefficients of polynomial-exponential distribution of the ordinate (1).
In addition, some particular characteristics for every model are tabulated there (Table
1). These data allow one to give a full description of every possible snow model. It is
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necessary to pay attention to the fact that all the models give close results in normal-
Ising snow load and structure reliability estimation. The author describes wind load in
the same way (Pichugin 1997).

Table 1. Probabilistic parameters of snow load

Numeric values for snow districts of
Model, parameter, symbol, unit Ukraine

Common parameters

Mathematics expectation, X , kPa 0.164 0.344 0.631
Coefficient of variation, V 1.60 1.26 0.920
Coefficients of equation (1)
Co -2.265 -1.736 -1.313
C, -3.885 -1.926 -0.725
C, 3.855 1.885 0.445
Cs -0.920 -0.506 -0.178
Quasi-stationary random process
Effective frequency o, 1/24 hours 0.141 0.095 0.073
Absolute maxima of random process
Characteristically maximum level, y, 2 688 2 459 2113
Random sequence
Load intensity, 4, year™ 7.90 4.86 3.20
Discrete presentation
Mean duration of overloading, A, hour 13.55 18.31 18.92
Extremes per year / per 10 years
Body sampling, n. r14 3.98 242
71.4 40.0 24.2
Characteristically extremum, u,, kPa 0.738 1.074 1.163
0.86 1.409 1.858
Extreme intensity, «,, kPa™ 17.883 6.860 3.310

7 PROVISION OF DESIGN VALUES OF GROUND SNOW LOAD

Generalised snow load parameters are tabulated in table 1 and they make it
possible to vary the use of probabilistic structure design. In particular, using the ob-
tained results, it was possible to estimate quantitatively the existing Codes of snow
load for Ukrainian territory. The obtained results are given in Table 2 where S — is
specified snow load; s, — design snow load; y, — load factor; », :(S—)?)/)Z —
standard deviation of standard load; , =(Syf - X )/ X — the same of design load; T,,
Tq— standard deviation and return period correspondingly to the specified and de-
sign snow load.

The data given in Table 2 demonstrate that specified and design snow loads are

of short return periods like T=2.53-3.85 years. It justifies that design loads in accord-
ance with the Codes (Loads 1987) are not ensured enough and are much lower than
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real ground snow loads for Ukrainian territories. Everything mentioned above gives
evidence that the development of a National Ukrainian Snow Load Code is an urgent
task. This fact was pointed out by the author in his previous works (Pichugin 1994).
As a temporary measure the increasing of snow load factors can be proposed i.e. from
y.=1l.4and 1.6 to y, = 2.4-3.0 (Pichugin 1994).

Table 2. Probabilistic provision of the design snow load for Ukraine

Snow

Load value district S, Pa 7 T,, years
Specified I 500 1.29 2.72
load I 700 0.82 2.94
11 1000 0.64 2.53

S, Pa 2 Tq, Years
Design load I 700 2.06 2.43
I 980 1.47 3.15
i 1400 1.26 3.85

8 CONCLUSION
Ground snow load is of a quasi-stationary origin. Its mathematical expectation

and standard have a seasonal trend. At the same time snow frequent characteristics
and normalised ordinate distribution remain constant during the season. Different
probabilistic models can describe Snow load faithfully: quasi-stationery differentiated
random process with its absolute maxima, random sequence, discrete presentation,
and extremes. System comparative analysis of these snow load models was per-
formed, and parameters for Ukrainian districts were validated. These results can be
used for practical design of structure reliability. It is substantiated that existing Codes
considerably underestimate real snow loads and they are badly in need of updating.
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RELIABILITY OF STRUCTURES UNDER SNOW LOAD IN
UKRAINE

SUMMARY

A model of quasi-stationary stochastic process with generalised year distribu-
tion density for ground snow load was out for the climatic conditions of Ukraine.
Numeric probabilistic models of snow load were developed for personal computer
realisation. Algorithm of steel structures probability estimation under snow load was
done by different probabilistic techniques. This method has been realised in
MathCAD mathematics programming environment by special program application
complex. Large scale mathematical experiment for computation of steel structures re-
liability under snow load was performed. The reliability of steel structures (beams,
trusses) under snow load was estimated by a developed method. These structures are
of different mass roofs and snow loads for all Ukrainian districts. The calculation
demonstrated the lack of reliability of rafter structures. That justifies the idea of un-
derstating of existing snow loads Code in Ukraine. Besides this fact validates the
causes of steel truss failures. It applies to steel structures with light weight roofs in
the southern districts of Ukraine when there is much snow in winter. The increasing
of design snow load in 1.5-2 times for Ukraine region can solve the reliability prob-
lem of steel structures under snow load. Finally the groups of non-reliable steel struc-
tures have been defined to border normative design and develop similar-reliability
design methods.

1 INTRODUCTION

For the last 10-15 years the changes of climatic conditions in the territory of
Europe have been watching. The climatic changes have also tested at the territory of
Ukraine. So the nature of operating snow loads changes: precipitation becomes short-
lived, but intensive. The increase of the snow load for short period in a number of
cases results to failures of building structures. At the present time it is important to
evaluate the reliability of existing buildings and to find out potentially dangerous
groups of structures for their precise calculation. Hence it is necessary to get a model
of a snow load with provision for all particularities of its stochastic nature. It is nec-
essary also to develop the general strategy of evaluation of structure reliability under
the action of a snow load. This work continues the snow probabilistic investigations
which were exposed during the 4-th International Conference on SNOW
ENGINEERING, Trondheim, Norway, and June 19-22, 2000 (Pichugin 2000).
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2 NUMERICAL PROBABILISTIC MODEL OF GROUND SNOW LOAD
In order to obtain a detailed analysis of snow load it is important to get a nu-

merical probabilistic model for personal computer realisation. Acceptance of such
model and its numerical modelling are being run for three stages.

2.1 Starting-up stage

At the given stage:

o the list of the probabilistic characteristics for creation of numerical probabilistic
model of load is established;

e the stationary and ergodicity of load process is studied,;

e the adequate and sufficient accuracy of load model is fixed. The probability of
non-exceeding of a limit error is specified for the evaluation of the probabilistic
characteristics. One order of error is established for all stages of numerical simula-
tion;

¢ the ordinate distribution law of the load process is determined;

e the application of the correlation theory is substantiated;

e the minimum length of one realisation is identified. Sufficient quantity of realisa-
tions for obtaining given accuracy of model process is determined;

e the quantum value step in view of a level and time is determined for adequate ac-
curacy of researches.

Today the results of regular snow measurements are used as the basic source of
experimental data for ground snow load in Ukraine. A conducted analysis of experi-
mental results of snow load observations was established in papers (Pichugin 1998,
2000). Let’s define the following particularities of load as:

e the regular observations out a snow cover of the territory of Ukraine are conducted
once in 5 whole days;

e the ground snow load is quasi-stationary stochastic process with the annual sea-
sonal cycle (mathematical expectation and standard have an annual trend; a coef-
ficient of variation, normalised correlation function (NCF) and effective frequency
remain constant during the year);

e the ordinates of snow load stochastic process are described with a polynomial-
exponential distribution law:

f(x) = exp{i (ckxk)} , (1)

k=0

where z — the degree of a polynomial (for the territory of Ukraine z = 3);
c, — factors of a polynomial (k =0...z);

e the normalised correlation function is described by the expression
r(z) =exp(-ar), (2)

where « — the parameter of NCF;
¢ the following length of realisation is received for snow load simulation
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Tw =t -5, (3)

where t, and t. — are mean date of the beginning and the end of winter, corre-
spondingly.

2.2 Development of general algorithm of snow load simulation, creation of
numerical model for personal computer

It is necessary to form realisations of large length for simulation of loads dur-
ing the service life of structures. The methods of simulation of processes for given
correlation functions and one-dimensional distribution laws are the most suitable
(Bykov 1971). The given problem is solved by specially selected non-linear trans-
formations of the corresponding normal stochastic processes.

Let’s consider the simulation of normalised polynomial-exponential stationary
stochastic process &(¢) with a normalised correlation function»(z). Integral and dif-

ferential functions of the given distribution will look like the following:

Ty
F(Vy):Iexp(C0+C17y+Cz7f+C37f) d7y1 (4)

a

f(7y) =eXp(C0+C17/y+C2]/y2+C3yj), (5)

where a, — a left border of distribution.
The function of transformation », = f(y,) is:

Ty Vx 2
1 v
IeXp(Co +Cyy +C27/y2 +C37/j) dy, = _ﬂ J-eXp(_ ?Xj dy,- (6)
a by

The equation (6) has no an analytical solution. So it is solved numerically. For
this purpose the density function of a normalised normal distribution is changed by
the cut function in some interval |b; b,]. The probability R, of an output for borders

of given interval is very small and it depends of a given accuracy of calculations. For
example, at value b, =-4.0 — PR, =6.334.10° , and at b, =-5.0 — P, =5.733-10". We

set by discrete values », in an interval [b ; b,] and we shall receive the corresponding
valuesy, . Thus, the function y, = f(y,) is presented in a tabular form. It is not quite
suitable for the further usage. We approximated the relation y, = f(»,) by a function
of a type like:

7, = f(r) =R+ Py, +Pyi ++Py; + Py + Pys, (7)

where P (i=0...5) — factors of a polynomial which are determined by the
method of the smallest squares.

The modelling of normalised polynomial-exponential stationary stochastic pro-
cess &(t) with a normalised correlation function r(z) is reduced to the formation of
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discrete realisation &[n] of the normalised normal stochastic process &[t] and its
transformation in the formula:

é(?’y): P0+Pl[§0(7/x)]+P2[§O(}/x)]2+ (8)
+ P[5 ()T + P& (7)1 + RIS (7T,

Here is the numerical model of normalised normal stochastic process with NCF

(2):
Sowlrd= 1-p% 7, +p& il 9)

where & ,[7,] — an ordinate of normalised normal stochastic process,
p=exp(-y), ¥ =ast, y, — normalised normally distributed random variable (math-

ematical expectation is X =0, standard is X =1, at — a step of a discretisation of a

random load (the interval between adjacent observations).
The modelling results of normalised polynomial-exponential stationary sto-
chastic process are given in Figure 1.

2.3 Snow load model for the territory of Ukraine

This model is based on the introduced above formula (8). Factors to a polyno-
mial (8) for snow regions of Ukraine are specified in Table 1.

The transition from the normalised form) to the stochastic process with real
distribution of ordinates is defined by the formula:

&0 (6t) =& [y )+ X @) , (10)

where v — the coefficient of snow load variation; X() — the trend function
of a snow load mathematical expectation. A random value of snow load is always
positive, that is £(x;t) >0, therefore y, >—(v)™.

Table 1. Factors to polynomial numerical probabilistic models of snow load random

process.
Factors of a Regions of Ukraine according to the
transformation ground snow load (Loads 1987)
function I 11 111
Po -0.02662 | -0.18393 0.21113
P, 1.18273 0.9563 1.01538
P, 0.15556 0.26648 0.1894
P, -0.1361 -0.03891 -0.02464
P, -1.91-10° | -7.28-10° | -2.95-10°
P, 7.94-10° | 1.64-10° | 2.9-10*




al

120 zm

Fig. 1. Model of normalised stochastic process of ground snow load:
(a) realisation of process; (b) NCF of process; (c) density function of ordinates. 1 —
idealised values 2 — experimental values.
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Fig. 2. Annual realisations of ground snow load of quasi-stationary
stochastic process for regions of Ukraine.
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2.4 Definition of numerical model adequacy to real load processes

The parameters of district numerical probabilistic models of the ground snow
load for the territory of Ukraine are tabulated in Table 2. The numerical realisations
of snow load stochastic processes for different regions of Ukraine were obtained with
the help these parameters. The examples of realisations are introduced by Figure 2.
Numerical statistical and frequency characteristics are well co-ordinated with exper-
imental data. This adequacy of district numerical probabilistic models to the actual
stochastic snow load processes was also tested for quantity of outliers of stochastic
process over the given level. Such approach is illustrated by graphs of annual outliers
in Figure 3 which it testifies the accuracy of designed models and the possibility of
their applications for the solution of reliability problems.

The obtained probabilistic model can be used for revision of parameters of sto-
chastic process of snow load, for solving the problem of simulation of joint action of
snow load and other random loads applied to building structures or directly in relia-
bility calculations of structure members under snow and constant loads. Moreover it
IS possible to receive supplementary data for other forms of presentations of loads on
the basis of obtained models in the form of stochastic process.
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Figure 3. Number of annual outliers of III region of Ukraine:
(a) normal scale (b) logarithmic scale;
1 — experimental data; 2 — by designed model.
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3 EVALUATION OF STEEL STRUCTURE RELIABILITY UNDER
SNOW LOAD

The evaluation of steel structure reliability based on its strength and rigidity in
accordance with existing Codes is of great importance for different snow regions of
Ukraine (Loads 1987). The considerable part of these structures is made of members
of cover structures: roof girders and trusses, purlins. The probability of non-failure
member structure for the operation period is taken as a criterion for the structure reli-
ability estimation. A problem of reliability evaluation is divided into two groups de-
pending on the type of borders of permissible conditions area Q

Table 2. Parameters of district numerical probabilistic models of ground snow load
for the territory of Ukraine

Parameters values for snow
Types of parameters regions of Ukraine
I II II1
Parameter NCF «,
1/24hours 0.0388 | 0.0241 0.017
Correlation zone t,,
24hours 59 % 135
Discretisation step az,
24 hours 5.0 >0 >0
Length of implementation
T, 24 hours 145 145 150
Effective frequency o., | ; y059 | 0.0039 | 0.0030
1/ hour
Frequency on extremes o, 0.0158 | 00120 | 0.0099
1/ hour

3.1 Definition of steel structure reliability under the random border of area
Q—¢
A border ¢ is considered to be distributed under the law f(£). The structure
load carrying capacity is determined by the space of normal stresses. The margin
function of a load carrying capacity of Y (t) is presented in the form of the stochastic
process

Y(t)=¢& —(t) <0, (11)

where (t) — stochastic process of stresses in a steel member under applying
loads.

The characteristics of steel strength and permanent load are random variables.
Its changes a described by a normal distribution law. A normalised density function
of stochastic process of a margin function of a load carrying capacity f,(e) will be
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received as a difference of normal f.(s) and polynomial-exponential f,(e) distribu-
tions

2 Z2
f,(y) = _[exp(C +C,E+C,E?+C,E®) exp(—0.5 22) dZ, (12)
whereE=—y1+p®>+Zp; Z1=Dy-1/(V, p); D=(1+p*)/p; p=£Ela;
y=(Y=E+0)/Y;
g, o and £, 0 — mathematical expectations and standards of distributions,

correspondingly.

Parameter z2 is determined by the method of selection taking into account the
accuracy of the obtained results.

The probability of non-failure of a steel member during time t is determined
under the formula

where Q(t) — failure probability of a member (Pichugin 1995).

anI

02

o2l ¢ —u 14
Q(t)= ﬂw(Y)\/— (B); B= (14)

U“m

where o,,, and g,,, are effective frequency and structure complexity coeffi-
cient of stochastic process Y (t). The values g, for snow load are given in Table 3.

Table 3. Frequency features of snow load.

S i f Structure complexit Characteristic
nowregion o - COMPIEXILY | maximum 7, With
Ukraine coefficient 3,
t = 50 years
I 2.677 3.097
II 2.953 3.046
111 3.280 3.197

The portions of stress in a cover steel member under applying constant (D,)
and snow (D ,) loads in common stress are calculated by the formulae:

k7f(1)

; D2 — :uyf(l) (15)
k7f(1) AT

D, =
k7f(1)+ﬂ7f(2)

where k=q," /s, — ratio of specified value of the uniformly distributed con-
stant load g (kPa) to the specified value of snow cover weight to 1 m° of a horizon-
tal ground surface s, (kPa); x — a transition factor from the ground snow weight to
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the snow load to roof structures; y, ., and y,, — a reliability coefficient in terms of
constant and snow loads correspondingly.

3.2 Determination of steel design reliability under the constant border of ar-
ea  — £=constant

The given group includes the problems of reliability estimation of steel mem-
bers based on the criterion of deflection. Evaluation of reliability of elements is de-
termined by probability of the non-exceeding a random deflection u(t) values of a

permissible deflection & for a timet.
Non-failure probability of steel element is derived by (13), where:

Q(t) ~ N+(t) _ Koin le[( fu _ UlZ)/alz] (16)

v1+ (01/02)2 f1(70(2))

where K, =T,,/t — factor which takes into account a duration of the snow
load effect; f, — the permissible deflection of a girder is determined according to the
Code (Loads 1987); »,, — characteristic maximum of snow load which corresponds

to the term of repetition t and is taken from Table 3; f,(s) — ordinate of the distri-

bution of deflections of constant and snow loads. This distribution is determined by
the composition of normalised normal f,(¢) and polynomial-exponential f,(e) distri-
butions:

2 1ZZ
flz(y):{(l-; P )T [exp(C, +C.E +C,E? + C,E%)exp(-0.527) dZ, (17)
4 Z1

WhereE = yy1+ p* =Z p; Z1=-1/V,; Z2=Dy+1/(V,;P).
The portions of deflection of a steel cover member under applied constant (D, )
and snow (D ,) loads in common deflection are determined by the formulae:

D, =k/(u+K); D, =pu I(u+K). (18)

3.3 Results of the probabilistic calculations of steel structures under con-
stant and snow loads
The results of calculations are given in Table 4. The realised researches have
exhibited a general tendency of increasing the probability of structure failure under
reduction of a permanent load and growth of a snow load. It is possible to treat the
following steel members as particular dangerous.
a) The steel roof members with the portion of snow load C, > 0.65 for the I snow
region of Ukraine and C, > 0.5 for the II and the III snow regions which do not

satisfy the reliability level [P(t)]=0.95.
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b) The steel roof members with the portion of snow load C, > 0.55 for the I snow
region of Ukraine and C, > 0.4 — for the II and the III snow regions which do

not satisfy reliability level [P(t)]= 0.99.

The correctness of these considerations is confirmed by the reliability calcula-

tion of steel cover girders of various types which are located in the different snow re-
gions of Ukraine. Calculation results are introduced in Table 5.

Table 4. Failure probability of steel roof members under constant and snow loads

Portion of
load Q (t =50 years)

D, D, Region | Region 1l Region 111
09 | 01 1.810-10> | 2.337-10> | 1.413-10°
0.8 | 0.2 8.713-10> | 1.596:10* | 1.152-10™
0.7 | 03 3.034:10* | 1.416-:10° | 9.282-10™
06 | 0.4 1.062:10° | 8.131-10° | 6.005-10°
05 | 05 3.692:10° 0.0377 0.0283
04 | 0.6 0.0117 0.1350 0.0966
03 | 07 0.0327 0.3726 0.2468
02 | 0.8 0.0858 0.8167 0.4997
01 | 09 0.2014 1.0000 0.8473
0 1.0 0.4214 1.0000 1.0000

Table 5.Probabilistic calculation of steel cover girders with different roof
(span L =12 m, step B=6 m) with operation period t =50 years.

" Limit state of Limit state of

‘é 1 group 2 group

:é‘ Failure probabilities

2 D, D, | Failure probabilities | D; | D, | lower val- | upper val-

ue ue

Region |

T1 | 086 | 0.14 1.59-10° 0.890.11| 8.53-107 0.416

T2 | 0.70 | 0.30 1.87-10™ 0.73]0.27| 6.13-10® 0.611

T3 | 0.42 | 0.58 0.0583 0.52 1 0.48 | 3.30-107 2.022*
Region Il

T1 | 0.82 | 0.18 9.29-10° 0.84]0.16 | 8.54:10° 1.270*

T2 | 0.62 | 0.38 0.0399 0.66 | 0.34| 6.13-10° 1.521*

T3 | 0.34 | 0.66 0.5491 044|056 | 3.26-10™ | 2.228*
Region IlI

T1 | 076 | 0.24 3.43-10° 0.780.21| 9.36:107 1.038*

T2 | 0.54 | 0.46 0.1177 0.57 10.43 | 9.05-10* | 4.963*

T3 | 0.26 | 0.74 0.5984 0.36 | 0.64 | 3.04-10-° | 5.184*

Notes:
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a) Roof types: T1 — roof with warmth-keeping layer on concrete panels; T2 —
roof with warmth-keeping layer on a steel contoured floor; T3 — roof without
warmth-keeping layer on a steel contoured floor.

b) D1 and D2 are portions of constant and snow loads, correspondingly.

c) Failure probabilities under limit state of the 2 group are determined: the lower
value — under constant load; upper one — under constant and snow loads.

d) Index * notes the number of outliers in approximate formula (16).

The researches have proved the lack of reliability of steel cover girders under
carrying capacity and deformations. In particular it concerns the girders with a light
roof. It is illustrated by considerable influence of the random snow load. Moreover
there is an unequal degree of reliability of cover structures in different regions of
Ukraine. Hence it is necessary to refine the design values of snow load by increasing
of reliability coefficients for these structure groups.

4 CONCLUSIONS

As a result of these investigations the design numeric probabilistic model of
ground snow load and general methodology of steel structures reliability evaluation
under constant and snow loads were developed. The obtained reliability evaluation
has allowed to detect potentially dangerous types of steel cover structures and to sub-
stantiate on the basis of these proposals the improvement of normative calculations.
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CRANE LOAD ON BUILDING STRUCTURES
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PROBABILISTIC DESCRIPTION OF CRANE LOAD ON
BUILDING STRUCTURES

1 INTRODUCTION

The load which is applied by the bridge cranes is the main for industrial build-
ings. This very important load generally determines the architecture and design of a
building, the size of a structural elements and the choice of materials. Where as the
crane load of a random nature needs further investigations.

The goal of this article is to present the numeric and analytical model of the
vertical crane load. On its base the analysis of influence of different factors was done
and the decrease design coefficients were proposed. This article attacks the problem
which is an integral part of the general probabilistic method examined in more details
in our previous works [1,2].

2 THE ANALYTICAL ANALYSIS OF A VERTICAL CRANE LOAD
The vertical pressure on a bridge crane wheel is determined as follows:

F-|Selave) 2|2 ®

C nO

where: G, and G; are the weights of a bridge and a crane trolley; Q — a ran-
dom weight of a carrying load; L. — a bridge crane span; no — the number of wheels
from the one side of a crane; a — the distance from a crane wheel to the left crane
way if the pressure is determined on the right way (for a left way pressure L, — a is
taken).

A random pressure F is the function of two random arguments F and a
which are multiplied in the expression (1). In this connection the probabilistic distri-
bution f(F) can be different in accordance with the type of distributions f(Q) and f(a)
and their ratio.

Then the distributions of a product Z=XY of random values are studied. “X” is
distributed in accordance with a normal law and “Y”” is done with an uniform one:

f(X)=

oX?

1 exp X—2;-oo<X<oo;Y=0; (2)
X~2x

f(Y)=ﬁ—ia;asY£,6’.

where X and X — mathematics expectation and standard of X variable; a and
S — limits of changes of a variable Y.
The distribution function F(z) is derived as [3]:

F(2)=P[(X,Y) = D]= [[ f(X.Y)dXdY (3)
(D)
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In the examined case the integral area is the best of f — a width which stretch-
es from —oo to the crossing of a hyperbola Z=XY. In this case the crossing section
projection on the axis X are of Z/p-Z/a width. Based on these results the formula (3) is
derived as follows:

/ﬁ' B Zx

%
F(z)—jdxj x\/ﬂ ( ]dy+}dxj —ax\/ﬁ (

These expressions will be used for the derived integral depending on a parame-
ter with variable limits of an integration [4], As a result the distribution density is
f(2)=F ’(2) after the simplification this formula is:

2

X de (4)

f(z):;?iexp(— XAZ jdX (5)
x@(ﬁ—a)7 X 2X?

P

This expression may be adapted to the vertical pressure (1) then its distribution
density will be:

L.n 21 Q@-Q-6,f
) \/E(ﬂ—a)F!QEXp{ 2Q° } ? ©)
The limits of integration here are equal:
(F— G, jL cto Gt;b:[F_ijﬂ_Gt (7)
2n, | « 2n, ) P

Based on the numeric characteristic theorem of the random values production
the following data were obtained [3]:
a) the numeric expectation of a vertical pressure of crane wheel:

ﬁ:{%+(6+6t)ﬂ+“}n—t (8)

2L,

b) the standard of a wheel pressure:

2 2 2 %
NazB-a) (= ~y(B-a) 4. (B+a)
F_[Q n +(Q+G‘) 1212n? Q 412n? 9)
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Fig. 1 The influence of different factors on the distribution of vertical pressure of a
bridge crane wheel: a) ratio K =Q /G ; b) load carrying capacity.

3 THE NUMERIC COMPUTATION OF CRANE LOAD
DISTRIBUTIONS

A program for a computation process was done. Its goals were:

a) ordinate computation of density probability distribution on a formula (6) and
the ordinate computation of an integral curve F(F) with the help of a numeric
integration;

b) crane loads numeric characteristics computation: mathematics expectation F
standard F; coefficient of variation v =F/F ; asymmetry A and excess E in
accordance with density distribution f(F) calculated on the formula (6);

c) curve graph of the density probability f(F).

Quite precision of results were obtained when the number of intervals of nu-
meric integration and the distribution ordinates (6) equal 50. The authenticity of ob-
tained results were confirmed by:

a) the coincidence of distributions done by a numeric integration on formula (6)
and by a Monte-Carlo method;
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b) the standard condition for a curve (6) should be observed,;
c) the closeness of numeric characteristics F and F derived by formula (8) and
(9) and done numerically by a distribution (6).

4 THE FACTOR INFLUENCE ON ADISTRIBUTION OF A VERTICAL

CRANE LOAD

0.25 — £E) p=0.4

- =073

1 p=0 b ag®
0.15

\

0.10

i statidard
0.05

] F.t
U | T | T | 1 | T | T | T

6 3 10 12 14 16 18 20
000 | &

2

- 1

0.15 - /’ \/_
r /

0.10 - /
0.05 —
0

SN
Codh by g

Fig. 2 The influence of a trolley approach (a) and the connection with crane operation
(b): 1 — distribution (6), 2 — normal distribution.

Some of vertical pressure wheels distributions of different bridge cranes are
shown in fig. 1 and fig. 2. The values of load density distributions f(F) were laid off
on the Y-axis and the load values in numeric form (F) were done on X-axis or in a
normalized form . =(F-F)/F . For a graph distributions bridge cranes of L.=30m
span were used. In this case the trolley limit approaches were a=y,=1.5m and



64

S=Lc-y,=28.5 m. In accordance with the experimental tests [5] mathematics expecta-
tion of a cargo weight was taken as Q =0.5Q where Q is a crane load-weight carrying

capacity. The variation coefficient is Vv =Q/Q =0.2. The distributions shown in fig. 1

and fig. 2 are not symmetric including its modes shifted to the left from the mathe-
matics expectation, i.e. they’re of a positive asymmetry. The distributions are charac-
terized by a fast ascent of a left part, almost a horizontal level of the middle part and
smoothly down going of the right branch. As you can see from the fig. 1-a the form
of a crane load distribution depends on the ratio of a mean load Q to a trolley load

G,K =Q/G,. If the trolley load is small and the values of K are large the distributions

take the form of a sharp-pointed diagram without a horizontal level. In this case the
influence of normally distributed cargo is rather high. The less is K the larger is a
trolley load influence and in a final distribution the uniformed one can be more legi-
bly traced. In general the type of received distributions of crane wheel pressure re-
flects the well-known tendency of random value production distributions to an
asymmetric lognormal type.

Bridge cranes of a common type with a flexible hanger have rather narrow pa-
rameter interval K =1.15+1.70, so their distributions have a very close form as it’s il-
lustrated in the fig. 1-b. For the cranes with the rigid hanger with a small K the distri-
butions are specified as closed to the uniformed ones.

As it’ depicted in the fig. 2-b the stepped side of a crane load distribution cor-
responds to the unload trolley (position 1) or to the loaded one with Q=Q (position

2) located at the opposite crane way. The middle part of a distribution is formed the
operations with the loaded trolley (Q=Q ) being located in the middle part of a bridge
(position 4) and also with unloaded one at the examined way (position 3, 4). The tag
part of a distribution is determined with the trolley operations at the examined crane
way with loads, which are in the intervals Q=0Q (position 5) and Q=Q +2.5Q (posi-
tion 6).

The comparison of obtained crane load distributions with the normal ones iden-
tifies the similarity of its right downgoing branches as it’s illustrated in fig. 2-b. For
the typical cranes with a flexible hanger the ordinates of the calculated distributions
slightly exceeds the normal ones approximately to F=F +2.5F ; if the load level is
higher the result is quite opposite. Thus, calculated distributions tags (in accordance
with (6)) turn out to be shorter then for the normal distributions with the same numer-
ic characteristics. Based on these results it’s possible to use the normal distributions
in the examined situation instead of obtained numeric asymmetric curves shown in
fig. 1 and fig. 2. The utilization of a normal law for a crane load description was well
grounded both theoretically and experimentally [5, 6].

5 CONSIDERATION OF ATROLLEY LIMIT APPROACH

It’s rather usual situation in situ when the crane loaded trolley doesn’t enable to
approach quite closely to the crane way because of some barriers as different equip-
ment, buildings etc In this case maneuver possibilities of a trolley are restricted as a
result of which the corresponding vertical crane loads distributions are limited as well
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without changing general form (fig. 2-a). Specific and design values of crane wheels
pressures can be lowed with the help of a decrease coefficient:

|=F (P)/F, (10)

with F, and F,(P) — specific wheel pressures with the same provision [P], cor-
respondingly to the standard approach to the examined crane way Yy, and to the lim-
ited approach of a trolley ynmin=Yo+pLc.

The analysis has demonstrated that the load level provision [P] doesn’t influ-
ence greatly the coefficient 1 The results of a 1 coefficient computation in accordance
with the formula (10) for cranes with a flexible hanger of different load-carrying ca-
pacity in comparison with a stripper-crane with a rigid hanger are tabulated in table 1.
The values of the parameter of a limit trolley approach were taken as p=0.1+0.4, “1”
values are also presented here derived from the recommended formula (11) deduced
by the author:

_a mpL
L emiL —y,) (1)

where m=(Q+G,)/G,.

While deducing this formula we consider that the probabilistic character of the
wheels pressure with the trolley limited approach and in the case of a normal one will
be identical. This supposition leads to some overstating of 1 coefficient in compari-
son with derived one from the formula (10) and the experimental data.

Rounding up the obtained coefficient 1 the design decreasing coefficients
| =0.76+-0.94 with p=0.1+0.4 were proposed (table 1). These coefficients are offered
for the computation of the existing structures in the case of a reconstruction or rein-
forcing.

6 CONCLUSIONS

The analytical expressions for the distribution density and numeric characteris-
tics of a vertical wheel pressure of the bridge cranes were observed. Crane load dis-
tributions were derived by the numeric method, graph of crane load distributions was
presented. The analysis of such factors as crane carrying load capacity, the ratio of a
cargo weight to a trolley, trolley limit approach was done. The decreasing design co-
efficient 1=0.76+0.94 for a trolley limit approach was proposed. It can be successful-
ly used for checking the restoring and reinforcing structures.
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Table 1. Decrease of crane wheel pressure with trolley limit approach

Trolley limit Crane parameters Coefficients 1
approach Recom
P Qit L,m Formula (11) | Formula (10) mended
0.1 20/5 22.5 0.965 0.928 0.940
30/5 28.5 0.970 0.938
50/10 28.5 0.9626 0.9298
100/20 22.0 0.9511 0.8688
50/20 27.0 0.9553 0.9153
0.2 20/5 22.5 0.930 0.860 0.880
30/5 28.5 0.9398 0.877
50/10 28.5 0.9252 0.8626
100/20 22.0 0.9023 0.7926
50/20 27.0 0.9106 0.8316
0.3 20/5 22.5 0.8943 0.7910 0.820
30/5 28.5 0.9097 0.8170
50/10 28.5 0.8574 0.7976
100/20 22.0 0.8534 0.7173
50/20 27.0 0.8658 0.7482
0.4 20/5 22.5 0.8575 0.7240 0.760
30/5 28.5 0.8797 0.7587
50/10 28.5 0.8503 0.7308
100/20 22.0 0.8095 0.6418
50/20 27.0 0.8211 0.6919
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ANALYSIS OF BRIDGE CRANE LOADS ON INDUSTRIAL
BUILDINGS

1 INTRODUCTION

Bridge crane loads are the main ones for industrial buildings. The researches of
these loads were done by different Soviet scientific organisations and some high edu-
cational institutions 20-30 years ago. Some good results were obtained but the prob-
lem of crane loads is still of great interest to the scientists. But lately the studies of
this kind were not carried out in the countries of the former Soviet Union. Hence the
development of reliability computation and new Building Codes requires authentic
and probabilistic evaluation of bridge crane loads. For many years the author has
been performing the work which deals with the crane loads [1-4]. The data mainly
reported in this paper are experimental ones and present the loads of different types
of cranes. These data were obtained in difficult and complicated experiments carried
out in the shops of industrial plants.

2 METODOLOGY OF EXPERIMENTAL RESEARCHES OF CRANE
LOADS

Continuous crane loads registration for 3-18 days and nights was performed.
Dynamometers of a slot-type were used for measuring the shear forces. They were
fixed in the place of upper belts attachment of crane beams to the columns. All hori-
zontal loads of working bridge cranes were transmitted to these dynamometers. Two
sets of measuring instruments were used:

e + the inductive measuring detectors which were recording the deformation of dy-
namometers, 10-channel rectifying and filtering block and magnet and electric os-
cillograph;

e + mechanical recorder of a continuous action.

For measuring of vertical crane loads the inductive detectors were included in-
to strain gauges with the base of 500+1000 mm. These strain gauges were placed to
the supporting parts of crane beams or to the lower part of the columns. The visual
methodology of vertical crane loads study was applied [5].

3 THE OBJECTS OF RESEARCH

The crane load studies were performed at three Russian metallurgical plants in
different shops from 10 to 30 years of service. Vertical and horizontal loads of pow-
erful casting crane were under investigation in Martin Shops (table 1 and N 7-10 in
table 2).

The loads of cranes with flexible hanging cargo were analysed:
e instripping cranes (pos. 1. table 2);
e inslab stores and in stores of finished articles of 4 rolling shop with pratsen cranes

(pos. 2 and 3);

¢ in heating soaker pits of slabbing and blooming equipped with ingot tongs cranes;
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¢ ina furnace span of Martin shop equipped with charging cranes (pos. 6).
The loads of cranes with flexible hang cargo were examined:
e in testing shop with a cracker and on the scrap with magnet and trestle equipped
cranes (pos. 11 and 12);
¢ inthe place where mould is limed and the cranes are of general type (pos. 13);
¢ in the area of magnet materials equipped with magnet cranes (pos. 14);
¢ in the area of materials with grab cranes (pos. 15).

4 DISTINCTION FEATURES OF CRANE LOADS

The experimental data were statistically analysed, the obtained results are tabu-
lated in tables. In accordance with this the following three features of crane loads
with random character were determined.

d) Comparatively fat identification and stabilisation of probabilistic distributions
of crane loads with the account of comparatively small number of measures.
The further increase of statistic amount of information doesn’t change the re-
sults either (in degree) quantitatively or qualitatively (in kind). This is just both
for crane numeric characteristics and parameters of frequency. Taking into ac-
count the mentioned above facts the period of statistic experiment can be com-
paratively short for metallurgical cranes that work extremely intensive. So the
crane load is stationary and ergodic.

e) Good correspondence of distributions of vertical and horizontal crane loads to
normal law. That can be clearly seen at fig.1 and illustrated by the data in 1 and
2 tables and by our results [1, 2] and by the researches of other authors [5].

f) Majority of crane loads which mainly form their statistic distributions (fig. 1)
are the loads of one bridge crane with small loaded trolley. at the same time the
loads of two and more cranes with cargo close to the load carrying capacity are
very seldom.

5 THE RESULTS OF RESEARCHING VERTICAL CRANE LOADS

The samples of obtained experimental distributions of vertical loads are pre-
sented at fig. 1-a. The relative quantities were laid off on the abscissa axis and they
were equal to the ratio of real loads Fe to specified crane load Fs. The later was de-
termined by two closely stand cranes in every span. The relative mean values of F
and the standard & of the load (table 1) were calculated in much the same way.

The obtained experimental distributions of the vertical crane load for the mid-
dle rows of columns are shifted to the starting point of co-ordinates in comparison
with the distribution for the edge rows (fig 1-a). In demonstrates that in that case the
structures of middle rows are substantially under loaded in comparison with the edge
rows. It’s connected with the specific technological process of Martin shops. The
problem is that the most of bridge cranes in Martin shops work with under load trol-
leys placed in the edge rows or in the middle of shop spans.
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Fig. 1. Distributions of Crane Loads
a) vertical loads of Martin-Shop: 1 — edge row; 2 — middle row;
b) horizontal loads: 3 — Martin-Shop with normal gauge; 4 — Martin-Shop, area
with broaden gauge; 5 — Stripping Shop.

In that connection it’s proposed to establish the coefficient of the load of col-
umn rows of vertical crane load. It’s determined as

p=7;/7¢ (1)

where y, — the load coefficient determined to the crane load with a cycle
round of 20 years; y, =1.1 — the load coefficient for crane loads in accordance with
Building Code [6].

The coefficients p for Martin shops are close to “1” for the edge rows and are

much more lower (0.50-0.73) for the middle rows. The additional reserves are pro-
vided for middle row columns if (when) crane loads for both spans (¢ =0.495-0.62 in

table 1) are taken into account. If the movement of the loaded trolley is restricted it’s
possible to use our corrective coefficients [4].



70

Table 1. Results of experimental researches of vertical crane loads

Martin shop — 1

Martin shop — 2

Casting aisle | Furnace | Casting Methodology with
aisle and fur- Visual methodology the use of apparatus
nace
Parame- aisles Casting aisle Furnace aisle | Casting and Casting aisle
ters furnace
aisles
Row | Row Row | Row mid- |Row edge| Row Row Row | Row middle Row edge A
edge | middle | middle 11| dle Il A middle |edge D | middle B
] 11 B B
X 0.373] 0.271 | 0.200 0.162 0.340 0.185 | 0.286 | 0.324 0.234 0.500
X 0.136| 0.100 | 0.068 0.083 0.126 0.043 | 0.126 | 0.083 0.044 0.110
S 0.083| 0.467 | 0.694 — 0.011 0.066 | 0.358 | 1.228 — 0.308
E 0.746 | 0.568 | 0.730 — 3.182 0.668 0 2.632 — 1.815
v 1.05 | 0.77 0.57 0.62 1.06 0.55 1.00 0.80 0.495 0.99
p 095 | 0.70 0.52 — 0.96 0.50 0.91 0.73 — 0.90
n 8.0 35.0 — 8.1 10.0 13.8 — 11.4

Symbols: X — statistic means value; X — standard deviation; S — asymmetry; E — excess;
y; — experimental load factor of vertical crane load; p — coefficient of column row load;

n — number of loads on columns per hour.
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6 THE RESULTS OF HORIZONTAL CRANE LOAD RESEARCH

As it is widely known horizontal cross loads of bridge cranes are of complicat-
ed physical nature and consist of two variables:

e some braking force which appears as the result of cranes trolleys brake; this com-
ponent is included into Building Codes [6];
e shear forces which arise under the crane bridge movement on the rail-riding track.

The experimental researches [1, 5] demonstrate that the brake forces are not
strong in comparison with the shear ones and for many cranes can be ignored. So the
horizontal cross loads estimation of bridge cross can be treated like shear forces esti-
mation. These forces can be considered like friction ones and they occur as the result
of cross crane wheels shear on the crane rails.

The experimental numeric characteristics of statistic shear forces distributions
of cranes of different functions are introduced in table 2. The symbols are follows in
this table: Q — crane hoisting capacity; K — the number of crane wheels; L, — crane
span; B — the base of crane; V — the coefficient of variation. The rest symbols are
presented in table 1. The table data are obtained by the author except to the crane
Ne 8-10 which were searched by B.N.Koshutin [5].

The experimental distribution samples are depicted in fig 1-8. Taking into ac-
count the mentioned above fact about crane loads as the main parameter of shear
force estimations the characteristic shear was introduced and defined as

H,=01-Fy,- DY, (2)

where F% — vertical pressure of a crane wheel with unloaded trolley situated

in the middle of a bridge; >'Y — the sum of ordinates of the influence line for col-

umns or crane beams etc. taking account of the 1st crane; 0.1 — the ratio coefficient.
The relevant values were laid off on the abscissa (fig 1-b) which equals the ra-

tio of existing shear forces H_ to the values H, in accordance with (2) the relevant

values H and H were determined by the same way which is shown in table 2. In ac-

cordance with the experimental results the following shear force groups were speci-

fied (table 2):

e the 1st group — the crane loads with rigid hang cargo and heavy trolleys which
arise great dynamic affect. For these types of cranes the shear force mean values
areH, = (0.55+1.0)H, , the largest values are

e the coefficient of variation V=0.5 and the ratio H . =H, can be proposed for reli-

ability evaluation with some reserve;

e the 2nd group — the loads of heavy multi-wheeled cranes with flexible hang car-
go and large loading capacity. Two groups of distributions are introduced for these
cranes:

g) the mean values are H, =(0.5+0.7)H, for the areas with normal gauge for crane
rails the largest ones H__=@.1+17)H,; it’s recommended to use

H, =08H,V=045;
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Table 2. Experimental numeric parameters of distribution of crane horizontal shear forces

No. of No. of Numeric parameters of shear
group Group of cranes cranes Crane parameters forces
Q,t K | L, m | B,m H H \Y S E
1 75/25 16 | 27.0 9.3 | 0.80 {0.35[0.44|-0.15 | -0.71
2 15 8 28.0 9.5 | 0.84 |0.46|0.55| 0.30 | -0.60
| Cranes with 3 18 4 28.0 7.8 | 055 (0.34(0.62| 0.25 | -0.94
the rigid hanged cargo 4 10/10 8 245 | 49 | 1.00 [ 047|047 — —
5 30/50 12 | 32.0 94 | 0.67 |{0.38|057| — —
6 5/15 4 19.4 5.8 | 0.99 | 0.32]0.33|-0.20 | -0.75
Multi-wheeled | Areas with a 7 175/50 16 23.3 75 | 047 [0.21(0.45| 0.30 | -0.39
cranes with normal 8 350/75 | 16 | 22.0 7.5 | 0.74 | 0.33]0.45| -0.08 | -0.06
flexible gauge
Il | hanged cargo | Areas with 9 175/50 | 16 | 233 | 7.5 | 1.15 | 0.41|0.36 | -0.09 | -0.21
narrow and
broaden 10 125/30 | 16 | 255 | 7.5 | 1.04 |0.38|0.37 | -0.57 | -0.37
gauge
11 15+15 28.0 59 | 1.06 {0.40{0.38| -0.21 | -0.20
_ 12 10/10 32.0 46 | 245 10.86|0.35| — —
n ‘f‘lg‘)’(r;gf;eﬁaﬁ;ae”dei;"r’gg 13 305 | 4 | 225 | 53 | 073 |039]054] — | —
14 15 28.5 44 | 1.75 |10.63|0.36| — —
15 23 22.0 4.4 | 280 |1.00[{036| — —
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h) for the narrow and broaden gauges which exceed 40 mm, where

H,=(1.0+12)H,, H_ =21H,, H, =1.2H,, V =0.36;

e the 3rd group — the loads of relatively light four — wheeled cranes with flexible
hang cargo having large span ratio Ly to the B base and as a result can cause the
cocking of a bridge when it moves. These loads significantly exceed the loads of

the previous groups and are: mean value of H, to 2.8H,, maximum to 5H,, the
average coefficient of variation is V=0.36.

rek

7  CONCLUSIONS

The methodology for crane loads registration with the usage of some equip-
ment has been developed and put into practice in the working shops. The experi-
mental statistic parameters of vertical and horizontal loads of bridge cranes of differ-
ent types were obtained. These parameters can be used for practical evaluation of
structure reliability. The significant difference of loading of a vertical crane load of
the structures of different types working in Martin shops was exposed. Shear crane
loads are divided into 3 groups: for cranes with rigid hang cargo, for multi-wheeled
and four-wheeled cranes with flexible hong cargo.
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STOCHASTIC PRESENTATION OF BRIDGE CRANE LOADS

1 INTRODUCTION

This work continues the number of author’s publications devoted to the inves-
tigation of the crane loads [1, 2]. These loads are very important as they determine
the structural estimation and reliability of the industrial buildings. The main features
of crane loads were determined in our previous work [2]: crane load is stationary and
ergodic; distributions of vertical and horizontal crane loads are well corresponded to
normal law; majority of crane loads are the loads of one crane with small loaded trol-
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ley. This article develops the probabilistic presentation of the crane load on the base
of different stochastic load models.

2 PROBABILISTIC MODELS OF CRANE LOAD

The systematic analysis of five most commonly used probabilistic presentation
of random crane load with the account of unspecified and normal laws of distribution
are introduced in this work. For these models the solutions of the direct problem of
the calculation of the crane load level y(t) corresponding to the given probability Q(t)
and opposite problem of the determination of Q(t) of exceeding y-level during t were
obtained. The normalised load level was taken into accounty = (x-x)/x, where x —

the load ordinate, x — mathematical expectation, x — standard deviation. The evi-
dent advantage of all these solutions is the obvious account of a time factor “t”.

The main probabilistic model of crane load is the model presented in the form
of a stationary random process. The number of outliers of this process N_(y,t) gives

the estimation Q(t) (opposite problem)
QU)=N, (r.1)=0t f(r)/V2r =atexp(-y*/2)V2z, (1)

where o— effective frequency of crane load random process, f(y)-density of
distribution of random process ordinate.
The direct problem in this case can be solved in the following form

7(t)=(2Ln{o /[22Q()] ). (2)

The more complicated probabilistic problems are solved in the manner of a
random process which, however, are difficult for description and take much more
computation time. More accessible and simple models mentioned further are based
on the random values and the corresponding frequent characteristics and provide not
less exact solution if they are proper grounded.

The model of the absolute maxima of random process treats the largest crane
loads, which are higher then characteristic maximum level y_ [3]. This level is a solu-
tion of the following equation N, (y,;0<z <t)=1. After simplification opposite and di-

rect problems for this model were resolved as

Qlt)=f(r)/ f(r,)=exp|lyz —»?)r2], (3)

y(t)=[72 -2 Q)] (4)

The model in the form of a random sequence of independent crane loads is
very often introduced. In this case the frequent parameter is the load intensity A
which equals the number of a load in per-unit timet, . Possibility of overloading of y

(opposite problem) and corresponding normalised level (direct problem) were deter-
mined in the form of
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Q)= Al F(y)]dtﬁexp(—ﬁ/Z)dy} /E ©
70)=(eLn{ 2/ lN2r ()] )2, (6)
where F() — integral distribution function, u(y)= f(y)/Q(y) — distribution in-

tensity.

The probabilistic model of crane load in the form of discrete presentation uses
the time parameter — mean duration of overloading A connected with the intensity
by the ratioA =t, /4. In that connection the calculated form of this model can be rep-

resented by the substitution to the equations (5), (6) of the proportionA=t,/A.

The analysis of the problem has demonstrated that the crane load value sam-
pling, which described by normal law can be classified as the exponential type [4].
That’s why their maximum values can be presented correctly by double exponential
Gumball distribution of a normalised type

y=a,(y—u,); r{t)=u, +y/a,, (7)

where  u —  characteristic  extreme; o, —  extreme intensity;
y=—Ln[-LnF(t) ] — argument of the Gumball distribution.

These extreme parameters are connected with the volume of body sampling ne
as [4]

n;'=1-F(u,). e, =n, f (u,), (8)

where F and f — integral and differential functions of the initial normal distri-
bution.
With the usage of the normal law the formula (7) was transformed

()= 0,) 0ot { . o, W2z ]} | ©)
From expressions (8) the corresponding volume n_ was obtained

n, = p(u, W2r exp(-u} /2) (10)

3 MEAN LOAD PARAMETERS FOR DIFFERENT CRANES

The experimental crane probabilistic parameters of all examined models are
tabulated in table 1. They are classified in the function of the hang cargo type (flexi-
ble or rigid) and crane behaviour (4K-8K). The values x and x which fully determine
the normal distribution of crane load are tabulated there. In the table 1 the corre-
sponding frequent characteristics are shown. The numeric values of parameters of
different models were derived from the condition of close evaluation Q(t) for the ser-
vice life t=50 years.



76

The worked out method which examined the models and obtained parameters
gives possibility to estimate reliability of steel structures under crane and other load-

ing [5].

4 RELIABILITY OF STEEL ELEMENTS UNDER CRANE LOAD

Crane beams as well as crane trestle structures can be treated like these ele-
ments. We’ll examine only general stress of elements without local effects and fa-
tigue. In this case the probability of steel structure failure Q(t) depends on the ratio of
a load (strength) of one bridge crane X,,, to the load of two cranes X,,, then on the
ratio of a load — carrying capacity of crane to its mass and also on crane behaviour.
The analysis showed that steel elements have a deficient reliability if they are under
four-wheeled crane loads when X,,,/X,,, >0.8 i.e. in the case of one crane force has
dominance. In the rest cases steel elements reliability determined on the base of gen-
eral stress state criteria under crane loads is sufficient.

In some cases the crane load can be corrected when the structural reliability is
preserved. For example in the case if the approach of a loaded crane trolley to a crane
way is limited the crane load can be decreased with the help of lower coefficient
| =0.76-0.94 [1].

Table 1. Probabilistic parameters of crane load

No. of Numeric values for different hang
models Model, parameter | Symbol | Unit cargof?nd_crane behaV|our__
exible rigid
4K-6K | 7K [ 8K | 8K
Common
parameters
'\gigheecrpaﬁ'ocr?' X _ 0.66-0.243n 0.758
Standard deviation R — 0.131 0.274
1 Normal stationary
random process
Effective 1
frequency w YT 71.0 106.8 215 | 215
2 Absolute maxima
of random process
Characteristic 7o — 4.796 4.881 5.022
maximum level
3 Random sequence
Load intensity ) year® | 1.42-10° | 2.16:10° | 4.44-10°
4 Discrete
presentation
Mean durationof | | ooopnq | 220 14.6 7.1
overloading
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5 Normal extremes
(per year)
Body sampling n, — 1 1.2610° | 2.09-10° | 3.49-10°
Characteristic ex- 0 - 48 49 50
treme
Extreme intensity a, — 4.99 5.09 5.19

Notes.

a) Values of x and & are the relative quantities equal to the ratio of real load pa-
rameters to specified load of one crane.

b) n=Q/G, — crane load characteristic, Q — load-carrying capacity, G, — crane

mass.

Table 2. Temporary factor y, for computation of a structure under crane load

Structure service 1 month Years
term T 1 10 50
7, 0.88 0.93 0.975 1.0

The analysis of steel element reliability with the limited service term was per-
formed. It demonstrated that the design crane load for these elements could be de-
creased by temporary factor y, multiplication in accordance with table 2.

In accordance with the Building Codes of formed USSR [6] steel beams for
crane with intensive behaviour have to be designed for shear force effect of bridge
cranes. The recommendations with regards to these effects are given in our article [2].
It’s also recommended to introduce the coefficient of load combination y=0.9 to the
steel beam design if both shear and vertical crane loads are taken into account. This
recommendation is just for strength ratio X,,,/X,,, <0.8 if the part of every load (ver-
tical of shear) in joint strength is not less then 30%.

5 CONCLUSIONS

The large amounts of statistic results on crane load were examined for the
bridge cranes of the different types. The most widely spread probabilistic models of
crane load were observed. They are as follows: stationary random process and its ab-
solute maxima, random sequence of independent loads, discrete presentation and ex-
treme model. Having integrated some initial date all necessary mean parameters of
mentioned probabilistic crane models were determined. The worked out method and
parameters are given possibility to estimate the reliability of crane steel structures and
to propose new design coefficients.
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STOCHASTIC PRESENTATION OF BRIDGE CRANE LOADS

SUMMARY
The large amounts of statistic results on crane load were examined for the

bridge cranes of the different types. The most widely spread probabilistic models of
crane load were observed. They are as follows: stationary random process and its ab-
solute maxima, random sequence of independent loads, discrete presentation and ex-
treme model. Having integrated some initial date all necessary mean parameters of
mentioned probabilistic crane models were determined. The worked out method and
parameters are given possibility to estimate the reliability of crane steel structures and
to propose new design coefficients.
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RELIABILITY OF ELEMENTS AND STRUCTURES
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RELIABILITY OF STEEL TUBULAR TRUSSES

SUMMARY

The steel tubular truss roofs are widely used in an industrial construction. The
distinction features of trusses are their bending compressive and bending tensile car-
rying load capacity under the dead and snow load. The components of dead load are
presented like random values distributed by Gauss law. The snow load is described
by probabilistic model of quasi-stationary differentiated random process with poly-
nomial-exponential distribution of an ordinate. The function of stability reserve is of-
fered. The possibility of its linearization is suggested. The numeric experiment for the
estimation of reliability parameters of examined 18, 24, 30 m span trusses has been
done. The derived data demonstrate the existence of truss elements with considerably
different degrees of reliability as well as the deficient reliability of some web bars.
The recommendations for the truss design correction are given.

KEYWORDS: Steel truss, tubular structure, reliability, probabilistic model.

1 STEEL TUBULAR TRUSS ROOFS

The steel tubular truss roofs are widely used in an industrial construction not
only in Ukraine but in CIS countries as well. The roofs include roof trusses of 18, 24,
30 m span with thin-walled right-angled bend-welded steel tubes (fig. 1). The dis-
tance of trusses equals 4m. The roof trusses are placed on under-roof trusses of 12m
span which are supported by the steel short columns. The galvanised profiled roof
steel with thermal insulation and rubberoid roofing are fixed on the truss top chord.
The truss lower chords are strengthened by vertical bracing and cross bars. The roof
trusses and under—roof ones are hinged. The top and lower chords and two diagonals
near support are manufactured using alloy steel 091'2C, other web bars are made from
carbon steel BCT3kn6. The distinction features of trusses like these are their bending
compressive and bending tensile carrying load capacity under the dead and snow
loads.

2 TOPICS OF PROBABILISTIC STRUCTURE ANALYSIS

The reliability parameters estimation of beam-column elements is based on the
general procedure proposed by V. V. Bolotin [1]. The stochastic behaviour of the
structure may be described as random walking v(t) in the space of the structure per-
formance quality v (fig. 2). The structural element fails when the process v(t) exceeds
the closed subspace 2 of permissible structure states. The structure failure problems
connect with random jumps of a stochastic process v(t) over a given boundary of the
subspace Q.

In our case the failure condition corresponds to an exceeding of the stable equi-
librium boundary:

Y(1)2 6, (1) -Gy 1), (1)
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where Y (t) — reserve stability function; & (t),5, (t) — random processes of
critical and axial stresses, correspondingly.
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Fig. 1. Schemes of steel tubular roof structures.
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Fig. 2. lllustration of system stochastic behaviour.

3 PROBABILISTIC MODELS OF LOADS AND STEEL RESISTANCE
Ukrainian winters are changeable with little to much snow. During winter,
snow load has two little transitional irregular parts. The beginning of winter is the pe-
riod of snow accumulation, the end of winter is the snow melting stage. For the main
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winter period it is possible to use bimodal polynomial-exponential distribution with
the follows normalised presentation [2]:

f(y) =exp(c, +cyy +C272 +C37/3)’ (2)

where y=(x—X)/% — normalised deviation of snow load; x and & — snow
mathematical expectation and standard deviation, correspondingly; c,-c, — poly-

nomial coefficients of the exponent argument.

The components of dead load are presented like random values distributed by
Gauss law. The dead load is characterised by little coefficient of variation
Vp=0.1-0.2. The probabilistic model of the snow load is presented in the manner of a
random quasi-stationary process (PR) both with the constant district coefficients of
variation and frequency parameters. A steel strength was determined using the stand-
ard experimental method. This steel characteristic is variable; it is presented like
normal random value.

If loads are presented in the form of random processes and the time factor is
taken into account the reserve stability function (1) is the random process as well. In
this case the failure of an element takes place when a stochastic load stress S(t) ex-

ceeds the random resistance of the element féy (fig. 3). The loads on the existing

structures are of repeated character. As a result the ideal Prandtle diagram can be
used in the reliability analysis of the steel elements. Proposed method takes into ac-
count the initial imperfections of structural elements including bar flexures, eccentric
applications of loads etc [3].

‘ R, S R,

A |
r—\‘,.._-_—“r\-—-_../"""-/ ————— T
‘ N §(1) t

Fig. 3. Graphic interpretation of structure failure.

4 RELIABILITY ESTIMATION OF STEEL TUBULAR TRUSS ROOFS
Non-nodal load charges the tubular trusses outside their nodes. As a result the
reliability analysis of truss elements has some specific distinctions. The random lon-
gitudinal force N and bending moment M were determined as the functions of a
dead load g, and snow load p, by means of the coefficients aq, Sy and as, fs. There-

fore the efforts derived from the following formulae:

N:adad +a5ﬁs' (3)

M:ﬂdad_'_ﬂsﬁs' (4)

The functions (3) and (4) are interdependent, their dependence is characterised
by the correlation moment Kyy and correlation coefficient ryy. These parameters can
be determined as follows:
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K :adﬂdqg +a,f, psz1 (5)
K
i = N N;;Ail ’ (6)

where 4,,6,,N,M — standard deviation of dead and snow loads, longitudinal
force and bending moment, correspondingly.

As mentioned in the previous work [4], it is possible to apply linearization pro-
cedure for the reserve stability functiony :

Y

1N

9(&,,M,N)+ ,G, + j,M + [,N, 7)

where j;—j; — function Y partial derivatives of the stochastic arguments. The
transformation of the formula (7) taking into account the expressions (3) and (4) al-
low to exclude the correlative connections of arguments and to obtain an equation:

Y = 6, + G, A+ DA, (8)

where A, = j,a, + j,B, and A = j.a, + j, 8, — the transitional coefficients for a
dead and snow load.

The normalised distribution density of stability reserve function was deter-
mined with the help of numerical integration. This density was calculated as the dif-
ference of normal law (steel strength, dead load) and polynomial-exponential distri-
bution (snow load) (fig. 4):

f (ﬁv) _ @+ p12) .Teco+01<E+cz~E2+c3<E3 _efo,szzdz, (9)

Z1

1

2
where E=-z, ivpi+Z-p, D=YP 7 _p.g _
1 ¢ M
limit of integration which is determined with the account of necessary calculation ac-

curacy for f(By); p,= ))(A(N

, Z,=5+10 — upper

— ratio of normal and polynomial-exponential standards;

S

B, =(Y -Y)/Y — standardised variable of stability reserve; v, — variation coefficient
of snow load.

Fig. 4. Normalised distribution of stability reserve.
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The initial probability of the structure failure was determined with the help of
numerical integration of the distribution density f(fy) with the lower limit of integra-
tion -oo and upper one Zy. The safety characteristic equalsz, =Y /Y, where Y and
Y — mathematical expectation and standard of the stability reserve function (8).

For the random process model the probability of element failure during the
term t is determined as follows:

o, f(Z,)t

t) = : 10
Q(t) Pu~N2-7 (10)
/ 2
where o :")C'—K“, t=T-t,, A _ LK ,k=i, o, — summary effective
! 1+p12 " k Py !

frequency of RP Y (t); w, — effective frequency of snow Rp; K., — trend coefficient
accounts the snow load change during the year; f(z,) — density ordinate distribution
of Rp Y (t) corresponding to the safety characteristic; T — service term in years; t, —
period of the stable snow load per year; g, — coefficient of RP Y (t) structural com-
plexity; g =3 — the same coefficient of snow RP.

The worked out method was allowed to evaluate the failure probability for
beam—column elements of trusses. The probabilistic analysis of the bending tensile

elements has analogy to the beam—column estimation. In this case the carrying capac-
ity reserve function is:

~ . -~ N({t) M@
Y{t)=0,——>——%, 11
0=5,-~ (11)
where A — the section area; W — the section moment.
The partial derivatives of the function (11) are: j;=1; j,=1/A; js=-1/W.
The probabilistic computer analysis of the steel truss elements was realised. As
a result the estimation of the roof structure probability was obtained.

5 CONCLUSIONS

The worked out method gives possibility to estimate reliability of a wide range
of steel tubular trusses and to obtain the following results:

a) all the tubular trusses have a sufficient reliability;

b) reliability of beam—column truss elements is being reduced if the part of snow
load is increasing in a general force;

c) the lower chord is considerably more reliable than the top chord of tubular
trusses;

d) the lace bars of the analysed trusses are manufactured using two type of steel
with the limit of yield difference in 1, 5 times; if is inadmissible because the re-
liability of beam—column diagonal bars is being considerably reduced.
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PROBABILISTIC ANALYSIS OF REDUNDANT STEEL
STRUCTURES

1 INTRODUCTION

The assessment of a frame structural safety is rather a difficult task. In spite of
many studies which have been done the problem of reliability analysis of redundant
structures has not been solved yet. The principal ideas of applied probabilistic method
were developed in works [1, 2]. The steel cross-frame which are treated as ductile
systems are under consideration.

2 FAILURE MODE APPROACH

The nature of a system behavior in which elastic-plastic elements work in ac-
cordance with Prandtl’s diagram, is under discussion. This type of behavior will be
treated as a plastic failure mode. Structural systems of bending elements are of the
primary interest including the redundant beams and frames. Their failure process is
characterized by states (systems) which differ in the number of plastic hinges in criti-
cal sections. The system works with a full amount of connections (initial system Co)
until the moment in the most loaded section reaches the limit value My,

My =y -Fo =M, =1, -M{, (1)

where: a;o — the influence factor for the 1-st section in C, system; Fo — exter-
nal load parameter; u; — vector component of limit moments ratio in critical sec-
tions; MY — system limit moment parameter.

The transmission from the original C, to the first system C; and the first limit
load F =, -M! /e, corresponds to this ratio (1). In the rest sections the dependen-

cies M(F) are changing under further increase of the load (Fig. 1-a):
My = Fo = BusM{ 5 My =0y Fy = By M, (2)

where f,, = (a,, — ) tgs By = (01— ay0) g — the factors of influence of a
limit moment on the 1-st system moments introduced by N. S. Streletski [3].
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The new graph segments have the same bending angles as in the case of the
brittle failure mode but they are thrown to the segments M) =3, M} and
MJ = B u,M/! . As a result of equating M,, = u,M/ the transmission to the second sys-
tem will be done and the following expression will be got for the second limit load:

I:0” =My (1, + 1, 50) ;- (3)

By analogy the formula was obtained for the moments in the sections of the se-
cond system

My, = agnFy =M [, B + 14, (Bay By + By )] - (4)
For the third limit load the expression will be as follows:

F" =Mt + 15 By + 1y (Boy By + B sy - (5)

It is possible to turn to the 3-rd, 4-th and other systems. In order to generalize

the derived expression “i” will be marked as a number of a critical section; j—
1,2 ..., “n” marks the order of examined system.
Then the general case will be as follows:
a) for the moments in i-section in n-system:

M, =, F, - Mgzn:{ﬂk( Zn:ﬂijl;[ﬂku,k +ﬂikﬂ’ (6)
k-1 K

j=k+1

b) in order to simplify the received formulae for the practical use will mark the
expression of a sum in the second term (6) as Bin and as a result the following
expression will be derived:

M, =, F, ~B,M{, (7)

c¢) for the influence factor of limit moment effect on the moment in i-section of j-
system:

B = (aij _ai,j—l)/ai,j—ll (8)
d) for the limit load in n-system:
R =M{ (41 +B) .- )

The probabilistic estimation parameters of elements at any stage (in any failure
state of a system) have been obtained in the space of bending moments on the base of
received data.

The margin function Y
have been determined as well:

its mathematics expectation Y, and the standard Y,

in?



Vin = [(_oy )2 (/un + Bin)2 _aizn AOZ ’ . (10)

In this case the close correlation of limit moments in different system sections
IS supposed.

As shown in the figure 1-a, in sections the moment probabilistic distribution
changes in different systems and affect differently the margin parameters (10). There
Is a f(Ms) distribution in the original system, and usually it is the most compact one.
After reaching the first limit load F, the graph angle inclination increases (some-

times it can decrease). As a result the wider (narrower) distribution f(My;) is obtained
on the base of the ratio (2). After the second level of the load F," (3) had been over-

come the distribution f(M3,) was derived on the basis of equation (4).

Thus in different states different parts of various distributions should be taken
into account (they are locked with dowels in Fig. 1-a). The obtained ratio was applied
for the probabilistic computation of the redundant structures. It confirmed the im-
portant peculiarity of a random failure process of elastic-plastic redundant structures.

The idea is that the failure probability in all possible ways to the failure mech-
anism becomes closer when the next plastic hinges occur. This peculiarity is the
probabilistic reflection of a fundamental character of elastic-plastic systems. It means
that the value of a limit load for the examined failure mechanism does not depend on
order of system failure connections [3]. But there are different ways of failure for the
same failure limit loads. It is shown in Fig.l-b for the fixed beam. The first way I is
characterized by the passing through the most loaded sections (the failure formula Co-
C5-C,-C, or simply (0321) and its graph suits to a limit My and limit load F;;; down.
First the ways Il (0123) and IV (0213) pass through the less loaded M, section and
the Fy, one. Their graphs pass above the limit values M, and Fy;, and then return to
them. The last segments of all graphs could be different but all of them give the same
limit load Fy, for M, ordinate, i.e. for the general system failure (Fig. 1-b). These
ways of failure can not be taken into account by applying the deterministic computa-
tion as they pass above the limit level M, . Such ways will be called “overlimited”,
for example the 11,1,V ways. The probabilistic estimation takes into consideration
the statistic changeability and independence of load and as well as the strength of dif-
ferent sections. As the result of this all ways of system failure are possible with dif-
ferent probability of realization. For all that, it is obvious the overlimited ways should
not be neglected as they fall a little outside the limit level.

The beam (Fig. 1-b) is the model of one possible failure mechanism all ap-
proaching ways to it give the same possibility of a system failure. As all these ways
are closely correlated any possible failure way should be taken into account in this
case (so called the weak member concept). It is recommended to examine the ways
which are approaching down the limit parameters. These ways correspond to the de-
terministic method. These ways, for example 1-0321 (Fig. 1-b), demonstrate the bene-
fit of the whole system work before the system failure occurred as against the work
before the first plastic hinge.
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3 PROBABILISTIC METHOD OF LIMIT EQUILIBRIUM

The chosen failure mechanism has an invariant limit load and the probability of
a realization. Therefore only the last system can be observed, i.e. it is the failure
mechanism that should be examined but the observation of numerous intermediate
systems can be neglected.

The approach like this has been realized in the form of following method [4].
Suppose that the n-redundant frame is under consideration. The n+1 linear equation
system is simulated for this. It is as follows:

D M X +FM =M, (11)
j=1
where: M, — moments in i-section of the basic system caused by the add un-
known X, =1; M,, — the same moments caused by the external loads the parameter
of which is taken as FO=I; M — the limit moment load in i-section.

The combined theorem of a limit equilibrium method is used. So while solving
the system equation the position of plastic hinges included into the chosen failure
mechanism is taken into account. While realizing this mechanism the mathematics
expectation F, of a limit load frame parameter is defined as follows:

C & A\/n+1 N Y
Fo=z D “My (12)
v=1
where: ©, — components of a vector of limit moments ratios in plastic hinges;
D — equation system determinant; M — mean value of a frame limit moment pa-
rameter; A, n+1 — algebraic compliments of elements M, of D determinant.

Suppose that the strengths in different sections are independent, then the stand-
ard deviation of a limit load parameter F, is calculated as follows:

2 lz(‘\gﬂ n ] ;. (13)

v=l

In general (12) and (13) formulae connect the numerical characteristics of a
frame random strength with the ones of the isolated elements.

Then in the space of load parameter the characteristics of margin function of
frame load carrying capacity are determined. It allows to estimate the frame failure
probability:

Y=F-Q. YA=(|£02+QAZ)% (14)

where: @ and Q — both mathematical expectation and standard deviation of
the external load parameter.
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Fig. 1. Redundant structure plastic model of failure: a) model probabilistic analysis;
b) the comparison of different failure models; the geometrical interpretation of for-
mulae (17)-(18).

This method is usually applied to the major (most probable) mechanism of a
frame failure. As a result of which it gives the low estimation of a system failure
probability which coincide with the full estimation in the most real cases.

4 THE COMPARISON OF SUGGESTED METHODS

The computation results on formula (14) and formula (10) of failure modes co-
incide. It can be proved in the case of transition from the space load parameter to the
space of the bending moment. Then the moment in the last system is derived from
equation (12) which equals:

M, = By DS okl gy (15)
A1+1,n+1 v=l N+l
Let’s mark
Uin = P ’ in — AV’"’UV ! (16)
A1+1,n+1 v=1 Av,n+1

the formula (7) of the failure mode approach is obtained.
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For the system of which the degree of static indeterminacy equals 2, the ex-
pression (12) is presented in the form of

E :%mu%mu%w. (17)

o

In Fig. 1-c the combined formulae are illustrated by the straight lines with the
angular coefficients tga, = A, /D. When they cross the vertical line M =M these

lines give the segments F,, which reflect every plastic hinge contribution into the

mean limit load capacity. Let’s dwell upon the formula for the moment in accordance
with

Mszzlfo

> |F

__ Ai_
M)+ 2y 18
YA (18)

F|o

The 1-st straight line equation mentioned above was derived in M and FO coor-
dinates. It is an identical to the expression (4) with the angular coefficient
tga, = a4, = D/A, . This line cuts the segment at the ordinate axis which equals to the

sum of the rest members in the formula (18) (Fig 1-c). If the sequence of plastic hing-
es appearance is changed the absolute value D and A, will be unchanged, but their
product signs sequence in the expression will be changed (18). As a result of this
equations of the last straight lines will be different while the values F, and F, from

the formula (12-13) remain unchangeable.

Thus, two different approaches of frame probabilistic evaluation were under
discussion. The failure mode method defines the strength in different system states,
which are compared with the load carrying capacities of elements. The limit equilib-
rium method determines the whole system load carrying capacity which is compared
with the external load. The obtained estimations of the frame probability coincide.

5 THE DEVELOPMENT OF PRACTICAL EVALUATION OF STEEL
FRAME

In the existing steel frames all different failure modes are possible. But they
have various possibilities of appearance. The probabilistic method of combined
mechanisms describes the failure modes perfectly [5], It should be noted that all the
rest methods mentioned above give sufficiently accurate estimation of steel frames
failure probability.

In accordance with these methods different numerical computations of redun-
dant frames and beams were done. It offers to introduce a new coefficient ys > 1,
which takes into account the specific character of work of failure of redundant struc-
ture

7s=Mg (/M (S)), (19)
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where: M (1) — limit moment of redundant structure parameter; the system
works up to the first frame failure; MOV(SJ.) — limit moment parameter, which corre-

sponds to the majorfailure mechanism.
Formulae parameters (19), the condition of failure probability equality of iso-
lated elements Q(1) and Q(S;) of the whole redundant structure are defined. The

smallest parameter y. =1.14 was determined for G-frame which is destroyed in ac-

cordance with a partial mechanism with 2 plastic hinges. For the cases of partial
beam failure mechanism of redundant structures increases up to 1.19-1.25. If the de-
gree of static indeterminacy increases and realizes full schemes of failure with great
number of plastic hinges the coefficient y, can be increased up to 1.27-1.35.

On the base of obtained data the design coefficient y, =1.10 is proposed. This

value is calculated with the reserve of safety in rough and could be defined more pre-
cisely later. The proposed coefficient is recommended for the evaluation of solid
bending steel elements of redundant structures. It is supposed that the plastic equali-
zation of moments and the optimization of redundant structures are not realized.

6 CONCLUSIONS

For ductile steel redundant structures the probabilistic estimation parameters of
elements at any stage have been obtained. The margin function of frame load carry-
ing capacity has been determined as well. The numerical computations offer to intro-
duce a design coefficient which takes into account the specific character of work and
failure of redundant structures.
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