IMPLEMENTATION OF
EUROCODES
HANDBOOK 2

PYKOBOACTBO 2

MO UCNOJIb30OBAHMUIO
EBPOKOOB
BA30BbIE MPUHLUMUMbI
KOHCTPYKTUBHOM
HAOEXXHOCTM

Bbl60OpPOUYHbIN
PYCCKMUM nepesoa

Pycckuin nepesoa — 25%
AHITMUCKUN TeKCT — 75%




Implementation of Eurocodes Handbook 2

COAEP)XAHME
rNIABA I. OCHOBHBbIE MOHSATUS, CBA3SAHHbBIE C KOHCTPYKTUBHOW HAAEXXHOCTbIO 3[AHWUMA ..... 4
b I = 3 7= 1 T 4
b L=t Ty 1o =T =T T T T Tog o PO 5
C B T 7 1= T o T ot - 6
4. 3a0aUM NMPOEKTUPOBAHMS .........cooiiiiiiiiiiiiiiiiii i sr e e e e e e e e e e e e e e e e e e s e e e e e e e e eaees 8
5. MPaKTUUECCKMNE METOADI PACHETA......uuiiiiuunieiiruretrnuerernnrerrnterrnserrrerraessrrntersaessrnsrsernsseennnres 9
6. PacueT C YUHETOM ONMDBITHBIX JAHHDBIX ....ccuuuuiieieerrrrnrsssssssrernnssssseesrmnmmnesseeermmmnmmeeereerr. 10
R0 - 114 1T LT =T PP 11
(@01 Talo T 17 =] 0= 1 Y o PPN 12
00030y 12
rIABA II. BA3OBbIE METO/1bl OLLEHKWN HAAEXXHOCTU KOHCTPYKLUMM I..........coovvcvriceeeina 14
b I = 3 1= 1 LT 14
2. OCHOBHbI€ C/Ty4an HAAEMKHOCTU KOHCTPYKLIMM ...........uvviiiiieieieiiiiiiineee e s s s sssantaeee e e e s s essannnneeessseenan 14
3. TouHoe pelueHne ANS ABYX CIYHANHDBIX MEPEMEHHDIX .........cciiiiiiiiiiiiiirsiiassrssseessesssesssessssssssssasns 21
L G - 119 1o Y T PP PN 23
CIACOK JTATEPATYPD 1utttruuestenunssrenusseesueserssssersusssenssssnnssseennssseennsseesnnseennmssennmeennneeennnmmeennmseeransernns 23
00030y 23
FNABA III. ANOOEPEHLNALNA HALEXKHOCTU .t s s n s n s nnaanaaanaaanaaaan e e 30
I = =TT T T 30
2. OCHOBHbBIE 3MTEMEHTbI HAZIEHKHOCTM 1 evuuteruereusseassersnsessssesssessssesssesssesssrmsssessseessreenereemrre 31
3. PACUETHBIN CPOK CIYIKObI Y HAZEIKHOCTD 1iiieeiieeeseeeseeseiesssesssesseeessesseeseeeeseeereeereeeseseesseesseessssssssssssssnssnnns 32
4. N3MeHeHVe BEPOATHOCTUN PA3PYLUEHMUS CO BPEMEHEM ...vvierrruuusrsirrrrrsssnsssssssrnsssssssssrnssssssssssssssanne 33
5. HacTHbIN KOSMDMDULIMEHT CBOMCTBA MATEPMAIIA «oeeveeeeeeeeieeeeeeieeeeseeseeesesssseessesseeereeereesseeeeeseeeeeesssessssssnssnnns 34
6. YacTHble KO3PDOULMEHTbI COBCTBEHHOM HATPYBKM evruurrvrrrreessessssrsnereressssassssssseesesssesssnsssssressssesmnsssseees 35
7. KnumaTuueckme BO3AENCTBUS N BPEMEHHDBIE HATPY3KM .....uveeeearreeesaasseeesaaseeeesaassesessansssessssesessnnsesessansees 36
T I YT o)) PP TUPTTRPPN 38
LSRG 7= 1103 o TR =T T PP 39
(@i 1 Talo LT (=0 = Y o PRSPPI 39
0740 (=] 1< PN 40
INMABA VI. MPOEKTUPOBAHWE COBMECTHO C MPOBEAEHWEM UCTBITAHUM ..............coocvevvienrnee. 47
B - - T= Y T T PP 47
2. CTaTUCTUYECKOE ONPEeAEesSIEHNE OTAECIIBHOIO CBOMCTBA .........ccciiiiiiiiiiissssssssssssesssesssesssessssssssssssnns 50
3. CtaTucTnueckoe onpeaesieHne Moaenei Hecywel CNOCOBHOCTM . ............uuuuiiiriiiiensisssssssesseens 55
(@01 Talo T 17 =] 0= 1 Y o RPN 60
MpunoxxeHue A. MonyueHne YPaBHEHMUS (50)..........oooiiiiiiiiiiiiiiirii e 60
0] 740 (=] 1< T PPN 61
IJIABA V. OLLEHKA CYLLUECTBYOLUMNX KOHCTPYKLIMM ........c.ocvceeveiieeiceees et 70
B = 3 1= 1 L 70
2. O6LLUAA CXEMA OLLEHKM .......ouuuunnniiniisissassasssssssassssssssssasssasssassaassssssasssssssssssssssssssasssssssaeseesneeenenenns 70
I T 0 1Ty 1= 1 LT = T T (= 72
4, OCHOBHDIE MEPEMEHHDIC..........uiiiiuuiiiinirerntsernteerrrssrrnssrantsranstterantserrasserraeserssassrnnssserenassens 72
5. AHa/IU3 PE3Y/IbTATOB MPOBEPKM ......ccovvrruuiiiiiiiiiinii s s r e s s e e e e s e s e rrraas 73
6. OLLeHKA KOHCTPYKTUBHOM HAZEMHOCTM .......ooooiiiiiiiiiiiieieeeeeeeees e eeeeeeeeeee e ee s ee e s e e s e e e e e e e s eeeeeeesseeseeeeseees 75
28 L1 Lo 7= 5] T PN 76
8. OLleHKa NOBPEAECHHON KOHCTPYKLIMM ....co.cciiviiiiieieeassesistteeeeesssssssssseeeesssssssssssseeesssssssssnnssnesees 76
9. 3aKJ/IIOUEHMNE N OKOHYATEJIBHOEG PELUCHME ......covvniirrnriinnnsssinnsssersnsssrssssersnssrrnssssrnnnsssrnnsssesnnnsees 77
B0 G - 1T 1T T = PP 77
(@01 Talo LI | (=0 = Y o P PPT P PPPIN 78
MpunoxxeHune A. O6Las CxeMa OLIEHKU CYLLECTBYHOLMX KOHCTPYKLIMM .........uuuuuuuiiiiiiiiiinnnnsensnnns 79
MpunoxceHue B. NMepepaCcUET BEPOATHOCTEM ........cc.cccvreeiiiiereeiaireeeasaareeaasaaseeeessasesssssnsesessansessssasees 80
MpunoxxeHne C. BaleCOBCKUIA METOA OLIEHKN KBAHTUITEM ..........cuuvuveriuuiinnimmeimnmimmmmmnnimnmrmnnmsnnm 81
0030y 83



Implementation of Eurocodes Handbook 2

TJTTABA VI. NMPUHLMMBI OLIEHKU PUCKA ...t eserr s s e e e e s s s s s s s nnnn s s s s s s s e snnn e s s aeenennnnnnenas 88
I = =TT 1T T 88
2. BbISIBNEHNE OMACHDIX (DAKTOPOB ...seertessssassusrrrreesassssaasssssessesssasasssssnesssssssssaasssnssessssssasssssesssessssasanssnnes 89
3. OnpegeneHve 1 MOAENNPOBAHNE COOTBETCTBYIOLUMX CLEHAPMEB...ccuuuierrurrerrnererrnesresnnssrennssernnnssennnnnees 90
4. OLEHKA BEPOSTHOCTEM «vvvveeereresessunreeeeresesesasussssereeeseesassssseeesesssaaasssssessesssamasssssseesesessmasssssseesesssansnsnses 91
. OLIEHKA MOCTIEACTBM M urruuussisierssssssssssieesssssssssssesssssssssssstessssssssssssemessssssssssseesssssssssssstesssssssssseemmsssssnisnnes 91
6. OLIEHKA PUCKA 1evvrurerrnnsssrsnssssensssssrssssssrssssssssssssssssssssnnssssessssssenssssssnssssteesssssesssssersssreenssreennessersnssnsres 92
R 1o LT T LT 0= S N 92
I oY L Tolo] - ol = W /= YO PP PPRPPRSPP 95
9. TIDUHSITUE PELLEHMM ..vvvreeuereresssreeassasseeassasseeessassesassassesessasssesssssesassassesessansessssansensssnsenssssssnessssnsnneesan 97
10. Moapa3symeBaemMasi CTOUMOCTb MPEAOTBPALUEHNS PABPYLUEHMS cuverrrrrrrrrrrsrrnsssnsssnsssnssnnssssssssssssssnssssssnnnes 97
G 7= 1T LT T 98
L3 1 T o 1= 0T 1 7 o PP PPPPPPPPPRI 98
Y CTIOBHBIE OBOOBHAUEHMST.cvvvvvvvrrrnrrresssnssnnssnnssnsssnsssssssssssnsssnssssssssssssssssssssssnssnsssssssssnssssssnsssnsssnsssnsssnsssenssnns 99

NPUNOXEHUE A. OCHOBHbIE CTATUCTUYECKUE MOHATUA U METODBI ..ccvvvieiiieeeeeiin v e 100
R 21T 111 [ 100
2. HACENMEHHOCTD M OOPABLIBI 1vveerrruuuseseererrsuussesseeennssssssssserrssssssssessenssssssessesennsnsssssesssenssssaasesessenssnnnsens 100
3. BbI6paHHbIE MOLEMMN CIYHANHBIX MEPEMEHHDBIX ...eeeeauvreessaasreessassnneesassnressansseessaasssessaasssssssansessssassesesanns 105
4, OLIEHKA KBAHTUIIEM t1evtrusieersusssrsnssssssssssessssssessssssesssssssesssssssssssssssssssesssstsesssteesssessesssessteseseresnnreeennrees 116
(@13 17 T o1 Q0 21 = 0= 1 7/ o= 129
MpunoxeHune 1. BepoSTHOCTHbIE MOAENIM OCHOBHDBIX MEPEMEHHDIX..cuuuuierruieerrseseernssersnnessennasssrnnssssennnseees 130
MpunoxxeHune 2. CTaTUCTUYECKME NApaMeTPbl (PYHKLMIN CIYUYANHBIX MEPEMEHHDBIX ....uuvrrrrrereerssersnrsnrereeeeens 131
MpunoxeHne 3. KBaHTUMb CITYUANHON MEPEMEHHOM ....ceereurreeeernreessssreesssasseessaassesssaassesesssnsesessnsesessansees 132
(R[0T 7T a(0) 1G]z 1 PPN 133

NMPUJIOXXEHME B. 3JIEMEHTAPHbBIE METO/1bl OLLEHKM KOHCTPYKTUBHOW HAAEXXHOCTU II ...... 142
B = 3 1= 1 L 142
R - Lol Ty =T B o L TN 142
3. YACTHDIE KOIDMUMLIMEHTDI ....coooiiiiiieiiiiiiieaaeeesassree e e s e s s s ssssssseesea e s s e s ssssnreeesasessaannsseeesaasssasnnnnnnnes 145
4. O61WMIA CNyUal OLLEHKMN YPOBHS HAACMKHOCTM ......coovveeiieireieeeesrereseesssssanstsnstsssssnssnnssnnssanssnsssnnsnnnns 149
5. MprMep C apMNPOBAHHON BETOHHOM MITUTOM ....cooveriiiiueeiirnieeeeessssnnnreeeeee e s s s ssnnnrreeeeesesssnnnnneeeees 152
6. 06K Cyyal OLIEHKU BEPOSITHOCTU Pa3pYLUEHUSA KOHCTPYKLIMM ..........uuuuunnnnnnnnnnnnnnssnnnnnns 155
28 5 7 12T o Yot g3 oy =T TN 159
8. BAKJTHOUEHME ......coiivieii i eieeiie s e e e e e e e s e s s e s e res s s e e e s e e e aaa s e e e s e ee s e s s ae e e e e s s s seeeennnnnnanseeesnennnnnnns 161
(@i Talo T 1 17 =] 0= 1 Y o PP 161
000y 162

MPUNOXEHME C. MPOLELYPA KAJTUBPOBKN ......uuiiisssssss s s n s n s e e s nnn e 196
I = =TT 1T T 196
2. OCHOBHbIE COUETAHMS HAMPYBKM . oiiiiiiiiiiiisiiiiiiisisisssssssasssss s s s s s s sssssss s s s s s ss st asssee st esssee s s s e s s e e e e ee s ee e e e e e e e nennnees 197
3. OBLLUMIA SNMEMEHT KOHCTPYKLMM coveeeiiiieiiiiisisssiseesste s st e st e e s e ae e e e e e s s e e s e e et e e e e e e st ee et ee e e e e e e e e s e e e e e e e s e e e e ee e e e e e e raeerrnes 199
4. TIPUHLMMNBI @HANN3A HALEKHOCTM .. e eevrunseerrunseersnserensssrnnnsssrnnsssernssssernssssemnssssernssssernnsssernnnssernnsssernnnsees 200
5. PE3YNIbTaTbl A1 OOLLETO CEUEHMSI. .. ieeeirrruueeeseeeeesnsussessseeeassasssssseee s e s sseeeenssa e ssseeessaaaesseeeeesnnansss 203
LG 1= 0310 LR T T 208
L1317 T o Q1 =1 0 Y= 1 7] o 208
MpunoxxeHune A. MNpsMoe cONoCTaBNEHNE BOSAENCTBUN HAMPY3KM...uuuuuuuuuuunnnnnnnannnnssnnnnsnnssssssssssssssssssnnss 210
MpunoxxeHne B. Bo3AEACTBUE NBMEHEHUS HALEKHOCT M . ueeereeeeeeauuerereeeeeeeesasusssseeesesessasssnsssseeesesensmnsnsseeeees 214
MprnoXeHNE C. YCIIOBHBIE OD03HAUEHMS ... .cceurruueeeeereierssiissesseettsnsssssseseessassasseeeesssssssessseenssnssesesseennes 215
00Ty C=T 7 216



Implementation of Eurocodes Handbook 2

PyKOBOACTBO MO OCHOBAM KOHCTPYKTUBHOI HAfil@XXHOCTU 31aHMH U aHA/IN3y PUCKOB,
MU310)KeHHbIX B EBpokogax, AONO/IHEHHOE NPAaKTUUYECKUMMU NPUMepaMmn

FNABA I. OCHOBHbIE MOHATUA, CBA3AHHBIE C KOHCTPYKTUBHON HAEXXHO-
CTbHO 3JAHUN

Munan Xonuku * n Ton Bpaysensenbgep 2
! MneTuTyT KnokHepa, Yeluckuin TexHndeckuii yunsepeuteT, Mpara, Yexus

2 NlendTckuii TEXHUYECKUI yHMBEpCUTET, OpraHM3aumsi NPUKIaAHbIX HayuHbIX WCCMENoBaHWI B cdepe CTpou-
TenbcTBa, HuaepnaHabl

Kpatkas nHdopmauus

Henb3s NOMHOCTbIO YCTPaHUTb HEOMPEAENEHHOCTY, OKa3blBAOLME BAMSIHWE Ha PaboTy KOHCTPYKLMM, NO3TOMY MX
CneayeT yuuTbiBaTb MPU CO3A4aHWUM MpoeKTa JIloboro CTpouTeNbcTBa. B npolwwniom 6biin paspaboTaHbl M NpU3HAHBI
pasfinyHble MeToAbl NMPOEKTUPOBAHMS M MPAKTUYECKME MPOLIEAYPbl MPOBEPKM KOHCTPYKTUMBHOM HaaexHocTu. Hambo-
Nee COBPEMEHHBbIN MPAKTUYECKUI METOA YaCTHbIX KO3(dMUMEHTOB OCHOBAH Ha BEPOSTHOCTHLIX MOHSATUSX KOHCTPYK-
TUBHOW HaAEXHOCTM M MOJyYEHHOM paHee onbiTe. OBLUMe NPUHLIMMLI KOHCTPYKTUBHOW HAAEXHOCTY MOMYT 6biTb MC-
MoJIb30BaHbl A1t NOAPOBHOro ONMUCaHUS U AaribHeWLWeN NMPOBEPKM YACTHbIX KO3(DMULUMEHTOB M APYrUX NapaMeTpoB
HageXxHocTu. Kpome Toro, paspaboTaHHble METOAbl pacdeTa U yaobHoe B MCMOJb30BaHUM MporpaMMHoe obecrneve-
HWe, Hapsiay C WUCMONb30BaHUEM BEPOSITHOCTHBIX MOHATUI M AOCTYMHbIX KCMEPUMEHTASbHLIX AaHHbLIX, MOMYT Hanps-
MYIO MCMO/b30BaTbLCs AN NPOBEPKM KOHCTPYKTUBHOMN HaAEXHOCTY.

1. BBeaeHune
1.1 CnpaBouHble MaTepuasbl

B psane HauMOHaNbHbIX CTaHAAPTOB, HOBOM €BPOMENckoM aokyMeHTe EN 1990 [1] u MexayHapoaHOM cTaHaapTe
ISO 2394 [2] copepXuTcs CUCTEMaTMU3NPOBAHHOE ONMUCAHME OCHOBHbIX MOHSTUA KOHCTPYKTUBHOW HaaexHocTu. [o-
nonHMTENbHask MHGOpPMaLMK NpeacTaBneHa B CNPaBOYHOM M3AaHUM, BbiNyweHHOM «O6beAMHEHHBIM KOMUTETOM Ha-
AEXHOCTU KOHCTPYKUMiA» (JCSS) [3] u B HeaaBHO OMy6MKOBAaHHOM PYKOBOACTBE MO MCMOMb30BaHWUIO cTaHaapTa EN
1990 [4]. PekoMeHAauUMM NO NMPUMEHEHUIO BEPOSTHOCTHBLIX METOAOB OLEHKW KOHCTPYKTUBHOM HaAEXHOCTU MOXXHO
HaliT1 B pabounx MaTepuanax, npeaoctaBieHHbIX «O6beaNHEHHbIM KOMUTETOM HaAEXHOCTU KOHCTpYKumin» (JCSS)
[5] n B COOTBETCTBYIOLWMX M3AAHMSIX, NEPEUNCNEHHBIX B Cciucke nutepaTypbl (cM. [4] u [5]). SnemeHTapHble MeTOAbI
Teopun HagexxHoCcTn onucanbl B Magax II n IIT HacToswero PykosoacTtea 2.

1.2 OCHOBHbI€ NMPUHLMNDI

OCHOBHble MPUHLMMbI KOHCTPYKTUBHON HaIEXXHOCTM OMMCaHbl B MeXAyHapoaHbiX uaaaHuax EN 1990 [1] n ISO
2394 [2]. OcHoBHble TpeboBaHus, KOTOPbIM AO/KHbI OTBEYATb KOHCTPYKLMM, U3MOXEHbI B pasaene 2 ctaHaapTa EN
1990 [1]: KOHCTPYKUMS AO/MKHA ObITb CNPOEKTUPOBaHa W BbINONHEHA TakuM obpas3oM, UTobbl B TeueHne npegnona-
raeMoro cpoka 3KCrjyaTaumnm U C COOTBETCTBYIOLLEN CTEMEHbI0 Ha€KHOCTU M SKOHOMWYHOCTWM OHa MOrfia BbIMO-
HATb cnegytolwme TpebosaHus:

—  BblAEPXWBaTb HArpysKy, KOTOpasi MOXET 6biTb NMPUIOXXEHA BO BPEMS BO3BEAEHUS WM SKCMyaTaumu npu
BbIMNOSIHEHWUW Pa3fIMYHbIX PabOT UM OT BO3AENCTBUS BHELIHUX (DaKTOPOB;

—  COXpPaHATb NPpUrogHOCTb K UCNOJIb30BAHUIO ANA BbINMOJHEHUA Ha3HaYeHHOM CIJYHKU,VIM.

—  Cnemyer OTMETUTb, YTO YMOMMHAIOTCA ABa YETKO 0603HAYUEHHbIX acneKkTa — HaAEXHOCTb Y SKOHOMUYHOCTb
(cM. Takxe PykoBoactso 1). OgHako, B HacToslleM PykOBOACTBE 2 pacCMaTpuBAETCA MPeUMYyLLIECTBEHHO
HaAEXHOCTb KOHCTPYKLMIA, BKIlOYatoLLas B cebs:

—  HeCyLyr CrocobHOCTb KOHCTPYKLUNK;
—  3KCM/yaTauMOHHYIO0 NPUIrOAHOCTb;
—  BONroBEYHOCTb.

[JononHutenbHble TpeboBaHMst MOryT 6biTb CBA3aHbI C OBECNEYEeHNEM OFHECTOMKOCTM (CM. PykoBOACTBO 5) unu
JApYrMMK aBapuiHbIMKU pacyeTHbIMKU cUTyaumusaMu. Hanpumep, no TpeboBaHusiM cTaHaapTa EN 1990 [1] B cnydyae no-
apa HecyLas CnocoOBHOCTb KOHCTPYKLMM JOMKHA COXPaHSATLCS B TedeHne TpebyeMoro nepnoaa BpeEMEHM.

[ns obecrnieyeHns BCEX aCNeKTOB KOHCTPYKTMBHOW HaAEXHOCTH, obecrneyeHne KOTopbiX NMpeanonaraeTcs ykasaH-
HbIMW BbIlLE OCHOBHbIMKM TpebOBaHMSIMKM, CreAyeT OMNpeaenuTb NMPOEKTHbLIA CPOK CNyXObl, CUTyauuMn U NpeaesnbHble
coctosiHua (cM. PykoBoacteo 1). HeobxoanMo 06paTuTb BHUMaHUE, YTO 6a30BbIli CPOK CNyxObl 3aaHns — 50 net, u
YTO, KaK NpaBwWsio, BbIAENSETCS YETbIPE PacyeTHble CUTyaLMn — NOCTOsSIHHAs, NepexoaHasl, aBapuiHas, 1 ceicMude-
ckasi. MNMpeaenbHbIX COCTOSIHMIA, KaK MPaBWO, BbIACNSETCA ABa — KPUTUYECKOE NpeaesibHoe COCTOSIHME U npeaenbHoe
COCTOSIHME 3KCMyaTaUMOHHOM npurogHocTu. MoapobHoe onmncaHue npeacTasneHo B PykosoacTse 1.
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2. HeonpepeneHHOCTHN
2.1 Knaccudumkaums HeonpeneneHHoOCTeNn

O6Lenpr3HaHHbIM (hakTOM SIBMSETCA TO, YTO 3[aHWS U COOPYXXEHUSI NMPEACTABNAOT COBON CNOXHYI0 TEXHUYe-
CKYIO CMCTEMY, Ha paboTy KOTOPOM Ha BCeX 3Tanax BbIMOHEHWS paboT M Moc/eaAyiowel KCnayaTaumun obbekTa
B/IUSIET Psifl CYLLIECTBEHHbIX HEOMPeaAeNeHHOCTEN. B 3aBMCMOCTH OT XapaKTepa KOHCTPYKLMK, YCIIOBUIA OKpYXKatoLLel
cpeabl M MPUMOXEHHbLIX BO3AEMCTBMI HEKOTOPbIE BW/bl HEOMPEAENEHHOCTEN CTAHOBATCA Go/ee 3HauUMbIMK, YeM
Apyrve. B LenoM MOXHO BbIAENUTL CeaytoLMe BUAbI HEONPEAENEeHHOCTEN:

- C/lyyaiHasi npupoaa BO3L4ENCTBMIA, CBOWCTBA MAaTEPUANoB U rEOMETPUYECKME MapaMeTpbl;
—  CTaTUCTMYecKasl HeonpeaeneHHOCTb M3-3a OrPaHUYEHHOrO KOSIMYECTBA UMEIOLLMXCS AAHHBbIX;

—  HeonpeneneHHOCTM OLIEHKM C MOMOLLbIO MoAesel HecyLel CnocobHOCTY U BO3AENCTBUS Harpy3ku BCIeacT-
BME YNPOLLEHNS PaKTUYECKUX YCIOBUIA;

—  HEeSsICHOCTb, BO3HMKalOWAsi BCIEACTBME HETOYHOCTU OMpeAeneHuin, OMnMCbIBAOWMX SKCMyaTaUMOHHbIE Tpe-
6oBaHus;

—  rpy6ble OWWOKK, AOMNYLLEHHbIE NPYU NPOEKTUPOBAHMM, BO3BEAEHUM W SKCMyaTaLMM KOHCTPYKLMK;

- HeOCTaTOK 3HaHWI O MOBEAEHUM HOBbIX MaTepmanoB N HEKOTOPbIX BO34ENCTBUAX B d)aKTVILIeCKVIX ycnosu-
AX.

MopsgoK, B KOTOPOM MepeyncneHbl HeonpeaeneHHOCTH, NPUMEPHO COOTBETCTBYET YMEHbLUEHUIO CTeneHn UMeto-
LUMXCS 3HAHUMA UM KOSMMYECTBa AOCTYMHbIX METOAOB A/ TEOPETUYECKOrO OMUCaHUsi HEOMpPeAEneHHOCTEN U UX pac-
CMOTPEHMS B MpoLecce npoekTnposaHus (CM. cneayowme pasaensl). CnegyeT OTMETUTb, YTO BONBLUMHCTBO U3 NpU-
BEAEHHbIX Bbllle HeomnpeaeneHHocTel (CTeneHb Cly4aliHOCTW, CTaTUCTUYECKast HeoNpeaeneHHOCTb U HeonpeaeneH-
HOCTb MoJesiei) Henb3si MOSIHOCTBIO YCTPaHWUTb. 3TU HEONPeAENeHHOCTM AO/MKHbI YUUTLIBATLCS NPU NaHUPOBaHWUK
nobbIx CTpouTENbHBIX PaboT.

2.2 [locTynHble MeToAbl ONUCaHUSA HeonpeaesieHHoOCTen

EcTecTBeHHas cTeneHb Cy4aliHOCTW M CTaTUCTMYECKasi HeoNpeaeneHHOCTb MOMYT C OTHOCUTENBHON TOYHOCTbIO
6bITb OMKMCaHbl AOCTYMHLIMU METOAAMM, KOTOpbIE MpeasiaraloT TeopUst BEPOSITHOCTU M MaTeMaTuyeckasi CTaTUCTMKa.
®akTnyecky, B ctaHgapTe EN 1990 [1] npeacTaBnieHbl HEKOTOPbIE PEKOMEHAALIMU MO UCMONb30BAHMIO TakUX AOCTYM-
HbIX MeToaoB. OfHaKo, HEAOCTAaTOK HAAEXHBIX SKCMEPUMEHTASbHBIX AaHHbIX (HarpuMep, O HOBbLIX MaTepuanax, He-
KOTOPbIX BO3AEWCTBUSX, BKOYasi BMSIHUE OKPYXXaloLLel cpeabl, a TakKe O HOBbIX FrEOMETPUYECKUX XapaKTepUCTy-
Kax) SIBNSIETCS MPUYMHON BO3HUKHOBEHMS CYLLECTBEHHBIX NMPOGNEM. B OTAEMbHBIX Cllyyasix UMEKOLLMECS AAHHbIE SIB-
NATCA HEOAHOPOAHBIMU. OHM BbIIN NOJTyYeHb! B pasHbiX YCIOBKSX (HanpuMep, AaHHbIE O CONPOTMBEHNM MaTepua-
NOB, MPUNIOXEHHOW HarpysKe, BAIMSIHAM OKPYXaloLLei cpeabl, @ Takke O BHYTPEHHUX pa3Mepax MonepeyHoro ceve-
HUS Xene306eTOHHOMO 3/1eMeHTa). 3aTeM MOXET 6biTb TPyAHO, eCnM BOOGLLE BO3MOXHO, NpOaHanu3vMpoBaTb U UC-
No/b30BaTh 3TW AaHHbIE MPU NMPOEKTUPOBAHMN.

CTeneHb HeonpeaeneHHOCTM Pe3ynbTaToB, MOJTy4YaeMbIX C MOMOLLbIO BbIYMCIIUTENBHBIX MOAENEN MOXHO B Ornpe-
[ENIEHHON CTEMEeHN OLEHWTb, OCHOBbLIBasICb Ha AaHHbIX TEOPETUYECKUX M 3KCMEPUMEHTAsIbHbIX MCCeaoBaHuii. B
ctaHaapte EN 1990 [1] n matepuanax «O6beaAMHEHHOO KOMUTETa HAAEXXHOCTU KOHCTPYKUmMi» (JCSS) [5] npeacTas-
NEHbl HEKOTOPble COOTBETCTBYHOLME pekoMeHAaumn. HeonpeaeneHHOCTb, BO3HMKAOLWAS BCNeACTBME HETOYHOCTM
onpeneneHuii (B 0CO6EHHOCTW, OMMUCHLIBAOLLMX 3KCIJTyaTaLMOHHYIO MPUroAHOCTb W Apyrue 3KCMyaTaumoHHbIe Tpe-
60BaHus), MOXET OblTb YaCTUYHO OMMCaHa MpPU MOMOLUM TEOPUM KHEYETKUX MHOXeCTB». OAHaKo, 3TW MeToabl C
MPaKTUYECKON TOYKWM 3PEHWUS — MasionosiesHbl, MOCKONbKY MPUMEHUMbIE AfS TakUX Cly4YaeB 3KCMepuUMeHTasbHble
[aHHble peaKo AOCTYMHbl. 3HaHWSI O NMOBEAEHWUMN HOBbLIX MAaTEPUAnioB U KOHCTPYKUMIA MOMyT BblTb MOCTEMNEHHO paclun-
peHbl MOCPEACTBOM BbIMOSIHEHUS! psiila TEOPETUYECKMX aHANN30B, Pe3y/bTaTbl KOTOPbLIX 3aTEM AO/MKHbI ObiTb BEpU-
vumMpoBaHbI NpY NPOBEAEHNMN SKCMEPUMEHTANILHOTO UCCEeA0BaHMS.

Mpyn HanMumMmn rpybbIX OLIMOOK M HEXBATKM 3HAHWIN OYEBUAEH HEAOCTATOK AOCTYMHbIX TEOPETUYECKUX METOAOB,
Npu 3TOM MMEHHO OLWMNOKN N HEAOCTAaTOYHbIE 3HAHWS MPUBOAAT K Pa3pyLUEHWIO KOHCTPYKUMK. [Ans Toro, 4ytobbl orpa-
HWYUTb KOJIMYECTBO COBEPLUIAEMBIX FPYy6bIX OLIMOOK BCNEACTBUE AESTENBLHOCTU YenoBeka C 60/bluoi 3hdEKTUBHO-
CTbIO MOXET 6bITb BBEIEHA CUCTEMA MEHeDKMEHTa KayecTBa, KoTopas BKtoYana bbl B cebsi MeTofbl CTaTUCTUYECKON
NpOBEPKK MU KOHTPOSIS.

PaznnuHble MeToabl NPOEKTUPOBAHUS MU SKCMJTyaTauuu, B KOTOPbIX YUMTLIBAKOTCS 3TU HEOMNpeaeNeHHOCTH, paspa-
60TaHbl M UCMOMb3YHOTCS MO BCEMY MUPY. TeopUsi KOHCTPYKUMOHHOM HaaeXHOCTU obecrieumBaeT 6a30Bble MpUHLMMLI
METOA0B M TEOPETUYECKME OCHOBbLI [/ OMUCAHUS M aHanM3a NepeYUCIEHHbIX BbIle HEOMpeaeneHHOCTel, CBA3aH-
HbIX C KOHCTPYKTUBHOW Haf€XXHOCTbIO.
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3. HapexxHocTb
3.1 O6wme nonoxkeHus

MOHATUE «HAAEXHOCTb» 3a4aCTyl0 HEYETKO CHOPMYNMPOBAHO, U TPeBYET HEKOTOPbIX MOSACHEHMIA. B 60MbLIMHCT-
BE CNy4YaeB «HAAEXHOCTb» MOXET UMETb TOJbKO ABa COCTOSIHMUS, T.€. KOHCTPYKLUS SIBNSIETCS NME0 HaaeXHoW, nnéo
HeHaaexHoW. Ecnu npuaepxuBaTbCs TaKoro NOAX0AA, TO MOMOXKMTENbHAS OLEHKa 03HaYaeT, YTO «paspyLueHMe KOH-
CTPYKUMM He Mpou30MaeT Hukorga». K coxanenuto, nogobHasi MHTEprpeTaums Ype3MEPHO YNpPOLLAET MOMOXEHME
BeLen. Bo3MOXHO, 3TO HEMPUATHO, U ANS MHOTUX JIIOAEN Aaxke HEMPUEMEMO, HO runoTeTudeckas uaes o6 «abco-
NIOTHOW HAAEXHOCTU®» ANS GONbLUMHCTBA KOHCTPYKUMIA (33 UCKIIOUYEHWEM pefKuX ClydaeB) MOMPOCTY He CyLecTBy-
€T. B uenom, paspyLueHue no6oi KOHCTPYKLUMU MOXET (XOTb U C HEGOMBLLIOW UM MUHUMANbHOW A0Sl BEPOSITHOCTY)
MPOW30MTH, AAKE ECIN KOHCTPYKLMS 3asiBNeHa KakK «HafexXHas».

WNHTepnpeTauust AOMNONHUTENBHOrO (HEraTUBHOMO) YTBEPXKAEHUS, KaK NPaBWII0, BOCNPUHUMaeTCs 6onee KOppeKT-
HO: paspyLUeHMe KOHCTPYKLMM pacCMaTPUBAETCS Kak HEKOTOPOE SIB/IEHME, KOTOPOE MOXET MPOU30MTH B PeasnbHOCTH,
1 B 3TOM C/lyyae 0BCYXXAQAETCs YXKe BEPOSATHOCTb MM YacToTa C/lyYyaeB PaspyLLIEHUs KOHCTPYKUMM. DaKTUYecku, npu
pa3paboTke npoekTa HeobXoAMMO 0bpalliaTh BHUMaHUE Ha TO, YTO CYLLECTBYET HEKOTOpas Hebonbliuas BEPOSTHOCTb
paspyLLUeHNsl KOHCTPYKLMM B TEYEHWE €€ Ha3HAYEHHOrO CpoKa 3KCryaTauuu. B MpOTMBHOM Cryyae NMpoeKTUpoBaTb
06bEKTbI FPaXKAaHCKOro HasHauyeHust 6yaeT abCcontoTHO HEBO3MOXHO. KakoBa B TakoM c/lyyae NpaBusibHas MHTEp-
NpeTaumsl MOHATUS «HAAEXHOCTb»? Kakoe 3HaueHue UMEeET LUMPOKO UCMosfb3yeMas (GOpPMY/IMPOBKa «KOHCTPYKLMS
HaZexHa n 6esonacHa»?

3.2 OnpeneneHve TEPMUHA «Hal€XKHOCTb>»

B paznnyHbix Nybnvkaumsx, a Takke HaumMoHabHbIX U MEXAYHAPOAHBIX M3AAHUSAX UCMONb3YeTCs HECKObKO Or-
pefeneHuii TepMUHa «HaAEXHOCTb». OnpeaeneHne HaaeXxHocTn U3 ctaHaapta I1SO 2394 [2] noxoxe Ha dhopMynu-
POBKY M3 HaUMOHaNbHbIX CTaHAAPTOB, MCMONb3YEMbIX B HEKOTOPbIX EBPOMENCKMX CTPaHaxX: HaAeXHOCTb — 3TO Cro-
COBHOCTb KOHCTPYKLMKN OTBEYaTb MOCTaB/IEHHbIM TPE6OBaHUSM B 3aaHHbIX YC/IOBUSIX B TEYEHME ee npeanonaraemo-
ro Cpoka aKcnjyatauuu. B KonnmyecTtBeHHOM OTHOLIEHUWM HaAEXHOCTb MOXeT ObiTb onpedeneHa Kak AOMOSHeHWe K
BEPOSITHOCTW pa3pyLUeHus.

CJ'IE,IJ,yET OTMETUTb, YTO NpMBEAEHHOE BbILIE onpeaeneHne HaaeXXHOCTU BKIKOYAET B cebs YETbIPE BaXXHbIX KOM-
NOHEHTa:

3aflaHHble (3KCMyaTauMoHHbIE) Tpe6OBaHUS — ONpeAeneHne paspyLIEHNSt KOHCTPYKLMK,

—  MepvoA BPEMEHM — OLeHKa HEOBXOAMMOro Cpoka CiyX6bl KOHCTPYKLMK 7,

cTeneHb HAAEXHOCTN — OLEHKA BEPOSTHOCTM PaspyLUEHUS KOHCTPYKUUKM P ¢,
—  YC/IOBMS 3KCMTyaTaumun — OrpaHuUeHne HeonpeaeneHHOCTM UCXOAHbBIX AaHHbIX.

YeTkasa OpMyIMpOBKa SKCM/yaTaUMOHHLIX TpeboBaHWi, W, CNeAoBaTeNbHO, TOYHOE OnpedeneHue MOHATUS
«paspyLueHne» KpaiiHe BaXkHbl. Bo MHOMMX cnydasix, Npu onpeaeneHnn TpeboBaHui, NpeabsBseMbiX K KOHCTPYKLUM
B OTHOLLIEHUN €€ MPOYHOCTM M YCTOMUMBOCTM K paspyLUeHunio, (hOpMyIMpOBKa MOHSATMA «paspyLUeHUe» He ABNAETCs
OYeHb C/IOXHOW. OHAKO, BO MHOIMX APYrMX Ciyyasx, 0CO6eHHO Koraa TpeboBaHMs KacaloTcs 06ecneyveHust KoM-
(hOpTHBIX YCIOBWIA ANS NOMb30BaTENEN 34aHMS, BHELLHErO BUAA M XapaKTEPUCTMK BHYTPEHHEN cpeabl MOMELLEHUI,
Ha NPaBULHOCTL (POPMYIMPOBOK MOHATUSA «paspyLUEHWE» BAMAET PAf PasMbIThIX U HETOUHBIX OnMcaHuii. Mpeobpa-
30BaTb 3TV TpeboBaHMs, BblABUraeMble MoMb30BaTENAMU 3[aHWS, B COOTBETCTBYIOLIME TEXHUYECKUE KOMMUYECTBEH-
Hble MapaMeTpbl U MoaodpaTh AN HUX TOYHLIE KPUTEPUM OYEHb TPYAHO, M 3a4acTylo, MOMbITKA 3TO OCYLIECTBUTHL
MPUBOAUT K OMNpeaesieHno 3aMeTHO OT/IMUAIOLLMUXCS YCIIOBUIA.

B HacTOALIEM [IOKYMEHTE TEPMUH «paspyLIEHNE» MCMONb3yeTca B Hanboree obllueM CMbIC/e 3TOro C/loBa, U 060-
3Ha4aeT MpocTo /to6oe HeXenaTeNbHOe COCTOSIHME KOHCTPYKUMK (HanpuMmep, obpylueHre uim ypesMepHyto aedop-
MaLMio), KOTOPblE OAHO3HAYHO OMPEAENAOTCS YC/IOBUAMM, B KOTOPLIX HAXOAUTCSA KOHCTPYKLMA.

B crangapte ISO 2394 n EBpokoae EN 1990 [1] npvBeaeHo 0AHO M TO Xe onpeaeneHne, BKIYas MpuMeYaHme o
TOM, YTO MOHSITUE KHAAEXHOCTb» BK/IOYAET B cebsl HecyLlyto CnocobHOCTb, MPUrOAHOCTL K 3KCMyaTauum u 4onro-
BEYHOCTb KOHCTPYKLMUN. OCHOBHbIE Tpe6OBaHVI$I BKJ1tOYAIOT B €ebs cneayoulee nonoxeHune (KaK YNOMUHANOCb Bbl-
Le): «KOHCTPYKUMS AOMKHA 6blTb CNpOEeKTUpOBaHa M BbIMO/HEHA TaknuM 06pa3oM, 4Tobbl B TeyeHue npegnonarae-
MO0 CPOKa 3KCMyaTauum U C COOTBETCTBYIOLEN CTEMEHBIO HAAEXHOCTU U SKOHOMUYHOCTM OHa MOT/a BblAEPXMBATb
Harpysky, KOTopasi MOXeT 6bITb NpUIOXeHa BO BpeMSI BO3BEAEHMSI WK SKCNlyaTaumu, Npu BbIMOHEHWN Pa3fIMYHbIX
pa60T nnn ot BOBAEVICTBMH BHELWHNX d)aKTOpOB, a TaKXe COXpPaHATb NMPUroAHOCTb K 3KCrlyaTaunn Ansa BbINOJIHEHUA
Ha3HauYeHHOU yHKLMM». Kak npaBuio, B OTHOLIEHWM HECYLLEN CMOCOBHOCTU M MPUrOAHOCTM KOHCTPYKUMKM WU ee
OTAE/bHbIX YacTel K 3KCryaTaumm MOXeT 6biTb MPUHST pasHblii YpoBEHb HaAeXHOCTU. B gokymeHTax [1] u [2] Be-

pOSITHOCTb pa3pyLueHns Pr («probability of failure» - npuM. nep.) (M MHAEKC HageXHOCTU (ﬂ)) npvBeaeHsl B 3aBU-
CMMOCTM OT OMacHOCTU MOCNEACTBUI pa3pyLieHus (cM. PykoBoacTso 1).

3.3 BeposiTHOCTb pa3pyLueHUs1 KOHCTPYKLUUKN

Hanbonee BaxHbIM TEPMUHOM, KOTOPbIN bl UCMOMb30BaH Bbille (a TaKKe B TEOPUM KOHCTPYKTUBHOW HaAexXHo-
CTUN) SIBNSIETCS, NO-BUAMMOMY, MOHSITUE «BEPOSITHOCTU paspyLlieHusi «Pe». [ins Toro 4tobbl NpeAcTaBUTb TOYHOE Of-
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peaeneHne Asisl MOHATUS «BEPOSITHOCTb paspylueHust «Pp> aenaetcs AonylieHue o TOM, YTo paboTa KOHCTPYKLMM
MOXET 6bITb OMKMCaHa MpW NOMOLUM OMNpeaeneHHOro Habopa OCHOBHbLIX NEPEMEHHbIX X = [X;, X5, ..., X,], XapaKTepu-
3yIOLLMX BO3AENCTBUS, MEXaHWYECKUE CBOWCTBA, FrEOMETPUYECKME MapaMeTpbl U HEONPEAENEHHOCTU AAHHbIX, NOsy-
YeHHBbIX Mpy MoaenMpoBaHun. Kpome Toro, NpeanonaraeTcsl, YTto npeaesibHoe CoCTosiHMe (KpUTUYecKoe npeaenbHoe
COCTOSIHWE, COCTOSIHME 3KCMJTyaTalUMOHHON MPUroAHOCTU, AONTOBEYHOCTb M MPeaesibHOe COCTOsIHWE BCIEACTBUE YC-
TanocT KOHCTPYKLMWM) KOHCTPYKLMKU ONpPEeAensieTcs npy noMolm dhyHKUMU NpeaenbHOro COCTOSHMS (MK dyHKUMK
paboToCnocobHOCTM), Kak NpaBWUIo, 3arnMcaHHoOW B BUAE HESIBHOW (DYHKLUMK:

2%)=0()

®yHKUMS NpefenbHOro coctosaHua Z(X) aomkHa 6biTb onpeaeneHa TakuMm o6pasoM, 4Tobbl OHa 6bina NonoXxu-
TENbHOMN ANs onucaHus 6naronpusTHoro (6€30MacHoOro0) COCTOSIHUS KOHCTPYKUMK, Z(X) =0, a ans onvcaHus Hebna-
rONPUSTHOrO COCTOSIHUS KOHCTPYKUMKM (pa3pylueHust) — oTpuuatenbHoi, Z(X) < 0 (6onee noapobHoe ob6bsicCHEHME
npeacTaBneHo B CeayiowmnxX Aanee rnaeBax Hacroswero PykosoacTsa 2).

Ons 60nbLWIMHCTBA NpeaesnbHbIX COCTOSHUI (KPUTUYECKOrO MPEeAEnbHOr0 COCTOSIHUS, COCTOSIHWSI 3KCMyaTaumoH-
HOW MPUrOAHOCTYW, AOSITOBEYHOCTM M NMPeAeNbHOE COCTOSIHUE BCNEACTBME YCTAIOCTM KOHCTPYKLMM) CTEMEHb BEPOSIT-
HOCTM pa3pyLUEHNSI KOHCTPYKLMKU MOXET BbiTb BblpaXXeHa B Buae crieaytoLiein hpopMysbi:

P, =P{Z(X)<0} 2

OnpenennTb ypoBeHb BEPOSITHOCTM PaspylUeHUs «Pg> MOXHO B TOM C/lyyae, eC/iM OCHOBHble MepeMeHHble X =
[Xy, Xo ..., X,] onncaHbl MpW MOMOLUM COOTBETCTBYIOLMX BEPOSITHOCTHBIX (YMCIEHHBIX WM @HANIMTUYECKUX) MOAe-
neit. Ecnn ocHoBHble nepeMeHHble X = /X, X, ... , X,] onucaHbl Npy NoMoLm yHKLUMU NIOTHOCTU pacrpeaeneHunst

CYMMapHOI1 BEPOSITHOCTM, KOTOPasi He 3aBUCKT OT BPEMeHU, ¢y (x), TO CTeneHb BEpOSTHOCTM P; MOXET 6bITb onpe-
AeNleHa Mpu MoMoLLM CNeAyIoLLEro MHTerpana:

P, =gy (x)dx
Z(X)<0 (3)

B cnyyasix, Korga HeKoTopble U3 OCHOBHbIX MEPEMEHHbIX 3aBUCST OT BpeMeHu, HeobxoamMMo Mcnonb3oBaTb 6onee
CMOXHblIE MeTOAbl pacyeTa. HekoTopble AeTanu, Kacalowmecs TEOPETUYECKMX MoAenein Ansi NapaMeTpoB, 3aBUCALLMX
OT BpeMeHU (B HObLUMHCTBE C/TyYaeB XapaKTepU3YHOLMX BO3AENCTBISA), @ TakXKe UCMONb30BaHWUs 3TUX Moaenen npu
BbIMO/IHEHUM OLIEHKU KOHCTPYKTUBHOW HafeXHOCTU MpeacTaBfieHbl B ApYrvMx rnaBax HacTtosiwero PykosoacTBa 2.
OAHako, BO MHOMMX Cllydasix 3Ta 3agada MOXeT 6blTb Npeobpa3oBaHa B 3aAady, 3aBUCSILLYHO OT BPEMEHW, HampuMep,
Mpwv MOMOLLUN PAacCMOTPEHUS B ypaBHeHMU (2) nim (3) MUHMMYyMa pyHKUmMK Z(X) B Te4eHne nepuoaa BpeMeHu 7.

HeobxoanMo 3aMeTUTb, YTO CYLLECTBYET psf Pa3/IMuHbIX METOAOB [2] M KOMMNbIOTEPHbIX Nporpamm [7, 8, 10] ans
pacyeTa BEpOSTHOCTU paspyLueHus Py, 3HaUeHMe KOTOPOi onpeaensieTcst no ypaBHeHuto (2) unu (3).

3.4 lHAeKC HaaeXXHoCTH

DKBUBANIEHTOM TEPMUHA «BEPOSTHOCTb Pa3pyLUEHUS» ABASAETCA TEPMUH «UHAEKC HAAEXHOCTU ﬂ », qupMaano

onpefensieMbii Kak OTpULATENbHOE 3HAaYEHUe CTaHAAPTHOW NMEepeMeHHON, pacrpeaeneHHoN Mo HopMarbHOMY 3aKo-
HY, COOTBETCTBYIOLLEE BEPOSTHOCTM paspyllieHust P;. TakuM o6pasoM, CrieAyrollee COOTHOLWIEHVE MOXET 6biTb MC-
NoSb30BaHO [Ns ONpeaeNieHnsl MHAEKCA HaeXHOCTH:

p=-0J(P)

-1
-0 v (Pr) 30eck onuckiBaeT yHKLMIO 06paTHOrO CTaHAAPTHOrO HOPMa/IbHOTO pacrpeaeneHus.

B HacTosiee BpeMs MHAEKC HAaaeXHOCTU [F, onpeaensiembiit no gopMyne (4), SBNSETCS KONMYECTBEHHBIM MOKa-
3aTeneM KOHCTPYKLMOHHON HaAeXHOCTU, KaK NpaBwuio, UCMOMb3yeMON B HECKONbKUX MEXAYHApOAHbIX AOKYMEHTax
[1], [2], [5].

CrnepyeT OTMETUTb, YTO BEPOSITHOCTb PaspylueHusi Pe U MHAEKC HAAEXHOCTU [ ABNSIOTCA MOSIHOCTBLIO SKBUBA-
NEHTHbIMU KOJIMYECTBEHHbIMM NOKa3aTensiMM HaAeXHOCTU C B3aWMHO-OAHO3HAYHLIMWM COOTBETCTBUSMMW, MpeacTaB-
NeHHbIMK B opmyne (4), ¥ nokasaHHbIMK B BUAe uucen B Tabnuue 1.

Ta6nuua 1. CooTHOLIEHNE eANHUL, U3SMEPEHUS BEPOSITHOCTH pa3pyLwueHus P
M MHAEeKca HapgexHocTn [
Pf 10" 102 103 10* 10° 10° 10”7
p 1,3 2,3 3,1 3,7 4,2 4,7 52
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Mo ctangaptam EN 1990 [1] n ISO 2394 [2] ocHOBHasi peKkoMeHAaunsi B OTHOLLIEHMM TpebyeMoro ypoBHS Hafex-
HOCTM, KaK npasuno, hopMynMpyeTcst Mpy MOMOLUM €AVHUL, U3MEPEHWS! MHAEKCA HAAeXHOCTU [F, oTHoCswerocs K
onpeaenieHHOMY pacYeTHOMY CPOKY 3KCrJlyaTauuu.

3.5 BpeMeHHOEe U3MeHeHne BEpOSATHOCTU pa3pyLUEeHNUs KOHCTPYKLUN

Koraa BeKTOp OCHOBHbIX MEPEMEHHbIX X = [X;, X, ... , X;,] UBMEHSIETCS BO BPEMEHWN, BEPOSITHOCTb pa3pyLueHus Ps
TaKXXe M3MEHSIeTCS BO BPEMEHW WM [JO/MHKHA BCErAa COOTHOCUTLCA C onpeaeneHHbIM 6a30BbIM NepnoaoM BpeMeHu 7,
KOTOpbIV B GOMBLUMHCTBE C/Ty4aeB MOXET OT/IMYATBLCS OT PACYETHOMO CPOKA KCMlyaTauun KOHCTPYKUMM 7, Pacyet-
HOe 3HayeHne BEepOSITHOCTU pa3pyLUeHMs] KOHCTPYKUMM NPU 3aaHHOM YPOBHE HaAEXHOCTU p, =P, OTHOCALeecs K
oblwemy 6a30BOMy nepuoay BpeMeHwn 7, = n7; MOXeT 6biTb MOSyYeHO MpW MOMOLUM anbTEPHATUBHOMO 3HAYeHUs
BEPOSAITHOCTU p, =p;, OTHOCALLErocs KO BpeMeHn T, = 7; (obpaTute BHMMaHMe, YTO AN YNPOLEHUs yCnoBHOro obo-
3HAYEHWs! UCMOJIb30BaHHbIN paHee HKHWIN MHAEKC «d» B JAHHOM CllyYae COOTBETCTBYET «N», @ HWKHUIN MHAEKC «a»
cooTBeTcTBYET «1»). MNoagpobHoe onuncaHue 3Toro npeobpasosaHns nNpeactasneHo B rnase III.

4. 3apaum NpoeKTUpoBaHus
4.1 OpreHTUPOBOYHbIE 3HAYEHNS pacYeTHOro CpoKa SKCrnJiyaTalunm KOHCTPYKLMKN

PacyeTHbI CpPOK 3KCMyaTaumMm KOHCTPYKUMK Ty IBNSIETCS NpeanosiaraeMbliM NepuoaoM BPeEMEHU, B TEYEHME KO-
TOPOro KOHCTPYKUMSI N €€ YacTb A0MKHbI MCNOMb30BaTbCA MO Ha3Ha4YeHUIo, C obecrneyveHneM OXMAAEMOro YPOBHS
06cnyXnBaHusi, Ho 6e3 Heobx0AMMOCTU BbIMOSIHEHMS] KPYMHOrO peMoHTa. B HeaaBHO Bblweawmnx AokymeHTax CEN
[1] v ISO [2] npeacTaBneHbl OPUEHTUPOBOYHBIE 3HAUEHUS 7, ANS NATU KAaTEropuil KOHCTPYKLWIA, CM. Tabnuuy 2.

Bonee nogpobHoe onucaHue KaTeropuii KOHCTPYKLMI U pacyeTHble CPOKM 3KCMyaTaumy MOXHO HalTW B HEKO-
TOpbIX HaUMOHasbHbIX CTaHAapTax. B uenoM, pacyeTHble CpokM CNyX6bl KOHCTPYKLUMM MOTYT MpeBbiwaTh (B HEKOTO-
pbix crydasix Ha 100%) 3HaueHwus, NpeacTaBneHHble B Tabnuue 2. HanpuMep, pacyeTHbl CPOK aKCrlyaTauum Bpe-
MEHHbIX KOHCTPYKLMIA MOXET 6bITb 15 NeT, CenbCKoX03aUCTBEHHbIX 3AaHUIA — 50 NET, XUNbIX U OPUCHBIX 3AaHUIA —
100 neT, a KOHCTPYKLUMIA XXENe3HOAOPOXHOW OTpac/v, NIOTUH, TOHHENEN, U APYruX NMOA3EMHbIX COOPYXEHUIA UHXKe-
HepHoro HasHayeHus — 120 net n 6onee.

Ta6bnuua 2. OpMEeHTUPOBOUYHbIE 3HAUEHUS PAaCYETHOIMO0 CPOKa SKCIJlyaTalMmu KOHCTPYKLUMA

KaTteropus PacueTHbIN Cpok akcniyaTaumm 7, MpuMepsbl
(rogpl)

1 10 BpeMeHHble KOHCTpYKUMK

2 ot 10 go 25 3aMeHsIeMble YaCTW KOHCTPYKLUUK 3faHusl, onopbl, 6anku

3 ot 15 po 30 CenbCKOXO035CTBEHHbIE COOPYXXEHUS U 34aHUS NOXOXEN KOH-
CTPYKUMM

4 50 KOHCTPYKLMW 30@HUIA U COOPY)XEHWUIA OBLLErO Ha3HaYeHNs!

5 100 n 6onee MoHyMeHTanbHble 3faHust UM 0b6beKTbl MHQPACTPYKTYpb,
MOCTbI

4.2 PacueTHblii (LileNeBoii) ypoBeHb HAAEXXHOCTH

3HayeHWsl pacyeTHON BEPOSITHOCTU Pa3pyLUEeHUst Py, Kak NpaBWio, YKasbiBalOTCS MO OTHOLWWEHUIO K OXWAAEMbIM
coumanbHbIM M 3KOHOMUYECKMM MOCIEACTBUAM paspyluienus. B ctaHaapte EN 1990 [1] npeacTtaBneHa knaccuduka-
LMS pacyeTHbIX YPOBHEN HAAEXHOCTW, B KOTOPYIO BXOAAT TpW Kiacca Mo MOCNEACTBUSIM paspylueHusi (BbICOKUM,

CPeaHUii 1 HU3KMIT) 1 OnpeaeneHbl COOTBETCTBYIOLME UHAEKCH HaaeXHOCTH [ Ans AByx 6a3oBbix Nepuoaos Bpe-
MeHn 7 (1 rog u 50 neT). NCToYHMK mcuepnbliBatoLLeit MHGOpMaLMM OTHOCUTENBHO PacyeTHOrO CpoKa 3KCJTyaTalum
KOHCTPYKUMU T, He npencTaeneH. MMofo6Hble [ -BENMUMHBI MOTYT MCMONb30BaThCs B HEKOTOPbIX HALMOHAMbHbIX

CTaHAapTax v MexayHapoaHblx ctaHaapTax ISO [2]. MoapobHoe onucaHwe pacyeTHOro YpOBHS HAaAEXHOCTWU npes-
craBneHo B rnase III HacToswero PykosoacTea 2.

CresyeT noaYepkHyTb, uto Ase [ -Benuuntbl ( [ 2 [ 4), pekoMeHayeMble B usganmm [1] Ans kaxgoro knacca
HaaexHocTn (1 roa u 50 NEeT) COOTBETCTBYIOT TOMY Xe YPOBHIO HAAEXHOCTU. BO3MOXXHOCTb MpUMEHEHUS 3TUX Benu-
UMH Ha MPaKTUKE 3aBUCUT OT ANUTENLHOCTU 6a30BOro nepuoaa BpeMeHU 7, KOTOPbI paccMaTpyUBaeTcs B npoLecce
BEPUMOUKALIMK, U KOTOPbIA MOXET OTHOCUTLCA K MMEIoLLENC MHAOPMALIMM O BEKTOPE OCHOBHBIX MEPEMEHHBLIX X = X,
Xs...., Xy VBMEHSIOWEMCS BO BPEMEHW. Hanpumep, Npu paccMOTPEHUM Klacca HaAeXHOCTM 2 U pacyeTHOro Cpoka
CAyx6bl KOHCTPYKUMM 50 neT uHaekc HapexHoctn [F 4 =3,8 [OMKEH MCMONb30BaThCsl A4St MPOBEPKU KOHCTPYKTUB-

HOW HagexHocTu. Ecnn paccMaTpuBaeTcs 6a30Bbli Nepuoa BpeMeHn 7, AMTENbHOCTBIO 1 rog v ﬂ a = 4,7, ooctura-

€TCA TOT Xe YPOBEHb HaAEXHOCTW, COOTBETCTBYIOLWMIA Knaccy 2. TakuMm o6pa3oM, 6a3oBble nepuoabl BpeMeHn 7, B
BOMbILUMHCTBE CyYaeB, OTIMYAIOLLIMECS OT PacyYeTHOrO CPOKa 3KCMyaTauun 7, MOryT MCMOMb30BaThCa AN AOCTU-
YKEHWS ONpPeAesIEHHOro YPOBHS HAAEXHOCTU.
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5. MpakTnueckne Metoabl pacyeTta
5.1 O6wme nonoxxkeHus

C TeyeHVeM BpeMeHM MeToAbl pacyeTa KOHCTPYKLUMM pa3BMBannCh M Bcerda 6biim TeCHO CBSA3aHbl C AOCTYMHbIMU
NPaKTU4eCKMMN N ONbITHbIMKU AAHHbLIMWU, @ TakKXe CO 3HaHWEM TeopequeCKoﬁ MEXaHWKN N Teopun BEPOATHOCTU. B
ABaJLATOM BeKe MOCTeNneHHO NMPOUCXOAMIO CTAHOBMIEHWE Pas/IMYHbIX NMPaKTUYECKUX METOAOB, CPeau KOTOpPbIX Bbide-
NUNOCh TPY LUMPOKO MCMOSb3yeMbIX METOAA, MPUMEHSIIOWMXCS C Pa3fuyHbIMK MoAUdMKaUMSaMKU B CTaHAapTax no
NMPOEKTUPOBAHMIO KOHCTPYKLMIA BMAOTb [0 HACTOSILLEr0 BPEMEHWU: METOA pacyeTa Mo AOMYCTUMbIM HampsKeHUsM,
meToa obuiero koadbduumeHTa 3anaca NPOYHOCTM U METOA YaCTHbIX KO3GhdUUMeHTOB. Bce 3T MeToabl YacTo obcyx-
[AloTCs, U MHOrAa NepecMaTpuUBaloTCS M OBHOBNSIOTCS.

[Janee npeacTaBneHo KpaTkoe OnMcaHWe UCTOPUYECKOro PasBuTKS 3TUX METOAOB pacyeTa, UX 06LUelt CTPYKTYpbl,
C YNOMMHAHMEM COOTBETCTBYIOLLUMX KOIMYECTBEHHBIX NMApaMeTpoB, UCMO/b3YEMbIX A/ TOro, YTobbl y4ecTb BMSiHWE
BCEBO3MOXHbIX HEOMpPeaeneHHOCTEN, CBS3aHHbIX C OCHOBHbIMU MEPEMEHHBIMU, U AN YNpPaBieHUs UTOFOBLIM YPOB-
HEM KOHCTPYKTWBHOW HafeXHOCTU. KpoMe TOro, HUXKe OMMChIBAlOTCS BEPOSITHOCTHBIE METOAbI OLEHKU KOHCTPYKTYB-
HOWM HaZleXXHOCTU U UX pOnb B AanbHeNlleM pa3BUTUKM METOAOB pacyeTta. MoapobHoe onvcaHne BEPOSITHOCTHBIX Me-
TO0B OLIEHKW KOHCTPYKTUBHOMN HaaexHOCTU coaepxutcs B rnasax 11 IIT u MpunoxeHun B HacTosiero PykoBoacTsa
2.

5.2 flonycTuMoe HarnpshxeHue

MepBbIM M3 NPU3HAHHbLIX MO BCEMY MMPY METOAOB pacueTa KOHCTPYKLMW SIBASIETCS METOJ pacyeta no AonycTu-
MbIM HanpsbKeHUsIM, OCHOBaHHbIN Ha JIMHENHOW Teopun ynpyrocti. OCHOBHOM crnocob pacyeTta rno AaHHOMY MeToay
MOXET ObITb NMpefCTaBieH B ClieaytoweM Buae:

O-max < Uper,eaeaper = O-crit /k (5)

KoapduumeHT & (npesbiwatowmnii 1) siBnseTcs eAMHCTBEHHON 3aAaHHOM B SIBHOM BWAe MepoW OLEeHKM, KoTopas
OO/MDKHa Y4YUTbIBaTb BCE TUIMbI HEOHpe,D,eJ'IEHHOCTeﬁ (HeKOTOpre HEABHO BblPa>X€HHblE€ Mepbl OLEHKWN MOryT 6bITb

CKpbITbI). KpoMe TOro, TONbKO N0KanbHO MPUIOXKEHHOe BO3aelicTBue (HanpsxeHue) O, CONOCTaBMMO C IONYCTU-

MbIM HanpspkeHuem o W, cnenoBaTenbHO, fokanbHoe (Ynpyroe) nosedeHue KOHCTPYKUMM MCMOMb3yeTcs Ans

per!
obecneyeHns ee HaAeXHOCTU. Ha.unexau.lero MeToda y4yeTa FEOMETqueCKOVI HGJ'IVIHEVIHOCTVI, pacnpeaeneHnsa Ha-
npsXXeHna n NNactTM4HOCTU CTPOUTESNIbHbIX MaTEPUaAioB N NIEMEHTOB HE CYLLECTBYET. r|O3TOMy, MCnoJib30BaHne Me-
TOAa pacyeTa No AONYCTUMbIM HanpsXEHUAM, KaK npaBuiio, NpMBOAUT K CO34aHUKO KOHCEPBATMBHOINO U HESKOHO-
MUYHOIo NpoekTa.

OpHaKo, rMaBHbIM HEAOCTaTKOM METoAa pacyeTa Nno AOMYCTUMbIM HamnpsXKEHUSM SIBMSIETCS OTCYTCTBME AOCTATOY-
HOM BO3MOXHOCTW ANt PaCCMOTPEHUS| HEOMPEAENEHHOCTEN MHAMBMAYANbHBIX OCHOBHbLIX MEPEMEHHbIX, @ TaKXe He-
XBaTKa BbIUUC/IUTENbHBIX KOMMBIOTEPHBLIX MOAENEN NS OLEHKW PErynupytowero addeKTa Harpysku 1 Hecylueii cro-
COBHOCTU KOHCTpYKUuKM. CrieAoBaTesibHO, YPOBEHb HAAEXHOCTY KOHCTPYKLIMIA, MOABEPTatOWMXCS Pa3/INYHbIM BO3AEN-
CTBMSIM, U U3rOTOB/IEHHBIX U3 PasHbIX MaTepuasioB, MOXET BbiTb HE TOJIbKO 3aBbIlLEHHBIM (3KOHOMUYECKU HEOMpaB-
[aHHbIM), HO M 3HAUUTENBHO PA3HSALUMMCS.

5.3 06wwmii ko3chcuumMeHT 3anaca NPOYHOCTHU

BTOpOI LUMPOKO MCMONb3YIOWMIACA METOA pacyeTa KOHCTPYKUMM — 3TO MeToA obliero koadduumeHTa 3anaca
npoyHocTK. Mo CyllecTBy, OH OCHOBaH Ha pacyeTe, CBA3aHHOM CO CTaHAAPTHbIM MW HOMWHA/MbHLIM 3HAUYEHWUSIMU
HecyLIen CNOCOBHOCTY KOHCTPYKLUMM R U BO3AEWNCTBUSA Harpysku £, 3TO MOXET 6biTb OMUCAHO CIEAYIOWMM ypaBHe-
HUEM:

s=R/E>s, (6)

Takum 06pa3oM, 3HaueHne pacdeTHoro koadduumeHTa 3anaca NPOYHOCTM S AO/MKHO MPEBbIATh Yka3aHHOe 3Ha-
yeHue S, (Harnpumep, S,=1,9, KaK npaBu0, HEO6XOAMMO ANA pacyeTa NMPOYHOCTU Ha U3TUE 3/1EMEHTOB U3 XKENEe30-

6eToHa). MeToa pacyeTa npu noMoLum obuiero koadduumeHTa 3anaca NPOYHOCTH MbITAETCS YUYECTb NPEANONOXKEHNS
0 peanuCcTUYHOM MOBEAEHUM 3/IEMEHTOB KOHCTPYKLMM, U UX MOMEPEYHOM CEUYEHUWN, FEOMETPUYECKON HENMHENHOCTH,
pacrnpenesieHnn HanpskKeHUs U NMNACTUYHOCTM; B OCOBEHHOCTU MOCPEACTBOM PE3Y/BTUPYIOLMX 3HAUYEHWUI HECyLLEen
CNOCcO6HOCTU KOHCTPYKLUMK R 1 addekTa BO3AeiCTBUS £,

OnHako, Kak M B C/llydae METoAA pacyeTa Mo AOMYCTUMbIM HanpsXKEHUSM, OCHOBHbIM HEAOCTAaTKOM 3TOr0 METoAa
OCTaeTcs OTCYTCTBUE AOCTAaTOYHOW BO3MOXXHOCTU PAaCCMOTPEHWUSI HEOMPEAENEHHOCTEN onpeaenieHHbIX OCHOBHbIX Be-
JIMYMH, @ TaKkxkKe HeXBaTKa TEOPETMUYECKUX MoAenel. BeposiTHOCTb paspylieHust MOXeT GbiTb onpeaenieHa, onsiTb-
Taku, TOMIbKO OAHOWN SIBHOVW BENYMHOM, 06WMM K03(dULMEHTOM 3anaca NpPoYHoOCcTH Ss. OUEBMIHO, BO3MOXHOCTb CO-
rNacoBaTh, KakoW YPOBEHb HAAEXHOCTU MPUCYLY PAa3NNYHLIM 3/IEMEHTAM KOHCTPYKLMM, W3rOTOBNEHHBIM U3 PasHbIX
MaTep1anoB, orpaH1yYeHa.
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5.4 MeTtop 4YacTHbIX K03¢hhuLMeHTOoB

B HacTosiiee BpeMs Hambosee NpoABMHYTLIM MPAKTUYECKMM METOAOM pacdeTa KOHCTpyKuuu [1,2] aBnsieTcs Me-
TOA YaCTHbIX KO3(MGbULUMEHTOB (MHOrA@ OWMG0YHO HA3biBAEMbIA METOLOM pacyeTa KOHCTPYKUMW MO NpenesibHbIM
COCTOSIHWSIM), KOTOPbI 3a4acTylo MPUMEHSIETCS C YYETOM MOHATUS NPeaebHbIX COCTOSHMI (KpUTUYECKoe npeaenb-
HOE COCTOsIHWE, NPeaesibHOe COCTOSIHME 3KCMJyaTaUMOHHOW MPUIroAHOCTY, NPeAenbHOe COCTOsSIHWE BCIEACTBUE YCTa-
NOCTU KOHCTPYKLMM). ITOT METOA MOXKET 6bITb B LIESIOM OMNCaH MNpy NMOMOLLM CNefyIoLEro HepaBeHCTBa:

E,(F,, f;,0.,0,) <R, (F,, f;,2,,0,) (7)

raoe pacyeTHble rnokasaTtenu addekTa BO3AENCTBUA £, U HECyLLEel CrOCOBHOCTU KOHCTPYKUMM R;onpeaenstorcs,
NCXOAS U3 PaCHETHBIX 3HAUEHWUI OCHOBHBIX NEPEMeHHBbIX, XapakTepusylolumx Bosaeiicteus [, = yy I, , ceoiicTea

matepuanos [, = F, / V. PA3Mepbl &, + A1 HeonpeaeneHHoCTN Moaeneil Hd. PacueTHble 3HayeHus 3TMX
BEMMYMH onpeaenstoTcs (C yY4ETOM pas/IMyHbIX HEOMPEAENEHHOCTEN) C MOMOLLBIO UX XapaKTEPUCTUUECKUX 3HAYEHUI
(Fk, ﬂ,ak,Hk), YaCTHbIX KO3(MULMEHTOB ', KO3PDULMEHTOB OCNabnerns I , n Apyrux KONMYECTBEHHbIX NoKa-

3aTeneil HaaeXXHoCTU. TakuM 06pa3oM, BCS CUCTEMA YacTHbIX KO3(MUUMEHTOB U APYrvX MokKasaTesleln HaaeXHOCTH
MOXET 6bITb MCMOJIb30BaHa ANs YrNpaB/ieHNs! YPOBHEM KOHCTPYKTVUBHOW HaaeXHOCTU. MoapobHoe onuncaHue MeToga
YaCTHbIX KO3 hULMEHTOB, UCnosb3yemMoro B EBpokoaax, npeacraeneHo B PykosoacTse 1.

B oTnnume OT OMMCaHHbIX paHee MEeTOAOB pacyeTa CTPYyKTypa MeToda 4YacTHbIX KO3(PMhUUMEHTOB, OYEBUAHO,
obecneunBaeT 60/bLUYI0 BO3MOXHOCTb COM1acoBaTb, KAKOM YPOBEHb HaAEXKHOCTU NMPUCYLL PasfIMyHbIM TUMaM Coopy-
YKEHWI, U3roTOBMEHHBIX U3 pa3fiMuHbiX MaTepuanos. OaHako, cnefyeT 06paTUTb BHUMAHWE Ha TO, YTO HU B OAHOM UX
MepeyuncneHHbIX Bbille METOAOB pacyeTa BEpOSTHOCTb paspylleHus HanpsMylo He yuuTbiBaeTcs. CnefoBaTenbHo,
BEPOSITHOCTb Pa3pyLUEHUSI Pa3/IMYHbIX KOHCTPYKLWUIMA, U3rOTOBNEHHbIX M3 Pa3fiMYHbIX MaTepUanoB, BCE-TAKW, MOXET
CYLLEeCTBEHHO BapbWpOBaTbCA, AaXe HECMOTPSl Ha NMPUMEHEHME CMOXHbLIX npoueayp kanubposku. HeobxoauMo Bbi-
MONHEHVE AanbHeMWnX npoueayp BEpOSTHOCTHOW KanMbpoBKM MokasaTeniel HaAeXHOCTW. [Nis 3TOro MOXHO MC-
MoNb30BaTh PEKOMEHAALMU, NPeACTaBNeHHbIe B MEXAyYHapoaHOM cTaHaapTe I1SO 2394 [2] v eBponeickoM AOKYMeH-
Te EN 1990 [1].

5.5 BeposiTHOCTHbIE MeTOoAbI

BeposiTHOCTHbIE MeToAbl pacyeTa, OnuCaHHble B MEXAYHApOAHOM CTaHzapTe [2], ocHOBaHbl Ha TpeboBaHuM O
TOM, YTO B TE€YEHMEe CpOKa IKCrsyaTaumm COOpY>XeHus 7 BEPOSITHOCTb paspylleHust PrHe AO/MKHA NpeBbiwaTh pac-
YETHOr0 3HaYEHNS Py UM MHAEKC HAAEXHOCTU ,b' [OSDKEH NpeBbIWaTh ero pacyeTHoOe 3Ha4YeHue ﬂd .

P, < Pumuf3> f3, (8)

B craHpgapte EN 1990 [1] OCHOBHbIM PEKOMEHAYEMbBIM 3HAYEHWEM MHAEKCA HAAEXHOCTU ANt KPUTUYECKUX npe-
AENbHbIX COCTOSIHWM ,Bd =3,8 COOTBETCTBYET PacyETHON BEPOATHOCTM paspyweHusi p,=7.2x107>, ans npeaenbHbIX

COCTOSIHMIA 3KCTNyaTaLMOHHON MPUrOAHOCTY 3HaueHue pasHoe 3, =1,5 cooTBeTCTBYET p,=6.7x107. 3TN 3HaueHs

OTHOCSITCS K PacYeTHOMY CPOKY 3KCrlyaTauum 50 neT, KOTOpbIM yCTaHaBNMBAETCS NS KOHCTPYKUMIA 3[aHWiA U Co-
opyXeHuii 0obLiero HasHadyeHus. B 6onblUMHCTBE ClyyaeB, Koraa Anst NMPOBEPKU KOHCTPYKTVMBHOW HaAEXHOCTU WC-

MONb3yeTcs KPaTKuiA 6a30BbIl NEpUOL BpeMeHW (OAVH WM ABa rofa) cieyeT UCMoNb30BaTh 3HaueHnst [, npesbi-
LIQIOLLME YKa3aHHbIE.

CnepyeT ynoMsiHyTb, YTO BEPOSATHOCTHbIE METOAbI €lle He BOWSIM B 0OblYHYIO MPaKTUKY pacyeTa KOHCTPYKLUUK.
OpHako, cywecTsyloT pa3paboTaHHble nmpoueaypbl pacyeTa M KOMMbOTEPHbIE MporpamMmbl (Hanpumep, cM. [7,8] u
[10]), koTopble NO3BONSAOT BbINOMHUTL NPSIMYO NPOBEPKY KOHCTPYKTUBHOM HAAEXHOCTU C UCMOSIb30BaHUEM BEPOSIT-
HOCTHbIX KOHLENUMIM M UMEIOLUMXCS OMbITHLIX AaHHbIX. HeaaBHO pa3paboTaHHasi KoMnbloTepHasi nporpamMma «Code-
Cal» [10] B nepByto ovepeab NpefHa3HayeHa Anst KanmbpoBKM HOPM Ha OCHOBE METOAA YaCTHbIX KO3((PULMEHTOB.

B rnase II HacToswero PykosoacTea 2 6y,qu npeacraB/ieHO MHOro NpMMEPOB AN19 MNTIOCTpaunn ONMUCaHHbIX B
3TON rnaBe MeTodOB.

6. PacueT C y4yeTOM OnbITHbIX AAaHHbIX

B HekoTOpbIX Cryyasx HeobX0ANMO BbINOMHATD PacyET Ha OCHOBE AaHHbIX, MNOJIy4EHHbIX B XOAe UCMbITaHWI U
BbIHMCHEHMVI, HanpuMmep, eciv OTCYTCTBYET MoaxoAsillas BbluMCuTeNbHas Modenb. WcnbiTaHus BKOYaoT B cebs
BCEBO3MOXHbIE METOAbl TECTUPOBAHWUA, Ha4yuMHas OT WCCreaoBaHnin B aapoAMHammquKoﬁ pr6e [0 MCMbITaHWUN
OMbITHbIX O6paSLlOB HOBbIX KOHCTPYKUMOHHbIX MaTtepuanos, 3/IEMEHTOB WIN C60prIX KOHCTDYKU,VIVI. WcribiTaHns mo-
ryT TaKXXe NpoBOAUTbCA B XOAE CTPOUTENBCTBA WX MO €ro 3aBepLUEHNUN ANna NOATBEPXAEHUSA npe,quonomeHMﬁ, caoe-
JTAHHbIX B XOA€ pacyeTa KOHCTPYKUUWU. 3KCTpeMaJ'IbeIM NPUMEpPOM MOXET CNY>XWUTb MakKcMMasnbHas Harpyska. [Ans
pacyeTa KOHCTPYKUMKN MOTryT UCNOJIb30BaTbCA Ccrieaytowine Tunbl UCTIbITaHWN:

10
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a) WCNbITaHWUs1 ANS HEMOCPEACTBEHHOMO OMpPEeAeneHnsl NPOYHOCTY KOHCTPYKLMM NPpY 3aA4aHHbIX YCIOBUSIX Harpy-
KEHUs;

6) ncnblTaHUA anga onpeaeneHnsa CI'IELI,MCDVIHGCKMX CBOWCTB MaTepuana,

B) UCMbITaHWUS! AN CHUXKEHUSI HEOMPEeAENEeHHOCTU MOAENei, CBSA3aHHbIX C Harpy3kol, 3heKTOM Harpysku uam
MOAENSIMU HecyLUein CrnocobHOCTY.

McnbiTaHne A0/MKHO NMPOBOAUTBLCS U OLEHMBATLCS TakMM 06pa3oM, YTo6bl MOXHO Bbifio 06ecneynTb 06bIYHO Tpe-
6yeMblii YpoBeHb HaAeXHOCTU. Mpu ONpeaeneHn XapakTepUCTUYECKOro MM PacyeTHOrO 3HAUYEHUS CNEAYET YYUTbI-
BaTb Pa3bpoc 3KCMEpPUMEHTasIbHbIX AaHHbIX, CTAaTUCTUYECKYIOD HEOMNpeaeNeHHOCTb, MPUCYLLYIO psiAy WCMbITaHWiA, a
TaKKe paHee MOJTlyYeHHbIE CTaTUCTMYECKME AaHHble. B cnydyae, ecnn noBeaeHMe KOHCTPYKLMM UMM €€ 31EMEHTa MK
COMPOTUB/IEHME MaTepUaNioB 3aBUCUT OT BO3AEMCTBUI, HE U3YUEHHbIX B XOAE MPOBEAEHWS UCMbITAHWIA B AOIKHOMN
Mepe, TaKuX, HanpuMep, Kak BMSIHUE AJIMTENbHOCTU MK MaclwTaba, Heo6XoAMMO BHECTM MOMpPaBKu.

Mpy OUEHKe pe3ynbTaToB MUCTbITAaHUM MOBEAEHWE WUCMbITAaTENbHBIX 06PasLOB M XapakTep paspylleHus creayert
CpaBHUWBaTb C TEOPETUYECKUMU NPOrHO3aMu. B criyyae cyllecTBEHHOrO OTKIOHEHWS! OT NPOrHO3a Heo6X0AUMO HalTy
06bsicCHEHWe. [N 3TOro, BO3MOXHO, NoTpebyeTcs NpoBeseHWe AOMONHUTENbHBIX UCMbITaHWA, MOXET BbiTb B ApyruX
ycnoBusix, unu 6yaet Heobxoamma MoambUKaLmMs TEOPETUUECKOW MOAENN.

NS OUEHKM Pe3ynbTaToB MCMbITaHUI CNeayeT MCMosb30BaTh CTaTUCTUYECcKMe MeTodbl. B EBpokodax WMCMonb3y-
l0TCSl KaK 6aiileCoBCKMI METOA, TaK M K/ACcCMYeckue 4acToTHble MeTodbl. [pyu MCMosb3oBaHMM MOCNEeAHVX credyeT
3a/aTb rpaHuLbl MHTEPBana AOCTOBEPHOCTU. LLIpnHa nHTepBana AOCTOBEPHOCTU MOXET BNIMSATb Ha UTOrOBOE 3HaJe-
Hue. B cpegHeM, rpaHuua AOCTOBEPHOCTU, cocTaBnstowas 0,75, BeAeT K NonyyeHuIo Takoro e pesynbTaTta npu no-
MoLumM 6aliecoBckoro Metoaa. MNoaToMy B 60MbLUMHCTBE CllyvaeB 3aAaeTcsl 3HaYeHMe rpaHuLbl AOCTOBEPHOCTU paBHOe
0,75, XoTs Mcnonb3ytoTcs 1 aApyrue 3HadeHust (Hanpumep, 0,85 B ctaHaapTte EN 1995).

B «OcHOBax MpPOEKTMPOBaHMS» NpearioyTeHne oTaaeTcs 6alecoBCkMM MeTodaM, KOTopble, B LIESIOM, B 6onbLuen
CTEMEHN COOTBETCTBYIOT COBPEMEHHOMN TEOPUM HAAEXHOCTU, YEM YaCTOTHble MeToAbl. KpoMe Toro, baiiecoBckue me-
ToAbl o6ecrneynBatoT hopMasbHY0 OCHOBY 1S MCMO/b30BaHUSI HAKOTMJIEHHBIX paHee 3HaHWM, KOTopble Heo6X0ANMbI,
0CO6EHHO eC/M UCTbITaTeSbHblE 06pa3Lbl MMEIOT HEGOSBLLION pa3Mep M MPUMEHSIIOTCS METOAbI KOHTPONS KadecTBa. B
6onbwmHCcTBE EBPOKOAOB coaepxatcs ocobble npaeuna paboTbl ¢ 0bpa3uamm HebonbLIOro pasmepa, HO, Kak npaeu-
no, (bopManbHasi OCHOBa OTCYTCTBYET.

MpaBuna pa3paboTkM M OLEHKM pacyeTa KOHCTPYKUMM MOCPEACTBOM MPOBEAEHWS UCTbITAHWI NpeacTaBeHbl B
MpunoxeHun D ctaHaapta EN 1990 «OcHoBblI NpoekTMpoBaHus». MogpobHoe onvcaHue u paboune npumepsbl npea-
CTaBneHbl B MpunoxeHun A HacToswero PykosoacTtea 2.

7. 3aknroueHue

OCHOBHbIe MOHATUA BepOFITHOCTHOVI TEOPUN HAAEXHOCTU MOXHO OXapaKTepu3oBaTb NpU NoMowM ABYX 3KBMBa-
JIEHTHbIX TEPMUHOB — BEPOSTHOCTWU paspylleHns Prn UHAEKCa HaAEeXHOCTU ﬂ XOTS MpW MOMOLUM 3TUX BENNYUH

MOXXHO MOJTYYUTb JINLLb OrPAHUYEHHOE KONTMYECTBO MHGOPMaLmMM 0 (pakTUUYECKoi YacToTe paspyLLEHWUIA, OHM OCTaloT-
csl Hanbonee BaXKHbIMU U LUMPOKO MCMOMb3yeMbIMU MEPaMU OLLEHKW YPOBHSI KOHCTPYKTUBHOM HAAEXHOCTU. ITW Mepbl
noMoryT 3peKTUBHO WUCMOSb30BaTh TEOPUIO KOHCTPYKTUBHOW HAAEXHOCTU AN AaNibHEWLLEro COrNacoBaHUs 3re-
MEHTOB HAA&KHOCTW, a TaKxke Ans yriybneHHOro npvMeHeHust 0606LWEeHHOro MeTofa AJis HOBbIX MHHOBALMOHHBIX
KOHCTPYKLMI U MaTepuarnos.

Mepvoanyeckuii NepecMoTp METOLOB pacyeTa, NPUHATLIX Ha BOOPYXEHWE MO BCEMY MUPY ANs NPOBEPKM KOHCT-
PYKTUBHBIX 3/1EMEHTOB, YKa3blBAaeT Ha CyLLEeCTBOBaHME pa3HblX METOAOB PacCMOTPEHUSI HEOTpeaeseHHOCTeN OCHOB-
HbIX NEPEMEHHBIX U BbIYUCIUTENBHBIX MoAenel. MeToa A0MYyCTUMbIX HanpshKEHU Ha NpaKTUKe OkasblBaeTcs JoCTa-
TOYHO KOHCEPBATMBHbLIM (M HEIKOHOMUYHBLIM). MeToa oblero koadduumeHTa 3anaca NPOYHOCTM U METOA YacTHbIX
KO3 MUMEHTOB NPUBOAAT K TOMY Xe pe3ynbraty. O4eBMAHO, YTO MeTOA YacTHbIX KO3(PUUMEHTOB, aaanTMpoBaH-
HbIl B HEJAaBHO M3AaHHbIX AOKyMeHTax cepumn EN, npeacraBnsiet cobon Hambonee npoaBWHYTHIN METOA pacyera, C
MOMOLLbI0O KOTOPOr0 MOXHO A06UTHCA HaANexXallero YpoBHSI HaAeXHOCTW, OTHOCUTENbHO NPUBAMXKEHHOMO K peKo-

MeHayemoMy B ctaHaapTe EN 1990 3HayeHuto (ﬂ= 3,8). Hanbonee 3HauMMbIM NPENMYLLECTBOM METOAA YaCTHbIX

KO3((UUMEHTOB SIBNISIETCS BO3MOXHOCTb Y4YeTa HeonpeaeneHHOCTU MHAMBUAYAbHLIX OCHOBHBIX MEpEMEHHbBIX MO-
CPeacTBOM KOPPEKTUPOBKM (KannbpoBKM) COOTBETCTBYIOLUMX YACTHLIX KO3(@UUMEHTOB U ApYrux napameTpoB Ha-
AEXHOCTH.

YacTUYHO pasnnuHble KPUTEPUM HAAEXHOCTM (XapaKTepuUCTUUEecKUe 3HAYeHMsl, YacTHble KO3MOULMEHTbI U KO-
acdULMEHTbI 0CNabneHunst) B HOBbIX CTaHAapTax Mo PacyeTy KOHCTPYKLMM C UCMOSb30BaHMEM METOAa YacTHbIX KO-
3ULMEHTOB OCHOBaHbI Ha BEPOSITHOCTHLIX METOAAX KOHCTPYKTMBHOW HaAEXHOCTM, a YacTuuHo (B 6onbLueii cTene-
HM) Ha 3HaHMSX, NOMYYEHHbIX NPU NPOBEAEHUWN UCTbITaHUIA. OUEBMAHO, YTO paHee NpPUOBPETEHHLIN OMbIT 3aBUCUT OT
NOKa/bHbIX YCIOBUIA — BO3AEUCTBMIA OKPYXAIOLLEN cpeabl M TPaaWUMOHHO MCMONb3yeMbIX CTPOUTENBHBLIX MaTepua-
NOB. 3TV acneKTbl MOryT 6bITh PasHLIMU B pasHbiX CTpaHax. [03ToMy, B KaXA0M CTpaHe creayeT BhibupaTb COOTBET-
CTBYlOLUME NOAXOAALIME SNIEMEHTHI HAAEXHOCTM M MapaMeTpbl, U3 TEX, KOTOPbIE NMPEACTaB/EHbl B HACTOSILEM KOM-
Mn/eKTe eBpONeNCcKNX CTaHAAPTOB.

11
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OKa3blBaeTCA, UTO [aNbHelIIee CorlacoBaHE UMEIOLMXCSA B HACTOsILLEE BPEMS METOAOB pacyeTa OCHOBaHO Ha
CTaHAapT3aumMu npoueayp, ONTUMM3aLMM METOAO0B W APYrMX paulMOHaNbHbIX MOAXOAAX, BKHOYAs MCMOSb30BaHME
METO/ZIOB TEOPUM BEPOSTHOCTM, MAaTEMATUUYECKON CTaTUCTUKM U TEOPUM HALEXHOCTU. BEPOATHOCTHLIE METO/bI KOHCT-
PYKTMBHON HAAEXHOCTU ABMAIOTCA Hanmbonee 3HauMMbIM CMOCOBOM MOCTEMEHHOrO YydLIEeHWs M adanTauum MeToaa
YaCTHbIX KO3(DMOUUMEHTOB ANt PasINUHBIX KOHCTPYKLMIA, M3rOTOBMEHHbIX M3 pasHbiX MaTepuanos. KpoMe Toro, pas-
paboTaHHble KOMIMbIOTEPHbIE MPOrpaMMbl MO3BOMAIOT MPUMEHATb METOALI TEOPUM HAAEXHOCTM HaMpsMylo Ans npo-
BEPKN KOHCTPYKLMIA C UCMO/b30BAHUEM BEPOSATHOCTHbBIX MOHATUI U UMEIOLLIMXCS B HA/IMUMKN Aa@HHBIX.

PacueT € y4eTOM OMbITHBIX AaHHbLIX MOXET 6bITb MCMONb30BaH TOrAa, KOrAa OH AO/HKEH OCHOBbLIBATbCS Ha code-
TaHUM UCMBITAHUIA 1 BbIYMCIEHMWIA. VCMbITaHWS MOMYT BK/OYaTb B CeOsl BCEBO3MOXHbIE METOAbI TECTUPOBAHUSI, Hauu-
Hasi OT MCCNeAOBaHWI B aspoanHaMMUyeckon Tpybe A0 UCNbITaHUI ONbITHBIX 06Pa3L0B HOBbLIX KOHCTPYKLIMOHHBIX Ma-
TEPWANOB, 3MIEMEHTOB UM COOPHBIX KOHCTPYKUMI. CMbITaHWSt MOMYT TakxKe NPOBOAUTLCS B XOA€ CTPOUTENbCTBA MK
Mo ero 3aBeplUeHVN AN NMOATBEPXKAEHUS NPEANOosIOXKEHNIA, CAENAHHbIX B XO4e pacyeTa KOHCTPYKUMK. PekomeHaye-
Masl NpakTuyeckas npoueaypa [1] onncana B rnaee IV HacTosiwero PykoBoacTea 2.

Cnucok nutepaTtypbl

[1] EN 1990 Eurocode - Basis of structural design. CEN 2002.

[2] ISO 2394 General principles on reliability for structures, ISO 1998.

[3] JCSS: Background documentation, Part 1 of EC 1 Basis of design, 1996.

[4] Gulvanessian, H. - Calgaro, J.-A. - Holicky, M.: Designer's Guide to EN 1990, Eurocode: Basis of Structural De-
sign; Thomas Telford, London, 2002, ISBN: 07277 3011 8, 192 pp.

[5] JCSS: Probabilistic model code. JCSS working materials, http://www.jcss.ethz.ch/, 2001.

[6] EN 1991-1-1 Eurocode 1 Actions on structures. Part 1-1 General actions. Densities, self-weight, imposed loads
for buildings, CEN 2002

[7] VaP, Variable Processor, version 1.6, ETH Zurich, 1997.

[8] COMREL, version 7.10, Reliability Consulting Programs, RCP MUNICH, 1999.

[9] ISO 13822. Basis for design of structures - Assessment of existing structures, 1ISO 2001.
[10] CodeCal, Excel sheet developed by JCSS, http://www.jcss.ethz.ch/.

MpunoxxeHus
ATTACHMENTS
1. MATHCAD sheet "Beta-Time.mcd”

Mathcad sheet "Beta-Time" is intended for transformation of probability and reliability index Beta" for different
reference periods.

Attachment 1 - MATHCAD sheet “"Beta-Time.mcd”

12


http://www.jcss.ethz.ch/
http://www.jcss.ethz.ch/

Chapter I - Basic concepts of structural reliability

Attachment 1 - MATHCAD sheet “Beta-Time.mcd”
Mathcad sheet Beta -Time

Mathcad sheet "Beta-Time" is intended for transformation of probability and reliability index
Beta" for different reference periods"”

1 Input data n :=10,20.. 100 Bl:=0,1..6
2 Probability

p1(B1) = prom(-p1,0.1)  pa(Btn) |1 - (1 - p1(1)")
3 Reliability index

pn(p1,n) = —qnormU:l — (1 - pnorm(-p1,0, 1))“],0, 1] Bn(4.7,50) = 3.826

4 Numerical results Bl = pl(B1) = pn(p1,50) =
0 0.5 1
1 0.159 1
2 0.023 0.684
3 1.35:10-3 0.065
4 3.167-10-° 1.582:10-3
5 2.867-10-7 1.433-10-5
6 9.866:10-10 4.933-10-8

5 Graphical results B1:=0,0.1.6 Bnt:=3.8 pnt:= pl(Bnt) pnt = 7.235x 10 >

110 *

pn(fL.1) P —— — — — - T — —
pn(f1,5)
- 5

5-10
pn(B1,50)

pnt

Bn(B1,1)
4

Bop15)
Bn(B1,50)

Bl
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rNABA II. BA3OBbIE METO/bl OLLEHKWU HALEXXHOCTU KOHCTPYKLIMA I
Munan Monnukn® n Ton ®poysaHdenaep?
! MHcTuTyT M. KnokHepa, Yelckuii TexHuueckuii yHnsepeuteT B Mpare, Yelckas pecny6nmka

2 lendbTckMit TeXHUYECKU yHMBEPCUTET, HuaepnaHackas opraHM3aums NpUKNaaHbIX HayuHbIX MCCNeaoBaHuii B
chepe cTponTensCcTea, HuaepnaHas

KpaTtkas uHdopmauus

XapakTepuctvmka 6a30BbIX METOAOB OLIEHKW HAAEXHOCTU KOHCTPYKLMI AAETCS Ha OCHOBE OCHOBHOMO Crly4yast C
ABYMS CJlyYalHbIMK MEPEMEHHBIMM, MPU KOTOPOM (DYHKLMS NMPeAenbHOr0 COCTOSIHUS ChopMyNMpoBaHa Kak pasHuua
MeXay MonyyYeHHOM Hecylel CrocoBHOCTbI0 KOHCTPYKLMW U BO3AEWCTBMEM Harpysku. MepBoHayasibHoe AonylueHue
0 HOpPMasIbHOM pacnpegeneHun obenx nonyyYeHHbIX nepeMeHHbIX 0b6obLaeTcs Ao Nboro TMNa pacnpeseneHns Be-
posiTHocTel. OnMcaHHbIe METOAbl PaCYETOB NMPOMIIIOCTPUPOBAHbI PSAOM YMCIEHHBIX MPUMEPOB, KOTOpble NpuBeae-
Hbl B Tabnnuax MATHCAD n EXCEL. JononHutensHas nHgopmauust 0 6a30BbiX METOAAX OLEHKN HAaAEXHOCTU KOHCT-
pYKUMIA NpeacTaBneHa B MpunoxexHun B.

1. BBeaeHune
1.1 CnpaBouHble MaTepuasbl

OCHOBHblE NMOHATUS U METOAMKWU OLIEHKN HAAEXHOCTU KOHCTPYKLMIA NOAPOOHO OMnMcaHbl B psiae HaLMOHaNbHbIX
CTaQHAAPTOB, B HOBOM eBponenckoM ctaHaapte EN 1990 [1] u mMexxayHapoaHoM ctaHaapTe ISO 2394 [2]. JononHu-
TENbHYI0 MH(OPMaLMIO MOXHO HalTU B CMPpaBOYHOM [OKYMEHTE, pa3paboTaHHOM «O6beanHEHHbIM KOMUTETOM Ha-
JEXHOCTN KOHCTpYKUMIA» (JCSS) [3] v B HeaaBHO onybnMKoBaHHOM pyKOBOACTBE K cTaHaapTy EN 1990 [4]. Pykoso-
ACTBO MO NPUMEHEHUIO BEPOSITHOCTHLIX METOA0B HAAEXHOCTU KOHCTPYKLMIA MOXHO HaTV B Ny6nukaumsix u paboumx
MaTepuanax, NoAroToB/ieHHbIX «O6beAMHEHHbIM KOMUTETOM HaEXHOCTU KOHCTpykumin» (JCSS) [5] n B cooTBeTCT-
BYIOLLIEN NUTepaType, NpuBeaeHHon B [4] u [5].

1.2 OCHOBHbI€ NMPUHLMUNDI

Teopusi HaAEXHOCTU KOHCTPYKLIMIA pacCMaTpUBAET BCE OCHOBHbIE NEPEMEHHBIE KaK C/lydaliHble BENMUMHBI, 0bna-
[aloLmMe COOTBETCTBYIOWMMU TUMaMK pacnpefeneHnsl BeposTHocTel. [ns BO3AEMCTBUI, CBOWCTB MaTepuasioB U
reoMeTPUYECKUX AaHHbIX HEOBXOAMMO paccMaTpuBaTb pas/MYHbIE TUMbI pacnpeaeneHuit. KpoMe Toro, Heobxoammo
NpUHUMaTb BO BHUMaHWE HEOMNpeaeNeHHOCTU MOAENe BO3AEUCTBUIN M Moaenel Hecyllei cnocobHocTu. Mpeasapu-
TeNbHblE TEOPETUUECKNE MOZENN OCHOBHBIX MEPEMEHHBIX M METOAMK AN BEPOSTHOCTHOIrO aHanvsa yKasaHbl B I0KY-
MeHTax «O6beaMHEHHOrO KOMUTETA HAZIEXXHOCTU KOHCTpyKUmit» (JCSS) [5].

2. OCHOBHbIe C/ly4au HaleXXHOCTU KOHCTPYKLMH
2.1 O6wme nonoxkeHns

[naBHasi 3aA4a4a TEOPUM HAAEXHOCTU KOHCTPYKLIMIA CBA3aHa C OCHOBHbBIM TPEGOBAHMEM K COOTHOLLEHMIO 3ddekTa
BO3AENCTBMA £ 1 Hecylliei CroCoBHOCTU KOHCTPYKLMN R, chopMynMpOBaHHON B BUAE HEPABEHCTBA

E<R (@)

Ycnosue (1) npeactaBnsieT coboin xenaemoe (yAOBNETBOPUTENLHOE, 6€30MacHoe) COCTOsIHME PacCMaTPUBAEMOro
3/IEMEHTA KOHCTPYKUMW. MNpeanonaraeTcsi, YTO paspyLleHne KOHCTPYKUMKU Npou3oiaeT Toraa, koraa ycnosue (1) He
6yaeT BbINOMHSATLCA. TakuM 06pa3oM, npeanosiaraeMoe YeTkoe (0AHO3HAYHOE) pasnuuMe Mexay >kenaembliM (be3o-
MacHbIM) U HENPUEMSIEMbIM COCTOSIHMEM (pa3pyLUeHWEM) KOHCTPYKLMU AaHO B BUAE YPaBHEHWS:

R-E=0 ()

B ypaBHeHuM (2) npeacTaBneHa OCHOBHasi popMa rpaHuLbl pas3pyLieHuUsi, HasbiBaeMasi hyHKLMEN NpeaesbHOro
coctosiHua (dyHKumeln pabotocnocobHocTM) (CcM. Takxke rnaBy I HacToswero PykoBoactBa 2). Cneayer OTMETUTb,
UTO A1 HEKOTOPbIX 3NIEMEHTOB M MaTepUanoB KOHCTPYKLMIA NPeANoNoXeHNe O YETKOW FpaHuLe paspyLUEHUs: MOXET
6bITb BECbMA YC/TOBHLIM, U MOXET ObITb MPUHSITO TOMBKO NPUGAM3UTENbHO. TakoM Cilyyall nokasaH B ClefyloleMm
Mpumepe 1.

Mpumep 1.
CTanbHOil cTep)keHb, M306paXxeHHbI Ha puc. 1, 0bnafaeT NPOYHOCTbIO Ha paspbie R = 7rd2f, /4, rne d—

[vameTp cTepxHsi, a f

— npegen TekydecTu. Bec Harpysku Ha ctepxeHb coctasnsieT £ =V p, roe V— obbeM, a

p — TJIOTHOCTb O6BLEMHOM Macchl rpy3a. TakuM 06pa3oM, HepaBeHCTBO (1) MMeeT Bua:
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Vp<md®f,/4
Toraa dyHKUMS NpeaenbHoro coctosiHus (2) byaet nMmeTtb BUA:
md’f,14-Vp=0

B naHHOM npuMepe npefenbHOe COCTOSHWE OnpefenseTcs Kak COCTOSiHME, NPy KOTOPOM HarpshXeHWe CTepXKHS
OOCTUTHET npeaena TEKYYeCTU fy' [aHHoe ynpoLieHe aonycTMMO BO MHOIMX 06Lmx cny4yasix, ogHako (B 3aBuUCK-

MOCTM OT TUMa KOHCTPYKLIMOHHOI CTasin), OHO MOXET He COOTBETCTBOBATH (PAKTUUYECKOMY paspyLLEHMIO CTEpXHS. B
YaCTHOCTW, KOTAA WUCMOSb3YETCs NIAaCTUYHAs KOHCTPYKLUMOHHAs CTanb ¢ AeOPMaLMOHHBIM YNPOYHEHWEM, TO paspy-
WweHue (paspbiB) NPOU30MAET, KOraa HanpsbkeHue AOCTUrHET npeaena NpoYHOCTM CTanu, 3HaUMTENbHO MpeBbIllato-
Liero npeaen TekyyecTu.

Mpy npoBeAeHMM BCEX UMCIEHHBIX pPacYeToB MOryT ucrnonb3oBaTbcs Tabnuubl MATHCAD SteelRod.mcd,
DesVRod.mcd, npuBeseHHbIE B NPUNOXKEHUN.

R

1D

v

Puc. 1. Ctep»eHb.

O6e nepeMeHHble £ 1 R, Kak NpaBuso, SIBASIOTCS ClyYaliHbIMKU BEMYMHAMU 1 CNpaBeanBOCTL HepaBeHcTa (1)
He MOXeT bbITb abCONOTHO rapaHTUPOBaHa, T.e. UMETb BEPOSITHOCTb, PaBHYtO 1 (MosHasi yBepeHHOCTb). TakuM 06-
pa3oM, Heo6X0AMMO NPU3HATbL, YTO MNpeferibHOe COCTOsIHWE, NpeACTaBeHHOe B YpaBHEHUM (2), MOXET 6biTb NpeBbI-
LIEHO, M pa3pyLUeHne MOXET NMPOU30KTH C HEKOTOPOW A0Nnei BepoSTHOCTU. KtoueBoii 3aaadeil TEOpUU HaAEeXHOCTU

ABNAETCA OLUEHKA BEPOATHOCTU paspyLlUeHUs [)f n onpeaeneHne HeobXxoanMbIX YCJ'IOBMI‘;I Ana orpaHn4yeHunsa 3ToN Be-

NNYMHBL. NS BbINOTHEHMSI NPOCTOrO YCNOBUSI B Bue HepaBeHCTBa (1) BepOSITHOCTb paspyLUeHUst MOXET BbITb dop-
ManbHO NpeacTaBneHa B BUAE:

P.=P(E>R) 3)

CnyyvaiiHbli xapakTep acdekTa Bo3AeNCTBMS £ U HeCyllein CnoCcoBbHOCTUM R, KOTOpbIE BbipaXXeHbl MOCPeACTBOM
noaxoAasilein nepeMeHHol (nokasaTens npous3BOAMTENBHOCTU) X (T.e. HanpsKeHUs, Cuibl, M3rMbatoLero MOMEHTa,
nporn6a), kak MpaBWio, XapaKTepU3yeTCs COOTBETCTBYOWEN (YHKUMEN pacrpefeneHusi, a UMEHHO, (yHKUMSMM
pacnpegenenns O x ), Oz X ) n COOTBETCTBYIOWNMUN (DYHKLMAMM MIIOTHOCTU BEPOSTHOCTU P X ), QA X ), rae X
— obliast ToYKa paccMaTpVBaEMON MEPEMEHHON X, UCMOMb3yeMOii ANs BbipaXkeHus 0b6enx nepemMeHHbiXx £u R. Pac-
npeaeneHns nepeMeHHbIX £ 1 R fanee 3aBUCAT OT COOTBETCTBYIOLLMX MapaMeTpoB, HanpuMep, OT NapaMeTpoB MO-
MEHTOB g, Og W [z, Og N Wg. Janee npeanonoxum, 4to £u1 R B3aMMHO He3aBMCUMMbI (4TO AOCTUraeTcsl NyTeM CooT-
BETCTBYIOLLMX NMPeobpasoBaHuii).

Ha puc. 2 npuBeaeH npuMep GyHKUUIA NNIOTHOCTU pacnpeaeneHns BEpOSTHOCTU 06enX NepeMeHHbIX £u R, U X
B3anMomnosioxeHue. Tunbl pacnpeaeneHns U ux napaMmeTpbl Ha puc. 2 NpuBeAeHbl C LeNblo AeMOHCTpaunun. B vact-
HOCTM, NapamMeTpbl MOMEHTOB (CpeAHMe 3HAaYeHUst U CTaHAAPTHbIE OTKIOHEHUS) MOTYT paccMaTpuBaTbCa Kak OTHOCK-
TeSbHble 3HAYeHMs!, BbIPaXXEHHbIE B MPOLIEHTHOM COOTHOLUEHWM OT CPEAHEro 3HauyeHWsl HeCcyLlen CroCoBHOCTU Lk
(T.€. HOPMUPOBAHHOW C NOMOLLLIO Lg).

Cnepyet OTMETUTb, YTO (DYHKLUMM MNOTHOCTU pacnpeaeneHnst BepoSTHOCTU QA X ) U Qg X ), NPUBEAEHHbIE Ha
puc. 2, NepecekatoTcs, U, TakuM 06pa3oM, CTAHOBUTCS SICHO, YTO HEGNAronpuUsiTHbIE peann3aumnm NepemMeHHbIX £u R,
0603HaueHHble CTPOYHLIMU BYKBaMM € U £, MOFyT OKa3aTbCsl B COOTHOLLEHUU € > /; T.e. BO3AEUCTBUE Harpysku rpe-
BbICUT 3HA4YeHWe Hecyluei CMoCcobHOCTH, BCEACTBME YEro NpoM3onaeT paspylieHne. OY4eBMAHO, YTO A1t TOFO, YTO-
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6bl ynepxuBaTh BeposiTHOCTb paspyleust P, = P(E > R) B npesenax AonycTUMocTy, napaMeTpbl NepeMeHHbIX £

M R OOMKHbI COOTBETCTBOBATL OMpPEAENEHHbIM YCOBUSAM (CBA3aHHLIM C B3aMMHbIM PACMONOXKEHMEM U BapuaLMsaMu
060MX pacnpeaeneHuit) B 3aBUCMMOCTM OT TUMOB pacnpeaeneHus.

Probability density @x(x), ®r(x)

Load effect /<
0.06 | M
Gamma distributign,
| =170, op=17 Resistance R
log-normal distribution,
0.02
0.00 | , ‘ ‘ , ‘ ‘ . .
40 60 80 100 120 140

Random variable .Y

MnoTHOCTb BepOSITHOCTU @ (X), @, (X)
Bospeiicteue Harpysku £ ramma-pacnpeenenue, (i, =100, o, =10

Hecywas cnocobHocTb R, norapudmMmyeckn HopMasbHoe pacrnpeaenenune, (i, =100, o, =10
CnyuyaiiHasi nepeMeHHas X
Puc. 2. 3¢pdekT Bo3geincTBua £ 1 Hecywasa cCNnoCcO6HOCTb R Kak CllyyaiiHble nepeMeHHble.

Xenaemble ycnosus, HECOMHEHHO, ByayT BKIOYaTb TPMBMASIBHOE HEPABEHCTBO g < Wz (CM. puc. 2). OueBnaHo,
YTO AaHHOe «TpeboBaHWE K B3aVMOMONIOXKEHWUIO» 060MX PacrpeaesieHnii He SIBNSIETCS AOCTaTOYHbIM YCIOBUEM AJ1S
obecreyeHns: yKasaHHON BEPOSTHOCTU paspyLLEHUs! Pf BepHble ycnoBus AO/MKHbI TakKXKe BKIOYaTb YCI0BUS ANs
Bapuaumii 0benx nepemMeHHbIX. bonee nogpobHo 3To 6yAeT pacCMOTPEHO MU AasibHENLWEM 06CYXXAEHUM OCHOBHbIX
NpUMEPOB OLIEHKN HAAEXXHOCTU KOHCTPYKLIIA.

2.2 OCHOBHbIE CJZly4an OL,€HKMN C OAHOW ClyvyaiiHO NepeMeHHOoN

[ng Havyana paccMOTPUM YacTHbIW Clyyal, Koraa oAaHa U3 NMePeMeHHbIX £ unn R, Hanpumep, 3dhhekT BO3LENCT-
BUSI £, UIMEET OYEeHb HU3KYIO (MPEHEOPEXMMO Masyi0) M3MEHUYMBOCTb MO CPAaBHEHUIO C M3MEHYMBOCTbIO HECYLLEN Cro-
COBHOCTM R. B TakoM criydae £ MOXET paccMaTpuBaTbCs Kak HecnydaliHas (AeTepMUMHUMPOBaHHas) NepeMeHHasl, T.e.
Takas NepeMeHHasl, KOTopas AOCTUraeT onpeaeneHHoro UKCUPOBAHHOMO 3HaYeHus EO(E = EO) B KaXxoi cBoeMn
peanusauun. JaHHOe AonyLeHne, HECOMHEHHO, MOXET pacCMaTpUBaTLCA Kak annpoKCUMaLMs B HEKOTOPbLIX MpaKTu-
yeckmx ciydasix. OAMH U3 TakuxX CllydaeB — MOABEPXKEHHbIN HAarpy3Ke CTasbHOWM CTepxeHb 13 MpuMepa 1, B ciyyae
KOTOPbIM BEC MOABELUEHHOMO rpy3a MOXET OblTb OnpefeneH A0CTAaTOYHO TOYHO (T.e. 6e3 3HauuTenbHOW Heonpeae-
NEHHOCTM). [JaHHbIA YacTHbIM Cnydyail usobpaxeH Ha puc. 3, rae addeKT BO3aenNCTBUS NpeacTaBfieH HUKCMPOBaH-
HbIM 3Ha4veHneM & = 80 (e = 80, 0r = 0) 1 Hecywas cNOCcObHOCTL NO NIorapMdMUyeckn HopMasbHOMy pacnpeaene-
HUIO MMeET cpeaHee 3HadeHne g = 100, oz = 10 (BCe YMCeHHbIE AaHHbIE HOPMann30BaHbl A0 6e3pa3MepHbIX BEu-
UYMH).

BeposiTHOCTb OTkasa F: B AaHHOM YacTHOM crydae AETEePMUHUPOBAHHOTO BO3AENCTBUS HArpysku, M306paxeH-

HOM Ha puC. 3, MOXET OLIEHMBATLCS HAMPAMYIO C MOMOLLbIO GYHKLUMKU pacripeaeneHnst O X ) No aHanorMm C KBaHTu-
neM. 3HayeHne & MOXHO MPOCTO OMNpeaenvTb Kak KBaHTWMb HeCcyLlen CrocobHOCTU R, ANt KOTOPOro BEpPOSITHOCTb
P. MoxeT 6biTb paccunTaHa NOCPEACTBOM CefyIOLLEr0 YpaBHEHUS:

P, =P(R<e))=D,(e,) 4
3HaueHve dyHKuMK pacnpeaenenns Oz (&), Kak NpaBuno, onpeaenseTcs no Tabnuuam CraHaapTU3MPOBaHHOI

C/TyYyaliHOW BeNMUMHbI U, Ansi KOTOPOW BbIYMCISIETCS 3HAUYEHME Ly, COOTBETCTBYIOWIEE £y. JTO creayeT u3 obluen
¢opmynbl Npeocbpa3oBaHus:
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u, =(e,4-o0,)/ o, (5)

Probability density ¢r(x)

0,06
Deterministic load effect £
'eg =80 (44 = 80, op=0) ,  Random resistance R:
i Log-nomal distribution,

0,04 | \ ™\, 1z = 100, 0 =10

0,02

0,00 . | | g

40 60 80 100 120 140

Random variable X
MNOTHOCTL BEPOSITHOCTU (P, (X)

JeTepM1HMpOBaHHOE BO3AENCTBNE Harpy3ku £: ep= 80, (L, = 80,0, = 0)
CnyyaliHas Hecylas CrnocobHocTb R, norapudMuyecky HopManbHoe pacnpeaeneHue,
Hp=100, 0,=10
CrnyyaiiHasi nepemeHHas X

Puc. 3. fleTepMMHMpOBaHHOE 3HaUeHne 3pdexTa Bo3aelCcTBUii £ U cnyyaiiHoe 3HaueHue Hecyllein
cnocobHocTH R.

BeposiTHOCTb pa3pylleHns 6yaeT aaHa cneayowmm obpa3oMm:

P, =P(R<e))=D,(e)) =D, (u,) (6)

roe CDU(uO) — 3HayeHne dyHKUMKU pacnpeaeneHns CTaHAapTU3MPOBAHHON CyYaliHOW BenWYMHbI COOTBETCT-
BYlOLLEro pacnpefeneHns (Hanpumep, HOpPMasbHOro UAK NorapuMUUYECKU HOPMasbHOrO).

CnenyeT OTMETUTb, UYTO 3HAYEHUE -l — 3TO PACCTOsIHUE (PUKCUPOBAHHOMO 3HaYeHust & addekTa Bo3aencTens £
OT CPEHEro 3HAYEHUS Lg HECYLLEW CMOCOBHOCTU R, BbiPaXX€HHOE B eAMHULIAX CTaHAApTHOro OTK/IOHEHUSI Ok Ecnu
pacrnpeneneHne Hecyllei CrocobHocT R SIBNSIETCS HOPManbHbIM, TO JaHHOE PACCTOSIHWE Ha3blBAeTCS WHAEKCOM
HagexHocTn S

B=(u—e,) op ()
1 BEpOSITHOCTb paspyLUEHNS! MOXET 6biTb BbIpaXeHa CieayoLmnM OTHOLLEHNEM
P, =P(R<e))=D,(=p) (8

Kak npaBuio, UHAEKC HAEXHOCTU B ONpeaenseTcs Kak oTpuuaTesibHasi BeNMUMHA CTaHAapTU3MPOBaHHOM Hop-
MasibHOM NepeMeHHOM, COOTBETCTBYIOLLEH BEPOSITHOCTU paspylueHust P . Takum 06pa3oM, B kauyecTBe OnpeaeneHus
MOXET 6bITb NPUHATO cneaytollee oTHolleHne (cM. MnaBy I HacTosulero PykoBoacTBa)

=2, (p;) 9

roe d){]l (o f) — obpaTHas CTaHAapTW3MpoBaHHasi HopMarnbHasi PYHKUMS pacnpeneneHusi. B HacToswee BpeMsi

WHAEKC HaAeXHOCTW 5, onpeaeneHne KOTOpOoro AaHO B YpaBHeHUU (9), SBASETCS LUMPOKO UCMOSb3YEMbIM CPEACTBOM
BbIUMCIIEHUS] HAAEXHOCTU KOHCTPYKLUMIA B HEKOTOPbIX HALMOHANbHBIX UM MEXAYHApOAHbIX AOKYMeHTax (CM. Takxke
Mnasy I HacTosilwero PykoBoacTBa 2). OaHako cneayeT OTMETUTb, YTO pacnpeaeneHue BEPOSITHOCTEN Hecyluel cro-
COBHOCTM R MOXET OTNNYaTLCS OT HOPManbHOro pacrpeaeneHus.
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Mpumep 2.

[JonyctuMm, Hecywas cnocobHocTb R UMeeT cpefHee 3HayeHue g = 100 (BblpaxkeHHOe B H6e3pa3MepHbIX eanHu-
uax), CTaHAapTHOE OTKNIOHEHWE Ok = 10 (koadduumeHT Bapmaumm coctasnset g = 0,10). Ana aeTepMMHUPOBaHHO-
ro 3HaueHusi achcdekTa BO3AENCTBMS 3aAaHO 3HaueHne & = 80 (cM. puc. 3). Ecin R nmeeT HopManbHOe pacnpeaerne-
HWe, TO MHAEKC HaAEXHOCTW CeayeT HernmocpeaCcTBEHHO U3 ypaBHeHNs (7)

£ =(0100-80)/10=2
W BEPOSITHOCTb PaspyLUeHUs CledyeT U3 oTHolleHus (8)

P. =P(R<80)=® (-2)=0,023

rae @ (-2) sBnsieTcst 3HaueHneM (yHKLUMM pacnpefeneHnsi CTaHAapTU3MPOBaHHOMO HOPManbHOMO pacnpesere-
HVa npu u = —2 . OAHaKo, ecN pacrpeaeneHne R He SIBASIETCS HOpPMasbHbIM, @ JIOrapudMUYECKN HOPMasbHBIM C

HIWKHAM MpeAenoM, paBHbIM Hy/lo (acuMMeTpusi cocTaBnseTr @, =3V, + VR3 =0,301 [9]), To oHo cnenyeT u3
ypaBHeHus (5)

u, =(80-100)/10=-2
TorAa BeposiTHOCTb paspylueHust /. 6yaet paBHa
P. =P(R<80)= D v (-2)=0,014

rae @\, (—2) siBnsieTcs dyHKuMel pacnpeaeneHnsi CTaHAAPTUSMPOBAHHOM ClyYaitHoM BennunHbl U C rnora-

pUMUYECKM HOPMasibHbIM pacrpeaenieHMeM C HWXKHUM MNpeaenoM, paBHbIM Hymlo (acMMMETpUsl CocTaBnsieT
o = 0,301). MonyuyeHHble BEPOATHOCTW Pa3NNYAIOTCSA HE3HAUUTENBHO, OHAKO UX 3HAYEHUS JOCTaTOUHO BEMNKU.

Ecnu 3apaHHoe 3HaueHne adhdekTa BO3ALHCTBUA YMEHbLIAETCA A0 €, = 70, To npy HopManbHOM pacnpeaene-
HMK HECyLeN CNoCcoBHOCTM R MHAEKC HAAEXHOCTM B = 3, U BEPOSTHOCTb PaspyLUEHUS COCTABSIET

P. =P(R<70)=®_(-3)=0,00135

Ecnu pacnpeneneHve Hecyllei CnocobHOCTU R SBNSETCS NOrapudMUUECKU HOPMAnbHbIM C HKHUM MPEAEesomM,
paBHbIM HYNO, TO

P, = P(R < 70) = @, (<3) = 0,00021

WNHOeKC HaaexHOCTH, OrnpefensiemMblil C noMowbio ypasHenus (9), 6yaer paseH [ = CDL_/] (0,00021) = 3,53,
T.€. 60rblUe, YEM 3HAUYEHNE 3, NOMyHYEHHOE NPYU HOPMaNbHOM PacnpeaeseHnn HeCyLLEeN CnocobHoCTY R.

OueBMAHO, YTO MPU BO3AEWCTBUM HArpy3Ku, paBHoOi Bcero & = 70, NoslydyeHHasi BEPOSTHOCTb paspylueHus 6yaeT
3HAUMTENBHO HUXKE, YeM B CJlydae, koraa & = 80. KpoMe Toro, UMCNeHHbI NpUMep TakxKe MoKasbiBaeT, YTo Aony-
LLieHNe, KacaloLLeecs TUNa pacrpeaeneHnsl, MrpaeT BaXKHyIo pofib U, MOXET, B HEKOTOPbIX Cy4asix UMETh pellatollee
3HaYeHwe.

2.3 OCHOBHOM cnyuyail C ABYMS C/ly4aiiHbIMW NepeMeHHbIMU

MpeanonoxuM, 4to obe OCHOBHblE NepeMeHHble, 3thdeKT BO3AENCTBUS £ U Hecyllasl CrocobHOCTb R SBNSIHOTCS
CNyYaliHbIMM BENMUMHAMKU. B TakoM cnydae, Kak MpaBuio, CNIOXHEE OLEHMBATb BEPOSATHOCTb paspylUeHusi, onpeae-
nseMyto no ypasHeHuto (3). MNpocToe pelleHne MOXET 6blTb MOYYEHO, €CIM 3aAaTb HOpMasnbHOE pacnpeaeneHue
ana Ewv R. Torga ux pasHoOCTb,

Z=R-FE (10)
Ha3blBaeMas 3arnacoM NpPoYHOCTU, Takxke 6yAeT MMETbL HOPMasibHOE pacrpeaesieHne C napamMeTpamm

Hz = Hp — Hp (11)

G, =0,+0; +20,,0:07 (12)
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rae Prp — ko3dduumeHT koppensaumm R n £ Yacto aonyckaertcs, UTo R £ SBNAIOTCA B3alMHO HE3aBMCUMbIMU

N Ppp = 0. YpaBHeHue (3) Anst BEPOSITHOCTM paspylueHns P Tenepb MOXeET 6biTb NpeACTaBeHo B BUAE:

P, =P(E<R)=P(Z<0)=1,(0) (13)

W 3agadva cBoauTCcsa K ornpegeneHuio dyHKummn pacnpegenenus ®A2), npu z = 0, 4TO NPUBOAUT K BEPOSITHOCTM
TOro, YTO 3anac NpoYHoCcTU Z ByaeT oTpuuaTenbHbiM. OyHKuns pacnpeaenernns ®,(0) obbl4HO onpeaenseTcs nyTem
npeobpa3oBaHWsi NepeMeHHoi Z B CTaHAAPTU3VMPOBaHHYIO ClyyaliHyo BenuumHy U. Wcnonb3ysi AaHHOE ypaBHeHMe,

rnoflyyaeM 3HadyeHme Uy, cooTeTcTBylowee 3HaueHnio g = 0, u pasHoe

w=0-u,)/c,=u,loc, (14)
Tora BEpOSTHOCTb pa3pylueHus 6yeT npeacTaBneHa, creayowmm ob6pasom:
B =P(R<E)=D,(0)=Dy(u,) (15)

OYHKUMA NNOTHOCTM pacnpeeneHns BEpoSTHOCTM (A 2) 3anaca NpoYHOCTY Z MoKasaHa Ha puc. 4, rae cepas 06-
NacTb Noa KpUBON @A Z) COOTBETCTBYET BEPOSITHOCTU paspyLuenns b .

Probability density ¢(g)

0,04
0,03
1~ B
0,02
0,01 P
0,00 = i , , , |
-10 0 10 20 30 40 50

Safety margin Z
MnoTHocTb BeposiTHocT @, (g)
3anac npo4yHocTn Z
Puc. 4. PacnpepeneHune 3anaca Npo4yHoOCTH Z.

Mpun ycnoBmm, 4To Z MMeEeT HOPMaJIbHOE pacrpeaeneHne, 3Ha4YeHne —ty Ha3blBaeTCs MHAEKCOM HaAEeXHOCTU, KO-
TOPbIN, Kak npaBuio, o603HavaeTcst cMBOMIOM . Mpu yCoBUM HOPManbHOTO pacnpeaeneHns 3anaca NpoYHoCTH Z,
n3 ypaBHeHuin (11), (12) u (14) cneayeT, YTO MHAEKC HAAEXHOCTU B MOXHO MPEeACTaBUTb B BUAE NPOCTOrO OTHOLLE-
HUsI

(16)

Hp —H
B=u,lo,= R £ >

2 2
\/UR + 05 + 2000
Ecnm BennumnHbl R 1 £ ABNAIOTCA B3aMMHO HE3ABUCUMMbIMU, TO KOSMMULIMEHT KOPPENALMN Pge CTPEMUTCS K HYSIIO

(pre = 0). TakuM 06pa3oM, UHAEKC HAAEXHOCTU S ByAeT PacCTOSIHUEM OT CPEAHEro 3HAUEHUs Lz 3anaca NPoYHOCTU
Z 00 Havana KoopauHaT, NpefcTaB/eHHbIM B eAMHULAX CTaHAAPTHOMO OTKIOHEHUS O

Mpumep 3.

Eule pa3 paccmMoTpum MpuMep 2, B KOTOPOM HECyLLas CnocobHOCTb R U BO3AEWCTBME HArpy3ku £ — B3aMMHO He-
3aBUCMMble CNlyyaliHble BennumnHbl (oge = 0) C HOpMasbHbIM pacnpeaeneHneM. Hecyas cnocobHocTb R ByaeT uMeTb
cpeaHee 3HadeHue g = 100, Bapuaums o = 10 (koadduumeHT Bapnauum, Takum obpasom, byaeT paBeH Nullb w =
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0,10), a acdbdekT BO3AENCTBUSA £ ByAET UMETb CpeaHee 3HadeHne e = 80 U 0r = 8 (BblpaXkeHHble B 6e3pa3MepHbIX
eavHuuax). CornacHo ypaBHenuam (11) n (12):

1 =100-80=20
o, =10 +8> =1281

Tak kak 06e OCHOBHble MepeMeHHble R M £ UMEIOT HOpMasibHOe pacnpeaeneHne, MHAEKC HafeXHOoCTH [ cnepyeT
HanpsMyto 13 ypaBHeHus (16)

£ =20/12,81=1,56
1 BEPOSITHOCTb PaspyLIEHUs CledyeT U3 oTHolleHus (8)
P.=P(Z<0)=D,(-1,56)=0,059

Ecnu nepeMeHHble £ 1 R He SBNAIOTCA HOPManbHBIMK, TO pacrpeaesieHne 3amnaca NpoYHoCTU G Takxke He 6yaer
HOPMasibHbIM, ¥ OMUCAHHbIV BblllEe NOAXOA NMPUAETCA U3MEHUTbL. B 0BLLMX CAyYasix MOXHO MCMONb30BaTh UUCIIEHHOE
WHTErpUpoBaHMe unn npeobpasoBaHme 06enx NePeMEHHbIX B NMepeMeHHbIe C HOpManbHbIM pacrnpeaeneHueM. Mpuse-
AEHWe K HOpMasbHOMY pacnpefenieH o B OCHOBHOM WCMONb3yeTcst B MporpaMmax.

[Nt NepBMYHON OLIEHKM BEPOSITHOCTU paspylueHust P, MOXeT 6biTb CMonb3oBaHa NpUBAMKEHHast MpocTas Me-

TOAMKA BbIYMCIEHMIA. 3anac MPOYHOCTU Z MOXET 6blTb NPUBAMKEH MOCPEACTBOM forapudMUUYEcKn HOPManbHOro
pacnpefeneHus ¢ Tpems napametpamu. MpeanonoXxuM, YTo pacnpeaeneHns £u R 3aBUCAT OT NapaMeTpoB MOMEH-
TOB Ug Of Ws Mg Or N Wg CpegHee 3HaveHne n Bapuaums 3anaca NpoYHOCTU Z MOryT 6biTb BblUMCIEHBI C MOMOLLbIO
NpuBeAEHHbIX Bbille ypaBHeHU (11) u (12), koTopble BEPHbI MPY NEPEMEHHBIX C NPOM3BOJIbHLIM pacnpeaeneHneM.
Mpun ycnosun, 4to £1 R ABNAIOTCA B3aMMHO HE3aBMCMMbIMW, aCMMMETPUS @z 3anaca NpPo4YHOCTM Z MOXET bbITb pac-
CYMTaHa B COOTBETCTBUM C MpuBAMXeHHON dopmynol (cM. MpunoxkeHne A «OCHOBHbIE CTAaTUCTUYECKME MOHATUS U
MeToAbl» HacToswero PykosBoacTea 2)

3 3
_OrlOp — O 0

= 17)
2 27372
(ox +0%)

4

[Janee npeanonoXxumM, 4To 3anac NPOYHOCTU Z MOXET BbITb ONMUCaH C AOCTaTOYHOW TOYHOCTBIO C MOMOLLbIO Jlora-
pUdMUYECKN HOPMArbHOrO pacrnpeaeneHns € 3aaHHbIMU NapaMeTpaMu MOMEHTOB Lz, Oz WU Wz (ypaBHeHus (11), (12)
n (17)). MokasaHo, 4YTO AaHHOe NpubnuxeHWe JaeT yAOBMETBOPUTENbHbIE pe3ynbTaThl, NpU YCI0BUKU, YTO BEPOSIT-
HOCTb pa3pyLUeHUsl He CIULLKOM Mana.

Mpumep 4.

PaccMOTpUM pacTskKy C HECyLel CMOCOBHOCTLIO R, Ha KOTOPOM NoABELLEH rpy3 BecoM £. MycTb R — norapudmm-
YecKn HopMasnbHasi NnepeMeHHasl C MMHMMASIbHbIM 3Ha4YeHUeM, paBHbIM HYJI0, U C NapaMeTpamm (TakKe BblpaXkeHHbI-
Mu B 6e3pa3MepHbix eanHuuax) wz = 100 n og= 10 (u, cnepoBaTensHo, wg = 0,301), a £0bnanaeT pacnpeaeneHnem
Mymbens ¢ napamMeTpamMn MoMeHTOB e = 50 n 0r = 10 (pacnpepenenve N'ymbensi [9] MMeeT NONOXUTENBHYIO acuM-
METpUI0 we = 1,14).

MapameTpbl MOMEHTOB 3aMaca NPOYHOCTM PaCcCYMTLIBAOTCS B COOTBETCTBMU C ypaBHeHusiMm (11), (12) u (17)

M, =y =, =100-50 =350
ol =0r+0, =10 +10% =14,14°

T, — O 10° 1-10° x 1,14
o, = Sk O-E:/UzE = XO’?;O 203/2< — =-0,30
(o2 +02) (10> +10%)

E

[ns cTaHfapTU3VMPOBaHHONM ClyYaiiHOW NepeMeHHoW U3 ypaBHeHus (14) cneayeT, uTo
uy=—p, o, =-50/14,14=-3,54
Ons norapudmMmUuecky HopManbHOro pacnpeseneHns ¢ acuMMeTpuelt 1> = - 0,30 BEpHO crieaytoLlee ypaBHEHME:

P, =P(R < E)=®,,,(-3,54)=0,00101

YTO COOTBETCTBYET MHAEKCY HaaexHocTn B = 3,09. bonee TOYHbIN pe3ynbTaT, NonyyYeHHbIN braroaapsi npuMeHe-
Huto nporpammbl VaP [7], coctaBnseT Pf =0,00189.

O[OHaKo ecnin Npy OLIEHKE BEPOATHOCTM paspylUeHUs acUMMETPUS He MPUHUMAETC BO BHMMAaHWE W npeanonara-
€TCA YCNOBKE HOPMAJIbHOMO pacrpeaeneHuns, To Cleayer:
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P. =P(R< E)=®d(-3,54)=0,00020
YTO CYLLECTBEHHO OT/IMYAETCA OT pe3yNbTaTa, MOMyYeHHOro Mpu MpeanonaraeMoM forapudMUyeckn HopMarb-
HOM pacnpeaeneHnu.

[ns BCEX YMCMEHHBIX pacyeToB MOryT MCnonb3oBaTbcs Tabnuubl MATHCAD StRod.mcd, DesVRod.mcd, npuBe-
[EHHbIE B MPUIOXEHWM.

3. TouHOe pelLueHne AN ABYX C/IyYaiHbIX NepeMeHHbIX

B cnyyae c aByMsa ciyvaiiHbIMU NepeMeHHbIMU £ 1 R ¢ Nio6biM pacnpeaeneHnem, MoXHO A0CTUYb TOYHOMO pacye-
Ta BEpOSITHOCTU paspyLuennsi P, onpeaensieMoro ¢ noMolLbio GopMysbi (3), UCMONb3yst MHTErpUpOBaHNE BEPOSITHO-
CTW. Ha puc. 5 NpMBOAMTCA NOSICHEHME K AaHHOMY MeTtoay. lMycTb cobbiTve A o6o3HayaeT npossneHue 3ddekTa
BO3/ECTBNA £ Ha NPOTSHKEHUN ANddEpeHLManbHOro MHTepBana BpeMeHn < X, X + dx > . BepoaTHocTb cobbitnsa A
onpenensieTcs cneayowmm 06pasomM:

P(A)=P(x < E<x+dx)=¢.(x)dx (18)

0603HauMM 6ykBOW B COBbITUE, MPU KOTOPOM HECyLIasi CrocOBHOCTb R BCTPEUAETCS Ha MPOTSXKEHUWU MHTEpBana
BpeMeHn < —o0, X >. BeposTHOCTb cobbiTusi B[9] onpeaensietca cneayowmm obpasom:

P(B) = P(R<x) = ¢, (x) (19)

AnddepeHumanbHoe npupaLieHme BeposTHOCTH paspyluermnst dP, cOOTBETCTBYIOLIEE HANMUMIO NMEPEMEHHOI £ B
WHTepBane BpeMeHn < X, X + dx >, BbIUMCIAETCA C NOMOLLBIO BEPOSTHOCTM OJHOBPEMEHHOrO HACTyN/eHUs Cobbl-

M AW B, T.e., BEPOATHOCTU ux nepeceveHns A M B . B cOOTBETCTBUM C MPUHLMIOM YMHOXKEHUSI BEPOSITHOCTEI
[10] nonyyaem cnegytoluee BblpaXkeHUe:

dP, =P(AN B)=P(A)P(B)=P(x<£< x +dx)P(R < x) = O, (x)p, (x)dx (20)

B faHHOM npuMepe NpuUMeHsIeTcA NPeACTABNEHHOE BbIlLe AOMYyLIEHNE O B3aUMHOWN HE3ABUCMMOCTY NMEPEMEHHBIX £
M R 1, KaK cneacteue, cobbituii Au B.

Probability density @z(x), Pr(x)

006 | Load effect /7

Resistance R

0,04 .

0,02 .

0,00 z , , , : ‘ ; , A
40 60 x xt+dx 100 120 140
Random variable X

MnoTHOCTb BePOSITHOCTU (. (X), @ (X)

Bo3neicTBue Harpysku £
Hecywas cnocobHoctb R
CnyyaiiHasi nepemeHHas X

Puc. 5. PacnpepeneHve nepeMeHHbIX £u1 R.
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WHTerpupoBaHme auddepeHumanbHoro oTHowenus (20) B MHTEpBane BPEMEHM, B KOTOPOM OAHOBPEMEHHO Mpu-
cyTcTBYIOT 06e nepeMeHHble £ 1 R (Kak NpaBwio, B MHTEpPBaie BPEMEHWN <-00, 00>), MPUBOAUT K CreayloLleMy oT-
HOLLEHWIO:

pr = [ @, (), (x)dx 1)

VHTerpupoBaHue oTHolleHust (21), Kak NpaBuIo, NPUXOAUTCA MPOBOAWTL YMCIIEHHO MW UCMONb3Ys METofbl MO-
AENUPOBaHMS (Hanpumep, Npsamble MeToabl MoHTe-Kapno).

B Tabnuue MATHCAD PrLnLn.mcd, npuBeaeHHON B NPUMIOXEHUM, COAEPXUTCS MPOCTasi MpPorpaMMa, KoTopast Mo-
XeT 6bITb MCMOMb30BaHa A1 paCc4eTOB YMCIIEHHOMO MHTErpUpOBaHNa OTHoWeHUS (21) npu ycnosum, 4To 0be nepe-
MeHHble £1 R MOryT 6biTb onpeaeneHsl (Mo KpaviHel Mepe, NpubNu3nUTeNLHO) NOCPeaCcTBOM obLuero norapudmuye-
CKW HOpMasibHOro pacrpeaenexus (C TpeMsi napamMeTpamm).

Mpumep 5.

ScbekT BO3AENCTBUA £ U HECYLLAs CMOCOBHOCTb R XapaKTepu3yloTca NorapudMUUeckn HopMasbHbIM pacrnpeae-
NEHMEM C TEMM Xe MapaMmeTpamu, Kak v B Mpumepe 4 (pacnpeaenenve Mymbens ans £ 6bl0 3aMeHeHo norapudMu-
YECKM HOpMaSibHBIM PACMpeAeneHNeM C TEMU e napameTpamm). MpubnnxeHHoe pelueHne B Mpumepe 4, OCHOBaH-
Hoe Ha norapudMMUYEecKM HOpMasbHOM PacrpeaeneHn C HUXKHEN rpaHuLEN, paBHOW Hy/O, MPUBOAMT K Creaytolle-

My 3HaueHuio BeposTHocTH paspywenmns P = P(R < E) =@ ;(-3,54)=0,00101. YncnenHoe nHrerpuposa-
HWe B COOTBETCTBUM C COOTHOWeHMeM (21) ¢ ucnonb3oBaHueM nporpammbl MATHCAD paeT HaMm pelueHue
P. =P(R < E)=0,000792 , nporpamma VaP npeanaraet pewenne P, = P(R < E) =0,000707 , kotopsie
MOXXHO paccMaTpuBaTh Kak O4eHb TOYHOE NpubnmxeHue.

BeposiTHOCTb paspyluennsi F, paccunTbiBaeMylo MocpeaCcTBOM MPsSiMOTO MHTErpUpOBaHMsi, MOXHO OMpeaenuTb C
nomoLubio Tabnmusl MATHCAD PrLnLn.mcd npuv 3agaHHbIX napamMeTpax nepemMeHHblX £u R (ug = 100, op = 10, e =
50 v or = 10). Bapnaums BepoSTHOCTU paspyLUeHust Pf € K03 PUUMEHTAMN aCUMMETPUN We U Wg NPeACTaBneHa Ha
Puc. 6.

CornacHo puc. 6, BEPOATHOCTb pa3pyLlleHUd ])f B 3HAUYUTENIbHOM CTEMeHU 3aBUCUT OT aCVIMMETpVIl‘/II W N Wg (B

COOTBETCTBMM C npeanosiaraéMbiMM TeOPETUYECKNUMU MOﬂeJ'IFIMVI), a B pealibHbIX YCNoBUAX AaHHasa BEPOATHOCTb MO-
XKET OT/IMYaTbCS B HECKONbKO pa3, AaXe eCcnv CpefiHUe BeNWYUHBLI U CTaHAAPTHbIE OTK/TIOHEHWUS NMepPeMeEHHbIX £un R
OCTaloTCA HEU3MEHHbLIMU.

Skewness @g

0 0,5 1 1,5 2
1,00E-02 -

1,00E-03

1,00E-04

1,00E-05

Pr

1,00E-06

AcMMeETpUs we
AcnMMeTpUsa wp

Puc. 6. BepossiTHOCTb OTKasa Pf B 3aBUCUMOCTH OT KO3(P(PMLIMEHTOB aCUMMETPUNA WrWN Wg NPU Ug =
100, ygr = 10, 0= 50 n o= 10.

B pe3ynbTaTte, onpeaennTb BEPOSTHOCTb Pa3pyLlUEHUst B Cllydae C NPOCTbIM NMpUMepoM, NpeacTaBNeHHbIM Hepa-
BEHCTBOM (1), rae WUCMonb3yTCs TONMBKO ABE CryvaiiHble BENMUMHbI £ U1 R, Nerko ToNbKo Toraa, koraa obe nepe-
MEHHbIE pacnpeaensoTcs HopManbHO. ECM OHM pacnpeaensitioTcs nHaye, Toraa NpomM3BECTM TOYHOE pelieHne 6onee
CNIOXHO, W MOJIYYEHHbIE 3HAYEHUSI B 3HAUUTENbHON CTEMEHW 3aBUCAT OT NPEeAnonaraeMoro Tuna pacrnpeaeneHus.
MpubnuXeHHoe pelleHne npu ycnoBum obluero norapudMUUeckn HoOpManbHOro pacrnpeaeneHus (C Tpemsi napaMeT-
pamn) £un R obecrneumBaeT AOBOSIBHO TOYHYIO MEPBUYHYIO OLIEHKY BEPOSTHOCTM pa3pylleHus. OaHaKo Nosy4YeHHble
3Ha4yeHus1 Heo6xoaMMO NPOBEPSATH C NMOMOLLbLIO 60M1ee TOYHbIX METOAOB, MCMOMb3YIOWMNX COOTBETCTBYIOLIME TEOPETU-
yeckune moagenu £un R.
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4. 3aknoueHme

bazoBble MeTOAbl HaAEXKHOCTU KOHCTPYKUMIA MOTyT 6biTb MCMONb30BaHbl ANS OLEHKU HAAEXHOCTU B OCHOBHbIX
Cnyyasix [ByX CllyYalHbIX NepeMeHHbIX, Korga (hyHKUMS NpeaenbHOro COCTosHWSE cOpMyMpoBaHa Kak pasHOCTb
MeXAy NOJSTyYEHHON Hecyllel CMOCOBHOCTbIO KOHCTPYKLUMM U BO3AEUCTBUEM Harpy3Ky.

OCHOBHbIE MPUHLMNBI TEOPUU HAOEXHOCTK obecneumBaloT MeToAbl npoeeaeHnsa BblLWICJ'IEHVIl‘/’I, KOTOpbIE MOryT
6bITb MCNOMb30BaHbl AN OLEHKU YaCTHbIX KO3d)CbMLI,MEHTOB OCHOBHbIX NepeMeHHbIX. OHaKO OUEeHKa pasfiMyHbIX
rokasareneil HaAeXXHOCTU B HOBbIX HOPMaX NpPOEKTUPOBaHUA KOHCTDYKHMVI 4aCTUYHO OCHOBaHa Ha CTaTUCTUYECKOM U
3MMUPUYECKOM OnbiTe. be3ycnoBHO, OMbIT NPOLIOr0 3aBUCUT OT MECTHbIX yCJ'IOBVII7I, BKJ1tO4ad KnmMMaTuyeckne BO3-
AENCTBUS U TPaAULMOHHO UCMOJIb3YyEMbIE CTPOUTESNIbHbIE MaTepUasnbl U, KakK CNeACTBUE, MOXET 3HAYUTENBHO pa3nn-
YaTbCs B pa3HblX CTpaHaX. MIMEHHO NMO3TOMY KOMMYECTBO 3/1IEMEHTOB U NapaMeTPOB HAZEXHOCTU B HACTOSALLEM CBOAE
EBPOI'Iel‘/IICKMX CTaHAapToB He d)VIKCMpOBaHO M 3aBUCUT OT HaLMOHasIbHbIX 0COBEHHOCTEN.

Cnucok nutepaTypbl

[1] EN 1990 Eurocode - Basis of structural design. CEN 2002.

[2] ISO 2394 General principles on reliability for structures, ISO 1998.

[3] JCSS: Background documentation, Part 1 of EC 1 Basis of design, 1996.

[4] Gulvanessian, H. - Calgaro, J.-A. - Holicky, M.: Designer's Guide to EN 1990, Eurocode: Basis of Structural De-
sign; Thomas Telford, London, 2002, ISBN: 0 7277 3011 8, 192 p.

[5] JCSS: Probabilistic model code. JCSS working materials, http://www.jcss.ethz.ch/, 2001.

[6] EN 1991-1-1 Eurocode 1 Actions on structures. Part 1-1 General actions. Densities, self-weight, imposed loads
for buildings, CEN 2002

[7] VaP, Variable Processor, version 1.6, ETH Zurich, 1997.
[8] COMREL, version 7.10, Reliability Consulting Programs, RCP MUNICH, 1999.
[9] Melchers R.E.: Structural Reliability Analysis and Prediction. John Wiley & Sons, Chichester, 437 p, 1999.

[10] Ang A.H-S. & Tang: W.H. 1975. Probabilistic Concepts in Engineering Planning and Design. Volume I - Basic
principles. John Wiley, London, 1975, 409p.

Mpuno)xeHus
ATTACHMENTS
1. MATHCAD sheet "SteelRod.mcd”

Mathcad sheet SteelRod is intended to investigate an effect of the partial factor yG on reliability of a steel rod ex-
posed to permanent load G.

2. MATHCAD sheet "DesVRod.mcd”
Mathcad sheet DesVRod is intended to investigate of sensitivity factor ag and ar and design values E4 and Rg.
3. MATHCAD sheet "“PrLnLn.mcd”

Mathcad sheet PrLnLn is intended for calculation of the failure probability Pf = P{E>R}based on approximation of
E and R by three parameter lognormal distribution.
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Chapter II - Elementary methods of structural reliability I

Attachment 1 - MATHCAD sheet “SteelRod.mcd”

A steel rod under a permanent loadG - parameter study of yg

1 Design of a rod cross section area A = Gy/ f

Lo fk

Design inputdata:  Gk:=1 ¢G:=1.0,1.05.. 1.6 (parameter) fk:=235 ym:=1.10 fd:=—

ym

Design of the cross section area A(YG) = M Check: |A(1.35) = 6.32x 10~ 3
fd

2 Parameters of basic varibles G and f
y 280
Parameters of Gand f: n|G:=Gk vG:=0.1 6G:=vG - uG o= s puf .= - fk vf:=0.08 of :=vf- puf

o oXR oXS
Model uncertainty: pXS:=1 oXS:=0 pXR:=1 oXR:=0.00 VXRi=——  VXS:i=——
uXR S

3 Parameters of the resistance R and load effect E

The mean of Rand E LR(yG) := uf - uXR- A(yG) ME =puG-puXS  [uR(1.35)=1.77 | [uE =1 |

CoV: vR::x/vXR; FVXR V4 v VE :=\/VX82 + VXS VG 1 vG* Check: [VR=10.08 |[VE=0.1 |

Skewness of R for lognormal and E for gamma distribution: aR:=3.-vR+ vR3 oaE:=2-VE
4 Parameters of the reliability marging=R -E

ug(1G) :=uR(YG) — uE  oR(YG) := VR: uR(yG) oF = VE - uE 6R(1.35) = 0.14

69(1G) = (GR(G))> + (oE)° [9(135=077] [og9(135=017]

_aR- csR(yG)3 - oE - GE3 —
ag(yG) = ag(1.35) = 0.09

og(yG)’

5 Reliability assessment without integration

Reliability index assuming normal distribution of g (a first estimate)

ug(yG)
0(yG) :=
BO(vG) 9(1G)

PO(/G) := pnorm(-B0(;G)., 0, 1) Check:  [B0(1.33) = 4.44

Reliability index assuming three parameter lognormal distribution of g (a refine estimate)

1 1

Parameter C of three 3

parametr lognormal ( / ag(yG)z T 44 ag(yG)> ’ _ (J ag(yG)z +4- ag(yG))

distributon of g: C(yG) =
1

23

Parameters of transformed variable:  mg(yG) := -In(|C(yG)|) + In(og(y3)) - (0.5) - In(l + C(yG)z)

2 1 :
sg(yG) :=4/ In\1 + C(yG) x0(yG) := pg(yG) - —— og(yG) Check: x0(1.35) = —4.85
C(yG)

Pf1(yG) := plnorm(0 — x0 (yG) , mg(yG), sg(yG)) B1(yG) := —gnorm(Pf1(yG),0,1) [B1(1.35) =4.76 |
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Chapter II - Elementary methods of structural reliability I

6 Reliability assessment using integration

Assuming normal distribution for E: En(x) := dnorm(x, pE, oE)
E) E
Assuming gamma distribution for E: k:= (“_j A= [“—] Eg(x) :=dgamma(X - x, k) - A
oE 2
oE

Assuming lognormal distribution of R having the lower limit ata (0 default):

a(yG) = pR(yG) - 0.0 C(vG) = REGO) aR(4G) = C(1G)" + 3 C(1G)
(MR(YG) - a(yG))
m(yG) :=In(cR(yG)) — In(C(yG)) — (0.5) - In(l + C(yG)z) s(yG) =4 In\1 + C(yG)2
Probability lognormal distribution of R RIn(x,yG) := plnorm[(x — a(yG)), m(yG), s (vyG)]
Failure probability Prob{R<E} and reliability index g Bt:=3.8
E has normal, R lognormal distribution
o0
Pfn(yG) ::J En(x) RIn(x,yG) dx Bn(yG) := —-gnorm(Pfn(yG), 0, 1)
0
E has gamma, R lognormal distribution
o0
Pfa(vG) = J Eg(x) Rin(x,yG) dx B9(yG) := —qnorm(Pfg(yG), 0, 1)
0
7 Parametric study ofyG
Effect of the partial factor of G
. _6 6 T,
Check: [Pf0(1.35) =4.51x 10 s
Pf1(1.35) = 9.68x 10
6 )
Pfg(1.35) = 1.98x 10~ o
7 z
Pfn(1.35) = 6.24x 10 =
o
BO(1.35) = 4.44 4

B1(1.35) = 4.76
Bg(1.35) = 4.61

Bn(1.35) = 4.85

Note: Reliability assessment assuming normal distribution for E and R seems to be on a safe side
(leads to a lower bound for 3], while assessment assuming three parameter distribution for the
reliability margin g seems to provide a more realistic estimate.
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Chapter II - Elementary methods of structural reliability I

Attachment 2 - MATHCAD sheet “DesVRod.mcd”

A steel rod under a permanent load G - sensitivity factors ag
and R

1 Design of a hanger cross section area A = Gy/ fy

o _ fk
Design inputdata:  Gk:=1 vG:=1.0,1.05.. 1.6 (parameter) fk:=235 ym:=1.10 fd:=—

ym

Design of the cross section area A(YG) = (Ck76)  check: A(1.35 = 6.32x 107>

fd

2 Parameters of basic variablesG and f

s 280
Parametersof Gand f: u\G:=Gk vG:=0.1 6G:=vG- uG o = s uf .= o - fk vf:=0.08 of .= vf- pf

o oXR oXS
Model uncertainty: | XS:=1 6XS:=0 pXR:=1 oXR:=0.00 VXR=—— VXS:=——
R uXs
3 Parameters of the resistanceR and load effect E

The meanof Rand E |R(yG) == uf - pXR- A(YG) pE =pG-pXS  [uR(1.35) =177 | [uE =1 |

CoV: VR::\/VXF\’2 T vXR v 1 v VE ::\/VXS2 1 VXS VG + vG® Check: [VR=10.08 |[VE=0.1 |

Skewness of R for lognormal and E for gamma distribution: aR:=3-VvR+ vR3 oE:=2.vE
4 Parameters of the reliability marging=R -E
ug(yG) = uR(yG) — uE oR(yG) :=vR: uR(yG) oE :=vE- uE oR(1.35) =0.14

09(18) ==y (oR(G))” + (oE)?

_ aR-oR(G)" - oE - oF’ _
ag(yG) = ag(1.35) = 0.09

cg(yG)

+ (oE lug(1.35 =077 | |og(1.35 =0.17 |

5 Sensitivity coefficients oz and ag

—oE oR(YG)
aR(YG) =
og(vG) o9(vG)

aE(yG) =

laE(G)| 08 _.o-==7TTTT

R(1G) 0.6 \

0.4

1 1.2 1.4 1.6
G

Note that the sensitivity factor g is shown with the oposite sign (as a positive quantity).
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6 Design values E4 and Ry

EC 1990 recommendation:  f:=3.8 aE0 :=-0.7 aR0:=0.8
Ed(yG) := uE ~ oaE(vG) B - oF RA(yG) = uR(YG) — aR(yG) B - oR(vG)
EdO(yG) := uE — aEOB - oE RdO(yG) := uR(YG) — aROB - cR(YG)

RdOIn(yG) := uR(yG) - exp(—aROB - VR)

Check: Ed(1.35) = 1.22 18
RA(yG) P
..... A4 R m
s
Rd0(1.35) = 1.34 ok
RdO(yG) I 5
RdOIn(1.35) = 1.39 RAOINGG) b
1F -
0.8 : :
1 1.2 1.4 1.6

Notes: 1) Figure shows that the partial factor y 5 should be greater than about 1,25 otherwise the
design value of the load effectEy would be greater than the design value of the resistance Rd.

2) The design value of the resistance R, determined assuming lognormal distribution with
the lower bound at zero is greater than R determined assuming the normal distribution.
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Attachment 3 - MATHCAD sheet “PrLnLn.mcd”
Failure probability pf=P{E>R}
for log-normal distribution LN(1,0,) of E and R

E
1. Input parameters for Eand R: E:=50 oE:=10. aE:=0,0.1..2 x:=0,0.IuE.. 3yE WE = -
HE

R
UR =100 oR:=10. aR:=-1,-0.9..2 x:=0,0.IuR..3uR WR = —
uR

Distribution parameter C

3 3 :
given by the skewness oE: \/(\/ 2y E) \/\/ P44 oF Check:
03 o - o —
CHGaE) = CE(0.301) =4
2
Distribution bound XOE:  x0HaE) :=| |uE - _%F s Ex0 X0KO0) =1
CE(OLE)
UE — 6:0E otherwise
Distribution parameter CR 3 \/ D 3\/ > Check:
iven by the skewness gR: \K R™+4 R) —\/ R +4-0aR
9 y O CR(qR) = NOR FRF D of AR CR(0.3) =1
3
V2
Distribution bound x0R: oR .
x0R(aR) :=| |uR - ——— if aR %0 XOR(0.000) = 1
CR(oR)

LR — 6:0R otherwise

2. Integration bounds assuming o E>0, R arbitrary:

x0(aE, aR) = | maxx0HoE),x0R(0R)) if oR >0 x0(0.608 0.301) =
xOl{aE) otherwise

xI(oE,oR) == |uR + 6:6R if aR >0 x0(0.608, —1) =
XOR((XR) otherwise x1(1,-1) =u

3. Transformation to the standardised normal distribution ®(u) (for any q):

Standardised variable E:  yE(x) := w Transformed standardised variable E:
Ol
In| [uE(x) + ;‘ + ln( |cHaE)| 1 + CE(aE)2>
CE(OLE) .
qu(x, (xE) = if aE#0
sign(ocE)~\l ln[l + CE(aE)zj
uE(x) otherwise
dnorm(qu(x, aE) ,0, 1) .
¢B(x, oF) = if CHoE) =0  ¢B(50,0) =4

oE |uE(x) +

1 ( ( zj
o In\1 + CHoE)

dnorm(uuE(x, oE) 0, 1)
oE

$E(50,0.0000) =

otherwise

Standardised variable R:  yR(x) := (X_—“R) Transformed standardised variable R:
oR
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uR(x) + ! j + ln( |CR(0(R)| '\’ 1+ CR(O(R)Z)

o (®)
) CR{aR if oR %0

sign(ocR)' In\1 + CR(O(R)2

uR(x) otherwise

uuR (x, aR

Distribution function @y x(X) = @y ((U) = ®(uu):

®R(x, aR) := pnorm(uuR (x, aR), 0, 1) wuR (50,0) = -5 DR(0,-0.3) = 1.237x 10 12

4. Failure probability pf using transformation to normal distribution (for oE>0, oR arbitrary:

x1(aE, aR) 4
pf(oE, aR) := ¢E(x, oE)- DR (x, oR) dx pf(0.608,0.0001) = 8.745x 10
x0(aE, aR)
0.01
1 '10_3 /
110 ¢
110 °

0 0.5 1 1.5 2

Figure 1. Failure probability pf=P{E>R} versus oE.

5. Alternative procedure for determination of failure probability using built-in distribution
function for log-normal distributiopn @\ x(X) (for positive o only):

mE(ocE) = —ln(|CliotE)|) + ln(c;E) - (0.5)-1n(1 + C]iotE)z) sE(aE) = \] ln(l + CﬂaE)zj

Probability density of E:  ¢f(x, aF) := dinorm(x — x0H o), mH o), sE(aE))  ¢E(50,0.0001) = 0.04
mR(aR) := —In(|CR(oR)| ) + In(cR) — (O.S)-In(l + CR(aR)z) sR(oR) ==y Inl1 + CR(aR)’

Distribution function of R:  ®R(x, oR) := plnorm(x — xOR(aR),mR(aR), sR (aR) )

Failure probability pf (for positive ¢ only):
Check:

x1(aE, aR)
pf(aE, oR) = ¢B(x, oE)- ®R(x, oR ) dx pf(0.608,0.0001) = 8.745x 10
x0(aE, aR)

4
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CHAPTER III - RELIABILITY DIFFERENTIATION

Milan Holicky” and Jana Markova"

DCzech Technical University in Prague, Czech Republic

Summary

Basic reliability elements specified in current standards for structural design
commonly include failure probability related to a certain reference period 7. Required
reliability level of buildings and other civil engineering works is usually specified by the
design (target) failure probability p4 or by appropriate reliability index S corresponding to a
specified design working life 7y (for example 50 years). In reliability verification the design
values S and Ty are sometimes replaced with an alternative reliability index f, derived from
the design values f4 and T4 for a convenient reference period 7, (for example 1 year).

Submitted study clarifies relationships between the alternative elements f,, T, and
design values f;, T4, and indicates relevant procedures for reliability verification when
alternative reference period 7, is considered. It is emphasised that verification based on £,, T,
should be distinguished from verification of temporary or auxiliary structures when the design
working life Ty itself is short. Theoretical consideration and numerical examples show that
characteristic values and partial factors of basic variables describing material properties and
self-weight are significantly dependent on the relevant reference period.

1 INTRODUCTION

1.1 Background documents

Recent documents [1], national [2], [3] and international documents ([4] to [7])
provide general principles and guidance for application of probabilistic methods to structural
designs. The latest European document [5] and international standards [6] and [7] also
indicate a theoretical basis of the so called “partial factor method” and procedures for
determination of partial factors of material properties and actions using probabilistic
principles.

The basic reliability elements considered in these procedures include probability of
failure p (or equivalent reliability index /) corresponding to a certain reference period 7 used
in verification of structural reliability. The reference period 7" used in verification may or may
not coincide with the design working life 74, which is the time period during which a structure
is required to perform adequately. When the reference period used in reliability verification is
different from 7§ then it is called an alternative period and denoted in this study 75.

1.2 General Principles

Basic probabilistic methods are used to analyse principles of reliability differentiation.
Similarly as in Chapter I in this Handbook two essentially different cases are distinguished in
the following:

- an alternative reference period 7, (for example 1 or 5 years), which is different from
the design working life T4 (for example 50 years), is considered; this case is applicable when
probabilistic models related to the period 7, are more credible than those related to 7g;
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- the design working life 7y itself is short (for example 2, 5 or 10 years); this is the
case of temporary or auxiliary structures and structures under a transient design situation
(during execution or repair).

In the following the principles of reliability differentiation specified in current
international documents [5,6,7] and related procedures for determining reliability measures to
be applied in verification cases considering various design-working lives are discussed.
Appropriate reliability elements (characteristic values and partial factors) are derived for
material properties, self-weight and climatic actions (temperature, snow and wind) taking into
account time dependence of failure probability and the reliability index.

2 BASIC RELIABILITY ELEMENTS

The basic reliability measures include the probability of failure and reliability index as
introduced in Chapter I and II in this Handbook. The probability of structural failure P can be
generally defined as

Pr=P{Z(X) <0} (1)
The limit state (performance) function Z(X) is formulated in such a way that the
reliable (safe) domain of a vector of basic variables X = X}, X, ... , X, corresponds to the

inequality Z(X) > 0 while the failure domain to the complementary inequality Z(X) < 0. A
simple example of Z(X) describes the basic relationship between the resulting load effect £
and resistance R

ZX)=Z=R-E )

The random variable Z in equation (2) is often called the reliability (safety) margin; its
mean /i, standard deviation oy and skewness @z may be derived from corresponding
characteristics of resulting variables R and £ as indicated in Chapter I1.

Instead of the failure probability Py, the reliability index A is frequently used in
reliability consideration as an equivalent quantity to Pr. The reliability index £ is related to the
failure probability Pr as already indicated in Chapter I

Pr = O(=p) 3)

In this equation, ®() denotes the distribution function of standardised normal
distribution. Note that, if the safety margin Z has normal distribution, then the reliability index
may be determined simply as the ratio of 4 and oy, thus = 17 /oy (in this case £ denotes the
distance of the mean x from the origin taking the standard deviation oy as a unit). Chapter I
shows the numerical relationship of both quantities. It should be emphasized that the failure
probability Pr and the reliability index S represents fully the equivalent reliability measures
with one to one mutual correspondence given by equation (3).

In the recent European document [5] a design working life for common structures is
considered as T4 = 50 years, the reliability index for ultimate limit states 3 = 3,8 corresponds
to the design failure probability Py = 7,2 x 107, for serviceability limit states £; = 1,5 and pq =
6,7 x 10 (a more appropriate term is the “target probabilities” used in ISO documents [6]
and [7]). These quantities are recommended as reasonable minimum requirements and it is
emphasized that Pgand f; are formal conventional quantities only and may not correspond to
actual frequency of failures.

In design analysis of a structure it is generally required that

Pr< Py 4)

or equivalently in terms of reliability index
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B 2 P )
where py denotes specified design (target) failure probability corresponding to the target
reliability index fq.

Conditions (4) or (5) have to be used by designers when probabilistic methods are
applied for verification of structural reliability. Indicative target values pq and S are declared
in some national standards (e.g. [2] and [3]) and recently also specified in international
documents (e.g. [4] to [7]) for various design conditions (limit states, failure consequences
and economic aspects).

3 DESIGN WORKING LIFE AND RELIABILITY

Design working life 7y is an assumed period of time for which a structure or part of it
is to be used for its intended purpose with anticipated maintenance but without major repair
being necessary. In recent documents of CEN [5] and ISO [6] indicative values of Ty are
provided for five categories of structures as shown in Chapter I of this Handbook.

More detailed specification of structural categories and design working lives is
available in the ISO documents [6, 7]. In general the design working lives indicated in [2] are
greater (in some cases by 100 %) than those given in Chapter I. For example the design
working life for temporary structures indicated in [2] is 15 years, for agricultural structures 50
years, for apartment and office buildings 100 years, and for railway structures, dams, tunnels
and other underground engineering works 120 years.

Design failure probabilities pyq are usually indicated in relation to the expected social
and economical consequences. Table 1 shows classification of target reliability levels
provided in EN 1990 [5]. Reliability indexes S are given for two reference periods 7 (1 year
and 50 years) only, without any explicit link to the design working life 7. Similar S-values as
in Table 1 are given in [3] for the ultimate limit states, for which, however, the design
working life 74y = 80 years (for building structures) is considered.

It should be underlined that a couple of £ values (£, and ) specified in Table 1 for
each reliability class (for 1 year and 50 years) correspond to the same reliability level.
Practical application of these values depends on the time period 7, considered in the
verification, which may be connected with available information concerning time variant
vector of basic variables X = X, X, ..., X;. For example, if the reliability class 2 and 50 years
design working period is considered, then the reliability index 4 = 3,8 should be used in the
verification of structural reliability. The same reliability level corresponding to class 2 is
achieved when the time period 7, = 1 year and f, = 4,7 is used. Thus, various reference
periods 7,, in general different from the design working life 74, may be used for achieving a
certain reliability level.

Table 1. Reliability classification in accordance with CEN [5]

Reliability | Consequences for loss of | Reliability index # | Examples of buildings and
classes human life, economical, | g, for T,= | g for Ty= | civil engineering works
social and environmental 1 year 50 years
consequences
3 —high |High 5,2 4,3 Bridges, public buildings
2 —normal | Medium 4,7 3,8 Residential and office
buildings
1 —low Low 4,2 33 Agricultural buildings,
greenhouses
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Similar target fy values are provided in ISO 2394 [6] for the design working life Ty
(called in ISO “life time”) without specification of any particular value of 73. As indicated in
Table 2, two factors are considered for reliability differentiation in [6]: relative costs of safety
measures and consequences of failure.

Table 2. Target reliability index 4 for the design working life 74 given in ISO 2394 [6]

Relative costs of safety Consequences of failure

measures small some moderate great
High 0 1,5 2,3 3.1
Moderate 1,3 2.3 3,1 3.8
Low 2,3 3,1 3,8 4,3

It appears that available documents do not provide an explicit guidance on how to take
into account the design working life 74. Both international documents CEN [5] and ISO [6]
give the target value Sy for specific reference periods 7, however, no explicit rule is offered
for adjustment of target value f; to different working design lives Ty recommended for
various types of construction works.

Nevertheless, some indication is provided in another ISO document [7] for assessment
of existing structures where it is recommended that reliability levels for any residual lifetime
could be similar to those considered for the design working life 74 in the case of a new
structure. Consequently, similar reliability levels (expressed in terms of probability pg or
reliability index fj) may be considered when designing structures for different design
working lives Ty, for example for 74 = 50 and Ty = 25 years.

4 VARIATION OF FAILURE PROBABILITY WITH TIME

When the vector of basic variables X = X;, X5, ... , X, is time variant, then failure
probability p is also time variant and should always be related to a certain reference period 7,
which may be generally different from the design working life 74. Considering a structure of a
given reliability level, the design failure probability pq = p, related to a reference period 7, = n
T can be derived from the alternative probability p, = p; corresponding to 7, = 7T (to simplify

notation note that previously used subscript "d" corresponds now to "n" and subscript "a" to
"1") using approximate relationship given in [6], [7]

Py=1-(1-Py) (6)

For very small probabilities, this relationship could be further simplified as p, =p; T,/
T:. Time periods 7} and 7, may have an arbitrary length and n = T,,/ T; may not be an integer;
T\ is, however, often one year. Probability p, increases (almost linearly) with T5,.

It follows from equation (6) that reliability indexes S, = f, and £,= [, given in
accordance to equation (3) as p; = ®(—£)) and p, = ©(—/,) are related as follows [5]

DB = [P(B)] (7

Here @(.) denotes the distribution function of standardised normal distribution. Figure
1 shows variation of S, with g, for n =5, 25, 50 and 100. Note that, if the reference period 7}
is one year, then n indicates the number of years of the reference period 7, (n = T),).
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Figure 1 confirms data indicated in Table 1. For example, if the target reliability level
of a structure is specified by fso = 3,8 for the design working life 74y = 7, = 50 years, then it
could be verified using reference period 7, = T; =1 year and £, = f =4,7. When, however, the
same reliability index 3,8 is specified for a structure having a design working life 7, = 25
years only, thus /s = 3.8, then the reliability of this structure could be verified using an
alternative reference period 77 = 1 year and reliability index f; = 4,5, similarly when fs = 3,8
then £ = 4,2 (see Figure 1).

Figure 1. Variation of £, with g, for n =5, 25, 50 and 100

Note that, if 1-year period would be used for specification of the target reliability level
of a structure, then Figure 1 provides information on the resulting failure probability
corresponding to a given working life 7,. For example, if the target reliability level is
specified by the reliability index 3, = 4,7 (corresponding to the probability p; = 1,3 x 10),
then (as already mentioned) the reliability level of a structure having a working life, 7, = 50
years is characterised by fso = 3,8. Similarly when a period 7, = 5 years is used, then fs = 4,3
or when 7, = 100 years, then So0 = 3,6.

So, the reliability level of a structure can be specified using different time periods 7,
which may not necessarily coincide with the design working life 74. This may be useful when
experimental data concerning time variant basic variables are available for a specific
reference period 7 (for example 1 or 5 years) that is different from the design working life 7.
In such a case, however, all the basic variables (including those that are time independent)
should be considered by appropriate design values related to the same reference period 7.
The following simple example indicates the effect of using a reference period 7 different from
the design working life considering a resistance variable (strength) having lognormal
distribution.

5 PARTIAL FACTOR OF A MATERIAL PROPERTY

Consider a resistance variable R (strength) having lognormal distribution. When an
alternative reference period 7, instead of the design working life 74 is used in reliability
verification of a structure, then the design value of R should be determined for 7, instead of
Tq. It is assumed that the characteristic value Ry of R is defined as its 5% fractile [5], [6] a [7].
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Then of the resistance variable R, the characteristic value Ry and design value R4 are defined
as [4], [5]

Ry = g x exp (— 1,645 x V) (8)

Ra= pr x exp (—og x [y x Vi) )
Taking into account equations (8) and (9) it follows that the partial factor is given as
®=Rx/ Rg=-exp (— 1,645 x Vr5)/ exp (—ag x fa X VR) (10)

Considering selected values of the coefficient of variation Vy, Figure 2 shows the
partial factor yz for lognormal distribution of R (equation (10)).

It follows from Figure 2 that when reliability of a structure is verified using a short
alternative reference period 7, (for example for example for 7, = 1 year when S, = 4,7), the
partial factor yxz should generally be greater than in the case when the whole design working
life T4 (for example for 73 = 50 when f4 = 3,8) is considered. It may be noted that the partial
factor yz of material property R increases with the increasing value of the reliability index f,.

Similar conclusions can be expected for partial factors of other basic variables, in
particular for partial factors of permanent actions.

2,5

7R

0 1 Zﬂa 3 4 5

Figure 2. Variation of iz with f, for selected coefficients of variation (R lognormal)

6 PARTIAL FACTORS OF SELF-WEIGHT

Consider a self-weight G having normal distribution. Similarly as in the case of
material property, when an alternative reference period 7, instead of the design working life
Ty is used in reliability verification of a structure, then the design value of G should be
determined for 7, instead of 7,. The characteristic value Gy of G is defined as the mean ug
[5], [6] and [7]:

Gy = y2fe; (1 1)
The design value Gy is given as [4], [5]
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Gq= G — ag x fx 06= G+ 0,7x fa x 06 = (1 +0,7x fa x V) (12)

In equation (11) and (12) us denotes the mean, og the standard deviation, V¢ the coefficient
of variation and o = — 0,7 the sensitivity factor of G. The partial factor y; of G is defined as

[5], [6]a[7]

7= Ga/ Gy (13)
Taking into account equations (11) and (12) it follows from (13) that
6= (1+0,7x B, x Vg) (14)

Figure 3 shows variation of the partial factor y; with the reliability index g, for
selected values of the coefficient of variation Vs = 0,05; 0,10; 0,15 and 0,20. Note that y; =
1,35 (recommended in EN 1990 [5]) corresponds approximately to the reliability index S, =
3,8 if the coefficient of variation is about 0,1 (the value in EN 1990 [5] was increased by 5%
to take into account model uncertainty).

2,5

VG

0 1 2 5 3 4 5

Figure 3. Variation of y; with £, and coefficient of variation Vg (G normal).

Assuming the coefficient of variation 0,1 for both the resistance R and the self weight
G Figures 2 and 3 indicate that the partial factor of self-weight y; varies slightly more
significantly with £, - values than with the partial factor jyz of resistance variable R. This
finding is, however, dependent on the distributions assumed for both variables.

7 CLIMATIC ACTIONS AND IMPOSED LOADS

Drafts of European documents for climatic actions due to temperature [8], snow [9]
and wind [10] indicate possible reduction of characteristic values Ok for temperature, snow
load and wind speed in case of shorter reference (return) period (for example 5 years) than 50
years considered in normal cases. Such a reduction may be applied in transient design
situations (for example during execution).
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The following relationships for thermal, snow and wind actions, respectively, are
recommended in relevant Parts of Eurocode EN 1991:

(a) In accordance with EN 1991-1-5 [8] Thermal actions, the maximum and minimum
shade air temperature 7max 50/ Tminso0 for 50-year return period may be reduced to Timaxn/ Tminn
for n-year return period using the following formulae

Tnaxn =k Tmax 50, for k= {k| — k In[-In(1-1/n)]} (15)

Tmin,n =k Tmin,SO: for k= {k3 + k4 ln['ln(l'l/n)]} (16)

where Tmax »/ Tminna 18 the maximum/minimum, and the coefficients k; = 0,781, k, = 0,056, k3 =
0,393, k4 = -0,156 might be used (based on data of UK [11]),

(b) In accordance with EN 1991-1-3 [9] Snow actions the characteristic value of snow
action sy , corresponding to the return period of # years is given using Gumbel distribution as

J6

1-7, > [In(=In(1 - p))+0,57722]
T

76 (17)

1-7, = [In(~1n(0,98)) +0,57722]
T

Ska = k S50, Where k =

where sy 50 1s the characteristic snow load on the ground for 50-year return period and s, for
n-year return period, p denotes here the probability of si, being exceeded corresponding to n
years of return period and V; is the coefficient of variation of annual maximum snow load,

(c¢) In accordance with EN 1991-1-4 [10] the basic wind speed w,, having the return
period n years may be assessed using semi-empirical expressions

1- K In(~In(1— p)) |
1— K In(~1n(0,98))

(18)

Vb = k b 50, Where k = [

where v, 50 1s the basic wind velocity for 50-year return period and w, , for n-year return period
and p denotes here the probability of v, being exceeded corresponding to n years of return
period. The constant K in equation (18) follows from Gumbel distribution as K = V,6/x,
where V, denotes coefficient of variation of annual wind speed. An approximate value K = 0,2
(which corresponds to the coefficient of variation V,= 0,26) is used in the following
comparison of reduction coefficients & for considered climatic actions.

Table 3 shows reduction coefficients £ for climatic actions (applied in a general
relationship Ok, = k Ok s0) for selected return periods of n - years.

Table 3. Reduction coefficient £ for climatic actions (Qkx, = k QOkso) for different return
periods of n - years.

Return period p Reduction coefficient k for
of n-years Tnaxn Thinn S Vo,
2 years 0,5 0,8 0,45 0,64 0,77
5 years 0,2 0,86 0,63 0,75 0,85
10 years 0,1 0,91 0,74 0,83 0,90
50 years 0,02 1 1 1 1
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It follows from Table 3 that the characteristic value of climatic actions may be
considerably reduced if shorter reference period is considered in the design. For example for
5-year return period of action due to snow or wind reduces to 75 or 85 % of the characteristic
values for 50-year return period, similarly the characteristic value of the maximum shade air
temperature to 86%, the minimum shade air temperature even to 63%. Note that in
verification of bridge decks during execution phases the characteristic values of uniform
temperature components are derived from shade air temperature [8].

It should be noted that no reduction of partial factors for load is indicated in
documents [8], [9] and [10]. Thus, the same reliability level as for 50-year design working life
described by pg= 7,2 x 107’ (B = 3,8) may be considered also for the reference period 7' = n
years. Certainly, a different reliability level (for example reduced to S < 3,8) can be chosen
taking into account economic and other aspects in accordance to the principles of reliability
differentiation discussed above.

Imposed load could be possibly also reduced when short reference time is considered
similarly as climatic actions. Some statistical data are available in documents of JCSS [12].
However, a variety of random properties of different types of imposed loads make it very
difficult to formulate general rules. Unless convincing data are available the characteristic
values specified in current documents may be accepted without any reduction.

8 EXAMPLES

Consider a steel structure having the design working life 74 = 50 years, for which the
target failure probability is specified as pg= 7,2 x 10”° (S = 3,8). Failure probability p for the
alternative reference period 7, = 1 year, which is considered in design due to data concerning
actions, will be lower than the target failure probability pq (p < pq and > fy); from equation

(6):
Pa=1-(1-72x10)""=144x10"°
When the reference period 7, = 7} = 1 year is considered in design verification, then
the reliability index £ follows from equation (7) as

Li=—-0(1,44x10 % =47

Reliability index £ is greater than the target value S = 3,8 specified for the design working
life T4 = 50 years.

Using equation (10) the partial safety factor jz for 7, = 7} = 1 year assuming the
coefficient of variation Vz = 0,08 (corresponding to the common variability of strength of
structural steel) the partial safety factor is given as (see also Figure 2)

yr=exp (— 1,645 x 0,08)/ exp (— 0,8 x 4,7 x 0,08) = 1,18
Note that when the design working life 74 = 50 is considered in reliability verification then:
yr=exp (— 1,645 x 0,08)/ exp (— 0,8 x 3,8 x 0,08) = 1,12

Obviously, the partial factor yx increases with the decreasing reference period 7.

The partial factor of self-weight j; is given by equation (14). Assume again, that the
specified reliability level for 50-year design working life is given by f4 = 3,8. Assuming the
coefficient of variation Vi = 0,1 and considering the one year time period for reliability
verification (f; = f, = 4,7), then the partial factor y; that should be used is

76=(1+0,7x4,7x0,1)=133
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If the verification period is equal to the design working life (53 = . = fs0 = 3,8), then
6= (1+0,7%x3,8x0,1)=1,27

Thus, the variation in y; is less significant than the variation in yz (see also Figure 3).

A different task is reliability verification of an agricultural structure having the design
working life T4 = 25 years, for which the target reliability index can be decreased to By = 3,3
(see Table 1). It follows from equation (10) that the partial factor yz for 7g =25 is

mw=exp (— 1,645 x 0,08)/ exp (— 0,8 x 3,3 x 0,08) = 1,08

The partial factor y; may, therefore, be decreased from 1,15 to about 1,1. However it
should be emphasized that this reduction of jz is due to a reduced target reliability index £ =
3.3 and not due to a shorter design working life 74 = 25 instead of the usual 74 = 50 years.

Annex A includes MATHCAD Sheet “GammaRG” that can be used to make
numerical calculations.

9 CONCLUDING REMARKS

(1) In present international documents the target values of failure are related to economic
aspects of safety measures and consequences of structural failure only vaguely, without
any explicit relation to various design working lives Ty for different types of structures.

(2) When alternative failure probability p, is derived for a suitable reference period 7, from
the target failure probability ps and design working life 74, partial factors and
characteristic values of variable actions for p, and T, should also be specified.

(3) For temporary structures, with a short design working life 74, the target failure probability
pa can be specified in accordance with the general principles of reliability differentiation;
reliability elements for basic variables should be derived for specified pq and 7.

(4) The partial factors y derived for an alternative reference period 7, different from 73 may
vary considerably from the values corresponding to the design working life 7y depending
on T, and distributions of relevant basic variables.

(5) The partial factor of self-weight y; corresponding to an alternative reference period 7,
varies with f,-values less significantly than the partial factor of material property yz.

(6) Partial factors yz derived for an alternative reference period 7, of one-year may be
considerably greater than yz specified for the design working life 7.

(7) Following recommendations of Eurocodes, the characteristic value for climatic actions
due to snow corresponding to 5-year return (reference) period may be reduced to 75 % of
the characteristic values for 50-year return period, similarly the characteristic value of
wind speed may be reduced to 85 %, the maximum temperature to 86%, the minimum
temperature to 63%.
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ATTACHMENTS

1. MATHCAD sheet “GammaRG.mcd”

MATHCAD sheet Gamma is intended for determination of the partial factor yz of the

resistance R and the partial factor y; of the permanent load G.
2. MATHCAD sheet ”PSI0.mcd”

MATHCAD sheet PSIO is intended for determination of the Combination factor y0

for accompanying action.
3. MATHCAD sheet ”PSI12.mcd”

MATHCAD sheet PSI12 is intended for determination of the combination factor y12

for accompanying action.
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Attachment 1 - MATHCAD sheet “Gammarg.mcd”
GammaR, gammagG for a theoretical model

MATHCAD sheet for determination of the charactreistic, design values and partial factorsyR and yG.

Coeficients of fractile estimation given in EN 1990

5% fractile V uknown k:=1.65
0,1 % fractile V unknown d:=3.09
Sensitivity factors:  gR :=0.8 oE:=-0.7 BR(B) =f-aR BE(B) =B-aE

Prameters:  §:=0,0.1..5 V:=0,0.1.0.5

Characteristic and design values (relative values related to the mean ) xk=gko*px, Xd=gds#ux

Normal distribution  &n(V) := (1 - k-V) &dn(B, V) == (1 - BR(B)-V) [edn(3.8,0.1) = 0.696 |

Normal distribution EIn(V) == exi(—k)'m] din(V) = exp[(—d).m]
\[ 1+ V2 m
exat (BR() i1+ V)|

&din(B, V) =
/1 RV ledin(3.8,0.1) = 0.735 |
GammaR Rn(p,V :=m RIn(pB,V, ::M Rn(3.8,0.1) = 1.2
YR(B, V) PRY RIn(B, V) ) TGE0D
1.5 1.5
YRn(B,0.05) YRIn(p ,0.05)
yRn(B,0.1) | ﬂ%/ RIn(B.0.1) 1 /
WRn(B,0.15) |- RIn(B,0.15) [~
0.5 0.5
0 2 4 0 2 4
B B

GammagG for permanent load assuming normal distribution

yGn(B,V) := 1 - BE(B)-V yRn(3.8,0.1) = 1.2

1.4
yGn(p, 0.05) ¥Gn(33,V) 5
yGn(B,0.1) yGn(3.8,V)
(Gn(B,0.15) yGn(4.3,V)
1 1
0 2 4
B \%
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Attachment 2 - MATHCAD sheet ”PS10.MCD?”

MATHCAD sheet "PSI0"
for calculating PSI 0 assuming theoretical models
Combination factory, for accompanying action

1 Input data V is coefficient of variability of the accompanying action related to the reference period T
(50 years), r = T/T1 where T1 is the greater of the of basic periods actions to be combined
(for example 5, 7, 10, 50)

Range variables V:=0.0,0.05..1.0
2 Factor y, for normal distribution:

r:=1.50 B:=3.8 (reliability index)

Formula following Turkstra's ruley0 = F-'(d(0,4*0,7 B))/F-(® (0,7 B)):

1+ qnorm(pnorm(O.ZS-B,O, 1)r,0, 1)-V
1+ 0.7V
Approximation in EC 1990

yon(V,r) := Check:

[w0n(0.15,7) = 0.67 |

1+ (0.28:p - 0.7-In(r))V
1+ 0.7V

yOna(V,r) = |\V0na(0.15, 7) = 0.683 |

3 Factor v, for Gumbel distribution:

1 - 0.78-V-(0.58 + In(~In(pnorm(0.28-B,0,1))) + In(r))
1-0.78-v-(0.58 + In(~In(pnorm(0.7-p,0,1))))

wog(V,1) = [w0g(0.15,7) = 0.584 |

4 General y0 = F(0(0,4*0,7 Bc))/F(®(0,7 Be)):  pe(r) := —qnorm( pnorm(-0.7:,0, 1) 0, 1)
T

qgamma:(pnorm(o.4~ Be(r),0, 1)r) V. 2:|

Wod(V, 1) = v0d(0.3,7) =0.488  [pc(7) = 3.259
qgamma(pnorm(ﬁc(r) ,0, 1)r, vV 2)
1
yog(V,7)
yOn(V,7)
0.5 N
yOna(V,7) N
R
Y0d(V,7) T
0
0 0.2 0.4 0.6 0.8 1
\'%
Figure 1. Variation of s, with V for selected distributions.
Check:  v:=0.1,0.2.05 V= won(V,10) = yona(V,10) = wog(V,10) =
0.1 0.727 0.747 0.664
0.2 0.548 0.581 0.474
Note. Gumbel distribution 03 0423 0465 0.352
leads to the lowest \,0
0.4 0.33 0.378 0.268
0.5 0.258 0.312 0.205
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4. Combination factor 0, for time sensitivity factor o T <1, V refers to period T (50 years)
NI\\/\I/\:: 10 aT:=0.5 Aysz 0,0.1..1

1-0.78V-(0.58 + In(-In(pnorm(0.28,0,1))) + oTIn(N))
0g(B,V,N,aT) =
0P o) 1-0.78V-(0.58 + In(~In(pnorm(0.78,0,1))))

\
)
\
N\
0.8 f\
‘\
w0g(3.8,V, N, 0.5) B\
h— \
v0g(3.8,V,N,0.608 A\
— N\
w0g(3.8,V,N,0.7) \\
04 ~
w02(3.8,V,N, 1) AN
\\~
0.2 RN
0
0 0.2 0.4 0.6 0.8

\4
Figure 2. Variation of y, with V for Gumbel distribution and factors o.T.

Variation of yQ with o M=7 gh=0.01.1 ¥=03

0.8

v0g(3.3,V,N,aT)g g

y0g(3.8,V,N,aT)

w0g(4.3,V,N,aT0.4

0.2

oT
Figure 3. Variation of v, with o,T for Gumbel distribution and reliability indeces f .
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Attachment 3 - MATHCAD sheet ”PSI12.MCD”
MATHCAD SHEET PSI12

Combination factor y12 for accompanying action

1 Input data V is coefficient of variability of the accompanying action related to annual extremes.

Coefficient of variation referred to point in time distribution w:=0,0.1.. 1.1
Probability p =1 - / q for determining Q1 p :=0,0.02..1.01

Rreliability index
B:=3.8

2. Factor y12 for normal distribution

1+ qnorm(p ,0, l)~w
1 + qnorm(0.98,0,1)-w

yi12Aw,p) = [w12(0.5,0.5) = 0.493 |

3 Factor y12 for Gumbel distribution:

1-0.78 w-(0.58 + In(-In(p))) 0505 =03%

yi2g(w,p) =

1 - 0.78 w-(0.58 + In(~In(0.98)))

4 Comparison of y12 for normal and Gumbel distribution:

0.8

0.6
y12g(w,0.5)

w12(w,0.5)
— 0.4

0.2

Figure 1. Variation of 12 factor with the coefficient of variation V assuming the
normal and Gumbel distribution

The Gumbel distribution leads to a lower 12 factor than the normal distribution
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5 Variation of 12 with the probability p assuming Gumbel distribution:

0.8

0.6

0.4

0.2

Figure 2. Variation of 12 with the probability p for selected coefficients of variation V
assuming Gumbel distribution.

Examples of probability p=1 - ny/ q where q is fraction of the refence period (0.01 or 0.5) during which

Q1 and Q2 are exceeded, p probabilioty of Q being non zero
- imposed w=1.1,

short term 1: on 18 daysayear p=1-1/q=1-0.01/0.05 ~0.8
long term 2: almost alwayson p=1-y/q=1-0.5/1 ~0.5

- wind w=0.5, 1: 10x8 hours a year p=1-1n/9=1-0.01/0.009 ~ 0.1
p=1-71n/9=1-0.5/0.009 ~NA>>0 y2~0.0

- snow w=0.7, on 5 days a year p=1-7n/9=1-0.01/0.014 ~0.3 y1~0.2
p=1-1n/9=1-05/0.014 ~NA>>0 2~0.0

5 Variation of w12 with the probability n and q assuming Gumbel distribution:
Probability of Q being non zero ¢ :=0,0.01.. 1

ams(osmen(o1-2))

1 —0.78 w-(0.58 + In(—In(0.98))) v12¢(0.5,0.5,0.5000) = -0.067

12 w,n,q) =
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0.8

v12g(1.1,0.01, q)

v126(0.5,0.01,q°"°
y12g(1.1,0.5,q)

0.4
v12g(0.5,0.5,q)

0.2

q

Figure 3. Variation of 12 with the probability q for selected coefficients of variation V
and fraction ) assuming Gumbel distribution.
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Implementation of Eurocodes Handbook 2

MABA VI. NPOEKTUPOBAHUE COBMECTHO C NPOBEAEHMUEM MCNbITAHUIA
Mropb Kosc !

! NucTuTyT MeTannokoHcTpykumii, NiobnaHa, CnoseHns

KpaTtkas nHdopmauus

Mpu onpeaeneHHbIX YCNOBUSIX NPOBEAEHNE UCMLITaHUIA MOXET ObIThb XenaTenbHO UM HeOBX0AMMO ANs ronyde-
HMSI KOHKPETHbIX MapaMeTPOB MPOEKTUPOBAHUSA. TUMWUYHbIE NapaMeTpbl, OnNpeaenisieMble C MOMOLLbIO WUCTbITaHWM,
BKKOYAKOT BO3,EI,el7ICI'BVIﬂ Ha KOHCTPYKLMIO, HECYLLYIO CrNocobHOCTb KOHCTPYKUUU UK ee 3JIEMEHTOB U CBOVICTBa MaTe-
pvanos. McnbiTaHWsi Tak)ke MOryT MPOBOAUTLCA C LENbIO KannbpoBKM MapaMeTPoB B TEOPETUYECKON MOAENN HECy-
Len cnocobHOCTU. PacyeTHoe 3HauyeHMe napaMeTpa MOXET 6biTb NOMYYEHO M3 pe3yNbTaToB UCMbLITaHWUI B KayecTse
npeanonaraeMoro 3HadeHusl onpeaeNeHHOro KBaHTMAS paccMaTpMBaeMoro napameTpa. MosicHeHns K AaHHbIM MeTo-
AaM npuBeaeHbl Ana onpeaeneHna oTAeNbHbIX CBOVICI'B n anga onpeaeneHnsa BGpOFITHOCTHOVI mMoaenun Heqm.leﬁ cno-
cobHocTw.

1. BBegeHune
1.1 CnpaBouHble MaTepuasbl

B pasnene 5.2 eBponeiickoro ctaHaapTa EN 1990 [1] npuBeneHbl Havbosee obulime NpUHLUMMBLI NPOEKTUPOBAHUS,
COMPOBOXAAEMOro NMPOBEAEHWNEM UCMbITAHUI, U aHa CCbifika Ha npunoxeHue D AaHHOro cTaHaapTa, rae 3Tu MeTo-
Abl paccMoTpeHbl 6onee noapobHo. Takke MOSICHEHUS K MeTOAaM NPOEKTUPOBaHMUS, COMpOBOXAAEMOro NpoBeaeHN-
€M WCMbITaHWA, AaHbl B NpUIoXeHun D MexxayHapoaHoro ctaHaapta ISO 2394 [2]. 3TK cTaHAapThl pa3inyaoTcs no
psgy napaMeTpoB B OTHOLIEHMW K AaHHOMY BOMpoOCy. HekoTopble AaHHble O BbIYMCIIEHNM CTaTUCTUYECKMX MoKa3aTe-
nei npveeaeHbl B MeXayHapoaHoM cTaHaapTe ISO 12491 [3] u nuTepaTypHbIX MCTOYHMKAX MO CTaTUCTMKe (Hamnpu-

mep, [5]).
1.2 OCHOBHbIE NMPUHUMNbI

Mpy onpeaeneHHbIX YCNOBUSX NPOBeEAEHNE UCTbITaHWM MOXET BbITb XXenaTenbHO MM Heobxoanmo ans nonyye-
HUS KOHKPETHbIX NMapaMeTpoB MPoeKTUPOBaHUS. [TpUMepbl TakMx BO3MOXHbIX YCJ'IOBVIﬁ BKJTIOYaAlOT:

OTCYTCTBME WM HECOOTBETCTBUE BbIMUCTUTENBHBIX MOAENEN;

e WCMONb30BaHMe 60/bLLIOrO KOTMYECTBA CXOXMX KOMIMOHEHTOB;

e  CJ/lyyau, KOrAa BblUMCIUTENbHAs MOAENb NPUBOAMT K pe3ynbTaTaM C 60/blLMM 3anacoMm;

e  BbIBEAEHWE HOBbIX PacyeTHbIX (hopmyn;

e MOATBEPXAEHWE NPEANOSIOXKEHWIN, CAENAHHBIX MPU NMPOEKTUPOBAHMN.

HemnsBecTHble BENMNYMHBI, OLEHNBAEMbIE MO pesynbTaTaM UCMbITaHUI, MOFyT BKIIHOYATb:

e BO3AENCTBUS HA KOHCTPYKUMIO (HanpuMep, BETPOBbIE HArpysKku);

e VHaMWUYECKYH XapaKTEPUCTUKY KOHCTPYKLUMM MOA BO3AEUCTBMEM MOCTOSIHHOMN MM ClyYalHOM Harpysku;
e MPOYHOCTb M YCTOMYMBOCTb KOHCTPYKLIMK UM €€ 3NIEMEHTOB.

YpoBeHb HaAEXHOCTU KOHCTPYKLIMIA, PaCCUMTbIBAEMBIX MPU UCMbITaHUSIX, A0DKEH BbITb, MO MEHbLIEN Mepe, TakUM
e, KaK Ansi KOHCTPYKLMM, pacCUMTbIBAaEMbIX TOSTbKO C MOMOLLBIO pacHeTHbIX Moaene.

OueHKa pesyNbTaToB WCMbITaHUIA [0/KHA 6biTb OCHOBaHa CTaTUCTUYECKMX MeTodax. PesynbTaTbl MCTbITaHWi
AO/MKHbI B MPUHUMNE BKIOYATb pacnpenenieHue BeposiTHOCTEN HEM3BECTHbLIX BENWMUYMH, BKIIHOYAS CTaTUCTMYECKUe
HeonpeaeneHHocTU. [laHHOe pacnpeaeneHue SIBNSIETCS OCHOBOW ANSt MOJyUYEHWUs] PacyeTHbIX 3HAYEHMI U YACTHbIX
K03(pULIMEHTOB. BO3MOXKHO MCMOJIb30BaHNE KMACCUYECKOW CTAaTUCTUYECKON UHTEPNpPETaUmMM, B CllyYae ecnv Bbinos-
HSETCS KpYNHas CepUst UCMbITAHWI, UKW NPY BbINOTHEHUU MEHbLLEN CEPUM UCTbITAHWUI C LIENbIO KanMbpoBKKM MOAENN
C OHUM WSIN HECKONbKUMM MapameTpamu. Mpu BbINOAHEHUM HEGOMBLIOrO KOMMYECTBA UCTbITAHWI, UCMOJb30BaHME
KNlacCMYeCKoW CTaTUCTUYECKOW MHTEpPNpEeTaLmMn HEBO3MOXHO. Mpu HanMuun nNpeaBapuTeNbHbIX AaHHLIX O pacnpese-
NEHUM UCCNEeAyEMbIX BENMUMH, Pe3ynbTaTbl UCTIbITAHUIA MOXHO MHTEPMPETUPOBaTb Kak CTaTUCTMYECKUE, MUCMOJb3ysl
6aliecoBcKue METObI.

PacueTHble 3HaYeHUs ANs CBOMCTBa MaTepuana, napaMeTpa MOAENN UK HeCyLei CrocobHOCTU MOAENN AOKHBI
6bITb MOMTyYEHbI U3 UCMBITAHWI NMBO NyTeM (@) OLEHKU XapaKTEPUCTUYECKOrO 3HAYEHWUs U NMPUMEHEHUSI COOTBETCT-
BYIOLUMX YaCTHbIX KO3(DUUMEHTOB M KO3 dULMEHTOB Npeobpa3oBaHus, nubo nytem (6) npsMoro onpeaeneHvs
PaCcYeTHOrO 3HAYEHUSI HESIBHO MM SIBHO, OTBEYAOLLEro 3a TpebyeMyto HaaEXHOCTb U NPeobpa3oBaHWsl Pe3ybTaToB.

Mpu onpeaeneHnn XapakTepuUcTUYECKOro 3HaUYeHMst HeobXxoamMMo NPUHMMaTL BO BHUMaHME pa3bpoc pesynibTaToB
UCMbITaHWIN, CTaTUCTUYECKYIO HEOMPEAENEeHHOCTb, KOTOpasl CBsi3aHa C KOJIMYECTBOM WCMbITaHUA U anpuopHbIMU CTa-
TUCTUYECKMMU AaHHBLIMK. YacTHble KO3 hULIMEHTLI A0MKHbI ObITh 3aMMCTBOBaHbI U3 COOTBETCTBYOLWMX EBponeinckmx
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HOPM MPOEKTUPOBAHUSA. BbluMCUTENbHbIE MOAENN AOMKHBI YUMTLIBATL Pa3Nnynsa MeXay 3anjiaHMpoBaHHbIM Mopaa-
KOM MCMbITaHWUI U peanbHbIM XO040M UCTIbITaHWN.

B cnyuae, korga ucnonbayetcs MeTog (6), HEO6XOAMMO YUUTLIBATL NpefeNbHbIE COCTOSHUA U TpebyeMblid ypo-
BEHb HAZEXHOCTY.

1.3 NpeasapuTesnibHble CTaTUCTUUHECKUE NMOHATUA

OcHOBHas maesi, NOMoXKeHHas B ypaBHEHUS! AN ONPeAeneHns PacHETHbIX 3HAUEHMIA U3 UCMIbITaHWIA, 3aKTH0YaeTCs
B CNleflytoLLEM: BbIGOPOYHBIE 3HAYEHUS Xi, X5,..., X, (HANPUMEp, 3HAUEHUS, NMOMyUYEHHbIE B pe3y/bTaTe /+-ro KONJecTsa
UCTbITAHWI) MOrYT paccMaTpuBaTbCsl Kak Habniogaemble 3HauYeHUs /7 OIHOW W TOW e CITYYaHOW nepeMeHHoi X
OnHaKo Mbl MOXEM B PaBHOM CTEMEHM PacCMaTpUBaTh 3TW 3HAYEHWUs /1 KakK eAnHWYHOe HaboaeHne ciydaiiHbix ne-
pEMEHHBIX 17 X, X,..., X, (CrlyyaitHoro BekTopa X), KOTOpble UMEIOT OAMHAKOBOE pacnpeaeneHve (pacnpeaeneHve X)
N ABNAIOTCSA HE3aBUCKUMbIMU, NMOCKOJ/IbKY NPEANoaraeTcs, YTo BbIGOPOYHbIE 3HAYEHUS A0MKHbI 6bITb HE3ABUCUMBI.

MpumMmep 1.

MpW NpPOBEAEHUWN UCTILITAHWIA BbIGOPKYM /7 BbIAN MOMYYEHBI 3HAUEHUS Xi, X, ..., X, AN NapamMeTpa X. peanonoxum,
napameTp X SBAsSETCA C/ydvaiiHoW NepeMeHHON CO CPEAHWM 3HAYeHWEM 4/ U CTaHAAPTHLIM OTK/IOHEHWEM O, KaKuM
ABNSAETCS CpeaHee 3HaUYeHWe /M U CTaHAAPTHOE OTK/IOHEHWE S CPEAHEro 3HAYeHUS BbIGOPKU?

[ns pelueHns faHHOW 3a4auv UCMOJb3yeM OfHY M3 TEOPEM TEOPUM BEPOSITHOCTEN: €C/IM M3BECTHbI HE3aBUCUMbIE
CyyaiiHble nepemMeHHble 71 X1, X,..., X, N a, SBNSI0TCS MPON3BOMbHBIMU YMCIAaMU, TO CEAYIOLLME BbIPAXEHUS UMEIOT

cuny:

E(Z(aiXi)) = ZaiE(Xi) (1)
D(X(a,X)-2a’D(X,) @)

rae E(X) w D(X) npeacrasnsioT coboli cpeaHee 3HaueHve (0XKMAAEMOE 3HAYEHWE) U OTKIIOHEHWE (ancrnep-

CMI0) CNyYalHOM NepeMeHHON X. BbickasbiBaHWe O CpeHEM 3HaueHUn CNpaBeAnvBo, Aaxe ecin nepeMeHHble X, He
ABNAOTCA HE3ABUCUMBIMU. BaXKHO OTMETUTBL TakXKe, YTO X pacrpeaenseTcs Npou3BosibHO.

PaccMOTpUM  BBIGOPKY X, X,...,X, KaK peanu3auuio  ClyyaiHblX  MEpeMeHHbIX  Xi,%,....X,. Toraa
M = Z(X l.)/ 7 TaKkxke 6yaeT SBAATbLCS C/Ty4aliHOW MEpPEMEHHON, peanusaumns KOTOpoW SIBNSIETCS CpeaHUM 3Hade-

HUEM Bbl60pKVI. Ecnu npuHATb a, = 1/n 8 NpeACTaBNEHHbIX BblllE YpaBHEHUAX, TO NONYYUM CNEAYIOWME BblpaXe-
HWS NSt CpefHero 3HayYeH s /17 1 CTaHAAPTHOIO OTK/IOHEHMST S BbIBOPOYHOrO CpefiHero 3HayeHus:

m=EM)=EQ(X,)/n)—(XEX,))/n)=nu/n=p (3)

s> =D(M)=D((X,)/n)=(XD(X,))/n’)=nc’/n’ =c"/n (4)

Mbl y6exxaaemMcs, YTo Npy yBEAMUYEHUN YnCia BbIBOPOK (KOMMUYECTBA WUCMbITaHWIM), 0XnaaeMoe 3HaueHne cpeaHe-
FO 3HAUEHWS OCTAETCs NPEXHUM (M PaBHBIM CPEHEMY PacCuMThLIBAEMOMY MapaMeTpy), OAHAKO CTaHAApTHOE OTKIO-

HEHWE COKPALLAETCS MyTEM WU3BMEUYEHUS KBAAPATHOMO KOPHS U3 uncia Bbibopok. KoadduumeHT Bapuaumii cpeaHero
3HaYeHMs BbIBOPKU PaBEH:

V, =s/m=c/(un)=V,/n) (5)

a TaKke cokpaLuaeT uncrio Bbibopok. CootHowenune V), / V', nokasaHo Ha puc. 1.
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Puc. 1. Cootrowenue V,, / V', kak dyHkuus uncna sbibopok. V', — koadduumeHT Bapuaumumn cpep-

Hero 3HauyeHus BblI6opkK, /', — koacdnuMeHT Bapnaumm U3MepeHHOro napamerpa.

Kak 6bl110 CKa3aHo Bbille, BbICKA3biBaHUS O pacrnpeaesieHun napametpa X NpeacTaBieHo He 6bino. Boiwenpuse-
AeHHble (hopMyJibl MPUMEHUMbI NMPU NMPOU3BOJSILHOM pacrpeaenieHnn. Ecnim cnydaiiHas nepemMeHHasi X pacnpeaensieT-

Cs1 HOpManbHO, TO M cyMMa ., X, Takke pacrnpeaensieTcsi HOpMasnbHO, Kak U cpeaHee 3HaueHue M. To creayeT u3

1
Toro ¢akTa, YTo NMHENHast KOMOWMHaLMSI HECKOSIbKMX HOPMasibHbIX CrlyYaiHbIX MepeMeHHbIX Takxke SIBNSIETCs Hop-
ManbHOM C/Ty4yaliHOW MepeMeHHON (AaXe eCiM 3TU MEpPEMEHHbIE He SIBNSTCS He3aBUCUMbIMKM, CM. npumep [5]).
Cxoxee Cy)AeHVe CnpaBeaiMBo Ast norapuMuyeckyn HOpManbHOrO pacnpeaenieHns: eciv CilyvaliHasi nepeMeHHast
X pacnpepensieTcst norapucMUYeckn HopMasbHO, TO CpefHee 3HaueHne M Takxke pacnpeaensieTcsl norapubMrMyeckm
HopMasbHo. MpsiMoe cneacTBue ONpeaeneHns: ecnu X sIBNSieTCsl HOpMasbHOW ClyyYalHoOW nepeMeHHon, To Y=In(X)
ABNSIETCS NnorapudMMUEcKn HOpManbHOM Cy4YaliHOW NepeMeHHON.

Mpumep 2.

[Mpn ncnblITaHUAX Ha pacTsXXeHue npeaen TekyyecTu Oy W NPOYHOCTb Ha pacTskeHne o, 66111 U3MepEHbI Ha

N=45 06pasuax ogHoro 1 Toro Matepuana (ctanu). O6pasubl 6binM LMIMHAPUYECKOW (POpMbI C AnaMeTpoM d. B Tab-
nmue 1 aaHbl n3MepeHHble 3HaueHns (B MunnumeTpax u MMMa). [ins Kaxaoro ciyyaiiHoro napametpa oy, O, W d

m
paccuntaTb KoadduumeHT Bapmaummn |/, cpeaHero 3HaveHus Bbibopok n=1,2...,N 1, ecnm npeanonoxutb, 4to V=Vy
aBnseTca KoahdUUMEHTOM BapuauMn AaHHOrO napaMeTpa, COCTaBUTb COOTHOWeHue V,/V kak ¢yHKUMIO Yyncna Bbl-
60pok n. CpaBHUTL C ypaBHeHue (5).

Ta6nuua 1. Pe3ynbTaTbl UCNbITAHUI Ha pacTs)KeHUe.

d cry Gm [n |d CCy |ICM |n |d CCy |OM |n n Cy om

798 816 924 |13 |7,98 |832 |949 [25 |8 818 |907 |37 |7,98 [829 930
8 845 944 (14 |7,98 811 |932 |26 |7,98 828 [940 [38 |[7,98 |810 (904
8 832 1948 |15 |7,97 |840 937 |27 17,99 817 941 (39 |7,96 [832 |925
799 830 (925 |16 |8 839 1934 |28 |7,97 [851 959 |40 |7,99 823 916
798 846 969 |17 |8 855 |943 |29 |7,98 (855 970 |41 |7,98 |826 |957
795 821 937 |18 |7,98 |830 (928 |30 |7,99 (847 [947 |42 |8 829 931
798 826 (928 |19 |8 833 934 (31 |7,98 [822 921 |43 |7,98 |815 910
799 822 934 |20 |7,98 |826 934 (32 |7,98 (836 925 |44 |7,98 |826 |942
796 841 956 |21 |7,98 |836 942 |33 |7,97 |830 [945 |45 |8 823 932
10 799 |807 [946 |22 |7,98 |843 |948 (34 [7,99 (830 |938
11 797 831 942 |23 |7,98 |840 |937 |35 |7,98 |845 |945
12 798 830 (926 |24 |8 847 1928 |36 |8 829 ]934

OO |INO(UN|[h|WIN[—(D

B nepByto ouyepeab paccuMTaeM nocnefoBaTeNbHble CpeaHue  3Hadenust =X,  mh=(xx+x%)/2, ..,
my=(x+X+...+Xy)//V . 3aTEM PacCMOTPUM /% KaK peanusauunio CrydyalHol NepeMeHHOW U NosyumMM cpegHee, CTaH-
[JapTHOE OTKJIOHEHUE U KO3 UUNEHT Bapuaumm nocneaoBaTenbHbix Beibopok (), (my,m), ..., (my,ms,...,my). MNo-
BTOPUM 3TOT NPOLIECC ANSt TPEX CyYalHbIX NEPEMEHHbIX X : AnaMeTp obpasua, NPOYHOCTb Ha pacTshKeHUe U npeaen
TeKy4yecTu. Pe3ynbTaTbl MOKasaHbl Ha puc. 2 B Buae rpadmka koadduumeHTa Bapuaummn V, npotMe umcna BbI6OPOK.
PasHMUa Mexay aHanMTUYECKUMK pe3ynbTaTaMu M pesynibTaTaMy UCTIbITaHWIM Takke CBSi3aHa C TEM, UYTO HaM Hens-
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BECTHO UCTMHHOE 3Ha4YeHune KOBq)d)VILI,MEHTa Bapuauuun V. BMecTto Hero Mbl NOACTaBUNN 3HAYeHue Oy /IIJN , pac-

CYMTAHHOE C MOMOLLbIO CPEAHErO U CTAaHAAPTHOTO OTK/IOHEHUS BbIGOPKM BCEX 3HaUeHu N Ans KOHKPETHOro napa-
MeTpa B Tabnuue 1.

1,2
1
y 0,8 '—analytical
2 o —— yield stress
E 0|6 .. v
=~ “?:'q.. = tensile strength
04 ™ + diameter
0,2
0

0 5 101520 25 30 35 40 45 50

number of samples n

Puc. 2. KoachcduumeHT Bapuauum V,, cpegHero 3HaueHus kak (pyHKuUMS uncna Bbi6opok. CpaBHeHue
QHa/IMTUYECKUNX Pe3y/IbTaToB C pe3y/ibTaTaMyu U3 UCNbITaHWA.

2. CTaTMcTUYEecKoe onpeaenieHne OTAe/IbHOro CBOMCTBa
2.1 OCHOBHbIE NMPUHLMUMbI

B paHHOM pa3pgene npviBefeHbl BblpaXeHUs ANS BblYMCIIEHMS pacyETHbIX 3HaYeHUI napaMeTpoB npeaena npoy-
HOCTU nnu BKCHﬂyaTaHHOHHOﬁ HaAC)KHOCTHU KOHCTPYKIUU WK €€ 3JICMCHTA, a4 TAKKC IJIS1 OLICHKH pacyeT-
HbIX 3HaYeHMI1 CBOMCTB MaTepnanos.

MpennonaraeTcs, YTO BCe NMepeMeHHble NOABEPralTCs HOPMasbHOMY WX NorapndMuyeckm HOpMasnabHOMY pac-
npeaeneHnto, N YTo He CyLLEeCTBYET NpeaBapuUTeSNibHbIX AaHHbBIX O CpeAHeM 3HayeHun. PaccmaTpuBaloTcs ABa crydvas
B OTHOWEHUW HanMuus AaHHbIX O CTaHAAPTHOM OTK/IOHEHWM, @ UMEHHO «U3BECTHOE Oy» U «HEeU3BeCTHoe Oy». B
craHgapte EN 1990 [1] npeanonoxeHns 0 U3BECTHOCTU Oy 3aMEHSIIOTCA MPEANONoXeHWEM O U3BECTHOCTU KO3(du-
umeHTa Bapuaumun Vy(cM. Takoke KoMMeHTapuu B pasgene 4.6 MNMpunoxeHus 1 PykosoacTtsa H1). Ha npaktuke yacto
npeanoYTUTENbHEE UCTIONL30BaTh "HE U3BECTHOE V' Hapsaay C oueHKoW I/ C 3amacoM BMECTO MpeanosioXeHus "uns-
BecTHoro Vy'.

B EBponeickux HopMax npoekTuposaHus Eurocode 1990 [1] onpeneneHne XapaKTeEpPUCTUUECKOrO 3HaYeHUst X
WM pacyeTHOro 3HauyeHust Xq paccMaTpuBaeMoro napameTtpa X (CBOMCTBO MaTepuana, Hecyllasi CnocobHOCTb Mu
MoAenb) OCHOBAHO Ha MeToAe MpPOrHO3MpoBaHUSI KBAHTMMb OuUeHKu (6onee noapobHas vHdopMauns npuBeaeHa B
pa3aene 4.3 Mpunoxenust 1 PykooacTtBa HI). AHanornyHble pesynbTaTbl MOTYT ObiTb MOMYYEHbI C MOMOLLBbIO METOAA
(bpaKUMOHHOW OLIEHKM KBaHTUNS € ypoBHeM fosepusi 0,75. B cneaytowmx AByx npuMepax 3TOr0 MeToaa O6bsICHSET-
csl.

Mpumep 3.

Mpw UCMbITaHUM HaMK BbIAIK MOJSTYYEHbl 3HAUYEHUS Xi,X5,..., X, MAPaMETPa X, KOTOPbIA NPUHST KaK pacnpeaeneHHbIN
HOpManbHO. [JonycTUM, YTO CTaHZAPTHOE OTKIOHEHWE Oy U3 COBOKYMHOCTW W3BECTHO, OMpeAesiM 3HayeHue K Tak,
YTOBbI Mbl UMENM BEPOATHOCTb ) (YPOBEHb AOBEPMS), UTO UCTUHHOE CpeAHEE 3HaUYeHne napameTpa U, byaet 6onbLue,
YyeM cpeaHee 3HayeHue BbIBOPKM /77, COTMIACHO YPaBHEHUIO:

X,=m_—ko < u (6)

[pyrumMun cnosamu, Mbl pelaeM cregylowee ypaBHeHue:

P(m,—ko,<p)-y @)

Kak Mbl nokasanu (cM. ypasHenus (3) u (5)), cpeaHee 3HayeHUe BbIGOPKU /7, SABMISIETCS ClyYalHON NepeMeHHOM

CO CPEAHUM 3HAYEHMEM Ly M CTAHAAPTHBIM OTKIIOHEHUEM O [ V1. EC/IM Mbl YMHOXWUM NPUBEAEHHOE BbiLLE HEPABEHCT-
BO Ha -1, 106aBMM 3HaueHuWe /71, U NOAENNM Ha Oy [ ¥/, TO MOMyUnM:
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P((m,— uWn /o, <kdn=u)y ()

rae BblpaXKEHME C JIEBOM CTOPOHbI HEPABEHCTBA MPeACTaBseT co60oi CTaHAAPTM3NPOBaHHYIO HOPMaslbHYIO nepe-
MEHHYI0, @ (4, NpeacTaBnsieT coboii KBaHTW/b CTaHAAPTU3MPOBAHHOIO HOPMasNbHOTO pacripeaerneHusi, COOTBETCTBYIO-
Liero BeposiTHoOCTH y. CreaoBaTenbHO, 3HAaYEHWE & paBHO:

k=u,/\n 9

MpumMep 4.

Mbl UMeeM Ty Xe cuTyaumio, 4to B lNpuMepe 3, oaHaKo Tenepb CTaHAapTHOE OTKIOHEHWE Oy HEW3BECTHO. Ham
Heo6X0AMMO HaWTW Takoe K, YTOBbI Mbl UMENWN BEPOSITHOCTb ), YTO UCTUHHOE CpeHee 3HayYeHne napaMeTpa L, byaer
6onblue, YeM cpefHee 3HaueHue BbIBOPKW /77, COrNTAaCHO YpaBHEHMIO:

X,=m,—ks_ < u_(10)

Mbl UCMONb3YEM CNEaYIoLLY0 TEOPEMY: €C/iM BCe YCI0BUSI COOTBETCTBYIOT YCNoBuUsM B lMpumepe 3, U S, npea-
cTaBnsieTcs cobovi CTaHAAPTHOE OTKIIOHEHWE BbIGOPKM:

s, =2(x,—m,)’ /(n—1) (11)
Toraa cnyqaﬁHaﬂ nepeMeHHas

(m, —yx)\/;/sx (12)
UMeeT EpacnpefeneHne co cTeneHbio ceoboabl 7+1.

Tenepb Mbl NPOAO/HKAEM PELLIEHWE TOUYHO TakK Xe, Kak B MpuMepe 3 1 nonyyaem 3HaveHue &
k=t /\n (13)

rae t, npeacraenseT coboit KBAHTUNb -pacnpeAenieHns CTeneHu /-1, COOTBETCTBYIOLLMIA BEPOSITHOCTH V.
2.2 OuyeHKa yepes XxapaKTepucruyeckoe 3HayeHune

Mpu onpeaeneHny pacyeTHOrO 3HAYEHNS Xy NapaMeTpa X U3 paccuUMTbIBAEMOro XapaKTepUCTUYECKOro 3HaUYeHMS
Xe, Mbl UCMIOSIb3YEM CriedytoLLee YpaBHEHNE B COOTBETCTBUM C EBponeickuMmM HopMaMu npoekTupoBaHus Eurocode
1990 [1]:

X, =n,X,1y, (14

e XapaKTepucTuyeckoe 3HadeHune X nosyyeHo

Xy =m.(1-kJV,) (15)

[laHHOe ypaBHeHWe COOTBETCTBYET ypaBHeHMIO (6) ¢ koaddurumeHToM Bapyaumm V,, NonyyYeHHoro:
V.=0oc_ /m_(16)

Vm NPEACTaBAsIET CO60M YacTHbIN kK03hdUUMEHT ANs napameTpa X, 1 OH A0KEH 6bITb 3aMMCTBOBaH M3 COOTBET-
CTBytoWmMX EBponeickmx HopM npoekTupoBaHust oT EN 1992 no EN 1998. 7, npeacTaBnsieT coboi pacyeTHoe 3Have-
Hue koadduLumeHTa npeobpa3oBaHus. [aHHbIN KO3 hULMEHT OXBaTbIBAET pasnnuus MeXAay ycroBusiMu nabopaTop-
HbIX UCMbITAHWUI U YCNOBUSMM B TeueHue (HakTUYeCKOro UCMOMb30BaHMS. 3HaueHue K, NOyYeHO METOAOM MpPOrHO3W-
pOBaHWUS OLEHKN KBAHTWS U PaBHO:

k, =—u,1/n+1)"* (17)

B cnyyae ecnm koadduumneHT Bapuaummn Vy n3BecTeH, Toraa u, 6epetcs kak KBaHTWIb CTaHAapTU3MPOBAHHOIO
HOPMasnbHOrO pacnpeaenieHuns, COOTBETCTBYIOLLMI BEPOSITHOCTU p. NS XapaKTEPUCTUYECKUX 3HAUYEHWUIA OTAESIbHOMo
CcBOIiCTBa BeposTHOCTb p=0,05 ncnonb3yercs TakuMm o6pasom, YTobbl u,= - 1.645. B cnyyae ecnm koacduLMEHT Ba-
puaumMn Vy HeU3BECTEH, TO BMECTO U, UCMONb3YeTC KBAHTWIb &, f-pacnpefenieHns co cTeneHbio csoboabl - 1, co-
OTBETCTBYIOLLUMIA BEPOSTHOCTM p. KO3chPUUMEHT ), 3aBUCUT OT KOSIMUYECTBA BLIGOPOK /7 M NpVBEAEH B Tabnuue 2 ans
ABYX CrlyyaeB, «u3BecTHoe V» 1 «He nssectHoe V» n ansa seposatHoctn p=0,05.
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Ta6bnuua 2. 3HaueHue K, AN NATUNPOLIEHTHOINO0 XapaKTepUCTUYECKOro 3Ha4eHus.

n 1 2 3 4 5 6 8 10 20 30 00
nsBecTtHoe V, 2,31 2,01 1,89 1,83 1,80 1,77 1,74 1,72 1,68 1,67 1,64
HeunssectHoe V, |- - 3,37 2,63 2,33 2,18 2,00 1,92 1,76 1,73 1,64

Yncna B Tabnuue OCHOBaHbI Ha JOMYLLEHNSX <U3BECTHOE Oy» U KHEWU3BECTHOE Oy». B crangapte EN 1990 [1] atu
[OMyLLEHNs 3aMeHeHbl npeanonioxeHneMm 06 nssectHocTn koadduumneHTta sapuaummn V,. Ecnm ctaHgapTHoe OTKO-
HeHWe Oy U3BeCTHO, Toraa V, fomkeH 6blTb BbIUMCIEH C NOMOLLBI0 ypaBHeHust (16). Ecnn oy nnn I, He M3BECTHBI,
Toraa Vy BblUMCNISIETCA C MOMOLLbIO CTaHAAPTHOIO OTKIOHEHMS BblbopkM S, (YpaBHeHue (11)) cneaytowmm obpasom:

V.=s_/m, (18)

B BbiluenpuBeaeHHbIX NpUMepax MpearnonaraeTcs, Yto nepeMeHHas X pacnpeaensieTcs HopMasnbHo. YTo ecin X
6yneT pacnpeaensTbCs IorapupMUUECcKn HOpManbHO?

Korga mapameTp X pacnpefenseTcs JiorapudMuuecku HopMasnbHO, Mbl UCMOMb3yeM MNpeobpasoBaHue In X=Y,
4TO6bl MONYYMTL MEPEMEHHYIO Y, KoTopast pacnpeaensieTcst HopManbHo ¢ NV ( U,,o, 2) (cm. Takke Mpunoxexue A K

PykoBoactey H1). OTHOLIEHNS MeXAY CPEAHMM 3HAUYEHVEM M Bapuaumeit 06enx nepeMeHHbIX:

Hy =1n(u )0, + 1) 19)

o, =ln(l+0/u’)=1n(1+ V) (20)

Ecnmn napametp X pacnpegensietcs norapudMmnyeckn HOpMasnbHO, TO Mbl MPOAO/DKAEM BblUMUC/IEHME CleayoWmnM
obpazom. Mpeobpasyem Bce aKCNeprMeHTanbHble pe3ynbTaTbl COrNACHO YPaBHEHMIO:

y; =In(x,) (21)
M BbIUUCNISIEM CPEAHIOD BEMUUMHY BbIGOPKU /17y U3 3HAUEHUI )i
my =2.(y,)/n (22)

Torga, ecnn koadduumeHT Bapnaunm I, U3BECTEH, Mbl BbIMUCNISEM Oy cornacHo ypaeHeHuto (20), Vy u3 ypasHe-
HUA (16), &, u3 Tabnuupbl 2 1 3aTeM BblUMCASEM Y U3 ypaBHeHus (15), ncnonbsysa myu VyBmecto myn V. Ecnu ko-
apPULMEHT Bapuaummn I, HeUsBecTeH, BbIYMCISEM BapuaLmio BbIGOPKH:

s,0 =2y, —my)* /n—1 (23)

Vy u3 ypaBHeHus (18), &, u3 Tabnuubl 2 1 3aTeM Mbl BbluUCNSeM Y U3 ypaBHeHus (15), ncnonbsysa myun Vy BMe-
cto myn V..

HakoHel, Mbl Npeobpa3yeM BblYMCIIEHHOE XapaKTEPUCTUYECKOE 3HayYeHue Y = my k oy (Mnn my- k Sy) NnepemMeHx-
HOW Y B XapaKTepuCTMYecKoe 3HayeHue X nepBoHayanbHoO nepeMeHHon X:

X, =exp(m, —ko,) (24)

B CNlyyae, ecnu V, n3BecTeH u

X, =exp(my, —ks,) (25)

B Criyyae, ecnm VX HenseecTeH. Torga pacyeTHas BennunHa Xd BblUMCIISIETCS, UCMOb3ys ypaBHeHue (14).
Mpumep 5.

Bo3bMeM 3KCrepuMeHTanbHble AaHHble U3 npumepa 2 1 kosdduumentsl 7, =11 n 17, =0,8.

Bbluncnute pacyeTHoe 3HayeHue npegena nNpoYHocTU Yyeped 5%-yio XapakTePUCTUYECKYIO BEJTMYMHY M3 MEPBbLIX
5 aKcnepuMeHTanbHbIX 3HayveHui. MpeanonoxuTe oba cnyyas, V.. = 0,05 (u3BecteH) u V, HeussecTeH. Mpeanono-
XuTe Takke oba TMNa pacnpeaeneHnsi: HopMasbHbIN U TorapudMUUeckn HopMasbHbIi.

[na Havana nNpeanonoXuM, YTO Mpefen NpPOYHOCTM pacnpeaenseTcs HopMmasnbHo. CpefHas BenuyMHa BbiGopKU
U3 nepBbIX N=5 3HaueHuit ucnbiTaHuii mM=942 MMa, n cTaHaapTHOEe OTKNIOHeHMe Bblbopkn s=18.59 MMa. Koadduuu-
eHT Bapuauum — V, = 18.59/942=0,01973. ns cnyyas «mn3BecTtHoe V,» Mbl nonyyaem m3 tabnmubl 2 k,=1,80, n pac-
YeTHOE 3HAaYeHNe COCTaB/ISEeT:
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Oy = 0.8%942x (1-1,80x0,05)/1,1 = 623,4MPa.
[nsa cnyyas «HenssecTHoe V,» Mbl nonyyaem n3 Tabnuubl 2 kn=2,33 1 pacyeTHOe 3Ha4eHue:
Oy = 0.8%x942x(1-2,33%0,01973)/1,1 = 653,6 MPa.

3aTeM npeanonioxkuM, YTo npeaen NPoYHOCTU pacnpeaeneH norapudmuyecku HopManbHo. Mpeobpasyem 3Haue-
HUS npedena MpoYHOCTU, UCMONb3ys ypaBHeHVe (21) u BbluMCNSiEM, CpefHee 3HayeHue BblIbopku U CTaHaapTHoe
OTKJIOHeHUe Ssy=0,01967 In(MMa). Ana cnyyas «n3BecTtHoe V,» Mbl nony4vaem:

V, = (In(1+0,05%))""? /6,85 =0,00729 u s, —0,00729 x 6,85 = 0,04997 In(MPa)
u3 Tabnumupl 2 kn=1,80, 3HaueHwne Yk = 6,85-1,8

Y, = 6,85-1,8x0,04997 = 6,76 In(MPa)

N paCyeTHOE 3Ha4YeHune:

Oy = 0,8xexp(6,76) /1,1 = 627,4MPa.

[nsa cnyyas «HensBecTHoe V» Mbl nonyyaem ns tabnuubl 2 kn=2,33, 3HayeHue Yk = 6,85-2,33

Y, =6,85-2,33x0,01967 = 6,80In(MPa)

W pacyeTHOEe 3HayeHwue:

Oy = 0,8 xexp(6,80)/1,1 = 655,7MPa.

Mbl BUAUM, UYTO AN 06OMX TUMOB pacrpefernieHnsl pacyeTHOe 3HauyeHue 6onblue Ans cnyyas «HeussecTHoe Vp»
yeM Ans cnyyas «u3BecTHoe Vj». MpuunHOW SBNSIETCS TO, YTO Mbl MPUHSAM HamHoro Gonblumin V. B cnyyvae «um3-

BECTHOE V,», UTO 3TO AENCTBUTENbHO Tak U eCTb. Ec/in 6bl Mbl NpuHsAnu V,. = 0,015, kak BUAHO M3 BCEX pe3y/bTaToB
UCMbITAHUI, TOraa 6bl Mbl MOMYYNIN:

HopManbHoe pacnpeaeneHune, «nu3BectHoe lp»:

iy = 0.8%942x (1-1,80x0,015)/1,1 = 666,6MPa.

JlorapudMmUyeckn HopManbHoe pacnipeaenenme, «ussectHoe Vy», s=(In (1+0,015%)) ¥?=0,015
Y, =6,85-18x0,015=6,82In(MPa)

Gy = 0.8xexp(6,82) /1,1 = 668,2MPa.

2.3 Mpsimasi oleHKa pacyeTHOro 3HauYeHus

Mpu onpeeneHn pacyeTHOro 3HauYeHNs X, HanpsIMyIo, UCMONb3yeTcs cneaylowas GopMyna:
X, =nmy(1- kd,nVX) (26)

B ciiyyae ecnv UCMOnb3yeTcs AaHHbIM METOA, HEOH6XOAMMO YUMTLIBATb COOTBETCTBYIOLLME NPEAEbHbIE COCTOSHUS
N TpebyeMblii ypoBeHb HaaeXHOCTU. KoadduumeHT npeobpasoBaHus /), AO/MKEH OXBaTbiBaTb BCE HeONpeaeseHHo-
CTW, KOTOpble He Oblnn BKIIOYEHbI B UCTbiTaHne. KosdduumneHT 4, Nony4yeH METOAOM MPOrHO3MPOBaHMS OLIEHKM
KBaHTUNS C 6onee HU3KMM 3HadeHuneM, npnbnusmtensHo pasHbiM 0,1 % (BeposTHocTb p=0,001). Korga koaddmum-
€HT Bapuauumn V;, n3secteH, Torga npeanonaraeTcs, 4To napamMeTp X pacnpeaensieTcsl HopManbHO U Ky, UMeeT cre-
Ayiollee 3HaveHue:

172

kg, —u,/n+1)"" (27)

¢ kBaHTMnem 0,001 cTaHAapTM3MPOBAHHOrO HOPMAsbHOro pacnpeaeneHus u,= -3,09 (3HayeHue -3,04 ncnonb3y-
eTca B EBponeiickux HopMax npoekTupoBaHus Eurocode 1990 [1]). Koraa koadduuMeHT Bapuauum V, HEU3BECTEH,

TOorfa KBaHTWb &, £pacrpeaeneHusi co cTeneHbio cBo6OAbl /71-1, COOTBETCTBYIOWEN BeposiTHOCTU p=0,001, ucnosb-
3yeTcst BMECTO U, KoahULMEHT Ky, 3aBUCUT OT KONIMYECTBa BLIGOPOK /7 1 NpeacTaBneH B Tabnuue 3:

53



Implementation of Eurocodes Handbook 2

Ta6bnunua 3. 3HaveHns kg, ANs NPAMONA OLIEHKM PacyeTHOro 3Ha4eHus.

n 1 2 3 4 5 6 8 10 20 30 00

V,ussecten 4,36 3,77 3,56 |3,44 337 1333 327 323 3,16 [3,13 [3,04
V, He n3BecTeH |- - - 11,40 |785 1636 |507 451 [3,64 |3,44 3,04

Mpumep 6.

/icnonb3ys AaHHblE M3 NpUMepa 5, BbIYMUCIMTL pacyeTHOE 3HadeHue npedena NpoYHOCTU, UCMOoMb3ys NPAMOii Me-
ToA.

Bo-nepBblx, NPeanonioXmnM, YTo Npeaen NPoYHOCTM UMEET HOpManbHoe pacnpeaenenune. ina cnyyas «V,. nssec-
TeH» (14.=0,015) noacraBnsiem us Tabnuubl 3 3HayeHne Kk, ,=3,37, U pacHETHOE 3HaYEHNE COCTaBNsEeT:

iy = 0.8%942x (1-3,37x0,015) = 715,5MPa -

[nsa cnyyas «Hem3BecTHoe I,» noacraBnsieM u3 Tabnuubl 2 3HaveHne k,=7,85 1 pacyeTHOe 3HauyeHne COoCTaBsi-
eT:

Oy = 0.8% 942 x (1-7,85%0,01973) = 636,9MPa

Korga npeanonaraetcs norapv@MmMyeckn HopMasnbHoe pacnpegenenve ans cnydas « V. mnssecten» (V4.=0,015),
nony4yaem:

Y, =6,85-3,37x0,015=6,80In(MIla)

O a0y = 0.8 xexp(6,80) = 717,9MIla -

N ansa cnydas «HenssecTHoe V,»

Y, =6,85-7,85%x0,01967 = 6,70In(MIIa)
Oy = 0.8xexp(6,70) = 647,1MIla -

MbI nony4nnn 6onee BbICOKUE 3HAYEHMS C MPSIMbIM METOAOM BblUMCIEHNS. TTOTOMY UTO Mbl MCMOSIb30BANM TOT XKe
CaMbli1 KOHBEPCUOHHbIN KO3 MDULIMEHT 7], B 060UX Cyyasix.

2.4 NMpubnmxenne koabdpnumneHTos A, u ky,

KoachduuneHTbl &, U ky MOFYT 6bITb BbIYMCIIEHBI C MOMOLLBIO MHTEPMOAALMM 3HAYEHUI B Tabnuuax 2 1 3 unu,
MHaye, C NOMOLLbO hYHKLMI NPUBAVKEHNS:

k, =1,655+0,672/n,
p=0,05, «V, n3secreH»
k,=n/(-0,950+0,614xn,
p=0,05, «V, He nssecrteH»
k,=3,099+1,294/n,
p=0,001, «V, n3secreH»
k,=n/(-0,986+0,323xn,

p=0,001, «V, He n3BecteH»

Ha puc. 3 npeacraBneHo, Kak AaHHble hOpMynbl 40T NpUBIMKEHHbIE AaHHble U3 Tabnuy 2 u 3. MNorpewHocTb
Npu UCNONb30BaHUM AaHHbIX GOPMYN, Kak NPaBuIo, COCTaBNsET MeHee 1%.
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10 - ® D 0.05.} IOWIn
0.03.% i .

* 0, 001. V, known

P 0, 001, V., unknown

0 \ | | | | | | | \
0 ] 10 15 20 26 30 36 40 45 50

| i-'” » number of samples 12

Puc. 3. ®yHkummn npnbnmxenuns ans kodadpduumeHTos A, u k.

3. CTaTUCTUUECKOe onpeaesieHne Moaesnei HecyLei cnoco6HOCTH

Mpoueaypbl, NPeACTaBNEHHbIE B JAHHOM pa3fene npeaHasHadeHbl Ansi KannbpoBKM MOAENeil Hecyllen cnocob-
HOCTM W AJ1s1 MOMYYEHUS] PACYETHBIX 3HAYEHMI U3 UCTIBITAHUN, NPEANPUHSTLIX AJIS CHUXKEHUSI YPOBHSI HEOMpEAEeH-
HOCTel B NapaMeTpax Moaenei Hecyllen CriocobHOCTH.

PacueTHas Mofenb Hecyllel cnocobHOCTU pa3pabaTbiBaeTCsl Ha OCHOBE HabnoaeHulid 1 TeopeTnyeckux coobpa-
»XeHui. CTaTucTMyeckasl MHTEpNpeTaumsi pe3y/ibTaToB UCTbITaHUIA JO/KHa B AasibHENLEM UCTIONb30BaThLCS AMs Ba-
nupauum 1M npucrocobneHns mMoaenu, A0 TexX Nop, noka He 6yAeT AOCTUrHYTO [OCTaTOYHOE COOTBETCTBUE MEXAY
UCMbITAHUSIMU 1 TEOPETUYECKMMU AaHHbIMK. Kak B npeablaylleM pasgene paccMaTpuBaloTcsl Ba MeToaa: (a) nyTem
OLIEHKN XapaKTEPUCTUYECKOr0 3HaYeHNsl Hecyllel cnocobHocTn u (b) nyTeM NpsiMOiA OLEHKM PacYETHOro 3HaueHust
Hecylel cnocobHocTu. HauHeM ¢ Metoaa (a).

[JenaioTcs cneayowme AonyleHus: dyHKUMUSA HecyLlei CnocobHOCTM NPeACTaBnseT coboi GyHKUMIO CTaTUCTMYe-
CKM HE3aBUCKMBIX NepeMeHHbIX X=(Xi,.., X)), KOTOpble pacripeaensitoTCs HOpMarbHO WK orapudMUyecky Hopmasb-
HO; MPOBEAEHO AOCTAaTOYHOE KOMMYECTBO MCMbITaHMIA; BCE COOTBETCTBYIOLIME AAHHbIE MO MaTepuanaM M reoMeTpu-
yeckue AaHHbIE U3MEPEHBI.

MepBbI LWar 3aKI0YaeTCs B TOM, YTO6bI pa3paboTaTh pacyeTHy MOAENb AN TEOPETUYECKON Hecyllel cnocob-
HOCTU /7

r,=g,(X) (28)

Mogenb [o/MKHa BKTIOYaTb BCE COOTBETCTBYIOLLME OCHOBHbIE MEPEMEHHbIE X, KOTOpble BO3AEHCTBYIOT Ha Hecy-
LUYO CNOcO6HOCTb. 3aTeM Mbl COMOCTAB/SIEM TEOPETUYECKYIO MOAENb C pe3y/ibTaTaMu UCTbITaHUI. TeopeTnyeckue
3HAYEHUs f; PACCUMTLIBAIOTCS NMyTEM MOACTAHOBKM (haKTUUYECKM M3MEPEHHbIX CBOWCTB BbIGOPKW / B TEOPETUYECKOI
MOZENM, KoTopas AO/MKHA CPABHMBATbCS CO 3HAYEHWUSIMU HECyLLeN CMOCOBHOCTU /. MOCTpoMM TOYKM (4, fei) Ha
ABYXMEPHOM rpaduKe: f; — Ha OCu abCUMCC, 7= — Ha OCM OpAMHaT, CornacHo puc. 4. Ecnu Teopetuyeckas Moaesb
SIBMISIETCS TOYHOM, TO BCE TOYKM [O/DKHBI PacrosiaraTbCsl Ha AMaroHaam nepBoro KBagapaHTa. B peanbHbIX cuTyaumsix
Bceraa 6yaeT NpUcyTCTBOBaTb HEGOSbLLIONV pa3bpoc, OAHAKO eC/v NPOUCXOAUT 3HAUMTENbHOE OTK/IOHEHME OT AaHHOM
NMHUK, TO HEOBXOANMO MPOBEAEHME AASIbHENMLLErO NCCNeA0BaHMs NpoLeayp UCTbITaHW M TEOPETUYECKUX MOAENEN.

55



Implementation of Eurocodes Handbook 2

Fe

v

Fy
Puc. 4. N'pachmk cpaBHEeHUSI SKCNEPUMEHTAsNIbHOM U TEOPEeTUYECKOI HecyLleil cnoco6HoCTH.
3aTeM NpeAcTaBUM BEPOSITHOCTHYIO MOAENb HECYLLEN Cnoco6HOCTM:

r, =bg, (X)d (29)

roe b npeacraBnsieT coboi HakIOH Hanbosiee TOYHO COOTBETCTBYIOWEN NIMHUM HaUMEHbLUMX KBaapaToB, Mosy-
YEHHBIN C MOMOLLbIO:

b=3(r)/ 2(r") (30)

5 — OCTaTOHHbIVI YneH, KOTOprP’I npeacTaBnsdeT HeonpeaeneHHOCTb MOAENN:

o=r,/ r, (31)

B oTcyTCcTBME ApyruX AaHHbIX, NpeanonaraeTcs, YTto o>0m pacnpegensercs norapudmMmyeckn HopmanbHo. U3

storo cneayert, uto A =In(0) pacnpenenserca norapudMUUecku HOpManbHO. [t KaXAOro SKCNEPUMEHTANIHOIO
3HAUEHMS / BLIYNCIISAEM:

6, =r,/(br;) (32)
"

A, =1n(5,) (33)

PacueTHoe cpeaHee 3HaueHne A v Bapuaums Sy ans A paBHbl:

A=Y(A)/n (34)

S, =X(A_ A /(n—1) (35)

[ns pacyeTHOro 3HayeHus KoadbduumMeHTa Bapuaumm MOXET UCMOb30BaTbCS 3HAYEHUE:

Vs =4lexp(S,’) -1 (36)

(nonyyeHHoe n3 ypaBHeHus (20)).

[Janee HeobxoamMo onpeaenuTb KoaddrUMeHTLl Bapuaumm Vy; OCHOBHBIX NepeMeHHbIX. OHKU MOryT 6bITb Nosnyye-
Hbl M3 AQHHbIX UCMbITAHUI, €CTIN ECTb BO3MOXHOCTb MPOAEMOHCTPUPOBATL, YTO UCMbITaHUs SIBASOTCS B MOMHON Mepe
nokasaTesbHbIMK Anst haKTUYECKOW COBOKYMHOCTU. MOCKOIbKY, Kak MpaBunio, 3To He Tak, koaddULMEHTLI Bapuaumm
Vy; BOMKHBI 6bITb ONpeAeneHbl Ha OCHOBE NPeABAaPUTENbHBIX 3HAHWI UK LOMYLLEHUH.

KoachdurumeHT Bapraummn V, byHKUMM Hecywleln crnoco6HOCTM Janee paccuMThIBAETCS cneayowmM obpasoM. Ecim
(yHKLMS HecyLelt CnocoBHOCTY SBNISIETCS NPOM3BEAEHNEM OCHOBHBIX NepeMeHHbIX X,

X:XlxszX3><...ij (37),

KOTOpPbl€ pacCMaTpuUBalOTCA KakK HE3aBUCUMbIE N pacCnpeaendarTcda HopMasbHO, TO, UCNONb3YS norapmd)M npuse-
[EHHOr0 BbllE BblpaXXeHUA

In(X) = In(X,) + In(X,) + In(X,) + ...+ In(X,) (38),
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noslyyaeM CyMMy slorapudMuyeckm HOpMasbHO pacnpefeneHHbIX nepeMeHHbIX. Bapuauus cyMMbl HE3aBUCHMMbIX
NnepeMeHHbIX COCTaB/sieT (CM. ypaBHeHue (2)):

O-ln(X)z = zam(xi)2 =2.(In(l +V " ) (39)

rae Mbl UCNonb3oBanu ypaBHeHue (20). MpumeHnB aHTUnorapudM, Noyyaem:

1+V,” =exp(0y,)) = L4V " )1 +V x2")..(14V 557 (40)

Mpun Manbix 3HaveHusx Vy;, BblluenpuBeaeHHOE ypaBHEHE MOXET ObiTb YNpPOLLEHO A0 ClefyrowWwero ypaBHeHUs:
V., =3y @)

Ecnu dyHKUMA HecyLein cnocobHOCTM aBnseTcs 6onee CNoXHON (yHKLMEN, TakuM 06pa3oM, UTO OHa He MOXET
6bITb Bbipa)KeHa Kak NpPOM3BEAEHNE OCHOBHbIX NEPEMEHHBIX, TO I/ PACCUMTLIBAETCA C MOMOLLbIO YPaBHEHUS:

1 agrt 2
. 42
a2y o) @

rae X, aBnsoTca cpeaHUMU 3HAaYEHNSAMU OCHOBHBIX MEPEMEHHBIX.

v} =Dlg,(X)l/g, (X,)=

KoadhduumeHT Bapraummn I, hyHKUMIM HECYLLEN CNOCOBHOCTM Aanee pacCUMTLIBAETCA CleayoWwmM 06pa3om:
2 2 2
v =1+V)1+7, -1 3)

CTaHAAPTHbIE OTKIOHEHUA

O, = Oy =/ In(l + Vnz) (44)
05 = Os) =/ In(1+ V") (45)
0=0, = JIn(1+7.%) (46)

1 BecoBble KO3dULMEHTHI
art = Qrt /Q (47)
oas=0;/0 (48)

CpeaHee 3HauyeHue YHKUMM HECyllen CMOCOBHOCTM PacCUMTLIBAETCA M3 TEOPETMUECKOW MOAENM, UCMOonb3ys
CpefH1e 3HaUYeHMs X, OCHOBHbIX NMepeMeHHbIX:

r, =bg, (X,) (49)

HakoHel, XapakTepucTMyeckoe 3HaueHWe Hecyllel CrocOBHOCTU pacCUUTLIBAETCS U3 CNeaylolero ypaBHeHUs
(nony4yeHue AaHHOMO ypaBHEHUS AaHO B NPUIOXEHUN A):

rk = rm exp(_kooart rt kna5Q§ - O’SQZ) (50)

KoapmumeHT £, B3aT 13 Tabnuupl 2 Ans cnydas «HemssecTHoe V», a koO npeacTaBnseT coboit 3HaueHue &, ans
Bonblunx 3Hadennin 1 (k, =1,64). Koraa Tonbko oaHa nepeMeHHas NPeACTaBieHa B MOAENN HECYLLEN CNOCOBHOCTH,

TONbKO BbipaxeHue - k, ;0 n3 ypaBHeHus (50) NPUHMMAETCS BO BHUMAHME.

Korga pacyeTHoe 3HaueHWe Hecyliei Croco6HOCTU OLEHMBAETCS HAMpsMYHo, @ HE U3 XapaKTepUCTUYECKOro 3Ha-
YEHMS HeCyLLel CrocoBHOCTH, TO MpoLeaypa OCTAETCs TaKoM Xe C eAUHCTBEHHBIM U3MEHEHUEM, YTO 3HaueHns K u

K, 3aMEHSIIOTCS 3HAYEHNSAMU kwﬂ 4V Kgpn, B3ATBIMM U3 TabmMUbl 3 N5 ClyYas <Hem3BecTHoe V.
Mpumep 7.

PaccMoTpuM Mogenb Hecyleii cnocobHocTv B dopme F = Ax o, /1000 . B kauyecTBe OCHOBHbIX MEPEMeHHbIX

BO3bMeM ceveHue 6pyca A u npepen NpoyHocTn O, . MycTb cpeaHee 3HaveHne 1 Ko3MULIMEHT BapUaLmMm OCHOB-
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HbIX NepeMeHHbIX cocTaBnsieT £(A)=269,76 Mm%, V(A)=0,00295, £ o, )=936,5 MMa, o, )=0,01509. Teopetnue-

CKWe AaHHble A 1 3KCMEepUMeHTasbHbIE AaHHble F. AN Pa3fIMYHbIX 3HAYEHMI OCHOBHbLIX MEPEMEHHBIX AaHbl B Tabiu-
ue 4. HeobxoaMMO paccumTaTb XapaKTePUCTUUECKOE 3HAYEHNE HECYLLEen CMOCOBHOCTM CpeaHMX 3HAYEHWUI OCHOBHBbIX
NepeMeHHbIX.

Ta6bnuua 4. TeopeTnueckue AaHHble R U 3KCNEepUMeHTasibHble flaHHbIe F,

Hecyuwlei cnoco6HocTu B [kH].

n A Fe n A Fe n A Fe
1 214,9 215,9 7 243,6 245,2 13 269,3 270,8
2 219,9 222,4 8 248,1 253,2 14 273,4 274,2
3 224,9 224,7 9 252,5 261,3 15 2774 279,6
4 229,7 228,5 10 256,8 260,1 16 281,3 281,7
5 234,4 228 11 261 256,5 17 285,2 282,9
6 239,1 239,7 12 265,2 261,7 18 289 278,7

B rpacdvke Ha puc. 5 nokasaHbl AaHHblE U3 Tabnuubl 4 C NUHWEN perpeccum E =bx Fe 3HauyeHune b nony4veHo
u3 ypaBHeHus (30): H=0.9995.

300
290
280
270
260
250
240
230
220
210
200

Fe

200 210 220 230 240 250 260 270 280 290 300
Ft

Puc. 5. CpaBHeHMe aKCnepuMeHTaIbHOW F, U TeopeTnyeckoi A HecyLiel Cnoco6HOCTH.
CpegHee W cTaHZapTHOE BbIOOPOYHOE OTK/IOHEHME JlorapudMa OCTaTOYMHOMO YneHa O [AaHbl 3HAYEHUSIMU
_ 5 "
A =0,000567, s, =0,000277, Ko3(hULMEHTBI BapUaLmMM PacCHMTLIBAIOTCA C MOMOLLbIO ypaBHeHun (36), (40) u

(43) 1 paBHbI: Vo«2 =0,000277, Vrt2 =0,000236, Vr2 =0,000513. KoadduumeHT k,=1.78054 nonyyeH C NOMOLLbIO

NpUGAMXKeHHON GopMynbl. TeopeTnyeckoe 3HaveHne yHKLMM HeCyLLeil CNOCOBHOCTM CPeHMX 3HAYEHWUIN OCHOBHbIX
NnepeMeHHbIX paBHO /,»,=252,5 kN. HakoHeL, XapakTepUCTUYECKOE 3HAUEHUE HECYLLIEN CMOCOBHOCTM PacCUUTLIBAETCS:

r =252,5xexp(-1,64x0,6785x0,01537-1,7805x 0,7346x 0,0166 - 0,5 x 0.0226°) = 242,8 kN

Mbl MOBTOPHO MPOBENYW MPEACTABNEHHYIO Bbilwe npoueaypy Anst 10-n 3vauenuit V' (A)u V (o, ) c oanHako-

BbIMM MPOMEXYyTKamMu B AnanasoHe ot 0 go 0,4. Ha puc. 6 nokasaHa 3aBUCMMOCTb XapaKTEPUCTUYECKOr0 3HAYEHNS
HecyLLemn CrnocobHOCT 060MX KO3 ULIMEHTOB BapuUaLmu.
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180 F
160 ¢

140

120

100

&b = = = =
0 005 01 015 0.2 025 0.3 035 04

Puc. 6. XapakTepucTmueckoe 3HaueHHue HecyLen CnoCo6HOCTM Anst pa3/inyHbIx ko3 drumneHTOB
BapuaumMm OCHOBHbIX NEPEeMeHHbIX AU O, .

Ecnm pacyeTHoe 3HaueHWe pacCHMTLIBAETCS HAMpsiMylo, TO, COTacHO NpubvKeHHoit dopmyne, k, , =3,04 u

k, ;= 3,7223, 1 pacyeTHOE 3HaueHNe COCTaBNSET:

1, =252,5xexp(-3,04x0,6785x0,01537 - 3,7223x 0,7346x 0,0166 - 0,5x 0.0226) = 233,7 kN

YacTHbIN KO3DULIMEHT ¥, ANS HeCylleii CNoCOBHOCT MOAENM, B TakoM Cllyyae, COCTaBUT:
V.=t /r, =242,8/233,7=1,039 (51)

B O@HHbIX MPUNIOXEHWSAX MPUBEAEHbI ABA NPOrpPaMMHbIX MPOAYKTa ANA BbIMUC/IEHMS XapaKTEPUCTUYECKOrO 3Ha-
YEHMS Hecyllel crnocobHOCTU, pacyeTHOM HecyLlei CMOCOBHOCTM M YacTHbIX KO3(dUUMEHTOB. TV NPOAYKTHI BKIIO-
yaloT creaytoLme:

1. MpunoxeHHas paboyas kHUra B copmaTe Excel, «dast.xls», MOXeT MCNoONb30BaTLCS AN pacyeTa 3HaUeHM
iy I3V Y,, DN Pa3NNYHBIX TEOPETUHECKNX U 3KCNEPUMEHTaNbHBIX AaHHbIX. [0nb30BaTeNb BHOCUT B XenTble Nnons

BBOAA TEOPETUYECKME W IKCMEPUMEHTANIbHBIE 3HAUEHMSI HECYLLEN CNOCOBHOCTM, CpeaHue 3HaueHus U koatduUmMeH-
Tbl BapuaLmMn OCHOBHBIX NMepPeMEHHbIX U CpeiHWe 3HaYeHUs Hecyllen cnocobHocTu. B pabouem nucte aBToMaTnyecku
paccuMTbIBAIOTCS XapakTepucTuyeckne U pacyeTHble 3HauYeHWsl Hecyllelt CnocOBHOCTM U 3HaYeHWsl YacTHOro Ko3d-
(vumeHTa (NokasaHHble B ronybom none), u faHHble BbIBOASTCS B Tabnuuy.

2. KoMmnbloTepHas nporpamma «dast.exe» MOXeT UCMoJb30BaThCs A/ CO3AaHusl Tabnul 3HAYEHWU 3TUX Benn-
UMH C MOMOLLbIO Pas/IMYHbIX 3HAYeHUI NoKasaTenei BapuvauMn OCHOBHbIX NnepeMeHHbIX. UcxoaHbii daiin «dast.c»
[@HHOW KOMMbIOTEPHOW MPOrpaMMbl TakXXe MpuUaraeTcs U MOXET MCMOb30BaThCs AN co3faHus «dast.exe», ecnu
COCTaBJ/IeHVe NPOBOAMTCS C MoMoLbo komnunsTopa C unm C++.

Mporpamma «dast.exe» paboTaeT TOMIbKO B KOMaHAHOM pexuMe, TO eCTb NMob30BaTeNb AO/HKEH NepexoauTb B
KOMaHHbIn pexum (MSDos mnu KomaHaHas Ctpoka B cucteme «Windows»), 4Tobbl MCMOMb30BaTh [aHHYO Mpo-
rpammy. MporpaMma UMTaeT BXOAHbIE AaHHble U3 BXOAHOrO daiina, NpPefoCTaBNsSEMOro nosb3oBaTesieM (MporpamMmm-
Hble 1 BXOAHble aiinbl JO/MKHbI HAXOAUTLCA B OAHOM M TOM e TeKYLLEM CrpaBoYHUKEe). PopMaT AAHHOMO BXOAHOMO
daitna cnepytowmii: B NepBoi CTPOKe BBOAWUTCS CNOBO: 'resistance' (Hecywas cnocobHocTb). CneaytoliMe CTPOKM
COAEPXAT 3HAYEHNS TEOPETMYECKMUX U SKCMIEPUMEHTANbHBIX 3HAYEHWI HecyLllel CrnocobHOCTH, NO ABa YMCia B KaX-
[o CTpoke. 3aTeM BBOAMTCS CnoBo 'variations' (Bapuauum), 3a KOTOpbIM CNeaytoT 3HAYeHUs KO3 ULMEHTOB Ba-
pvaummn Vy Onsi Kakaow OCHOBHOWM MEepeMEHHOW, OAHO YMCMO B KaxaoW cTpoke. Ecnu nonb3oBaTenb 3anpalinBaeT

3HAYUeHUs 7, /4 U ¥, TOMbKO AN BXOAHbIX 3HAUeHWit Vy, Toraa BxoaHoi dain 3asepluaetca ¢nosoM 'end’ (KoHeLl).

Ecnv nonb3oBatenb 3anpallmBaeT 3HaueHus f, fy U ¥, ANna psaa koadduumeHToB Bapuaumii Vi, Toraa BBoaMTCA
cno.o 'calculate' (paccuntaTthb), 3a KOTOpPbIM AO/MKHA CNeaoBaTh CTpoka 'characteristic' (xapakTepucTnyeckoe 3Hauye-
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Hue), 'design' (pacyeTHoe 3HaueHue) unu 'partial' (YacTHbIN KO3 DULIMEHT), COOTBETCTBEHHO. [anee BBOAUTCS CNOBO
'table' (Tabnuua), 3a KOTOPbLIM CNeayeT CTPOKa, CoAepXallias BoceMb uncen. [aHHble uncia 06o3HavaloT nokasaTtenm
AByX (NpOM3BOSIbHO BblOGPAHHbIX) OCHOBHbIX NMEPEMEHHbIX, MUHUMA/IbHOE U MaKCUMasibHOE 3HaueHUs koddduUMeHTa
Bapuaumu Anis NepBoil OCHOBHOV MEpeMEHHOM, MUHUMAJIbHOE U MakCMMalibHOe 3HaueHust koadduuveHTa Bapuaumm
[Nl BTOPON OCHOBHOW MEPEMEHHOM U UYACSIO TabMIMYHBIX 3HAUEHWUI ANS NepBOV M BTOPO OCHOBHOW MEpPEMEHHOMN.
Beoa 3aBepluaetcs cnoBoM 'end' (koHew). CTPOKM KOMMEHTApWUEB, HAYMHAIOLWMECS C TOYKWU C 3ansTOW, HE Y4YWUTbIBa-
totcs. bonee noapobHo cdhopMaT BBOAA TakXXe ykasaH B McxoaHoM daiine «dast.c».

MpuMep UCNoNb30BaHMS NPeACTaBIeH C MOMOLLbIO ABYX BBOAHbIX daiinos, «dast.il» n «dast.i2», copepxaiimx
JaHHble u3 npumepa 7. BoixogHble daiinbl «dast.o1» n «dast.02», cozgaHHble C NOMOLLLIO KOMaHA B KOMaHAHOM
pexuMme 'dast dast.il > dast.ol' 1 'dast dast.i2 > dast.02' Takxe gaHbl B npunoxeHun. Kak nokasaHo B npunio-
»KeHun, BTopor dain «dast.02» MOXET MCNOMb30BaTbCA HanpsaMylo B (opmaTe Excel ans cosgaHus TpexmepHom
TabnuUbl pacCUUTaHHON BEIMYMHBI B 3aBUCMMOCTY OT MHAEKCOB Bapuauuu ABYX (NMPOU3BONbHO BbIGPAHHbLIX) OCHOB-
HbIX MEepeMeHHbIX.

Cnucok nutepaTtypbl

[1] EN 1990 Eurocode - Basis of structural design. CEN 2002.

[2] ISO 2394 General principles on reliability for structures, ISO 1998.

[3] ISO 12491:1997(E): Statistical methods for quality control of building materials and components, ISO 1997.
[4] JCSS: Probabilistic model code. JCSS working materials, http://www.jcss.ethz.ch/, 2000

[5] Kreyszig, E.: Advanced Engineering Mathematics, John Wiley & sons, New York, Chichester, Brisbane, To-
ronto, Singapore, 1993.

Mpuno)xeHune A. NMNonyueHune ypasHeHus (50)

MycTb X pacnpeaensietcs HopMasbHo. Toraa pacnpeenenme In(X) sIBsSETCS HOPMasbHBIM CO CPEAHNM 3HaueHM-
em 4, v = p#(In X') v cranpaptHbIM oTKNOHEHWEM O, .

In(X), = 4, x —k,0,, v (A1) wm

Xk = eXp(ﬂlnX - kno-lnX) (AZ)

[MockonbKy cpegHee 3HauyeHve ,U(X) napameTpa X MOXeT 6bITb BbIPaXX€HO C MOMOLLbIO CPEAHErO 3Ha4YeHUa L

N CTaHAAPTHOro OTK/NIOHEHUSA O norapudma In cneaytowmMm COOTHOLIEHNEM:
In X

1(X) =exp(ty,  + 0, /2) (A3)

oTClofa Mbl MoslyYaeM:

X, = p(X)exp(-k, -0, " 12) (A4)

Ecnn X=Y Z aBnsetcsa npousseaeHneM AByx (hakTopos, Yu Z, Toraa:

In(X) = In(Y) + In(Z) (A5)

n cpefHee 3HadeHue In(X) cocTaBnseT:

ty, = p(In(Y)) + p(In(2)) (A.6)

CraHpapTHOe OTK/IOHEHWe O, ,, norapudma In(X) MOXeT BbiTb BbIPaXKEHO C MOMOLLbLIO (POPM-(PaKTOpoB &), U
a, cnegywoumm obpasom:

Oy = AyOy +Q;0,,;) (A7)

Ecnn coBmecTuTb ypaBHeHus (A.7) n (A.4), Toraa xapakTepuctuyeckoe 3HavyeHue X Kak KoMbuHauust Y'u Z co-
CTaBUT:

2
X, = u(X)exp(-k,a,0,, —k,a,0,, =0,y /2) (A8)
Ecnm paccMaTtpuBaTth (PYHKLMIO HECyLIEN CMOCOBHOCTU / KaK MEPEMEHHYIO X, TEOPETUYECKYIO (DYHKLIMIO HECYLLEN

CNOCOBHOCTU /3 KaK MEPEMEHHYIO ¥, @ OCTATOYHbIN YMEeH KaK MepeMeHHY0 Z B BbILENPUBEAEHHOM YpaBHEHUW, TO
nepenucaTb ypaBHEHME MOXHO Kak (A.8) ¢ obo3HayeHnem 13 pasgena 3:
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rk = rm exp(-knartht - kna§Q5 - Q2 /2) (Ag)

HakoHel, MOCKOMBbKY Mbl MpearonaraeM, YTo CTaTUCTUYECKast HeonpeaeneHHOCTb OTCYTCTBYET Ans TeopeTude-
CKOW (DYHKLMM HECyLel COCOBHOCTH /; B OTHOLLEHUM KOIMYECTBA BLIGOPOK /7, Mbl MOXKEM MOACTaBUTL K, BMECTO

k

,» M NonyunM ypaeHeHue (50).

MpunoxxeHus

ATTACHMENTS

. EXCEL worksheet from the workbook “dast.xIs”

. Source file “dast.c” to the program “dast.exe”

. Input file “dast.i1” for the program “dast.exe”

. Output file “dast.o1” produced by “dast.exe” from “dast.o1”
. Input file “dast.i2” for the program “dast.exe”

. Output file “dast.02” produced by “dast.exe” from “dast.02”
. EXCEL chart showing the data from dast.o2

N & 1 A W N =
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Attachment 1 - EXCEL worksheet from the workbook “dast.xls”

™. Microsoft Excel - Das.xds

EEile Edit View I[nsert Format Tools Data Window Help

[_[=]x
=15 %]

DEHERY | BB ¢ o o

A& = £ ine e @

Arial -ev|31g|

=59 % , W%

4p23 - =

sl c|l o EIFl & | H | 1 [ o | kK | L [ m | N o =
| 1 |Statistical determination of the resistance model. EN 1990, Annex D., D8.2 and D8.3.
| 2 |Input data fields
| 3 |Output data fields
|4 Rt Re EX V) n j RrRt RtRe & LN(8) VXP+1 ZRPRE= 116725193
| 5 2129 2159 2697 000295 18 2 4618201 46396591 1005151 00051379 10000087 3 RtRe= 1166673 88
| 6 2199 2224 9365 0,01509 4835601 4890576 101187 00118 10002277 b= 0999504777
| 7 2249 2247 50580,01 5053503 0999606 -0 000334 E(D}= 0,000567298
| 8 | 2297 2285 5276209 5248645 0995269 -0,004743 s(D)= 0,01664339
| O | 2364 228 5494336 534432 0973178 0027188 Vé= 0016644543
| 10 2331 2397 57168,81 5731227 1003006 0,0030016 Vit= 0015375714
| 11| 2435 2452 5934086 5973072 100707 0,007042 Vi= 0,022RE0955 i
| 12 2431 2832 61553561 B2816,92 1021062 0,0208431 Q= 0015374805
| 13 2525 2613 63756,25 £5978,25 1035364 00347533 Q8- 001664339
| 14 2565 2601 B5946,24 BE7I3EE 1,013352 00132639 0= 0022658046
| 15 261 2565 B3121 GE34E5 00983246 -0,0163%6 art= 0678558297
| 16 | 2852 2617 7033104 6940284 0967291 001279 ab= 0734545553
| 17 2693 2708 7262243 7292644 1005063 0,0080439 kn= 1780540473
| 18| 2734 2742 74747 56 T49EE28 1003423 00034172 knd= 3722322978
| 19 2774 279F 7E9E076 7755104 100843 00083948 m= 2525
|20 2813 2617 7912963 7924221 1001918 00019163 fk= 09616218
| 21 2852 2829 §1335,04 B0GE3,08 0992427 -0,007602 rk= 242 095044
122 289 2787 83521 0805443 0964838 0035735 fd= 0925445655
| 23 | rd= 233 5752803
| 24 ym= 103908939
| 25 | -
[ (4 [w [b data  data chart 7 B L”J
” Draw - 3 €5 | AutoShapes - > " O O = | e|
Ready [ R YV
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Attachment 2 - Source file “dast.c” to the program “dast.exe”

2
Model resistance calculations according to EN 1990, Anex D, 8.2.2 and 8.2.3.
_____________________________________________________________________________ */

#define N _n 100

#define N_j 10

#include <stdio.h>

#include <math.h>

double Rtheor [N _n], Rexper[N n], Vx[N_j], Val, Va2, Vbl, Vb2;

int n, nj, na, nb, Xa, Xb, table, calc;

enum { characteristic, design, partial };

char *scalc[]={"characteristic", "design", "partial"};
2y
Model resistance calculations according to EN 1990, Anex D, 8.2.2 and 8.2.3.
Calculates rk/rm, rd/rm or rk/rd (depending on variable 'calc')

using D.17a and D.21 in EN 1990, Anex D.

If table data Xa, Xb, ... are given (see read data() below), computes a table

of na*nb values, where the index of variation for the variable Xa is changing
from Val to Va2 and the index of variation for the variable Xb is changing
from Vbl to Vb2.

main (argc,argv) int argc; char **argv; { int i,]j; extern double Rmodel() ;
if ( 'argv[l] ) printf("USAGE: dast inputfile\n"), exit(1);
read data(argv([l]);

if ( table ) {
printf ("%s values for Vx%d=[%g,%g] (|) and Vx%d=[%g,%g] (-->)\n\n",
scalc[calc] ,Xa,Val,va2,Xb,Vbl,bVb2) ;
printf("$7s ","");
for ( j=0; j<nb; j++ )
printf ("%7.4g ",Vbl+ (Vb2-Vbl)/ (nb-1)*j) ;
for ( i=0; i<na; i++ ) {
printf ("\n%7.4g ",Vx[Xa-1]=Val+(Va2-vVal)/(na-1)*i);
for ( j=0; j<nb; j++ ) {
Vx [Xb-1]=Vbl+ (Vb2-Vbl) / (nb-1) *j;
printf ("%7.4g " ,Rmodel (n,Rtheor,Rexper,nj,Vx,1,calc));
}
}
}
else Rmodel (n,Rtheor,Rexper,nj,Vx,0,calc) ;

/* e
Reads numerical input data:

Rtheor[]: theoretical values of resistance model

Rexper[]: experimental values of resistance model

vx[]: indexes od variation of basic variables

Xa, Xb: indexes of the first and second basic variable to be tabulated

Val, Va2: the range of the index of variation for the first basic variable
Vbl, Vb2: the range of the index of variation for the second basic variable
na, na: number of tabulated values for the firs and second basic variable

Data are input through a file in the following format:

;comment: the line starting with ';' (or a blank line) is ignored.
resistance

Rtheor[1l] Rexeper[1]

Rtheor[2] Rexeper[2]

Rtheor[n] Rexeper|[n]
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variations
vx[1]
Vx[2]

Vx[]j]

table

Xa Xb Val Va2 Vbl Vb2 na nb

calc

characteristic OR design OR partial
end

read data(s) char *s; { FILE *fd; char buf[501];
if ( (fd=fopen(s,"r"))==0 ) printf("can't open %s!",s), exit(l);

for ( ; fgets(buf,500,£fd); ) {
LINE:

if ( buf[0]==';' || buf[0]=='\n' ) continue;

else if ( !strncmp("resistance" ,buf,10) ) {
for ( ; fgets(buf,500,£fd); ) {
if ( n>=N_n ) printf("too many points!"), exit(l);
if ( sscanf (buf,"%lg %$1g",Rtheor+n,Rexper+n)!=2 ) goto LINE;
n++;
}
}
else if ( !strncmp("variations" ,buf,10) ) {
for ( ; fgets(buf,500,£fd); ) {
if ( nj>=N_j ) printf("too many variables!"), exit(l);
if ( sscanf(buf,"%1lg",Vx+nj)'!=1 ) goto LINE;

nj++;
}
}
else if ( !strncmp("table",buf,5) ) {
fgets (buf, 500, £d) ;

if ( sscanf(buf,"%d %d %1lg %1lg %1lg %1lg %d %d",
&Xa, &Xb, &Val, &Va2,&Vbl, &Vb2, &na, &nb) '=8 )
printf ("error in 'table'!"), exit(1l);
table=1;
}
else if ( !strncmp("calculate",buf,9) ) {
fgets (buf, 500, £d) ;
if ( !'strncmp("design" ,buf,6) ) calc=design;
else if ( !strncmp("partial" ,buf,7) ) calc=partial;
else if ( !strncmp("characteristic",buf,14) ) calc=characteristic;
else goto ERROR;
}
else if ( !strncmp("end" ,buf,3) ) break;
else ERROR: printf("error in file: '$s'",buf), exit(l);
}
fclose (£4d) ;

if ( n<=0 || nj<=0 || nj>n ) printf("error in n/nj!"), exit(l);
if ( table && (Xa<=0 || Xb<=0 || Xa>nj || Xb>nj) )
printf ("error in table!"), exit(1l);
}
/2

Computes the factor of a value of model resistance according to EN 1990,

Anex D, 8.2.2 and 8.2.3. Depending on the value of calc (characteristic,
design, partial) returns the exponent from equation D.17a, D.21 and the ratio
of the two, respectfully.

If table!=0 prints intermediate and final calculatuions.
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double Rmodel (n,Rtheor,Rexper, j,Vx, table,calc)
int n,j,table; double Rtheor[],Rexper[],Vx[]; {

double rt,ret,b,m,s2,t,vd2,Vrt2,Vr2,Q0rt,Qd,Q,art,ad, kn,knd, fd, fk,gm; int i;
extern double VX2();

for ( rt=ret=i=0; i<n; i++ ) {
rt+= Rtheor[i] *Rtheor[i];
ret+= Rtheor[i] *Rexper[i];
}
b=ret/rt;
for ( s2=m=i=0; i<n; i++ ) {
m+= (t=log(Rexper[i]/ (b*Rtheor[i])))
s2+= t*t;
}
m/=n;
s2= n>1? (s2-m*m*n)/(n-1):0.0;
Vd2=exp (s2)-1;
Vrt2=VX2 (nj,Vx) ;
Vr2=(14Vd2) * (14Vrt2)-1;
Qrt=sqrt(log(1+Vrt2)) ;
Qd=sqrt(log(1+vd2)) ;
O=sqrt (log (1+Vr2)) ;
art=Qrt/Q;
ad=0d/Q;
kn=n/(-0.95045+0.61443%*n) ;
knd=n/ (-0.98623+0.32344*n) ;
fk=exp (-1.64*art*Qrt-kn*ad*Qd-0.5*Q*Q) ;
fd=exp (-3.04*art*Qrt-knd*ad*Qd-0.5*Q*Q) ;
gm=£fk/£d;
if ( 'table ) {
printf ("rt=%g\n",rt) ;
printf ("ret=%g\n", ret) ;
printf ("b=%g\n",b) ;
printf ("m=%g\n" ,m) ;
printf ("s=%g\n",sqrt(s2));
printf ("vd=%g\n",sqrt(vd2)) ;
printf ("Vrt=%g\n",sqrt (Vrt2)) ;
printf ("Vr=%g\n",sqrt(vr2)) ;
printf ("Qrt=%g\n",Qrt) ;
printf ("Qd=%g\n",Qd) ;
printf ("Q=%g\n",Q) ;
printf ("art=%g\n",art) ;
printf ("ad=%g\n",ad) ;
printf ("kn=%g\n" ,kn) ;
printf ("knd=%g\n",knd) ;
printf ("fk=%g\n", £fk) ;
printf ("£d=%g\n", £d) ;
printf ("gm=%g\n",gm) ;
}
return calc==partial? gm : (calc==design? fd :fk);

}

double VX2 (j,Vx) int j; double Vx[]; { double s; int i;
for ( s=1, i=0; i<j; i++ ) s*= (Vx[i]*Vx[i]+1);

return s-1;
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Chapter IV - Design assisted by testing

Attachment 3 - Input file “dast.i1” for the program “dast.exe”

;Example 7, calculation with fixed indexes of variation
resistance

214.9 215.9
219.9 222.4
224.9 224.7
229.7 228.5
234 .4 228
239.1 239.7
243.6 245 .2
248.1 253.2
252.5 261.3
256.8 260.1
261 256.5
265.2 261.7
269.3 270.8
273.4 274 .2
277 .4 279.6
281.3 281.7
285.2 282.9
289 278.7
variations
0.00295
0.01509

end
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Chapter IV - Design assisted by testing

Attachment 4 - Qutput file “dast.01” produced by “dast.exe dast.il >dast.0o1”

rt=1167250
ret=1166670
b=0.999505
m=0.000567298
s=0.0166434
vd=0.0166445
Vrt=0.0153757
Vr=0.022661
Qrt=0.0153748
Qd=0.0166434
0=0.022658
art=0.678558
ad=0.734547
kn=1.78054
knd=3.72232
fk=0.961622
£d4d=0.925447
gm=1.03909
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Chapter IV - Design assisted by testing

Attachment 5 - Input file “dast.i2” for the program “dast.exe”

;Example 7, calculation of the partial factor (gm) in a table
resistance

214.9 215.9
219.9 222.4
224.9 224.7
229.7 228.5
234 .4 228
239.1 239.7
243.6 245 .2
248.1 253.2
252.5 261.3
256.8 260.1
261 256.5
265.2 261.7
269.3 270.8
273.4 274 .2
277 .4 279.6
281.3 281.7
285.2 282.9
289 278.7

variations

0.00295

0.01509

calculate

partial

table

1200.500.511 11
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Chapter IV - Design assisted by testing

Attachment 6 - Output file “dast.02” produced by “dast.exe dast.i2 >dast.02”

partial values for Vx1=[0,0.5] (|) and Vx2=[0,0.5] (-->)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

0 1.033 1.08 1.154 1.235 1.322 1.414 1.51 1.611 1.716 1.826 1.939
0.05 1.08 1.109 1.173 1.249 1.333 1.423 1.519 1.619 1.724 1.833 1.946
0.1 1.154 1.173 1.221 1.288 1.366 1.452 1.545 1.644 1.747 1.855 1.967
0.15 1.235 1.249 1.288 1.346 1.417 1.498 1.587 1.683 1.785 1.891 2.002
0.2 1.322 1.333 1.366 1.417 1.482 1.558 1.643 1.736 1.835 1.94 2.05
0.25 1.414 1.423 1.452 1.498 1.558 1.63 1.711 1.801 1.898 2.001 2.109
0.3 1.51 1.519 1.545 1.587 1.643 1.711 1.79 1.877 1.972 2.073 2.18
0.35 1.611 1.619 1.644 1.683 1.736 1.801 1.877 1.962 2.054 2.154 2.26
0.4 1.716 1.724 1.747 1.785 1.835 1.898 1.972 2.054 2.146 2.244 2.349
0.45 1.826 1.833 1.855 1.891 1.94 2.001 2.073 2.154 2.244 2.341 2.446
0.5 1.939 1.946 1.967 2.002 2.05 2.109 2.18 2.26 2.349 2.446 2.549

7. Excel chart from the above data
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MMABA V. OLEHKA CYLWWECTBYHOLUUMNX KOHCTPYKLIVIVI
MunaH Xonukn *

! MneTuTyT KnokHepa, Yeluckuin TexHndeckuii yunsepeuteT, Mpara, Yexus
KpaTtkas nHdopmauus

Moaxod K OLEHKe CYLLECTBYHOLWMX KOHCTPYKLMA BO MHOTOM OT/IMYAETCs OT NoAXOoAa, NPUMEHSIEMOrO Mpy NPoekK-
TMPOBAHUM KOHCTPYKLMM HOBOrO 3aaHuns. HeobxoamMo yunTbiBaTb BAMSIHUE CTPOUTENBHOrO Mpouecca M nocnienyto-
LLel aKCMyaTauumM KOHCTPYKLMK, B XOAE KOTOPbIX KOHCTPYKLMSI MOXET MOABEPraTbCs NEPeCTPorKe, U3HOCY, Hernpa-
BW/IbHOW 3KCMlyaTauuMm U APYrMM M3MEHEHUSIM MepBOHaYanbHOro (3anpoeKkTPOBAHHOMO) COCTOSIHMS. [nsi OLEHKM
CYLLECTBYIOLLNX KOHCTPYKLIMIA OCHOBHbIE NpUHUMMLI U NpaBuna EBpokoaa EN 1990 «OcHOBbI NPOEKTUPOBAHUS KOHCT-
PYKUMIN» HeOB6X0AMMO AOMOSHATL CrielmasibHbIMU NpoueaypamMuy, NpeacTaBneHHbIMU B MEXAYHApOAHbIX CTaHAapTax
ISO.

1. BBeaeHue
1.1 CnpaBouHble MaTepuasbl

CrnpaBo4Hble MaTepuasbl, OTHOCSLLMECS K OLEHKE CYLLECTBYIOLMX KOHCTPYKLIMIA, OFPaHMYMBAIOTCS PSAOM Haumo-
HanbHbIX HOPM M TPEMSI MEXAYHapoAHbIMM CcTaHAapTamu ISO 2394 [1], ISO 13822 [2] n ISO 12491 [3]. OcHOBHbIE
npuHUMnbl 1 npaeuna Eepokoaa EN 1990 «OCHOBbLI NPOEKTUPOBAHUSI KOHCTPYKLMIN» HEOBXOAMMO LONONHSATL Creuu-
anbHbIMK Npoueaypamu, NpeacTaBfeHHbIMU B BbILLEYNOMSHYThIX MeXAyHapoaHblX ctaHgaptax ISO [1,2,3], koTopble
NMpenMyLLECTBEHHO UCMOMb30BaHbl B AaHHOM paboTe. [lononHuTenbHas MHdopMaumst 06 OLEHKE CYLLECTBYHOLMX KOH-
CTPYKUMIA NpefcTaBnieHa B Hay4YHbIX paboTax 1 nybnukaumsax, Hanpumep, B nybnukaumsx [5], [6] v [7].

1.2 OcHOBHbIE MPUHLUNbI

OueHKa CyLLecTBYIOWMX KOHCTPYKLMI CTaHOBUTCS Bce 6onee U 6onee BaXXHOM, U YacTO BCTpeyaloLleincs uHxe-
HepHoW 3afavell. HenpepbiBHOE MCMOJb30BaHME CYLLECTBYIOLIMX KOHCTPYKLMIA MMEET 60MbLUIOE 3HAYEHWE MO 3KOso-
MMYECKIM, SKOHOMMYECKUM M COLMANbHO-MOMMTUUYECKUM NMPUUMHAM, U C KaXAbIM FOAOM BO3pacTaeT. [aHHble acnek-
Thl 0CO6EHHO 3HAUMMBbI [N 30aHWI, KOTOPblE UMEIOT BaXXHOE COLMANbHOE U SKOHOMMUYECKOE 3HaUYeHUe.

OCHOBHbIE MPUHLMMbI YCTOWYMBOIO PasBUTUS PErYNSpPHO NPUBOAST K HEOBXOAMMOCTH YBEIMUEHMSI CPOKA CNYXObl
KOHCTPYKUMI, YTO B 6ONbLUIMHCTBE NMPaKTUYECKUX MPUMEPOB CBSI3aHO C XKECTKUMM SKOHOMUYECKMMI OFPaHUYEHUSIMU.
Mo3TOMYy OLIEHKA CYLLECTBYIOLLMX KOHCTPYKLMIA YacTo TPebyeT NpUMEHEHWSI CIOXKHbBIX METOAOB, Kak NpaBwuio, BbiXO-
[ALWMX 33 PaMKU TPAAULIMOHHBIX HOPM MPOEKTUPOBaHMUSI.

Moaxoa K OLUEHKE CYLLECTBYIOLIMX KOHCTPYKLUMIA BO MHOTOM OT/IMYAETCS OT MOAX0Aa, MPUMEHSIEMOrO MpU MpoekK-
TUPOBaHUM KOHCTPYKLMM HOBOTO 3faHusi. HeobXxoauMo yunTbIBaTb BAKUSIHWE CTPOMTENBHOMO MpoLecca M nocnieayto-
e 3KCryaTaUum KOHCTPYKUMK, B XOAe KOTOPbIX OHa MOXET MoABEepraThCsl NepecTpoirke, U3HOCY, HenpaBUIbLHON
3KCNyaTaumMm v ApYruM U3MEHEHVSIM MEePBOHAYasnibHOMO (3anpOeKTMPOBAHHOI0) COCTOsIHUS. OAHAKo, HECMOTpsl Ha
TO, YTO CyLIECTBYHOLLEE 3A]@aHNE MOXKET 6blTb HEOAHOKPATHO 06C/IeA0BaHO, HEOMPEAENEHHOCTb B MOBEAEHUMN OCHOB-
HbIX MEpPEMEHHbIX Bceraa octaeTcs. Mo3ToMy, aHanorMyHo TOMY, KaK 3TO AeNlaeTcs NpU NPOeKTUPOBAHUM HOBbIX KOH-
CTPYKUMIA, aKTUUecKMe BapuauMy B OCHOBHbIX MEpPEMEHHbIX, XapakTepu3ytoLwmx BO3AENCTBUS, CBOWCTBA MaTepua-
OB, FTEOMETPUYECKME MapaMeTpbl ¥ HEOTPEeAENEHHOCTU MOAENM, ClefyeT YUUTbIBATb C MOMOLLbIO YacTHbIX Ko3ddu-
LIMEHTOB WM APYrvX MOMOXEHUIA HOPM.

2. O6L1an cxemMa OLleHKH!
2.1 NMpuunHbI OLLEHKMN

Kak npaBufio, nNpoBedeHne OLEHKM (haKTUUECKOM HAAEXHOCTU CYLLECTBYIOLWEN KOHCTPYKUMM MOXET noTpebo-
BaTbCsA B CIIEAYIOLLMX CyYasx:

—  PEKOHCTPYKLMS CYLLECTBYIOLLErO NMOCTPOEHHOMO COOPYXXEHMUS!, B XOAE KOTOPOWM B CYLLECTBYIOLLYIO HECYLLYO
cucTeMy A06aBNSIIOTCS HOBblE KOHCTPYKTUBHBIE 3/IEMEHTI;

—  MpoBepKa MPUrOAHOCTU C LIEMbI0 ONpPeAerneHns, CnocobHa I CyLIECTBYIOWANA KOHCTPYKLMS BblAEpXUBaTb
Harpy3Kku, CBA3aHHbIE C OXKMAAEMbIM U3MEHEHMEM pEXMMA IKCMIyaTalun COOPYXXEHUs, U3MEHEHUEM YCIO-
BUI 3KCMTyaTaUMK UMK YBENMUYEHWEM Ero PacYeTHOMO CPOKa CyXbbl;

—  PEMOHT CYLUECTBYIOLEN KOHCTPYKLMM, KOTOpasi MOABEPriach U3HOCY BCNEACTBME 3aBUCSLLENO OT BPEMEHM
BO3JENCTBMS OKpY>XXatoLlel cpefpbl, UM MOABEprfiach PaspyLIEHUI0 B XOAe Ype3BblYaliHbIX BO3AEWCTBUM,
HarnpvMep, 3eMneTpsiceHus;

- BO3HWKHOBEHME COMHEHWI B CbaKTVIl-IECKOH HaAEXHOCTU KOHCTPYKUUN.

B HeKOTOpbIX Cny4asix MPOBEAEHME OLIEHKM MOryT NoTpeboBaTh HAA30pPHbIE OpraHbl, CTPaxoBble KOMMaHWK, Bna-
AeNbUbl 34aHWIA, UK oLeHKa HeobxoaMMa B COOTBETCTBUM C MIAHOM TEXHUYECKOrO 06CITY)KUBAHWSI.
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2.2 O6wme npaBuia
O6bIYHO MPK OLIEHKE CYLLECTBYIOLLUMX KOHCTPYKLMIA NPUMEHSIOTCS cneaytolume aBa obLmux npasuna:

HeobxoanMMo NpuMeHsTb AEUCTBYIOLLME B HACTOSILEE BPEMS HOPMbI A1t MPOBEPKN KOHCTPYKTUBHON HAAEXHOCTH,
a MCnonb3oBaHue CTapbiX HOPM, AEUCTBUTENbHBIX HA MOMEHT NMPOEKTUPOBAHUSI KOHCTPYKLMK, HOCUT UCKIIOUNTENBHO
pekoMeHAAaTeNbHbIN XapakTep.

HeobxoamMo paccMaTpuBaTh DaKTUYECKME XapaKTEPUCTUKM MaTepuanoB KOHCTPYKLWM, BO3AEUCTBUS, FeOMeTpu-
yeckmMe MapaMeTpbl U NOBEAEHWE KOHCTPYKLMW, @ MCMOJSb30BAaHUE WCXOAHOW MPOEKTHOM AOKYMEHTaLMU HOCUT MC-
KNOUMTENbHO PEKOMEHAATENbHbIN XapaKTep.

MepBoe npaBwno cnegyeT NPUMEHATL C Lefblo JOCTMXKEHWS aHANOrMYHOro YPOBHS HAaAEXHOCTW, Kak B cyyae ¢
HOBbIMW CMPOEKTUPOBAHHBLIMU KOHCTPYKUMAMKU. CornacHoO BTOPOMY MpaBwuily, He crneayeT AonyckaTb HEOpeXHOCTU B
OLIEHKE COCTOSIHUSI KOHCTPYKLMW, TaK KaK 3TO MOXET OkaszaTb (6raronpustHoe unv HebnaronpusiTHoe) BO3AeNCTBYE
Ha (paKTUYeCKyo HaeXHOCTb JaHHON KOHCTPYKLIMM,

Bonblias YacTb AEMCTBYIOLWIMX B HACTOsLLIEE BPEMS HOPM pa3pabaTbiBAaeTCs C MPUMEHEHUEM MOHATUS Npeaenb-
HbIX COCTOSIHWIA B COYETAHUM C METOAOM YaCTHbIX KO3(dULMEHTOB. B COOTBETCTBMM C AaHHBIM METOAOM, KOTOPbIN
noapo6HO paccMaTpUBAETCA B 3TON paboTe, OCHOBHbIE MEPEMEHHBIE OMPEAENSIOTCA XapakTePUCTUUECKUMU UNK pe-
Mpe3eHTaTUBHBIMW 3HAUYEHWUSIMU. PacyeTHble 3HAUEHMSI OCHOBHbIX NMEPEMEHHbIX OMPEAENAOTCS Ha OCHOBE XapaKTepu-
CTMYECKUX (PEMNPE3EHTATUBHBIX) 3HAUEHWUI M COOTBETCTBYIOLIMX YaCTHbIX KO3(hdOULIMEHTOB.

M3 BTOpOro npaBwma CleayeT, YTO BU3yasibHbIi OCMOTP OLIEHMBAEMOW KOHCTPYKLMU HEO6X0AMMO MPOBOAWTL BO
BCEX BO3MOXHbIX Criydasix. MpaKTUYeCcKuid onbIT NOKa3bIBAET, YTO OCMOTP CTPOUTENBHOMN MAOLLAAKM Takxe crnocobeT-
BYET OLleHKe peanbHON CUTyaLnn U COCTOSIHUSI KOHCTPYKLMW.

Kak npaBwno, npoBeAeHne OLEHKM He TpebyeTcs Ans TeX 3NEMEHTOB CyLUeCTBYIOLLEN KOHCTPYKLUMK, KOTOpbIE He
MOABEPralTCs KOHCTPYKTUBHBIM U3MEHEHWSIM, PEKOHCTPYKLIMM, PEMOHTY, U3MEHEHWIO pPeXMMa SKCryaTauuu, uam
KOTOpble He MONYYMSIN OYEBUAHBIX MOBPEXAEHUM, @ TaKXKe NpuU OTCYTCTBMM OCHOBaHWI NosaraTb, YTO KOHCTPYKLMS
HeAoCTaTOYHO HaZleXHa.

2.3 OCHOBHOI1 npouecc

B OCHOBHOM, NPOLIECC OLEHKM COCTOMT U3 CrieaytoLmx 3Tarnos (CM. CXeMy B MPUSIOXKEHUM A K AQHHOM rnaBe):

onpeaeneHne 3aaay OLEHKM, TpebyeMbIX 3aKa3uMKOM MM HaA30PHbIMU OpraHaMu;
—  CcleHapuu, CBA3aHHbIE C KOHCTPYKTUBHBIMW YCIIOBUSMU UM BO3AENCTBUAMU;

—  MpeaBapuTeNibHast OLEHKa;

—  M3YyYeHWe MMeloLLeNCs AOKYMEHTaLUuK;

—  npeaBapuTeNbHbIN OCMOTP;

—  MpeaBapuTesNbHblE NMPOBEPKY;

—  pelleHne O NPUHSATUU CPOYUHBIX Mep;

—  peKkoMeHAaumMu Mo noapobHOi OLEHKE;

- noppobHas oueHKa;

—  TLWATEeNbHOE U3yYeHne JOKYMEHTaLMK;

—  TLWATE/bHbIA OCMOTP;

—  WCMbITaHWe MaTepUasioB v ONpeaesieHne BO3AENCTBUN;

—  onpeaeneHne KOHCTPYKTUBHBIX CBOWCTB;

—  OLUEHKa KOHCTPYKTUBHOW HAaAEXHOCTH;

—  MpoBepKa KOHCTPYKTMBHOMN HaAEXHOCTH;

—  (hopMMpOoBaHMe OTYETA, BK/OYas MPEANOXKEHNS O AaNbHENILNX AEHCTBUSX C COOPYXXEHUEM;
—  MpuW Heo6X0AMMOCTM NOBTOPUTb MOC/IEA0BaTENbHOCTb.

Ecnm B pesynbTaTte NpeaBapuTeNbHON OLIEHKU YCTAHOBIEHO, YTO KOHCTPYKLIUS SIBMISIETCA HAAEXHOMN ANns ee npej-
MoslaraeMoi 3KCryaTaumm B TEUEHWE OCTAaTOYHOrO CPoKa Clyx6bl, NpoBeAeHe NoApo6EHOIM oueHKK He Tpebyetcs. U
HaoBOopOT, eC/IN ECTb OCHOBaHWS MofaraTb, YTO KOHCTPYKLMA NPeACTaBNseT OMacHOCTb MM HAaXOAMTCS B HeHadeX-
HOM COCTOSIHWM, TPEBYETCA NPUHATL CPOYHbIE MEPbI M MPOBECTM NOAPOBHYIO OLIEHKY.
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3. O6cnepoBaHune
3.1 Uenu

Llenbto o6cnenoBaHuns CyLLeCcTBYOLLEN KOHCTPYKLMKN SIBAISIETCS NPOBEPKA M OBHOBMIEHWNE AaHHLIX O TEKYLUEM MO-
NnoxeHun (COCTOSIHUM) KOHCTPYKLMM C YYETOM psida acnekToB. YacTo nepBoe BrevaT/ieHWe O COCTOSIHUM KOHCTPYK-
UMM 6yaeT OCHOBaHO Ha BU3yaslbHOM KayeCTBEHHOM obcnefoBaHuK. OnvcaHMe BO3MOXHOMO MOBPEXAEHWUS KOHCT-
PYKUMM MOXET BbiTb NPeACTaBEHO B YCTHOW (hOpPMe C UCMOSIb30BaHWEM CreaYHOLWMX TEPMUHOB: «HENM3BECTHO», «OT-
CYTCTBYET», «HE3HAUNTENbHOE», «CPEAHEE», «3HAUUTESIbHOE», «Pa3pyLUUTESIbHOE». 3a4acTyto, pelleHne Ha OCHOBE
[aHHbIX HABIOAEHUI NPUHUMAETCS SKCNEPTaMMU UCKITIOUUTENBHO MHTYUTUBHBIM 06pa30oM.

bonee feTtanbHas oueHKa COCTOSIHWSI KOHCTPYKLMKW MOXET bbiTb Npou3BefeHa Ha OCHoBe (MOCNeayoLwWwmnx) Konm-
YeCTBEHHbIX NpoBepok. OBbIYHO OLeHKa CyLIECTBYIOLMX KOHCTPYKUMIA MpeacTaBnsieT cobov LMKIUYHBIA MpoLecc,
Koraa nepsasi MpoBepka COMPOBOXAAETCS nocneaylowmmm obcnefoBaHuaMu. Llenbio npoBeaeHus Mocneayowmx
obcrenoBaHuii IBNSieTCsl HEO6X0AMMOCTb 6oniee TLaTeNbHOW OLEHKU COCTOSIHUSI KOHCTPYKUMM (B OCOBEHHOCTM B
Cflyyae paspyllieHus), a Takke MpoBepka MHGOpMauuM, HeobXxoaMMON AN OrpeaenieHusl XapakTepUCTUUECKMX U
penpe3eHTaTUBHbIX 3HaYeHUi OCHOBHbLIX MepeMeHHbIX. [N BCeX METOAOB NPOBEPKM CneayeT MpefocTaBnsiTb WH-
opMaLmio 0 BEPOSITHOCTU 0BHAPYXXEHUsI NOBPEXAEHUN, €CIIM TAKOBbIE UMEIOTCS, U O TOYHOCTU pe3y/bTaToB.

3.2 Otyer

Pe3synbTaTbl 06C/IeA0BaHNS HEOHXOAMMO BKJHOUYATb B OTYET, KOTOPbIN, Kak NPaBWsIO, COAEPXMUT Cleaytowwyo UH-
¢opmaumio:

—  peanbHoe COCTOSIHUE KOHCTPYKLIMK;

—  BWAbl MATEPUANoB KOHCTPYKLUMW M TUM MOYBbI;

—  BbISIBNEHHbIE MOBPEXAEHNS;

—  BO3AEWCTBUS, BKIItOYas BIMSIHUE OKpYXKatoLel cpespl;
—  MMeloLLascsl NPOeKTHas AOKYMEHTaLMS.

MaKcuManbHoe HarpyXeHue MpeacTaBnisieT coboit 0cobblii BUA 06CNefoBaHMs. Ha OCHOBE AaHHbIX WCMbITaHWI
MOXHO CAeN1aThb BbIBOAbI C YUYETOM ClefyIoLIEro:

HECYLLI,el\/II CNOCcOBHOCTM UCMbITLIBAEMOrO 3/1EMEHTa B pexunme KOHTpO}'IbHOﬁ Harpysku,

—  [pYruX 3/1EMEHTOB;

APYrMX YCNOBWIA HArpysKku;
—  MOBEAEHUs CUCTEMBI.

Cpenatb BbIBOA MO NEPBOMY MYyHKTY HE NMPEeACTaBAsieT COXHOCTU — (PYHKUMS NIOTHOCTU pacnpenesnieHns Bepo-
STHOCTM HecyLuel CnoCOBHOCTM NPOCTO OCTaHAaB/IMBAETCS Ha 3HAYeHUM MaKCUManbHOWM Harpy3ku. Caenath BbIBOA MO
APYTUM MyHKTaM crioxHee. HeobxoauMO 3aMeTuTb, UTO KOMMYECTBO WCMbITaHWM C MaKCMManbHOM Harpyskoi He
JOMKHO OrpaHMuMBaTbCs OAHWM. KOHTPONIbHOE WUCMbITaHWE MOXKET MPOBOAUTLCS Ha OAHOM 3M1IEMEHTE MpW PasHbIX
YCNOBUSIX Harpy>XeHUs U/unm Ha obpaslie KOHCTPYKTUBHLIX 31eMeHTOB. Bo n3bexaHne HexenaTenbHOro noBpexae-
HUSI KOHCTPYKLMWU BCNEACTBME MaKCUMasibHOM Harpy3ku, peKOMEHZYeTCsl yBEeNMUMBaTh Harpysky MOCTEMNEHHO U U3-
MepsaTb AecopMaumnn. PesynbTaTbl M3MEPEHMIA Takke CMOCOBCTBYIOT GOMbLIEMY MOHUMAHUIO MOBEAEHWSI CUCTEMBI. B
OCHOBHOM, MPW UCMbITAHUAX Ha MaKCMMabHYHO Harpysky peako YYWTbIBAlOTCS AOMrOBPEMEHHbIE WM 3aBUCSLIME OT
BPEMEHW BO3AENCTBMS. [JaHHble BO3AEMCTBUS AO/MKHbI KOMNEHCUPOBATLCS pacyeTaMu.

4. OCHOBHbIE NepeMeHHble
4.1 OCHOBHbIE NOJIOXXEeHUNA

B COOTBETCTBUM C BbILLEYNOMSIHYTHIMU OCHOBHLIMU MPUHLIUMAMM U NPaBUIaMU, XapaKTEPUCTUUYECKUE 1 penpeseH-
TaTMBHbIE 3HAUEHMS BCEX OCHOBHBIX MEPEMEHHbIX ONPEAENSIOTCS C YUYETOM PeanbHON CUTyaLun U COCTOSAHUS KOHCT-
pyKumn. MpUMeHeHUE UMEIOLLIENCS MPOEKTHOW AOKYMEHTALMM HOCUT MCKIIOYMTENBHO PEKOMEHAATENbHbIN XapaKTep.
PeanbHOE COCTOSIHME KOHCTPYKLIMW AO/KHO MPOBEPATbCA MyTEM MPOBEAEHWS OCMOTPOB B Pa3yMHbIX KOMYECTBAX.
Mpn HEOB6XOAMMOCTM CNeayeT NMPOBECTM UCMbITaHWUS C paspyLleHUeM unu 6e3 paspylueHus obpasLia, ¢ nocneayoLlei
OLIEHKOW pe3yNbTaToOB MPU MOMOLLM CTATUCTMUECKMUX METO/IOB.

4.2 XapaKkTepucTuyeckue 3HauyeHus

[na nposepku KOHCTDYKTMBHOﬁ HaAEeXHOCTN C UCNOJIb30BAaHMEM METOAA YaCTHbIX KO3C|)dJVIL|,VI€HTOB XapaKTepu-
CTU4ecKne N penpeseHTaTuBHbIE 3HAYEHUA OCHOBHbIX NEPEMEHHbIX CNEAYET pacCMaTpMBaTb Cneayolnum 06pa30M:

a) Pa3Mepbl 31EMEHTOB KOHCTPYKLUMM AOKHbI ONpeaensTbCsl Ha OCHOBE COOTBETCTBYIOLMX M3MepeHuii. OaHako,
€C/IM UMEeEeTCs UCXoaHas MpoeKTHas AOKYMEHTauUuMsl U pa3Mepbl He MEHSNINCh, B pacyeTax MOryT OblTb UCMOMb30-
BaHbl HOMMHa/bHbIE pa3Mepbl, YKa3aHHble B JOKYMeHTaUuu.
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6) HarpysouHble XapaKTepUCTUKKU CeayeT NPeACTaBisATb CO 3HAUYEHUAMM, OTPAXKAIOWMMU PEAnbHYI0 CUTYaLMIO,
NPOBEPEHHYI0 MyTeM MPOBEAEHWSI UCMbITAHMIA C pa3pyLUeHneM unu 6e3 paspylueHns obpasua. Ecnm kakue-nnéo
Harpy3Kku 6b1M YMeHbLUIEHbI UK NMOSTHOCTbIO YAaNEeHbl, PENPE3EHTaTUBHbIE 3HAUYEHNUS TaKXKe CieayeT YMEHbLLWUTb
WM CKOPPEKTUPOBATL COOTBETCTBYIOLIME YacTHble ko3dhduumeHTbl. Ecnn paHee Habnoaanock Ype3MepHoe Ha-
rpy>eHue, Heo6X0AMMO COOTBETCTBYIOLIMM 06pa3oM YBEIMUMTL PEMPE3EHTATMBHbIE 3HAYEHUS.

B) CBoOWCTBa MaTepManoB CleayeT paccMaTpuBaTh B COOTBETCTBUM C peasibHbIM COCTOSIHMEM KOHCTPYKLIMKM, Mpo-
BEPEHHBIM MYTEM MPOBEAEHWS UCTbITaHUIA C paspyLeHreM unu 6e3 paspyleHus obpasua. Mpu HanMuMm ucxoa-
HOM NPOEKTHOW AOKYMEHTALUMM M OTCYTCTBUM 3HAUUTENBLHOrO M3HOCA C BO3MOXHbLIMU NMPUCYTCTBYIOWMMM OLLING-
KaMy NPOEKTUPOBAHWUSI WM OLUIMBKAMM MOHTaXa, MOryT 6biTb MCMOMb30BaHbl XapaKTepUCTUUECKUE 3HAUEHMS,
MpeacTaB/ieHHbIe B UCXOAHOM MpPOEKTE.

r) HeonpeaeneHHOCTM Mogenu cneayeT paccMaTpuBaTh TaK Xe, Kak M Ha CTaguu NPOeKTUPOBaHMS, 3a UCKIIoYe-
HMeM cnyyaeB, Korga bonee paHHee noBefeHMe KOHCTPYKUMK (B 0OCOBEHHOCTU pa3pyLueHne) AuKTyeT obpaTHoe.
B HeKoTOpbIX Criyyasix napameTpbl Moaenu, KO3chdUUMEHTbI U APYrMe pacyeTHble AOMYLLEHWUSI MOXHO onpeae-
NUTb, UCXOAS W3 Pe3yNbTaTOB M3MEPEHWUN CYLLECTBYIOLLEN KOHCTPYKUMKM (Hanpumep, KO3 dUUMEHT BETPOBOM
Harpy3Kku, 3HaUeHUs1 PaCYETHOW LUMPUHBI U T.4.).

MpoBepKa HAAEXHOCTU CYLLECTBYIOLLEN KOHCTPYKLMM A0/MKHA 6biTb OCHOBaHa Ha NPOBEAEHMM OCMOTPa CoopyxXe-
HUS, BK/loUast C60p COOTBETCTBYIOWMX AaHHbIX. OAHUM M3 Haubosee BaXKHbIX 3TaMoB NpW OLEHKE HAAEXHOCTU ABNS-
€TCS OLEHKA UCXOMHbIX AaHHbIX, U UX YTOYHEHME C UCMOJIb30BAHUEM HOBbIX MOJTYYEHHBIX PE3YNILTATOB M3MEPEHU.

5. AHanus pe3ysibTaToOB NPOBEPKMU
5.1 O6HOBNEeHMe AaHHbIX

MokasaTenu CBOWCTB U HAAEXHOCTM MOrYT BblTb OBHOBNEHBI C UCMOSIb30BAaHWEM pe3yNbTaToOB NPOBEPKM (KauecT-
BEHHOWM MPOBEpKM, pPacyeToB, KOMMYECTBEHHOM MPOBEPKWU, MAaKCUMasbHOMO HarpyXeHus). Bolaensotcs ase pasHbix
npoueaypsbi:

1) nepepacyeT BEpOATHOCTM Pa3pyLUEHUst KOHCTPYKLUM.
2) nepepacyeT pacrnpeneneHnii BEposITHOCTEN OCHOBHbBIX NEPEMEHHLIX.

MpsiMoe OBHOBNEHME MApPaMETPOB KOHCTPYKTMBHOM HaaexxHocTu (mpoueaypa (1)) dbopManbHO MOXHO Mmpou3se-
CTW, UCMOMb3YS CNeayoLLyt0 OCHOBHYIO (DOpPMyy TEOPUM BEPOSITHOCTY:

P(F|I) = % (1)

rae P obo3HauyaeT BepOSTHOCTb, F — NoKanbHoe unu obliee paspylueHne, 1 — uHdopMaumio NpoBepku, n M —

06n1acTb nepeceyeHns AByxX CoBbITUI. MHdOopMaLma NpoBepkn 1 MOXET COCTOATb M3 HabMIIOAEHNS TOro, YTO WMPUHA
TpeLLUMHbI Ha 6anke B MeHbllle, YeM LiMpUHa TPeLLmHb Ha Banke A. MpUMep YTOUHEHUS! BEPOSITHOCTEN C MCMOSb30Ba-
HMeM ypaBHeHus (1) NpuBeaeH B NPUNOXeHWUN B k AaHHOM rnase.

5.2 MepepacueT pacnpeaeneHnsa BepoaTHOCTEN

Mpoueaypa nepepacyeTa OAHOMEPHOrO WM MHOFOMEPHOrO pacrnpeneneHvs BeposTHocTel (npoueaypa (2))
¢opManbHO UMeET cneayowmin BuA:

£ () = CPU|)E (x) @

rae fy (x|] ) 0603HauyaeT yTOUHEHHYIO (YHKLMIO MIOTHOCTW pacripesenerus sepositHoctenn X , fy (x) obo-

3HavaeT yHKLMIO NNIOTHOCTM pacnipeaeneHus sepositHoctel X o nepepacueta, X — OCHOBHYIO NepeMeHHyo 1nu
cTatTucTuyeckuin napametp, I — uHdopMaumio nposepkn, C— HOPMUPYIOLLYIO MOCTOSIHHYIO, a P(I|x) — (yHKUMIO
npasgonogobus. Ha puc. 1 npeactaBneHo NOsICHEHUE K YpaBHEHUIO (2).
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fi(x), fi(x|])

updated distribution fi(x

D)

prior distribution fi{x)

| | L
prior xq updated x4
fy (x), fx (3D

yTouHeHHoe pacnpegenetve fy (x|] )
anpuopHoe pacrnipesenetme fy (X)
anpuopHoe X,
YTOUHEHHOE X4

X

Puc. 1. Mepepacuet byHKLMN MIOTHOCTU pacnpeneneHns BepoaTHOCTE
ans oxxupaemoii nepemeHHon X .

B npumepe, NpeacTtaBneHHOM Ha puc. 1, nepepacyer npuBoauT k Gonee 6naronpusTHOMY pacrnpeneneHuio C
6OMbILMM pacYeTHbIM 3HAUYEHMEM X, YEM UCXOAHOE pacyeTHoe 3HaueHue X, . TeM He MeHee, B OCHOBHOM, yTOu-
HEHHOEe pacrpeaenieHne TakxKe MOXET BbiTb MeHee 6/1aronpusSTHLIM, YEM anpUOpHOE pacrpeaeneHue.

5.3 Nepepacuer BEpOATHOCTU pa3pylUeHUNA

Kak TOMbKO yCTaHOBMIEHbI YTOUHEHHbIE pacripeaeneHnst As OCHOBHbIX nepeMeHHbX fy (X), yTouHeHHyio Bepo-

SATHOCTb pa3pyLleHus P(F |I ) (npoueaypa (1)) MOXHO onpeaenuTb MpU NOMOLUM BEPOSATHOCTHOMO aHanusa C npu-

MEHEHWEM CTaHAAPTHOIO METoAA KOHCTPYKTUBHON HAAEXHOCTM ANSt HOBbIX KOHCTPYKUMIA. B BUAe copMysbl 3TO Mo-
XeT 6bITb NPeACTaBNEHO CleayoLWmUM 06pasoM:

P(F|I) = J‘ fx(&Ddx 3)
g(x<0)
roe fy (x|] ) 0603HaYaET yTOUHEHHYIO (DYHKLMIO MIOTHOCTM pacnpeseneHus sepositHocTen, a g(x) < 0 - 06-
nactb paspywenus (rae g(X)— 310 dyHKUMA NPesensHoro CocTosHMs). HeobxoamMMo A0KasaTh, YTO BEPOSITHOCTb
P(F |I ), NpeacTaBneHHas PacyeTHbIMU 3HAYEHWSIMU A1 €€ OCHOBHbIX MEPEMEHHbBIX, HE MPEBbIAET yKa3aHHOoe
pacyeTHoe 3HayeHve.
5.4 YTouHeHue XapaKTepUCTUUYECKUX U pacueTHbIX 3HaYeHuU

Mpoueaypa nepepacyeTa (2) MOXET MCMOMb30BATLCS A5 NMOMYYEHNS YTOYHEHHbIX XapaKTepuUCTUYeCKnX 1 perpe-
3EHTATUBHbIX 3HAYEHMUI (KBaHTUEN COOTBETCTBYIOLLMX PaCNpeaeneHnii) OCHOBHbIX NMEPEMEHHBIX ANS1 MPUMEHEHMS B
MEeToAEe YacTHbIX ko3dduumeHToB. BaliecoBCKMIM MeToA nepepacyeTa KBaHTUIEN OMUCLIBAETCA B MpuoxeHun C K
[laHHOW rnaBe. bonee noapobHas MHdopMaums 0 nepepacyeTe npeacTaBneHa B ctaHaapTe ISO 12491 [3].

bonee nNpakTWYHbIM METOAOM SIB/SIETCS NPSIMOE ONpefeneHne YTOYHEHHbIX PACYETHBIX 3HAUYEHUIA As KaXKaoW oc-
HOBHOI1 nepeMeHHol. [lns napaMeTpa Hecylei cnocobHocT X pacyeTHOe 3HauyeHWe MOXKHO MOAYYUTb, UCMONb3Yst
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JencTBytolyto dopMyny us ctaHaapta ISO 2394 [1]. Ans pacyeTa HOpMasnbHOM M NorapudMUyecku HOpMabHOM
CNyyaliHoW nepeMeHHON UCMOoNb3YeTCa cneaytowas dhopMyna:

xg=pu(l-apV) 4
x, = puexp(—afc —0,507) (5)

TAe X, — YTOUHEHHOe pacyeTHoe 3HaueHue aAns X , [ — YTOUHEHHOE CpefiHee 3HayeHWe, ¢ — BEPOSTHOCTHbII
KO3(bDUUMEHT BNMsHUS, [ — pacueTHbIi MHOEKC HAAEXHOCTM, V — yTOUHEHHbIN KO3(dMUMEHT Bapuauuu, a

o’ =In(1+7V7?).

3HayeHne pacyeTHOro MHAEKCa HafeXHOCTU ﬁ obcyxxpaetca B ctaHgapte ISO/CD 13822 [2], 3HaueHus o

MOXXHO MPUHSTb PaBHbIMKU 3HAYEHUSIM, 06bIYHO UCMOMBb3YEMBIM /st HOBLIX KOHCTpYKUMA (0,7 — ANs AOMUHUPYIOLLEro
napaMeTpa Harpysku, 0,8 — Ans AOMUHMPYIOLLEro NapaMeTpa HecyLlei cnocobHocTn 1 0,3 — Ans He AOMUHUPYIOLLMX
nepeMeHHbIX, B COOTBETCTBUM CO CTaHzapTom ISO 2394 [1]).

n HaO60pOT, MOXHO CHa4dana OrnpeaennTb XapakTepuCcTMYeckoe 3Ha4eHne X, , a 3aTe€M BbIYUC/IUTL pacyeTHoe

3Ha4eHne X, C MOMOLLbIO COOTBETCTBYIOLLIEro YacTHOro KoapdbmumeHTa Vi

X, =x.1y, (6)

Toraa ans HOpPManbHOM M NorapudMUUECKU HOPMaNbHOM CyyaiiHoi nepeMeHHon X XapakTepuCTUYeckoe 3Ha-
UeHMe X, PacCuMTLIBAETCS ClIeAyIoLLMM 06pa3oM:

X, = u(1=kV) (7)
x, = pexp(—ko —0,56°) (8)

rae obbluHO ucronbayetcs Kk =1,64 (5% KBaHTWAb CTaHAAPTM3MPOBAHHOTO HOPMAasbHOrO pacnpeaeneHus). Pe-
KOMeHZyeTcs paccMOTpeTb 06a MeToAa, a 3aTeM UCMOMNb30BaTh PE3yNbTaT C HaMGOMbLIMM 3aMacoM.

[laHHas npoueaypa MOXXET NPUMEHSATLCA KO BCEM OCHOBHbLIM MepeMeHHbIM. OfHAKO AN reoMexaHUYeCcKux CBOM-
CTB W MepeMeHHbIX Harpy3ok Gonee noaxoaswuMu MoryT GbiTb Apyrve pacnpeaeneHusi, NoMUMO HOPManbHOro U
norapuM1MUYecKn HOpPMasnbHOro pacnpeaeneHus.

HeobxoaMMo 3aMeTWTb, YTO 6osee HU3KUIA AONYCTUMbIA YPOBEHb HAAEXHOCTU MOXET GbiTb YCTAHOBNEH MyTeM
YMEHbLUEHUS 3HaueHuit [ ans BEpOSTHOCTHOTO METOAA PAcyeTa, M YMEHbLUEHWS 3HAYEHUI ¥ B METOAE YacTHbIX

ko3hduumeHToB. [Ans cBoiicTBa MaTepuana X , ONMCbIBAEMOro HOPManbHbIM pacnpeaeneHneM, YacTHbIin Koaddu-
LMEHT ¥, MOXHO BbIYMC/IUTb C MOMOLLBIO CNEAYIOLLEro ypaBHEHMS:

X —ko
Ve :_k:ﬂ— (9)
X, u—afoc

KOTOPOE CreflyeT M3 CoOoTHoLeHMs1 obulero Buaa (6). Bce 0603HaueHus, ucnonb3yeMble B ypaBHeHun (9), ycra-
HoBNeHbl Bbilwe (kK =1,64 06bIYHO MCMOMb3YETCA ANS HOPMaTMBHOIO COMPOTUBNEHMS). AHANOMMYHBIE COOTHOLLIEHNS

MEXAY ., U B MOXHO BbIBECTW A/Ist IOrapUdMUYECKU HOPMATBHOTO PACPEAENEHNst UK APYTUX pacripeaeneHnii.

6. OLleHKa KOHCTPYKTUBHOI Hafi@XHOCTH

MoBeAeHWe KOHCTPYKLUMIA AOMKHO BbiTh OLEHEHO C MOMOLLbI0 MOAENEN, KOTOpble OMUCLIBAIOT peanbHylo CUTya-
LMIO M COCTOSIHWSI CYLLECTBYIOLLIEN KOHCTPYKLMWU. B OCHOBHOM, KOHCTPYKLMIO CNeAyeT OLEHMBaTb Ha KpUTUYECKoe
npeaenbHoe COCTOSHWE W NpeAenbHOE COCTOSIHME 3KCUTyaTaUMOHHOM MPUIOAHOCTU C MCMOJb30BaHMEM OCHOBHbIX
NepeMeHHbIX, @ TakXKe C YYETOM CBOWCTBEHHOIO MpoLiecca M3Hoca.

Bce OCHOBHblE MepeMeHHble, XapaKTepu3ytolwmne BO3AENUCTBHSI, HAarpy3Ky U HEOMpeaeneHHOCTU MOAENM, AO/KHbI
6bITb PACCMOTPEHBI, KakK OMUCaHO Bbille. HeonpeaeneHHoOCTb, CBsI3aHHasi C JOCTOBEPHOCTLIO Y TOYHOCTbIO MOAENEN,
AO/DKHA paccMaTpyBaTbCS B MPOLECCE OLEHKM MM MYTEM MPUHATUS COOTBETCTBYIOLUMX KO3(hMULMEHTOB B AETEPMU-
HMPOBAHHbIX NMPOBEPKaX, UK NyTeM BBeAeHWUs! KO3(DdULMEHTOB BEPOSITHOCTHOW MOAENN B OLEHKY HAZEXHOCTH.

Mp1 NpoBeAeHMM OLEHKM HAAEXHOCTU CYLIECTBYIOLIEN KOHCTPYKUMM HEOBXOAMMO YYMTbIBaTb Creaylollee: Ko-
achdULMeHTHI NpeobpasoBaHus, OTpaxalolme BausHUMe GhopMbl M pa3MepoB 06pasLoB, TEMMEPATYpPy, BMAXHOCTb,
BO3A€ENCTBME MNPOAO/KUTENBHOCTU HAarpyXeHust 1 T.4. Takke cneayeT yuuTbiBaTb YPOBEHb 3HAHWIA O COCTOSIHWM
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KOMMOHEHTOB. 3TO JOCTUraeTcsl NyTeEM KOPPEKTUPOBKM NPeAnonaraeMoi M3MeHUYMBOCTU UK B HECYLLIEN CMOCOBHOCTU
KOMMOHEHTOB, UK B pa3Mepax MX MonepeyHbIX CEYEHUI, B 3aBUCMMOCTU OT TUMA KOHCTPYKLIN.

Mpy HabNOAEHNM U3HOCA CYLLECTBYHOLLEN KOHCTPYKUMMW CNEAYET BbISIBUTb MEXAHU3Mbl M3HOCA, @ TaKXXE, Ha OCHO-
BE TEOPETMYECKUX W SKCMEPUMEHTASIbHBIX UCCIEA0BAHNUI, OCMOTPOB U OMbiTa, ONPeAenuUTb MoAeNb U3HOCA, MPOrHo-
3upytoLyto 6yayLuyo paboTy KOHCTPYKLMMN.

7. Nposepka

MpoBepka HAAEXHOCTU CYLLECTBYIOWENA KOHCTPYKUMW [O/KHa MPOBOAWTLCS C MCMOMb30BaHUEM AEUCTBYHOLMX
CTPOWTENbHBIX HOPM, KakK MpaBW/io, OCHOBAaHHbLIX Ha METOAE MPeAesbHbIX COCTOsIHMI. CneayeT obpaTuTb BHUMaHWe
KaK Ha KpUTMYECKOe MpedesibHOe COCTOSIHWE, Tak U Ha NpeAenbHOe COCTOSIHUE 3KCM/yaTalMOHHOW MpUroaHOCTU.
MpoBepka MOXET 6bITb NPOU3BEAEHa C UCMOMb30BaHUEM METOAA YaCTHbIX KO3 GhULMEHTOB UMM METOLOB KOHCTPYK-
TUBHON HafEXHOCTW, C YYETOM KOHCTPYKTMBHOM CUCTEMbI M MIACTUYHOCTM KOMMOHEHTOB. OUEHKa HaAeXHOCTU
AOSKHA MPOBOAMTLCS C YYETOM OCTAaTOMHOIrO CpoKa Cy6bl COOpy)XKeHUsl, 6a30BOr0 Nepuoaa BPEMEHU U U3MEHEHMWIA
YC/TOBUIA KOHCTPYKLMK, CBA3AHHBIX C OXXMAAEMOMN CMEHOW pexkmMa aKCryaTauum.

3aK/oueHne Nno oLeHKe HAaAeXHOCTU JO/HKHO NPOUTM NPOBEPKY AOCTOBEPHOCTM. B uacTHOCTM, Heo6xoaMMo 06b-
ACHATb PACXOXAEHWUsI MeXAy pe3ynbTaTaMu OLEHKWU KOHCTPYKTUBHOW HaAEXHOCTM (HanmpuMmep, HeAoCTaTouHas Ha-
AEXHOCTb) W peanbHbIM COCTOSIHUEM KOHCTPYKLMM (HarnpuMep, OTCYTCTBME MPU3HAKOB MOBPEXAEHMS UK paspylue-
HUWS, YAOBNETBOPUTE/bHAA paboTa KOHCTpYKUmK). CneayeT MMEeTb B BUY, YTO MHOMME WHXXEHEPHbIE MOAENN ABNS-
I0TC MOAESNIAAMM C 3aMacoM, U UX HE BCErAa MOXHO HamnpsIMyI0 UCMOJb30BaTh A4S 06bACHEHWUS PeanbHON CUTyaLuu.

PacueTHbIi YpOBEHb HAAEXHOCTH, UCMONb3YeMbIl ANs NPOBEPKM, CNeAyeT NPUHUMATL 3@ YPOBEHb HAAEXHOCTH,
COOTBETCTBYIOLLMIA KPUTEPUAM MPUEMKM, YCTAHOBNEHHBIM MPOBEPEHHBIMU U YTBEPXAEHHBIMW HOpMaMK MPOEKTUPO-
BaHWS. PacuyeTHbl ypoBEHb HAEXHOCTU AO/MKEH BbITb YKa3aH BMECTE C YETKO YCTAHOBEHHLIMM (YHKLMAMU npe-
AENbHOr0 COCTOSIHWSA U CNEeLanbHBIMU MOAESSIMU OCHOBHbIX MEPEMEHHbIX.

TaKoke pacyeTHbI YPOBEHb HAAEXHOCTM MOXHO YCTaHOBUTbL C YYETOM TPebyeMoro ypoBHSI paboTbl ANt KOHCT-
pyKummn, 6a30BOro nepmoaa BPEMEHU M BO3MOXXHbIX MOCNEACTBUIN pa3pylueHus. B cooTBeTCTBUMM cO cTaHaapToMm ISO
2394 [1] TpeboBaHusi, NpeabsaBsieMble K OLEHKE CYLLECTBYIOLMX KOHCTPYKLWI, COOTBETCTBYIOT TpeboBaHMsM K Npo-
€KTUPOBAHUIO HOBbIX KOHCTPYKUMIA. Bonee HMU3KME pacyeTHble MOKA3aTeNM HAAEXHOCTU NS CYLLECTBYHOLUMX KOHCT-
PYKLUMI MOTYT UCMONb30BaTbCS B TOM Clyyae, eciiv OHM 060CHOBaHbI M 06YCOBEHbI SKOHOMUYECKMMM, COLMarnbHbl-
MW M HaEXHbIMM NpuHLUMNaMu (cM. npunoxenune F k ctanaapty ISO 13822 [2]).

CnenyeT onpenensatb Tpebyemoe 3Ha4YeHne MHAEKCa HaAEeXHOCTH C ydeToM 6a3oBoro nepuoaa Bpemenu [2]. Ans
3KCMN/yaTaUMOHHON MPUrOAHOCTM M YCTanocT 6a30BbIi NMepUoa BPEMEHW MPUPABHUBAETCS K OCTAaTOYHOMY CPOKY
CNyXObl KOHCTPYKLUMK, B TO BPeMS KaK AJISi KPUTUHECKUX NPeAenbHbIX COCTOSIHUI 6a30Bbili NepUo, BPEMEHW B MpUH-
uMne NpUMpaBHUBAETCS K PacYETHOMY CPOKY CITyXObl, YCTaHOBIEHHOMY /11 HOBbIX KOHCTpykumin (50 net ans 3ga-
HUWiA). ITOT 06LMIA NOAXOA AO/MKEH MPUMEHSTECS B OCOBLIX Cryuasix M AOMOMHSTHCS NOAPOOHLIM aHaNM30M XapaKkTe-
pa npeaenbHbIX COCTOSIHWIA 3KCNJyaTaUMOHHON NPUroAgHOCTU (06paTUMbIA, HEOBPaTUMBINA), YCTanoCTU KOHCTPYKLMK
(KoHTponMpyeMasi, HeKOHTponupyeMasl), a Takxe NOCNeACTBUA KPUTUUECKUX MpefesibHbIX COCTOSIHWI (3KOHOMUYe-
CKMe NOCNeACTBMSI, KOIMYECTBO JIIOAEN, NoABEPraeMbIX OMacHOCTK).

8. OLleHKa NOBPEeXXAEHHOW KOHCTPYKLMH
[nsi oLEeHKM NOBPEX/AEHHON KOHCTPYKLMN PEKOMEHAYETCS NPOBEAEHME CReayoLLnX AeACTBUN:
1) BusyanbHblii OCMOTp

PekomeHAyeTCs BCerga MpOBOAMTL MPEABAPUTENbHDBIA BU3YasbHbIi OCMOTP KOHCTPYKLUMM C LIESbIO MOSyYeHus
UHbopMaumMK 0 ee cocTosiHMKU. CepbesHble aecbekTbl BCeraa o4eBUAHbI A4St OMbITHOrO CrieumanucTa. B ciyyae oyeHb
CEPbE3HBIX MOBPEXAEHWIN MOTYT 6bITb NMPUHATHI CPOUHbIE MEPbI (Takue, Kak KOHCEPBUPOBAHME COOPYXXEHUS).

2) Ob6bsICHEHNE HAbNOAAEMBIX SIBNEHMI

Ons Toro, utoBbl MMeTb YeTKoe MPEeACTaB/ieHNE O COCTOSIHUM KOHCTPYKLMKM, HEO6X0AMMO CMOAENMPOBaThL ee Mno-
BPeXAeHWe unn HabnogaeMoe NoBeAeHME, UCMOSb3ys NMPU 3TOM MOAENb KOHCTPYKLMM M PacyeTHYI0 CUy pasind-
HbIX MpWIaraeMbiX Harpy3ok uUnm usnYecKUx/XMMUYECKMX BELLECTB. BaKHO MMETb AOCTYMHYI0 AOKYMEHTaUMIo, OT-
HOCSILLYIOCS! K MPOEKTY, pacyeTaM U CTPOUTENLCTBY. MPU HANMUMM PACXOXKAEHMI MEXAY pacyeTamu U HabMloAeHS -
MW LieniecoobpasHo NPOBECTY NPOBEPKY A/1s1 BbISIBNIEHUS OLIMGOK NMPOEKTUPOBaHMS, OLWIMBOK MOHTaXa U T.4.

3) OueHka HageXHOCTH

MpyU HanMuMKM KOHCTPYKUMM B ee haKTMUECKOM COCTOSIHUM U C YYETOM MpefCTaBfeHHON 34eck MHgopMauum,
OLIEHKY HAIEXXHOCTW KOHCTPYKLIMM MOXHO MPOBECTU WM C NMOMOLLBIO PacyeTa BEPOSITHOCTY paspyLUEeHUs, UM MeTo-
Aa YacTHbIX ko3dduLmeHToB. HeobXxoanMO yuuThIBaTb, YTO MOAENb peasibHOM KOHCTPYKLUMW MOXET OT/M4YaThCsl OT
UCxoaHoW Mopaenu. Ecnn ypoBeHb HAaAEXHOCTU SIBASIETCS AOCTaTOYHbIM (TO €CTb OH BbIWE, YeM CTaHAApPTHO AOMycC-
TUMbI YPOBEHb HAZIEXXHOCTU B pacyeTax), TO CUMTaeTCsl, YTO TpeboBaHWs cOBNOAEHb! U AanbHENLIMX AeUCTBUIA He
TpebyeTcs.
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4) [lononHuTenbHas uHpopMaums

ECv B COOTBETCTBMM C NMYHKTOM 3) YPOBEHb HAAEXHOCTU SIBASIETCS HEAOCTAaTOYHbIM, TO HEO6XOAMMO MONYYUTb
[IOMNOJTHUTENbHYIO UHGOPMaLMIO MyTEM UCMO/b30BaHNSA 60/iee COBEPLUEHHBIX pacyeTHbIX MoAeneid, NpoBeaeHUs Oo-
MOMHUTESNbHBLIX NPOBEPOK M U3MEPEHWUI, UK OLIEHKM (haKTUUYECKON Harpy3ku. MeToasl nepepacyeToB C UCMOb30Ba-
HMEM AaHHOMN MHdOpPMaLMKM Noapo6HO onMcaHbl B NyHKTE 5 HacToswel rnasbl.

5) OkoHuaTenbHoe pelleHne

Ecnn ypoBeHb KOHCTPYKTUBHOM HAAEXHOCTM OCTAETCS HU3KUM, HEO6XOAMMO BbIMOSIHATL Cleaytolwme AeiCTBUS:
—  NPVHSATb JAHHYIO CUTYaUMIO MO SKOHOMMYECKUM MPUYNHAM;

—  CHM3UTb YPOBEHb Harpy3Kun Ha KOHCTPYKLMIO;

—  NPOU3BECTWN PEMOHT 34aHus;

—  HayaTb paboTbl MO CHOCY KOHCTPYKLMMN.

MepBoe pelueHne MoXeT GbiTb 06YCNOBNEHO TeM (hakTOM, UTO 3aTpaTbl HA MOBLILEHWE YPOBHSI HALEXHOCTU Ha-
MHOTO Bbllle AJis1 CYLLECTBYIOWEN KOHCTPYKLMM, YEM ANS HOBOW KOHCTPYKUMW. MHOrAQ 3TOT AOBOA WMCMOMb3YIOT Te,
KTO YTBEPXXAAET, YTO 60siee BbICOKMIA YPOBEHb HAZIEXXHOCTM, Kak NpaBuio, sIBNsSieTCs TpeboBaHUEM, NPeAbsIBASIEMbIM
K HOBbIM KOHCTPYKLMSIM, @ He K CyllecTBytowmM. OfHaKo, Koraa peyvb uaeT o 6e30MacHOCTY /IloAeN, S3KOHOMUYecKas
ONTUMM3aLMS UMEET OrpaHUYEHHOE 3HAYEHWE.

9. 3ak/IlouEeHne U OKOHUYaTeNIbHOe peLueHne

3ak/itoueHne 06 oLeHKe KOHCTPYKTMBHOM HaAEXHOCTU U BO3MOXHbIE NpeaBapuTesbHble 0TYETLI (ecn noTpeby-
€TCS) [OMKHbI CoAepXaTb YETKME BbIBOAbI C YYETOM 334N OLIEHKWM, OCHOBAHHbIE HA TLLATE/IbHOW OLIEHKE KOHCTPYK-
TUBHOM HaAEXHOCTM WU 3aTpaTax Ha PEMOHT WM PEKOHCTPYKLMIO. 3ak/loueHne AOMKHO OblTb KPaTKMM U YETKUM,
PekomeHayeMas opMa 3aknoueHust NpeactasneHa B Npunoxennn G k ctaHaapty ISO 13822 [2].

Ecnu ypoBeHb HafieXXHOCTU CyLLECTBYIOLLEA KOHCTPYKUMM SIBSIETCS AOCTATOUHbIM, BLIMOSHEHWE AaNbHENLINX
LENCTBUIA He TpebyeTcs. Ecin no pe3ynbTaTaM OLEHKM BbISIBNIEHO, YTO YPOBEHb HaAEXHOCTU KOHCTPYKLMM SIBNSIETCS!
HeAOCTaTOUHbIM, CrleyeT MpUHATb COOTBETCTBYIOWME Mepbl. MOXeT 6biTb peKOMEHAO0BaHO MPUHSITUE BPEMEHHbIX
Mep, KOTopble, B C/lydae HeobXOoAMMOCTM, AOMKHbI ObiTb He3aMeaUTENbHO NPeAnoXeHbl UHXeHEpOM. UHxeHepy
CrefyeT yKasblBaTb NPEANOYTUTENBHOE peLleHne B KauecTBE NOMMYHbIX JOMOSHUTENbHBIX Mep K MPOLIECCY OLEHKU B
LIe/IOM B KaX/I0OM KOHKPETHOM Cry4ae.

CnepyeT OTMETUTb, YTO OKOHYATENbHOE PeLUEHVE O MPUHATAM BO3MOXHbBIX MepP A0KEH NMPUHMMATb 3aKa3uuk Co-
BMECTHO C COOTBETCTBYIOLUMMWN HaA30pHBIMKU OpraHaMu, OCHOBbIBasICb Ha pe3yNibTaTaxX TEXHUYECKOW OLEHKU U peko-
MeHAaumsx. MHxeHep, BbINOMHSIOWMIA OLeHKY, B C/lydae OTCyTCTBUS B pa3yMHble CPOKM OTBETa CO CTOPOHbI 3aKas-
YMKa, MMEET 3aKOHHbIE OCHOBaHWS! NPOMHMOPMUPOBaTb 06 3TOM COOTBETCTBYIOLUME HAA30PHbIE OpraHbl.

10. 3aknoueHume
QO6bl4HO OLUEeHKa CyLleCTBYOLWMnX KOHCTDYKLWII‘/II OCHOBbIBAETCA Ha cneayowmx AByX OCHOBHbIX MpaBunax:

—  HeobxoanMMo NpuUMeHsTb AEWCTBYIOLLME B HACTOSILLIEE BPEMSI HOPMbI ANSt MPOBEPKN KOHCTPYKTMBHOW Hagex-
HOCTW, @ CTapbleé HOPMbI, AENCTBUTENbHLIE HA MOMEHT MPOEKTUPOBAHUS KOHCTPYKLIMM, HOCAT UCKIOUUTENb-
HO peKoMeHAATENbHbIN XapaKTep.

-~ HeobxoanMMo paccMaTpuBaTh (hakTUYECKME XapaKTEPUCTUKM MATepuasioB KOHCTPYKLMWM, BO3AEWCTBUS, reo-
METPUYECKMUE NapaMeTpbl U MOBEAEHWUE KOHCTPYKLIMM, @ UCXOAHAs MPOEKTHAs [OKYMEHTALMS HOCUT UCKIIO-
UMTENBHO peKOMEeHAAaTeNbHbIN XapaKTep.

Hanbonee BaXXHbIM 3TanoM BCEro MpoLECcca OLEHKU ABMSETCH aHaNM3 AaHHbIX NPOBEPKM U YTOUHEHWE UCXOAHbIX
A@HHbIX MO MPOYHOCTM U KOHCTPYKTUBHOW HaAeXHOCTM. BallecoBckuii METOA MOXET BbiTb SPMEKTUBHBIM UHCTPYMEH-
TOM.

O6bIYHO OLIEHKA CYLLECTBYHOLIMX KOHCTPYKUMIA NpeacTaBnsieT coboi LUMKINYHBIM NPOLEecc, Koraa nepsas npeasa-
puTESibHas OLeHKa COMPOBOXAAETCA MOCNEAYIOWMMM TLIATENbHBIMU 06CNIEA0BaHUSAMI M OLEHKOW. 3aksitoyeHne 06
OLIEHKE KOHCTPYKTUBHOW HaAEXHOCTU, NOAFOTOB/IEHHOE MHXXEHEPOM, AO/MKHO COAEPXaTb PEKOMEeHAALMMN MO NPUHS-
TUIO BO3MOXHbIX Mep. OHaKO, OKOHYATESIbHOE PELLEHNE O MPUHSTUM BO3MOXHBIX MEp AO/MKEH MPUHUMATL 3aKas3umK
COBMECTHO C COOTBETCTBYIOLMMI HAA30PHBIMU OpraHamu.
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MpunoxeHue A. O6L1as cxeMa OLleHKM CYLLeCTBYHLMNX KOHCTPYKLUA

TpebosaHus/ToxenaHus

Onpeaenelue 3agad OUEHKU M COCTaBNIeHUE NNaHa

CueHapuu

|
MpeaBapUTENbHaA OLEHKa
— U3yueHne uMeoLleiica JOKYMeHTaLUK 1 APYrUX MaTepuanos
— MNpeaBapUTenbHbI OCMOTP
— MNpeaBapUTenbHble NPOBEPKH
— PelleHWe o NPUHATUN CPOUHBIX Mep
— PexoMeHaauun no noapobHoii olleHKe

Het

MoapobHas oleHka?

— TwatenbHoe U3yueHne W NpoBepKa AoKYMeHTaLuu

— TwaTtenbHblil OCMOTP

— McnbiTaHWe MaTepuanos W onpejeneHune
BO3/eHCTBUIA

— OnpepeneHne KOHCTPYKTUBHbBIX CBOWCTB

— OLEeHKa KOHCTPYKTUBHON HaAEKHOCTH

— lNpoBepka KOHCTPYKTUBHOW HAAEMHOCTH

Jik

JanbHelwan nposepka?

I OTueT 0 pe3ynbTaTax oleHKH | — MNepuoanueckuit ocMoTp
| — TexHuueckoe
obcnyxuBaHue

| OLEHKa W NPUHATHUE PelieHus |

JlocTaTouHas
HaAEeXHOCTb?

Het
— JanbHeiiwne geiicteus  |——
CoopyxeHue JrcnnyaTauuns
— PemoHT — MOHUTOPUHT
— PekoHCTpyKU M — MaMeHeHWe peXxuMa
— CHoc 3KCnnyaTauuu
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MpunoxxeHune B. MNepepacuer BepoaTHOCTEMN

[aHHbI NnpuMep nepepacyeTa BeposiTHOCTEN 6bin B3AT U3 A0KyMeHTOB [4] v [5]. PaccMoTpuM dyHKUUIO npe-
pensHoro coctositus G(X'), rae X — BexkTop OCHOBHBIX NEpPeMeHHbIX, a paspylueHre [ onucbiBaeTcs HepaBeHCT-

BoM G(X) < 0. Ecm pesynsTaToM npoBepky KOHCTPyKumu [ siBNSiETCs COBbITUE, OMUCHIBAEMOE HEPABEHCTBOM
H >0, to c npumerennem ypasHeHus (1) U3 OCHOBHOMO TekcTa hopMyna Ans nepepacyeTa BEPOSITHOCTW paspy-
wenus P(F |I ) 6ynet umeTb creaytoLwmit BUA:

P(G(X)<0nH>0)

P(F|I)=P(G(X)< 0| H >0)= P> 0) (B.1)

HanpuMep, paccMoTpuM CBOBOAHO OMEPTYIO CTanbHylo 6anky ¢ AnMHoN nponeta L, HaxoAsLlylocs noa Bo3aen-
CTBMEM CTaTWYeCKOW PaBHOMEPHOW Harpy3ku g W MepeMeHol Harpysku ( . [pyrve napameTtpbl 6anku: nnactude-

CKWUIN MOMEHT ConpoTuBeHNA cevyeHus Wn NPOYHOCTb CTaun fy .

MpUMeHsIs METoA YacTHbIX koahduLmeHToB, pacueTHoe ycnoere R -S, > 0 mexay pacueTHbiM 3HaueHueM
R, Hecyweit cnocobHocTn R v pacueTHbiM 3HaueHnem S, BosaeiicTBus Harpysku S 6yaeT UMETb CneayloLmit
BUA:

Wl Vo — (7,8 L 18) + 7,9, L7 /8) >0 (8.2)

roe fyk 0603Ha4aeT HOPMaTMBHOE CONPOTUB/EHNE, g, — XapaKTepUCTUYeckoe (HOMUHAMLHOE) 3HaYeHne CTa-
TUYECKOI Harpyskn g, ¢, — XapakTepucTuieckoe (HOMUHaNbLHOE) 3HaYeHNe NepemMeHHOR Harpyskn (, J,, — YacT-
HbI k03hULMEHT NPOYHOCTU CTanu, Ve~ YaCTHbIN KO3(PUUMEHT CTAaTMYECKON Harpysku, a Ve YaCTHbIN KO3
(UUMEHT NepeMeHHON Harpy3ku. Mo aHanorum ¢ dopmynoii (B.2), dyHkuma npeaensHoro coctosna G(X) 6ynet
UMETb Creayowwmin Bua:

2 2

G(X)=R-S=Wf, (gL’ /8+qL’/8)(83)

rAe BCe OCHOBHblE NepeMeHHble, B OCHOBHOM pacCMaTpyBaloTCs KaK CrlydaiiHble NepeMeHHble, KOTopble XapakTe-
PU3YIOTCS COOTBETCTBYIOLMMU BEPOSITHOCTHLIMU MOAENAMU.

Ana npoBepku HapeXxHOCTM Ganka 6bina McnbiTaHa, a TakkKe MpPOM3BOAMIOCH MaKCMMarlbHOE HarpyXeHue Ao
YpOBHA (.. .- lpeanonaraetcs, 4to g, . 3TO (PAKTMYECKOE 3HaYeHMe CTaTUYecKoW Harpysku £. Ecum Hecylas

CNoco6HOCTb Banku ABNSETCA AOCTATOYHON, TO MHdopMauma [ ByaeT UMETb Cleaytowwmii BUA;

[={H>0}=Wf, — (g} /8+qu L’ 18)> 0} B4)

roe fy— akTyeckas NPOYHOCTb CTanu, g, ., — dakTnyeckas cTaTnyeckas Harpyska npy yCnoBum, UTo oHa 6bl-

na onpeaeneHa ¢ A0CTaTOYHOW TOUYHOCTbIO (C MOMOLLBbI0 METOZIOB MPOBEAEHUSI UCTILITaHWI 6€3 paspylueHus obpas-
ua).

[ins onpeaeneHnst yTOMHEHHO BEpOSITHOCTU paspywenns P(F |[ ) ¢ ncnonb3oBaHueM ypaeHeHus (B.1) cnepyet

BblYNCIUTDL Cneaylolne aBe BEPOATHOCTU:

P(G(X)<0NH >0)=PWf, —(gL*/8+qL’ /8) <ONWY, — (gL’ /8+ G L’ /8) > 0) (B.5)

P(H >0) = P(Wf, = (g, L’ 18+ q,., L /8) > 0) (B.6)

HeobxoanMo caenaThb AOMOMHUTENbHbIE AOMYLLEHNS OTHOCUTENLHO OCHOBHBIX MEpeMeHHbIX. [10yunB pesynbTaThbl
BbluMCieHnit U3 cdopmyn (B.5) u (B.6), yTouHeHHyio BepositHocTb P(G(X) < 0| H >0) moxHO BblUMCAUTL MO

dopmyne (B.1).
B kauecTBe BapuaHTa, yuuTbIBas pe3ynbTaTbl KOHTPOIBHOMO WCMbITaHWS, (PYHKUMS MIOTHOCTU pacrnpeneneHust
BeposiTHoctelt f, () Hecywelt cnocobHocTn 6anku R = ny MOXeT OblTb OTCEYEHa HUXE YPOBHS MaKCUManbHO

A0MYCTUMOIA Harpy3ku, Kak rnokasaHo Ha puc. B.1.
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th(r)

updated resistance R

prior resistance R

resistance adequate to proof load
fr (r)

YTOYHEHHAas HeCyLllas cnocobHocTb R

anpuopHas Hecywas cnocobHocts R
Hecyllas CnocobHOCTb, COOTBETCTBYIOLLAS MaKCUMasbHO AOMNYCTUMON Harpyske

Puc. B.1. Bo3fgeiicTBue OTCEYEHUA YPOBHS MAaKCUMAJIbHOIO Harpy>xeHus
Ha HeCyLYIO0 CMOCO6GHOCTb KOHCTPYKLIUM.

OuyeBMAHO, OTCEYEHWE 3HAYEHW Hecyllel CMOCOBHOCTU KOHCTPYKLUMM YMEHbLIAET YTOYHEHHYHO BEPOSITHOCTb
pa3pyLUeHUsi KOHCTPYKLMWM, ONpeaeneHHyto Kak:

P =P(R-5<0)(B.7)

N, CNneQoBaTesibHO, yBENMNYNBAET YTOYHEHHOE 3HAYEHNE KOHCTDYKTVIBHOﬁ HaAeXHOCTWn.

MpunoxxeHue C. bailecoBCKkUit MeTOA OLLEHKN KBaHTUJIEN

KBaHTWU/IM OCHOBHbIX MEPEMEHHBIX (aKTUYECKN MOMYT BbiTb YTOUYHEHbI C MOMOLLbIO 6alileCoBCKOro MeToaa, KOTO-
pbii onucaH B ctaHaapTte ISO 12491 [3]. B HacTosllel paboTe AaHHas npoueaypa orpaHUYMBAETCS PAaCCMOTPEHUEM
TONBKO HOPMasbHOM nepemMeHHolr X , Anst KOTopoil yHKumMs anpuopHoro pacnpepenenus [1'(4,0) senvunH i

U O WMEET cneayiownin BUa:
IT'(u,0) = Co ™+ exp{— %[V'(S')2 +n'(u—m') ]} (C.1)
(e

rae C — Hopmupytowast noctosiHHas, o(n')=0 npu n' =0, B npotueHoM cnyyae d(n') =1. NapameTpsbl an-
propHoro pacnpesenenns m',s',n’,v' — 310 napameTpbl, aCUMNTOTUYECKN NPEACTaBNEHHbIE CNeAYIOLLMM 06pa3oM:

s' 1

E(/u) = m"E(O-) = S',V(,U) = m,—\/;’V(O-) = ﬁ (C.2)

B TO BpeMs Kak mapaMeTpbl 1’ 1 V' SBASIOTCA HE3ABMCUMbBIMU, U MOTYT BbiTb BbIGpaHbl MPOM3BONLHO (HO 3TO He
osHayaeT, uto V' =n'—1). B ypasHenuu (C.2) E(.) o6osHauaer maTemaTudeckoe oxmaanue, a V(.)— koaddu-

LMEHT Bapuauun nepemMeHHoi B ckobkax. YpaBHeHus (C.2) MoryT 6biTb MCMOJSb30BaHbl A8 pacyeTa HEWU3BECTHbIX
napametpos 71’ u V' npu ycnosun, uto 3Hauennst V(1) m V(0) paccunTbiBaloTcs mpy noMowm sKCrepuMeH-
TanbHbIX AAHHbIX UM Ha OCHOBE MMELOLLErOCS OMbITa.
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®yHKuMs anoctepuopHoro pacnpeaenenns 11'(f,0) BennuvH L v & sBnseTcs dyHKUMEN TOro e Tuna, YTo

1 yHKUMS anpuopHoro pacnpeaeneHns, Ho ¢ napametpamm m',s", n" u V", npeacraBneHHsbIMM cneaylowmM o6-
pasoMm:

n"=n'+tn

V'=v'+v +0(n')

m"n"=n'm'+nm

V'(s")? +n"(m") =v'(s") +n'(m') +vst +nm’
(C.3)

roe m wn S — BblbOpPOYHOE cpeaHee M CTaHAapTHOE OTKIOHEHME, ¥ — KJlacC paccMatpusaeMoro obpasua, a
v=n-1. OTcioaa NnporHosvpyemMoe 3HavyeHue xp,pred KBaHTUNA xp npeacTtaBneHo B BUAE!:

I} " "
xp,Bayes =m +tpS 1+ |1/I’l (C4)

rae tp— kBaHTWUNb t-pacnpepeneHns ¢ V' creneHsmu ceoboabl (cM. Tabnuuy C.1). Mpu OTCYTCTBMM UCXOAHBIX

haHHbIX cumTaetca, uto n'=v'=0, a xapaktepuctukm m",n",s",V" paBHbl XxapakTepUCTMKaM BbIGOPKM
m,n,s,v. Torna ypasHeHue (C.4) (opManbHO MOXHO NpeobpazoBaTh B, TaK HA3bIBAEMYIO, MPOTHO3HYIO OLIEHKY
KBAHTWNS, N OHO ByaeT MMETb Creaytowwmi BUa;

X =m+i,s 1+|1/n (C.5)

p,pred

rae tp cHoBa 0603HauaeT KBaHTU/b t-pacnpeaenenms ¢ V"' creneHamm csoboabl (cM. Tabnuuy C.1). Bonee Toro,

€C/in N3BEeCTHO CTaHAapTHOE OTK/IOHEHUE O (Ha OCHOBE npownbIX paCHETOB), TO V=00 N § cCneayet 3aMeEHNTb Ha
O .

Mpumep
[na pacyeta xapaKTepuCTUYeCKOro 3Ha4eHus NpoYHOCTM 6eToHa fck =X, npn p= 0,05 Bo3bMeM BLIGOPKY

M3MepeHuin npouHocTn 6etoHa 71=15, cpenHee 3Havenne m =29,2Mlla u cranpaptHoe oOTKIOHEHUE
s =4,6MIIa. Mpu oTcyTcTBAKM MCXOAHBIX AaHHBIX cunTaetcs, uyto n'=Vv'=0, a xapaktepuctukn m",n",s",v"
paBHbl XapaKTepucTuKaM Bbl6opku 11, 71,S,V . Toraa u3 ypasHenusa (C.5) cneayeT, 4To MPOrHO3MpyeMoe 3HaueHue

X, 6yaeT npeacraBneHo B Buae:

-fCu,Bayes = 2399 - 198 X 473 é"' 1= IS,SMHa

rae sqaueHne ¢, =—2,13 B3aT0 M3 Tabnmubl C.1 Ans I1-p=095uv=5-1=4.Npn Hannumun aaHHbIX

M3 npeabliayuiero npomsBeaeHnsa MOXXHO 3(1)¢EKTVIBHO ncrnonb3oBaTh H6aecoBCKMIN METOA. PaccmoTtpum cnepytowme
NCXOAHblE AaHHbIE!

m'=30,IMIIa, V(m')=0,50, s'=4,4MIIa, V(s')=0,28

M3 ypaBHeHus (C.2) cnepyeT, uTO:

2

46 1 11

~
~

b

<1, v'=— 5
30,1 0,50 20,28

OTciona paccMoTpuM cneaytolme xapaktepuctukn: 1'=0 n v'=6. Yuntbisag, yuto v=n—1=4, Ha ocHose
ypaBHeHwuii (C.3) nonyyaem, yTto:

n"=6, v'=11, x"=23,9MIla, s"=4,3MIla

1, B KOHEYHOM cYeTe, 13 ypaBHeHus (C.4) cneayer, yTo:
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f;’u,Bayes = 2359 - 198 X 4531,é + 1 = IS,SMHa

rae sxavenve £, = —1,81 B3aTo 3 Tabmuuel C.1 ana 1— p =095 n v=10.

B IaHHOM NpuMepe HaleHHOe 3Ha4YeHNe HOPMATUBHOIO CONPOTMBEHUS (MpUMepHO Ha 10%) 6onblue 3HaYeHus,
MOJly4YeHHOro B pe3ynbTaTe MpYMeHeHWs MeToAa NpPorHO3MpoBaHUS 6e3 MCMob30BaHMS MCXOAHBIX AaHHbIX. Cnepo-
BaTesIbHO, MPY HaNMYMN UCXOAHbLIX AaHHbIX 6ANECOBCKMI METOA MOXET YNyULIUTb OLIEHKY KBaHTUMeN (He Bceraa), B
YaCTHOCTH, ecnun Ha6mo,qar0TC9| 3Ha4YUTENbHbIE PACXOXAEHUA B 3HAYEHUAX nepemeHHoﬁ. Tak nnm MHaye, cneayet
obpallaTb 0cob0e BHMMaHME Ha UCTOYHMK MCXOAHbIX AAHHbIX C YYETOM CBOWCTB PAacCMaTPUBAEMOW NepeMEHHOM.

Ta6bnuua C.1. KBaHTuAM t-pacnpegeneHuns ¢ v creneHsaMm cBo6opgbl

0,90 0,95 0,975 0,99 0,995 0,90 0,95 0,975 0,99 0,995

3 164 235 3,18 454 5,84 12 136 1,78 2,18 2,68 3,06
4 1,53 2,13 2,78 3,75 4,60 14 1,35 1,76 2,14 2,62 2,98
5 1,48 2,02 2,57 3,37 4,03 16 1,34 1,75 2,12 2,58 2,92
6 1,44 194 245 3,14 3,71 18 133 1,73 2,10 2,555 2,88
7 1,42 1,89 2,36 3,00 3,50 20 1,32 1,72 2,09 2,53 2,85
8 1,40 1,86 2,31 2,90 3,36 25 1,32 1,71 2,06 2,49 2,79
9 1,38 1,83 2,26 2,82 3,25 30 1,31 1,70 2,04 2,46 2,75
10 137 181 223 276 3,17 oo 128 164 196 233 2,58
MpunoxkeHus

ATTACHMENTS

1. MATHCAD sheet "Update.mcd"

MATHCAD sheet Update is intended for determination of updated probability using Bayes formula. Prior probabili-
ties and likelihoods are taken from file “update.prn”

2. MATHCAD sheet “"BayesFract.mcd”

MATHCAD sheet BayesFract intended for determination of the characteristic and design values and material par-
tial factor yM using test data in accordance to EN 1990, Annex D.
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Attachment 1 - MATHCAD sheet “Update.mcd*
"Update.mcd" is MATHCAD sheet for probability updating

Probability updating using Bayes formula

P(B! | A::l — HP(B!) P(Al B!) or p; _ p;ii
S P(B;)P(A| B)) 2P
j':]_ .-il

where p' ~ P(B;) denotes prior probabilities, I~ P(A|B;) likelihoods and p"~ P(B;) updated
(posterior) probabilities.

1 Reading data for apriory probabilties and likelihoods from file

DATA := READPRN"Update.prn” ) Check vaue
Apriory probabilities p= DATA<O> n:=length(p) n=2
. . w
Likelihoods 1:= DATA
—>
2 Updated (posterior) probabilities p" ; (p-D 0.889
ppi=-— pp =
pl 0.111
3 Alternative specification of input data using directly this sheet
Prior probabilities p;' R=(08020000000 o)T
Likelihoods I, l=(Lost1 1111111
—>
4 Updated (posterior) probabilities p" ; RD.= [CR))
pl
5 Listing of the updated probabilities 0
0| 0.889
1 0.111 _ 0,889
3 0 pp, =0.111
pp =| 4 0
5 0
6 0
7 0
8 0
9 0
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Attachment 2 - MATHCAD sheet “BayesFract.mcd”
MATHCAD sheet "BayesFract" for estimation of sample fractile

MATHCAD sheet for determination of the characteristic and design values and material
partial factor yM using test data in accordance to EN 1990, Annex D.

1. Coefficients of variations of prior mean and stadard deviation

Vo :=.01,0.02..0.8 Vu:=.01,0.02..0.8

2. Prior and current observations

Prior obcervations: ml :=30.1 sl =4.4

Current observation: m:=292 s:=4.6 n:=5 v=n-1
NW M

3. Estimates of prior n' and v’ assuming Vu and Vo

2
Size n1 nl(Vp) = ﬂooili[ 1 j :| n1(0.5 =0
ml-Vp
Degrees of freedom 1 v1(Vo) = ﬂoor( ! ZJ v1(0.28) = 6
2-Vo

Updated si 2
pdated size n n2(Vy) :=n + n1(Vp) n2(0.5) =3

Updated 2 )
VZ(Vp,VG) =1v+ VI(VG) -1 if nl(Vu) >1 v2(0.5,0.28) = 10

v+ VI(VG) otherwise

4. Updated means and standard deviations

m2(V) = mn + minl (Vi) m2(0.5) = 29.2

n2(Vu)

2 2 2 2 2
SZ(V].J,,VG) ::\/v-s + Vl(VG)-Sl +nm + nl(Vp)-ml - n2(Vu)-m2(Vp) $2(0.5,0.3) = 4.49

v2(Vu, VG)

Srrjz(vsz+ VrSr2+Hm2+Hrmr2_ Hrrmrrz)ll.rurr

5. Coeficients of fractile estimates for probability select the probability .= 0.05

p fractile V unknown ks(Vi, Vo) = qt(p, v2(Vu, Vo)) [1 + 1
gt inverse Student's n2(Vp)
distribution

p fractile V known kc(V ) (0.0.1)- |1 1
i W = qnorm(p,0,1)- [1 +
gnorm is inverse nZ(Vp)

normal distribution
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6. Fractile estimates
Standard deviation s2 unknown

xp(Vi, Vo) := mA Vi) + ks(Viu, Vo) s2( Vi, Vo) xp(0.5,0.28) = 20.303

24

22

Sesao
-

S
xp(0.5, Vo) N—
20 YT
xp(0.1, Vo) ‘~__‘ \
\

------ \

18

ca=="”

16

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Figure 1. Variation of the frictil‘é‘&p with V ¢ for selected V..
Standard deviation s2 is known, for example s2=s2(0.5,0.28)

xop(Vir) := m2AVi) + ko( Vi) s2(0.5,0.28) xop(0.5) = 21.126

24
22
xp(Vp,0.28) \
20 N/
xp(Vu,0.8)
P Rty e At E e S R
18 H
'
N\
. .'
So :
16 Ssoo
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Vu
Figure 2. Variation of the frictile xp with V|, for selected Vo.
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n1(0.5) =0
nl(0.1) =2
20 ;
isp |
nl(Vp) :
L U N
v2(Vi, 0.28)
5 \ >
0 \
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Vu
m2(0.5) = 29.2
m2(0.1) = 29.457
10
8
6
$2005,Vo) |
52(0.1, Vo) R
4
2
0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
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CHAPTER VI - PRINCIPLES OF RISK ASSESSMENT

Milan Holicky'

'Klokner Institute, Czech Technical University in Prague, Czech Republic

Summary

Traditional methods for designing of civil engineering structures and other engineering
systems are frequently based on the concept of target probability of failure. However, this
fundamental quantity is usually specified on the basis of comparative studies and past
experience only. Moreover, probabilistic design methods suffer from several deficiencies,
including lack of consideration for accidental and other hazard situations and their
consequences. Both of these extreme conditions are more and more frequently becoming
causes of serious failures and other adverse events. Available experience clearly indicates that
probabilistic design procedures may be efficiently supplemented by a risk analysis and
assessment, which can take into account various consequences of unfavourable events. It is
therefore anticipated that in addition to traditional probabilistic concepts the methods of
advanced engineering design will also commonly include criteria for acceptable risks.

1 INTRODUCTION

1.1  Background documents

Background documents of the risk analysis of civil engineering systems considered in
this contribution consist of a number of national and international documents [1] to [9]. It
should be noted that Eurocode EN 1990 [10] for design of civil structures is based on the
concept of the target probability of failure py. However, it is well recognised that the reliability
of structures and other engineering systems suffers from a number of uncertainties that can
hardly be analysed and well described by probabilistic methods [11, 12]. Moreover, traditional
probabilistic concepts consider the significance of failure and other adverse events only very
vaguely [10]. That is why probabilistic methods are often supplemented by recently developing
methods of risk assessment [12]. In some countries, risk assessment even becomes compulsory
by law in the case of complex technical systems (power stations, tunnel routes).

1.2 General principles

General principles of the risk analysis and the common tools applied for investigating
civil engineering systems considered in this contribution follow the basic concepts presented in
documents [1] to [9]. The risk analysis is an important part of the risk assessment and the entire
risk management of a system as indicated in Figure 1 (adopted from [2]).

The risk analysis of a system consists of the use of all available information to estimate
the risk to individuals or populations, property or the environment, from identified hazards.
Risk assessment further includes risk evaluation (acceptance or treatment) as indicated in
Figure 1 (adopted from [2]). The whole procedure of the risk assessment is typically an
iterative process as indicated in Figure 2 (adopted from [9]). The first step in the risk analysis
involves the context (scope) definition related to the system and the subsequent identification
of hazards.
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Risk management

Risk assessment Risk control
| I
I | I I
RlSk. Risk evaluation Decision- Monitoring
analysis making
Hazard Risk Risk Risk
identification estimation acceptance treatment

Figure 1. A framework for risk management (adopted from [2]).

The system is understood [2] as a bounded group of interrelated, interdependent or
interacting elements forming an entity that achieves in its environment a defined objective
through interaction of its parts. In the case of technological hazards related to civil engineering
works, a system is normally formed from a physical subsystem, a human subsystem, their
management, and the environment. Note that the risk analysis of civil engineering systems
(similarly as analysis of most systems) involves usually several interdependent components
(e.g. human life, injuries, economic loss).

Any technical system may be exposed to a multitude of possible hazard situations. In
the case of civil engineering facilities, hazard situations may include both, environmental
effects (wind, temperature, snow, avalanches, rock falls, ground effects, water and ground
water, chemical or physical attacks, etc.) and human activities (usage, chemical or physical
attacks, fire, explosion, etc.). As a rule hazard situations due to human errors are more
significant than hazards due to environmental effects.

2 HAZARD IDENTIFICATION

A hazard is a set of circumstances, possibly occurring within a given system, with the
potential for causing events with undesirable consequences. For instance the hazard of a civil
engineering system may be a set of circumstances with the potential to an abnormal action (e.g.
fire, explosion) or environmental influence (flooding, tornado) and/or insufficient strength or
resistance or excessive deviation from intended dimensions. In the case of a chemical
substance, the hazard may be a set of circumstances likely to cause its exposure [2].

Hazard identification and modelling is a process to recognize the hazard and to define
its characteristics in time and space. In the case of civil engineering systems the hazards H; may
be linked to various design situations of the building (as defined in [7]) including persistent,
transient and accidental design situation. As a rule H; are mutually exclusive situations (e.g.
persistent and accidental design situations of a building). Then if the situation H; occurs with
the probability P{H;}, it holds 2 P{H,} = 1. If the situations H; are not mutually exclusive, then
the analysis becomes more complicated.
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\4

Definition of the system

!

Hazard identification

N

Probabilty analysis Concequence analysis

~

Risk estimation

Risk analysis

Risk assessment

Risk evaluation

!

Acceptable risk?

Yes

Risk treatment

Figure 2. Flowchart of iterative procedure for the risk assessment (adopted from [9]).

Note that in some documents (for example in the recent European document EN 1990
[10]) the hazard is defined as an event, while in risk analysis [2] it is usually considered as a
condition with the potential for causing event, thus as a synonym to danger.

3 DEFINITION AND MODELLING OF RELEVANT SCENARIOS

Hazard scenario is a sequence of possible events for a given hazard leading to undesired
consequences. To identify what might go wrong with the system or its subsystem is the crucial
task to risk analysis. It requires detail examination and understanding of the system [6].
Nevertheless, a given system is often a part of a larger system. Consequently, modelling and
subsequent analysis of the system is a conditional analysis.

The modelling of relevant scenarios may be dependent on specific characteristics of the
system. For this reason a variety of techniques have been developed for the identification of
hazards (e.g. PHA HAZOP) and for the modelling of relevant scenarios (fault tree, event
tree/decision trees, causal networks). Detail description of these techniques is beyond the scope
of this contribution, may be however found in [6, 9] and other literature.
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4 ESTIMATION OF PROBABILITIES

Probability is generally the likelihood or degree of certainty of a particular event
occurring during a specified period of time. In particular, reliability of a structure is often
expressed as probability related to a specific requirement and a given period of time, for
example 50 years [3,10].

Assuming that a system may be found in mutually exclusive situations H;, and the
failure F of the system (e.g. of the structure or its element) given a particular situation H;
occurs with the conditional probability P{F|H,}, then the total probability of failure pr is given
by the law of total probability (see for example [11]) as:

pF:ZP{Hi}P{F’Hi} (1)

Equation (1) can be used for the modification of the partial probabilities P{H;}P{F|H;}
(appropriate to the situations H;) with the aim to comply with the design condition pr < p,
where p; is a specified target probability of failure. The target value p; may be determined using
the probabilistic optimisation of an objective function describing, for example, the total cost.

The conditional probabilities P{F|H;} must be determined by a detail probabilistic
analysis of the respective situations H; under relevant scenarios. The traditional reliability
methods [8] assume that the failure F of the system can be well defined in the domain of the
vector of basic variables X. For example, it is assumed that a system failure may be defined by
the inequality g(x) < 0, where g(x) is the so called limit state function, where x is a realisation
of the vector X. Note that g(x) = 0 describes the boundary of the limit state, and the inequality
g(x) > 0 the safe state of a structure.

If the joint probability density fx(x|H;) of basic variables X given situation H; is known,
the conditional probability of failure P{F|H;} can be then determined [6] using the integral

P{FIH = [fy (x| H,)dx )
8(x)<0

It should be mentioned that the probability P{F|H;} calculated using equation (2) suffers
generally from two essential deficiencies:

- uncertainty in the definition of the limit state function g(x),

- uncertainty in the theoretical model for the density function fx(x|H;) of basic variables

X [8].

These deficiencies are most likely the causes of the observed discrepancy between the
determined probability pr and actual frequency of failures; this problem is particularly
disturbing in case of fire. Yet, the probability requirement pr < p; is generally accepted as a
basic criterion for design of structures.

In a risk analysis we need to know not only probability of the structural failure F' but
probabilities of all events having unfavourable consequences. In general, the situations H; may
cause a number of events Ej; (e.g. excessive deformations, full development of the fire). The
required conditional probabilities P{Ej|H;} must be estimated by a separate analysis using
various methods, for example the fault tree method or causal networks.

5 ESTIMATION OF CONSEQUENCES

Consequences are possible outcomes of a desired or undesired event that may be
expressed verbally or numerically to define the extent of human fatalities and injuries or
environmental damage and economic loss [1]. A systematic procedure to describe and/or
calculate consequences is called consequence analysis. Obviously, consequences are generally
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not one-dimensional. However in specific cases they may be simplified and described by
several components only, e.g. by human fatalities, environmental damage and costs. At present
various costs are usually included only. It is assumed that adverse consequences of the events
Ej; can be normally expressed by several components Cj;x, where the subscript & denotes the
individual components (for example the number of lost lives, number of human injuries and
damage expressed in a certain currency).

6 ESTIMATION OF RISK

Risk is a measure of the danger that undesired events represent for humans,
environment or economic values. Risk is commonly expressed in the probability and
consequences of the undesired events. It is often estimated by the mathematical expectation of
the consequences of an undesired event. Then it is the product "probability x consequences".
However, a more general interpretation of the risk involves probability and consequences in a
non-product form. This presentation is sometimes useful, particularly when a spectrum of
consequences, with each magnitude having its own probability of occurrence, is considered [2].

The estimation of risk is the process used to produce an estimate of a measure of risk.
As already stated above the risk estimation is based on the hazard identification and generally
contains the following steps: scope definition, frequency analysis, consequence analysis, and
their integration [2]. If there is one-to-one mapping between the consequences Cjx and the
events Ej;, then the risk component R, related to the considered situations H; is the sum

Ri=Y.C, PAE, | HP{H,} 3)
y

If the dependence of consequences on events is more complicated than just one-to-one
mapping, then equation (3) will have to be modified. A practical example of equation (3) can
be found in [10], where an attempt to estimate the risk due to persistent and fire design
situation is presented.

In some cases it is possible to deal with one-component risk R only. Then the subscript
k in equation (2.3) may be omitted. Moreover, probability of undesired events may depend on
the vector of basic variables X. Then the total risk R may be formally written as

R= [C(fy(x)dx (4)

where R(x) denotes the degree of risk as a function of basic variables X, and fx(x) denotes joint
probability density function X.

7 LOGIC TREES

A number of different logic (decision) trees (fault tree, event tree, cause/consequence
chart) have been developed to analyse the risk of a system [11] to [13]. Applications of logic
trees significantly improve the completeness and clarity of the engineering work. The use of
this kind of tool is widespread in risk analysis and implies some important advantages.
Influences of the environment and of human activities can easily be considered simultaneously.
Logic trees can also enable the detection of the most effective countermeasures. Furthermore,
they can be easily understood by inexperienced persons and therefore can provide very
effective communication means between experts and public authorities.

The fault tree can be defined as a logical diagram for the representation of combinations
of influences that can lead to an undesired event. When establishing a fault tree, the undesired
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event constitutes the starting point. Going out from this event, possible causes are to be
identified. The possible causes and consequences are to be linked in a logic way, without
introducing any loops. Every event that is not a consequence of the previous event has to be
considered as an independent variable.

An example of the fault tree shown in Figure 3 describes the failure of a plane frame
(indicated at the bottom of Figure 3).

Structural failure

OR
[ I
Sway Vertical Combined
AND AND AND
H M, M, M, G+0 M, M,
Sway i M,
M, 2b M Vertical M
d d 1 M

Figure 3. Fault tree describing the failure of a plane frame.

Fault trees can be used to clarify the causes of failures in case that they are unknown.
The most common application, however, consists in detecting possible causes of undesirable
events before they can occur. Since the fault trees also show the possible consequences of
events, they are very useful for the establishment of the most accurate measures for prevention
of these events.

An event tree identifies possible subsequent events starting from an initial event. Each
path consists of a sequence of events and ends up at the consequence level (for example at
structural failure, see Figure 4). The aim of the event tree analysis is to identify possible
consequences of an initial event and to calculate probabilities of the occurrence of these
consequences corresponding to a different sequence of events.

Simple examples of an event tree describing the collapse of a structure under persistent
and fire (accidental) design situation is shown in Figure 4. The probabilities indicated in Figure
4 are illustrative values only (correspond approximately to a 50-year period of an
administrative building having the fire compartment area 250 m’ with a protected steel
structure and without sprinklers).
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Fire starts  Fire flashover Collapse Frequency per 50 years
Yes 0,00005
0,01
Yes
0,05
| No 0,00495
Yes 0,99
0.1  Yes 0,00000095
0,00001
No
0,95
| No 0,09499905
0,99999
Design situation
_ Yes 0,000009
No 0,00001
0,9
| No 0,899991
0,99999

Figure 4. Event tree describing the collapse of a structure under persistent and fire design
situation (all data are approximately related to a 50-year period of an administrative building
having the fire compartment area 250 m* without sprinklers and with a protected steel
structure).

Logic trees may be supplemented by the consequences of events; graphical
representation of such a tree is called the cause/consequence-chart. The consequence chart
corresponds to an event tree with a suitable representation of expected consequences. For
example Figure 4 may include consequences linked to each failure probability (frequency per
year) of the structural collapse under given conditions. Then the tree may be used for the
cause/consequence or risk (utility) analysis.

The simplest form of the cause/consequence consideration is the so-called prior-analysis
of the risk (utility) when the basic statistical and probabilistic information is available prior to
any decision or activity. The prior analysis is an assessment of the risk associated with different
decisions; commonly used for comparing the risks corresponding to different decisions. The
posterior decision analysis differs from the prior analysis by considering possible changes in
the branching probabilities and/or the consequences due to risk reducing measures, risk
mitigating measures and the collection of additional information. The posterior decision
analysis may be used to evaluate different additional activities affecting the total risk.

Other important modification of logic trees is known as the pre-posterior decision
analysis. The aim of the pre-posterior decision analysis is to identify the optimal decisions with
regard to activities that may be performed in the future, e.g. planning of risk reducing activities
and/or the collection of new information. An important pre-requisite for the pre-posterior
decision analysis is the consideration of future actions that may be applied taking into account
the results of the planned activities.
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8 BAYESIAN NETWORK

Another promising tool for the risk analysis seem to be Bayesian (believe) causal
networks [13,14]. A simple example of the causal network is shown in Figure 5. The network
containing only four chance nodes describes the structural failure under persistent and fire
design situation similarly as the event tree in Figure 4. Compared with the event tree shown in
Figure 4 the network in Figure 5 includes also the effect of sprinklers (node B). Note that the
directional arrows in Figure 5 indicate the causal links between interconnected chance nodes.

B - Sprinkler

D-Flashover

A-Situation E-Collapse

Figure 5. The causal network describing the structural failure under persistent and fire design
situation.

The collapse of a structure depends on the probability of persistent and fire situation
and on the conditional probabilities of full development of fire, that depends on the ability of
sprinklers and on conditional probability of the structural collapse under the conditions given
by parents nodes (for example when fire is fully developed - fire flash over). Obviously the
causal network representation seems to be much more effective than the event tree version.
Moreover each node may have several states. Consequently, the input data are not indicated
directly in the graphical representation of the network but are given in the tables of conditional
probabilities.

The basic principle of probability calculation used in the Bayesian networks may be
illustrated considering the nodes A, B and D of the network in Figure 5. One child node D (Fire
flashover) is dependent on two parent nodes: 4 (Design situation) and B (Sprinklers). If the
parents' nodes 4 and B have the discrete states 4; and B;, then the probability of the event Dy (a
particular state of the node D) is given by the formula

P(Dy) = 2. P(Dy| A;B))P(4;) P(B;) (5)

Equation (5) represents the fundamental theoretical tool for analysing the Bayesian
network. The input data consist of the probabilities P(4;) and P(B;), and the conditional
probabilities P(Di|4;B;). These extensive data are based on available statistical evidence,
probabilistic analysis or expert assessment (judgement) and are transparently summarised in
the tables of conditional probabilities.

Bayesian networks supplemented by decision and utility nodes called influence
diagrams [13,14] provide a powerful tool for the risk estimation. In fact the influence diagram
is a generalisation of the cause/consequence-chart discussed above. The main features of this
tool are illustrated by the example shown in Figure 6, which is an extension of the fundamental
task indicated in Figure 5. Figure 6 shows a simplified influence diagram developed recently
[15,16] for the risk analysis of buildings under persistent and fire design situation.

VI-8



Chapter VI - Principles of risk assessment

The network consists of seven chance nodes numbered 1, 2, 3, 4, 5, 12 and 14, four
decision nodes 6, 7, 15 and 16, and six utility nodes 8, 9, 10, 11, 13 and 17. The utility nodes
represent the costs of various fire safety measures (nodes 8, 10, 17), damage to the building
(nodes 9, 11), and injuries (node 13).

Directional arrows indicating the causal links between the parent and children nodes
interconnect the chance, decision and utility nodes. All the causal links must be described by
appropriate input data (conditional probabilities or utility units) linked to assumed states of the
nodes. For example the utility nodes (except the utility node 13) are directly dependent on the
size of the building (node 15). The utility node 13, describing the cost of injury, is affected by
the size of the building through the number of endangered persons represented by chance node
14. These data are sometimes difficult to specify, and an expert assessment has often to be
often.

8-C8 6-Sprinklers

()
-Flashover
R

X

10-C10 7-Protection S-Collapse
15-Size

@ 16-Escape r.

Figure 6. The Bayesian network describing a structure under normal and fire design situations.

The chance nodes 1, 2, 3, 4, 5, 12 and 14 represent alternative random variables having
two or more states. The node 1-Situation describes the probability of fire start ps s = P(H>) and
the complementary probability 1— ps of normal situation H,. The chance node 2-Sprinklers
describes the functioning of sprinklers provided that the decision (node 6) is positive; the
probability of the active state of the sprinklers given the fire start is assumed to be very high,
for example 0,999. The chance node 3-Flashover has two states: the design situation H; (fire
design situation without flashover) and H, (fire design situation with flashover when the fire is
fully developed).

When sprinklers are installed, the flashover in a compartment of 250 m” has the positive
state with the conditional probability 0,002; if sprinklers are not installed then P{Hi|H,} =
0,066 [15,16]. It is assumed that with the probabilities equal to the squares of the above values
the fire will flash over the whole building, thus the values 0,000004 and 0,0044 are considered
for the chance node 3. The chance node 4-Protection (introduced for formal computational
reasons) has identical states as the decision node 7-Protection. The chance node 5-Collapse
represents the structural failure that is described by the probability distribution linked to three
children nodes (1,3,4). This situation can hardly be modelled using a decision tree. Note that
the probability of collapse in the case of fire but not flashover may be smaller than in a
persistent situation, due to the lower imposed load.
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9 DECISION-MAKING

The decision-making is generally based on the process of the risk acceptance and option
analysis (see Figure 1) that is sometimes referred to as the risk evaluation. The risk acceptance
is based on various criteria of risk that are reference points against which the results of the risk
analysis are to be assessed. The criteria are generally based on regulations, standards,
experience, and/or theoretical knowledge used as a basis for the decision about the acceptable
risk. Acceptance criteria and the criteria of risk may be sometimes distinguished [1]. Various
aspects may be considered, including cultural, social, psychological, economical and other
aspect [6], [17], [18] and [19]. Generally the acceptance criteria may be expressed verbally or
numerically [6].

Assuming for example that the acceptance limits Ciq4 for the components Cj are
specified, then it is possible to design the structure on the basis of acceptable risks using the
criterion Cy < Cy4, Wwhich may supplement the probability requirement py < p.

It should be noted that various levels of risk might be recognized, for example
acceptable risk, tolerable risk, and objective risk [6] (see the definitions of theses terms in [2]).
It is a remarkable fact that the public seems to be generally better prepared to accept certain
risks than to stand for specified probabilities of failure [17].

10 THE IMPLIED COST OF AVERTING A FATALITY

The consequences may generally include economic as well as social and environmental
costs [17,18,19]. An example is provided by the influence diagram shown in Figure 6 used to
assess the risk of a building due to fire. Thus, in order to compare all possible consequences it
is necessary to express all consequences in terms of a single unit. This seems to be an
extremely difficult task. One of the possible approaches is represented by the concept of the
Implied Cost of Averting a Fatality ICAF or Life Quality index LQI [19]. Table 1 shows values
of the cost ICAF for selected countries adopted from [19]. It appears that the cost ICAF may be
estimated to about 1 to 3 million of USD.

Table 1. The Implied Cost of Averting a Fatality — ICAF(Ae), financial data in PPP US$ (1999)
obtained from UN-HDR 2001, World Bank.

Country g-annual | e- life 2 w- ICAF(Ae)
income time working [x 106]
part of e
US 34000 77 0.15 2.6
Japan 26000 81 0.15 2.1
Germany 25000 77 0.125 1.9
UK 22000 77 0.125 1.7
Czech Republic 8000 75 0.15 0.6
Mexico 8800 72 0.15 0.6
South Africa 9100 55 0.15 0.5
Colombia 5900 70 0.15 0.4
China 3900 70 0.15 0.3
India 2400 63 0.15 0.1
Nigeria 800 47 0.18 0.04
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The Implied Cost of Averting a Fatality /CAF can be expressed as
Ae .
ICAF(Ae)=g|1-(1+—) ™ |Ae (6)
e

where symbols g, e and w are defined in Table 1. However, the concept of the Implied
Cost of Averting a Fatality described by equation (6) is just one of possible approaches to the
complex problem of evaluating social consequences. At present further intensive investigation
is expected.

11 CONCLUDING REMARKS

Risk is commonly estimated by the mathematical expectation of the consequences of an
undesired event that often leads to the product "probability x consequences". As a rule the risk
of civil engineering systems is a multidimensional quantity having several components.

The risk analysis is based on the hazard identification and generally contains the
following steps: the scope definition, hazard identification, definition and modelling of hazard
scenarios, estimation of probabilities, estimation of consequences, estimation of risk and
decision-making.

The most important contribution of the risk analysis and assessment consists in the
systematic consideration of various consequences. Several techniques are available at present:
the decision trees, the Bayesian belief networks and influence diagrams. Available experience
indicates that the Bayesian belief networks provide a transparent, logical and effective tool for
analysing engineering systems. It should however be underlined that any analysis of an
engineering system is always dependent on the assumed input data, often of a very uncertain
nature. The input data should be estimated with due regard to the specific technological and
economic conditions of a given system. In particular, the economic, social and environmental
consequences of adverse events should be further investigated.

It appears that the methods of risk analysis and assessment may significantly contribute
to further improvement of current engineering design. The remarkable fact that the public is
better prepared to accept certain risks than to stand for specified probabilities of failure will
make the application of the risk assessment easier. It is therefore anticipated that in the near
future probabilistic methods in engineering will be supplemented by criteria for acceptable
risks.
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NOTATION

A;  States of node 4

B;  States of node B

D, States of node D

C; Consequences of events Ej; (utility, cost, damage, injuries)
R The total expected risk

Ry The risk component

E; Events

H;  Hazard situation i.

P(F/H;) Probability of failure F given situation H,

e Expected life-time

g  Annual income

w  Working part of e

g(x) Performance (limit state) function.

pr  Probability of failure F.

pa  Target probability of failure.

pr  Probability P(F|H>) of structural failure during fire.

pris Probability of fire start P(H>).

X Generic point of the vector of basic variables.

X  Vector of basic variables.

£ Reliability index.

¢@x(x) Probability density function of the vector of basic variables X.
@ (p,) Inverse distribution function of a standardized normal variable.
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ANNEX A - BASIC STATISTICAL CONCEPTS AND TECHNIQUES
Milan Holicky

Klokner Institute, Czech Technical University in Prague, Czech Republic

Summary

Elementary concepts and techniques of the theory of probability and mathematical
statistics required for understanding of basic reliability methods are reviewed and illustrated
by a number of numerical examples. Computational procedures for determination of sample
characteristics, fractiles of common theoretical models and estimates for fractiles based on
small samples can be applied using the attached MATHCAD sheets.

1 INTRODUCTION

1.1 Background materials

Elementary concepts and techniques of the theory of probability and mathematical
statistics applicable to civil engineering are available in a number of standards [1 to 5],
background materials [6, 7, 8], software products [9, 10, 11] and books [12 to 24]. Additional
information may be found in the extensive literature listed in the books [12, 13] and others. In
particular, documents developed by JCSS [6, 7] and recently published handbook [8] are
closely related to the statistical techniques described in this text.

1.2 General principles

The theory of structural reliability is based on a general principle that all the basic
variables are considered as random variables having appropriate type of probability
distribution. Different types of distributions should be used for description of actions, material
properties and geometric data. Prior theoretical models of basic variables and procedures for
probabilistic analysis are indicated in JCSS documents. Sample characteristics are used as
estimates of population parameters. In addition the population fractiles must be often assessed
using small samples. MATHCAD sheets that supplement described computational procedures
can be effectively used in practical applications.

2 POPULATION AND SAMPLES

2.1 General

Actions, mechanical properties and geometric data are generally described by random
variables (mainly by continuous variables). A random variable X, (e.g. concrete strength), is
such a variable, which may take each of the values of a specified set of values (e.g. any value
from a given interval), with a known or estimated probability. As a rule, only a limited
number of observations, constituting a random sample xi, x2, X3,..., X, of size n taken from a
population, is available for a variable X. Population is a general statistical term used for the
totality of units under consideration, e.g. for all concrete produced under specified conditions
within a certain period of time. The aim of statistical methods is to make decisions concerning
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the properties of the population using the information derived from one or more random
samples.

2.2 Sample characteristics

A sample characteristic is a quantity used to describe the basic properties of a sample.
The three basic sample characteristics, which are most commonly used in practical
applications, are:

- the mean m representing the basic measure of central tendency;

- the variance s° describing the basic measure of dispersion; and

- the coefficient of skewness @ giving the basic measure of asymmetry.

The sample mean m (an estimate of the population mean) is defined as the sum

m=(Zx)/n 2.1

with the summation being extended over all the n values of x;.

The sample variance s* (an estimate of the population variance), is defined as:
S=C x-m?)/(n-1) (2.2)

the summation being again extended over all values x;. Sample standard deviation s is the
positive square root of the variance s°.

The sample coefficient of skewness @ (an estimate of the population skewness)
characterising asymmetry of the distribution is defined as

o=[nE @x-m))/ (n-1)/(n-2)]/s (2.3)

Thus, the coefficient of skewness is derived from the central moment of order 3
divided by s°. If the sample has more distant values to the right from the mean than to the left,
the distribution is said to be skewed to the right or to have a positive skewness. If the reverse
is true, it is said to be skewed to the left or to have a negative skewness.

In some cases two different samples may be taken from one population and their
combination is needed. If the original data are not available, then the characteristics of
combined sample may be determined using the characteristics of both samples. If the sample
sizes are n, np, the means m;, m,, standard deviations s;, s, and skewnesses @, @», then the
combined sample of the size n = n;+n, has the characteristics

nm, +n,m
m =71
n

2 2
2 n.s, + n,s,
S =

+ 7% (i, — m, ) (2.4)
n n

Y 2 3

3 3 303 3
1 |:n151 W, +1n,5,0, n 3mn, (my —m,)(s; — ;) _ o, (n, —ny)(m —m,) }
3

S n n n

Another important characteristic describing the relative dispersion of a sample is the
coefficient of variation v, defined as the ratio of standard deviation s to the mean m

v=s/m (2.5)

The coefficient of variation v can be effectively used only if the mean m differs from
zero. When the mean is much less than the standard deviation, then the standard deviation
rather then the coefficient of variation should be considered as a measure of the dispersion.
The coefficient of variation v is often used as a measure of production quality; for concrete
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strength may be expected within a broad range from 0,05 up to 0,20, for structural steel from
0,07 to 0,10.

2.3  Distribution function

Probability distribution is a term generally used for any function giving the probability
that a variable X belongs to a given set of values. The basic theoretical models used to
describe the probability distribution of a random variable may be obtained from a random
sample by increasing the sample size or by smoothing either the frequency distribution or the
cumulative frequency polygon.

An idealisation of a cumulative frequency polygon is the distribution function ®(x)
giving, for each value x, the probability that the variable X is less than or equal to x:

Ox)=P (X <x) (2.6)

A probability density function @(x) is an idealisation of a relative frequency
distribution. It is formally defined as the derivative (when it exists) of the distribution
function:

o(x) = dD(x) / dx 2.7)

Note that Appendix 1 to this Chapter provides a review of selected theoretical models
of continuous random variables that are most frequently used in reliability analysis of civil
structures.

Example 2.1.

A continuous random variable, which may attain equally likely any point x within a
two-sided interval <a, b> (each point x has the same probability density ¢(x)) is described by
a so-called uniform distribution shown in Figure 2.1.

1
DO(x) = (x-a)/(b-a) {
Distribution function
X
a b
¢(x) = 1/(b-a) Probability density
function
x
a b

Figure 2.1. Uniform distribution

The uniform distribution is a basic type of distribution used not only in simulation
procedures but also in theoretical modelling of some actions and geometric data. Shapes of
the distribution function ®(x) and probability density function ¢(x) for the uniform
distribution are shown in Figure 2.1. We can easily observe that it is a general property of the
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probability density function that the probability of a set of all values of any random variable is
equal to 1

J s = | oeods=1 2:8)

Thus, the surface bounded by the horizontal axis x and the curve of the density function ¢(x)
has the area equal to unity.

2.4  Population parameters

The population parameters are quantities used in describing the distribution of a
random variable, as estimated from one or more samples. As in the case of random samples,
three basic population parameters are commonly used in practical applications:

- the mean y representing the basic measure of central tendency;

- the variance o” as the basic measure of dispersion; and

- the coefficient of skewness w.giving the degree of asymmetry.

The population mean g, for a continuous variable X having the probability density
¢(x), is defined as

(= j x @(x)dx (2.9)

the integral being extended over the interval of variation of the variable X. The population
variance ¢°, for a continuous variable X having the probability density function ¢(x), is the
mean of the squared deviation of the variable from its mean:

7 =[ (- 1) ooy (2.10)

The population standard deviation o is the positive square root of the population
variance o”.

The population coefficient of skewness, characterising asymmetry of the distribution,
is defined as

o= G-w odr/ o 2.11)
Another population parameter based on the fourth order moment is called kurtosis &.
e={ (- o)dx/ o* - 3 (2.12)

Note that for normal distribution (described in Section 3.1) the kurtosis ¢ defined by
equation (2.12) is zero. However, this parameter is used mainly in theoretical consideration.

Another important parameter of the population is the coefficient of variation V defined
similarly as the sample coefficient of variation

V=0c/u (2.13)

The same restriction on the practical use of V" applies as in the case of samples.

Geometrically u is actually the x coordinate of the centre of gravity of the area
bounded by the horizontal axis x and the curve of density function ¢(x). Figure 2.2 shows an
example of probability density function of lognormal distribution illustrating the geometric
interpretation of the mean g and standard deviation o

The measure of dispersion of a random variable X relative to the mean y is given by
the central moment of the second order (moment of inertia) of the area, and standard deviation
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o is therefore the centroidal radius of gyration around the mean  of the area bounded by the
horizontal axis x and the curve of probability density function ¢(x).

A very important population characteristic is the fractile x,. If X is a continuous
variable and p is a probability (a real number between 0 and 1), the p-fractile x,, is the value of
the variable X for which the probability that the variable X is less than or equal to x, is p, and
hence, for which the distribution function @(x,) is equal to p. Thus,

PX<x,)=D(x,)=p (2.14)

In civil engineering the probabilities p = 0,001; 0,01; 0,05 and 0,10 are used most
frequently. The probability p is often written as a percentage (e.g. p = 0,1 %; 1 %; 5 %; 10
%). If this is done, then x,, is called a percentile, for example the 5th percentile is used when p

=5 %. If p=50 %, then x, is called the median. More details about the fractiles of continuous
variables are given in the following sections.

Probability density ¢(x)

25

2.0T

0.5

0.0 | | ! | | |
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

X
Figure 2.2. Geometric illustration of the mean x and standard deviation o

Example 2.2.
Parameters of the uniform distribution from example 2.1 may be derived using
equations (2.9) to (2.13) as

u=(a+b)2, o= (b-a) 12, 0=0, e=- 2,96, V= (b-a)/((a+b)3)
The skewness of a uniform distribution is zero, kurtosis is negative (independent of the
bounds @ and b). Obviously the distribution is symmetric as the values of the random variable

are distributed uniformly. If the lower bound of the distribution is zero, a = 0 (which is
sometimes assumed in practical applications), then

u=05b,0=0,289b, =0, =-2,96, V=0,577

Let us note that the coefficient of variation V in this case (when a = 0) is independent
of b and its value is relatively high (V= 0,577).

A-5
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3 SELECTED MODELS OF RANDOM VARIABLES

3.1 Normal distribution

Most frequently used models of continuous random variables that are applied in
reliability analysis of civil structures are reviewed in Appendix 1 of this Chapter. From a
practical and theoretical point of view the most important type of distribution of a continuous
random variable is the normal (Laplace-Gauss) distribution. Symmetric normal distribution of
a variable X is defined on an unlimited interval - oo < x < oo (which can be undesirable in some
practical applications) and depends on two parameters only — on the mean x and on the
standard deviation o. Symbolically it is often denoted as N(,0).

The normal distribution is frequently used as a theoretical model of various types of
random variables describing some loads (self-weight), mechanical properties (strengths) and
geometrical properties (outer dimensions). It is convenient for symmetric random variable
with a relatively low variance (coefficient of variation V' < 0,3). It fails when used for
asymmetric variables with great variance and skewness @ > 0,5.

The probability density function of a normal random variable X with a mean x and
standard deviation o is given by the exponential expression

1 1(x—uY
exp| —— 3.1
oy p{ 2( - j } (.1)
Skewness @ and kurtosis ¢ are zero for a normal distribution.
Tables for normal distributions are commonly available [12, 13] for probability

density function ¢(u) and distribution function ®(u) of a standardized variable U, which is
defined by a general transformation relation (used for any type of distribution)

o(x) =

i (3.2)

The standardized random variable U has a zero mean and variance (standard
deviation) equal to one; symbolically it is often denoted as N(O, 1).

The probability density function of the standardized random variable U is then given
as a function of u

o(u) = \/;_7[ exp[— “?j (3.3)

The probability density function of a normal and lognormal distribution with a
coefficient of skewness w = 1,0 (described in the next section 3.2) of the standardized random
variable u is shown in Figure 3.1.

Note that the probability density function of the standardized normal distribution is
plotted in Figure 3.1 for u in the interval <-3,+3>, which covers the standardised variable U
with a high probability of 0,9973 (in engineering practice this interval is often called interval
+30).

3.2 Lognormal distribution

Generally one-sided limited asymmetric lognormal distribution is defined on a limited
interval xyp < x < o0 or -0 < x < x¢. Therefore it eliminates one of the undesirable properties of
the normal distribution. A lognormal distribution is generally dependent on three parameters.
Commonly the moment parameters are used: mean py, standard deviation oy and skewness
ax. If the skewness @, is unknown or uncertain, the lower or upper bound xy is used.
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Random variable X has a lognormal (general three-parametric) distribution if the
transformed random variable

Y=In|X— x| (3.4)

has a normal distribution. In this relation x(, denotes the lower or upper limit of distribution of
a variable X, which depends on skewness @,. If the variable has a mean g and standard
deviation oy, then the lower or upper limit can be expressed as

Xo = Uy - Ox/c (3.5)
where the coefficient ¢ is given by the value of skewness @y according to the relation
oy=c +3¢ (3.6)

from which follows an explicit relation for ¢

c= [(\/m + C()x)/3 - (\/m_ a)x)ﬁ}fw (3.7)

Probability density ¢(x)
0.5

Lognormal distribution, @ = 1,0

047

0.3 Normal distribution N(0,1)

0.27

0.1

Standardized random variable u

Figure 3.1. Normal and lognormal distribution (skewness @ = 1,0)

The dependence of the limit x( on the coefficient ¢ is obvious from Table 3.1 in which
the lower bound uy= —1/c of the standardised random variable U=(X-u x)/ox are given for
selected values of the coefficient of skewness wy = 0. For awy < 0 values of uo with an inverse
sign (i.e. positive) are considered. A lognormal distribution with the skewness @, = 0 becomes
a normal distribution (uy=—1/c — £ ).

Table 3.1. The lower limit ug= —1/c¢ for selected values of coefficient of skewness wy > 0.

(D)'

0

0,5

1,0

1,5

2,0

Uuo= -1/c

-00

-6,05

-3,10

2,14

-1,68
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When creating a theoretical model it is therefore possible to consider, besides the
mean gy and standard deviation oy, the skewness @y or alternatively the lower or upper bound
of distribution xy. Generally the former possibility is preferred because more credible
information is available about the coefficient of skewness, which better characterises the
overall distribution of the population (particularly of large populations) compared to the lower
or upper bounds.

The probability density function and distribution function of the general three
parameter lognormal distribution may be obtained from well known normal distribution using
modified (transformed) standardised variable u’ obtained from the original standardised
random variable u = (x-uy)/ oy as

u+—

ln(

u' = ¢ (3.8)
JIn(1+¢%)

where (as above) u = (X-uy)/ oy denotes the original standardised variable. The probability

density function @pn () and the distribution function @y (1) = @y .x(x) of the lognormal
distribution are then given as

1j+1n(cm)

o) = o) (3.9)
(u + }/ln(l +c?)
Cc
CDLN,)((X) = CDLN,U(M’) = CD(Z/I) (3 10)

where ¢@(u) and ®(u) denote the probability density and distribution function of the
standardised normal variable.

A special case is the popular lognormal distribution with a lower bound at zero (xo =
0), which like the normal distribution, depends on two parameters only — the mean z and the
standard deviation oy (symbolically it is denoted LN(z, o)). In such a case it follows from
equations (3.5) that the coefficient ¢ is equal to the coefficient of variation Vy. It further
follows from equation (3.6) that the skewness wy of the lognormal distribution with a lower
bound at zero is given by the value of the coefficient of variation Vy as

a)X:3VX+V§( (3-11)

Thus the lognormal distribution with the lower bound at zero (xo = 0) always has a
positive skewness, which may have relatively high value (greater than 0,5); e.g. for the
coefficient of variation equal to 0,30 a coefficient of skewness V, = 0,927 obtained from
relation (3.11). Applications of the lognormal distribution with the lower limit at zero (x, = 0)
can thus lead to unrealistic theoretical models (usually underestimating the occurrence of
negative and overestimating the occurrence of positive deviations from the mean), particularly
for higher values of coefficient of variation Vy. Although the occurrence of negative values
can also be undesirable (unrealistic for most mechanical quantities), it is usually negligible
from a practical point of view.

Example 3.1.

Reinforcement cover layer of a reinforced concrete cross-section X has a mean y =
25 mm and standard deviation o= 10 mm. The probability density function ¢(x) for a normal
distribution and for a lognormal distribution with a lower limit at zero is shown in Figure 3.2.

A-8
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It follows from Figure 3.2 that the normal distribution leads to occurrence of negative
values of the reinforcement cover layer, which obviously does not correspond to reality. On
the other hand, the lognormal distribution with lower limit at zero overestimates the
occurrence of positive deviations of the cover layer, which may not be realistic either and can
further lead to unfavourable influences on the strength of the cross-section. The
overestimation of occurrence of extreme positive deviations corresponds to a high skewness @
= 1,36 of the lognormal distribution, which follows from equation (3.11). The available
experimental data on the concrete cover indicate that the skewness of the distribution is
around @ = 0,5, in most cases o< 1,0.

Probability density ¢(x)
0.05

Log-normal distribution LN(25,10)

0.04 |

0.03 | Normal distribution N(25,10)

0.02 |

0.01 |

0.00

40 0 10 20 30 40 50 60 70 80 90
Concrete cover X [mm]

Figure 3.2. Probability density function for the concrete cover

The lognormal distribution is widely applied in the theory of reliability. It is used as a
model for various types of random variables describing some loads (self-weight of some
materials), mechanical properties (strengths) as well as geometrical data (inner and outer
dimensions of cross-sections). It can be used for general asymmetric random variables with
both positive and negative skewness. The lognormal distribution with lower limit at zero (xo =
0) is very often used for description of mechanical properties (strengths) of various materials
(concrete, steel, masonry).

3.3 Gamma distribution

Another popular type of one-side limited distribution is the type III Pearson
distribution. Its detailed description is e.g. in the book [13]. A special case of the type III
Pearson distribution with lower limit at zero is the gamma distribution. The probability
density function of this important distribution is dependent on two parameters only: on the
mean u and standard deviation o. To simplify the notation two auxiliary parameters A and
k are often used

A exp-A) ,p, (uY
o(x) = T A= az’k _(GJ (3.12)
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I'(k) 1s the gamma function of parameter £. For the moment parameters of the gamma
distribution it holds that

k2 20
ET T T L

The curve is bell shaped for £ > 1, i.e. for skewness @ < 2 (in the inverse case it is a
decreasing function of x). For k¥ — oo, the gamma distribution approaches the normal
distribution with parameters i and o.

The gamma distribution is applied similarly as the lognormal distribution with lower
bound at zero. However, it varies from the lognormal distribution by its skewness, which is
equal to twice the coefficient of variation (@ = 2V) and is thus lower than the skewness of
lognormal distribution, which is more than 50% higher (according to equation (3.11) it is
w, =3V, +V;). That is the reason why the gamma distribution is more convenient for

describing some geometrical quantities and variable action that do not have a great skewness.

2 (3.13)

Probability density ¢(x)

0.05 e
n=157 /Log-normal distribution
m= 26,8 Gamma distribution
0047 s=11,1
v=0,42 Normal distribution
a=040 Beta distribution
0.03 |

0.02 |

0.01 |

0.00 0 10 20 30 40 50 60 70

Concrete cover [mm]

Figure 3.3. Histogram and theoretical models for concrete cover of reinforcement

Example 3.2.

A sample of the size n = 157 experimental results of concrete cover of reinforcement
measurements has these characteristics: m = 26,8 mm, s = 11,1 mm and v = 0,42. It is a
relatively large sample, which can be used for the assessed skewness (furthermore a long-term
experience is available). A histogram of the obtained values and theoretical models of normal
distribution, lognormal distribution with origin at zero, gamma distribution and beta
distribution are shown in Figure 3.3, with help of which the appropriateness of the individual
models can be considered.
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According to Figure 3.3 it seems that the gamma distribution describes the histogram
of obtained results better than the normal and lognormal distribution. But also the both-side
limited beta distribution (described in the following Section 3.4) seems to be an appropriate
model. However, to choose an appropriate theoretical model for describing variables of
interest is a complicated task, which can be treated in theoretical way. Information about
some methods of mathematical statistics (about the so-called goodness of fit tests) can be
found in the textbook [4] and in specialised literature [12, 13]. In this book
some practical aspects and procedures will be indicated only.

3.4  Beta distribution

An interesting type of distribution is the so-called beta distribution (also called
Pearson‘s type I curve), which is defined on a both-side limited interval <a, b > (but this
interval can be arbitrarily extended and the distribution then approaches the normal
distribution). Generally it is dependent on four parameters and it is used mainly in those cases
when it is evident that the domain of the random variable is limited on both sides (some
actions and geometrical data, e.g. weight of a subway car, fire load intensity, concrete cover
of reinforcement in a reinforced concrete cross-section). The principal difficulty in practical
application is the need to estimate all the four parameters, for which credible data may not be
available.

The beta distribution is usually written in the form

(x—a) ' (x-b)""

X)= 3.14
(P( ) B(C,d)(b _a)c+d—l ( )
For the lower and upper limit of distribution it holds
a=p-cgob=ptdgo g= | (3.15)
c

where g is an auxiliary parameter. From equations (3.15), relations for parameters ¢ and d can
be derived

c

b—a 0'2 b—a 0'2

_ u—a((u—axb—ﬂ) _1] d= b‘“[“‘“’)(b“‘) —1] (3.16)

For the moment parameters of the beta distribution it holds that

_a+(b-a)c o= (b—-a)
" (c+d) T (cg+dg)

(3.17)

o= 2g(d —c) 8:3g2(2(c+d)2+cd(c+d—6))_3

C(c+d+2)’ (c+d+2)c+d+3)

(3.18)

Note that skewness @ and kurtosis ¢ are dependent only on the parameters ¢ and d
(they are independent of the limits @ and b). That is why the parameters ¢ and d are called
shape parameters. In practical applications the distribution is used for ¢ > 1 and d > 1
(otherwise the curve is J or U shaped), for ¢ =d = 1 it becomes a uniform distribution, for ¢ =
d =2 it is the so-called parabolic distribution on the interval <a, b >. When ¢ = d, the curve is
symmetric around the mean. When d — oo, the curve becomes the type III Pearson
distribution (see Section 3.3). If ¢ = d — o, it approaches the normal distribution. Depending



Annex A - Basic statistical concepts and techniques

on the shape parameters ¢ and d the beta distribution thus covers various special types of
distributions. The location of the distribution is given by parameters a and b.

The beta distribution can be defined in various ways. If the parameters a, b, ¢ and d
are given, then the moment parameters x, o, @ and ¢ can be assess using equations (3.17) to
(3.18). In practical applications however, two other combinations of input parameters are
often applied:

1. The input parameters are x4, o, a and b. The remaining parameters ¢ and d can
be assessed from equations (3.16), the parameters @ and ¢ from equations (3.18).
2. The input parameters are y, o, @ and one of the limits a (for @ > 0) or b (for @

< 0); the parameters b (or @), ¢ and d can be assessed using equations (3.16) to (3.17).
In practical applications the distribution with lower limit @ = 0 is often used. It can be
shown that in such a case the beta distribution is defined if

w <2V (3.19)

where the coefficient of variation V' = o/ u. For @ = 2V the curve becomes the type III
Pearson distribution (see Section 3.3). Therefore if the input parameters are the mean g,
standard deviation o and skewness @ < 2V, the beta distribution with the lower limit at zero (a
= 0) is fully described. The upper limit b of the beta distribution with the lower limit at zero
follows from the relation (3.15)

b uc+d) _ ul1+V2+owl))

, o o) (3.20)

In equation (3.20) the parameters ¢ and d are substituted by the following expressions

c:_ﬂ(ZV—a))z—(4+a}2) (3.21)
2V (Vo +2)* —(4+0?) '

d_Q(ZV—a))Z—(4+a)2)2+a)V

= . . (3.22)
2 Vo+2)-(4+0’) 02V

which follow from general equations (3.16) to (3.18) for a = 0.

Example 3.3.

Given the mean g = 25 mm, standard deviation 10 mm (¥ = 0,40) and skewness
@ = 0,5, assess the parameters of a beta distribution with the lower bound at zero (¢ = 0) for a
reinforcement cover layer. Equation (3.19) is satisfied (0,5 < 2 x 0,4). From equations (3.21)
and (3.22) it follows that

05 (2x0,4-05)°-(4+05") _
2x0,4 (0,4x0,5+2)* —(4+0,5)

4,407

P _0,5(2x0,4-0,5° - (4+0,5") 2+ 0,5x0,4

=12,927
2 (0,4x0,5+2)" —(4+0,5*)0,5-2x0,4

The upper bound of the distribution b follows from equation (3.20) that

, _ 25 (4,407 +12,927)

=98,325
4,407
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The beta distribution having the assessed parameters is shown in Figure 3.4 together
with a corresponding normal, lognormal and Gamma distribution with the lower bound at
zero and the same mean y and standard deviation o.

Figure 3.4 further shows that the normal distribution (skewness @ = 0) leads to the
occurrence of negative values, which may not correspond to the real conditions for the
reinforcement cover layer. According to equation (3.11) the lognormal distribution with lower
limit at zero has skewness @= 1,264, which does not correspond to experimental results and
leads to an overestimation of the occurrence of positive deviations (which may further lead to
unfavourable consequences in the reliability analysis of the reinforced concrete element).

The gamma distribution has, according to equation (3.13), a skewness @ =2V = 0,8,
which is closer to the experimental value 0,5. The most convenient seems to be the beta
distribution having the skewness @ = 0,5 corresponding exactly to the experimental results.

Probability density ¢(x)

0,05 Log-normal distribution LN(25;10)
a=0, ®=1,264;
0.04 1 Normal distribution N(25;10), ®=0
0031 Gamma distribution Gamma(25;10)
’ a=0,w=0,8;
L Beta distribution Beta(25;10)
0,02 a=0,b=983, 0=0,5;
0,017
0.094 0O 10 20 30 40 50 60 70 80

Concrete cover x [mm)]

Figure 3.4. Normal, Lognormal, Gamma and Beta distributions for the concrete cover layer of
reinforcement in a reinforced concrete element

It should be mentioned that mathematical statistics offers a number of “goodness of fit
tests” for evaluation of fitness of a distribution as a theoretical model for obtained
experimental results (see for example documents [4, 12, 13] and a number recently developed
ISO standards). The above discussion can therefore be supplemented by statistical tests. On
the other hand it is essential to remark that goodness of fit tests very often fail and do not lead
to an unambiguous result. In such a case the selection of a convenient model depends on the
character of the basic variable, on available experience and on common experience.

3.5  Gumbel and other distributions of extreme values

The extreme values (maximal or minimal) in a population of a certain size are random
variables and their distribution is very important in the theory of structural reliability. Three
types of extreme values distribution denoted as types I, II and III are usually covered in the
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specialised literature. Each of the types has two versions — one for the distribution of minimal
values, the second for maximal values distribution. All these types of distribution have a
simple exponential shape and are convenient to work with. We will describe in detail the type
I extreme value distribution, which is commonly called the Gumbel distribution. Description
of other types of distribution can be found in textbook [12,13] and in specialised literature
[15, 16,17, 18, 19].

The distribution function for the type I maximal values distribution (Gumbel
distribution of maximum values) has the form

D(x) = exp(-exp(-C(X - Xmod))) (3.23)

It is a distribution defined on an infinite interval, which depends on two parameters:
on mode xnog and parameter ¢ > 0. By differentiating the distribution function we obtain the
probability density function in the form

@(x) = c exp(-c (X - Xmod) - €Xp(-c(X - Xmod))) (3.24)

Both the parameters xmoq4, ¢ Oof the Gumbel distribution can be assessed from the mean

4 and standard deviation o
xo = u—0577.1% (3.25)
Vs

oo T
N{iYox

Skewness and kurtosis of the distribution are constant: o= 1,14, £=2.4.

An important characteristic of the Gumbel distribution is the simple transformation of
the distribution function ®(x) of the original distribution to the distribution function ®(x)
describing the maxima of populations that are N times greater than the original population
with mean g and standard deviation o If the individual multiples of the original population
are mutually independent, then it holds for the distribution function ®@(x)

Dp(x) = (P(x))" (3.27)

By substitution of equation (3.23) into equation (3.27) we obtain the distribution
function ®@p(x) as

(3.26)

D p(x) = exp(-exp(-c(x - Xmod — In N/c))) (3.28)

so the mean uy and standard deviation oy of maxima of populations that are N times greater
than the original population are

uv=u+InNc=u+0,78InN o, on=0 (3.29)

Thus the standard deviation oy of the greater population is equal to the standard
deviation of the original population, oy = o, but the mean uy is greater than the original value
4 by 0.78 InN/c.

Example 3.4.
One-year maxima of wind pressure are described by Gumbel distribution with a mean

w1 =035 kN/m?, oy = 0,06 kN/m”. The corresponding parameters of the 50-year maximum
value distribution, i.e. parameters 150 and o5, follow from equation (3.29)

150=0,35+ 0,78 x In (50 x 0,06) = 0,53 kN/m?, o350 = 0,06 kN/m*
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Figure 3.5 shows both distributions of one-year and fifty-year maxima of wind
pressure described by the Gumbel distribution.

Probability density @n(x)

8

[ P1(x) Ps0(X)

61

; | ; n
0.2 0.3 0.4 0.5 0.6 0.7 0.8

Wind pressure x

Figure 3.5. Distribution of maximum wind pressure over the periods of 1 year and 50 years.

The distribution function of type I minimal values distribution (Gumbel distribution of
minimum values) has the form

D(x) =1 - exp(-exp(-c(Xmod - X))) (3.30)

This distribution is symmetrical to the distribution of maximal values given by
equation (3.23). It is therefore also defined on an open interval and depends on two
parameters: on mode xmoq and parameter ¢ > 0. By differentiating the distribution function we
obtain the probability density function in the form

@(x) = ¢ exp(-¢ (Xmod - X) = €XP(-C (Xmod - X))) (3.31)
Both these parameters can be assessed from the mean x and standard deviation o
o = u+0577. %7 (3.32)
V4

oo T
NiiYes

The probability density function of the minimum values is symmetrical to the shape of
maximal values relative to mode x4, as it is apparent from Figure 3.6.

(3.33)
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Probability density ¢(x)

0,4
0,37
/
02T Distribution of the / Distribution of the
minimum values maximum values
/
017
/
s
004 6 7 9 10 12 13 15 16

Variable x
Figure 3.6. The Gumbel distribution of the minimum and maximum values.

In a similar way the type II distribution, the so-called Fréchet distribution, and type III
distribution, the so-called Weibull distribution, are defined. All the three types of distribution

complement each other with respect to the possible values of skewness w. Each type covers a
certain area of skewnesses, as indicated in Figure 3.7.

Distribution of the maximum values

type II1 typg | type 11
I v
0 1,14 0]
Distribution of the minimum values
type Il type I type 11
v I
-1,14 0 I

Figure 3.7. Types of distribution of extreme values versus the skewness w.

The extreme values distributions of the type I and II are often used to describe random
variables depending on the maximal values of populations (for example climatic actions). The
type Il is particularly convenient for variables with high skewness @ > 1,14 (for example for
flood discharge that have @ ~ 2). The extreme values distribution of the type III is usually
applied for random variables depending on the minimal values of populations (e.g. strength
and other material properties) assuming that o >—1,14.
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3.6  Function of random variables

In general many variables entering reliability analysis of structures may be considered
as a function of basic variables X = [X|, X, ... , X;]. For example resistance R or load effect £
may be given as a function

Z=F(X) (3.34)
where X = [ X}, X, ..., Xu] denotes a vector of basic variables. Then the resulting variable Z is
a random variable and its characteristics may be derived from relevant characteristics of basic
variables X = [X), Xa, ... , Xj]. Usually three moment parameters, the mean g, standard
deviation o and skewness @, are used for a first assessment of the resulting variable Z.
Experience shows that using derived moment parameters (1, o and ) three parameter
lognormal distribution provides satisfactory approximation of Z. However, the software VaP
[9] applies a more accurate approximation based on four moment parameters (1, o, @ and
kurtosis &).

Appendix 2 of this Chapter provides approximate expressions for fundamental
functions of two basic variables that can be used in assessment of failure probability in case of
small number of basic variables.

4 ESTIMATION OF FRACTILES

4.1 Fractile of a theoretical model

One of the most important keywords of the theory of structural reliability is the term
fractile of a random variable X (or of its probability distribution), sometimes called also
quantile. Appendix 3 to this Chapter provides a review of formulas for determining fractiles
of most important theoretical models of continuous random variables.

Let us recall the definition of the fractile. For a given probability p, the p-fractile x,
denotes such a value of the random variable X, that values less than or equal to x, occur just
with the probability p. If d(x) is distribution function of the random variable X, then it follows
from equation (2.6) that the value ®(x,) of the distribution function ®(x) at the point x, is
equal to the probability p

P(X <xp) = D(x,) = p @.1)

The same definition holds also for standardised random variable U (given by
transformation equation (3.2)) when in equation (4.1) U is substituted for X and u, is
substituted for x,. Fractiles u, of standardised random variables U are commonly available in
tables. Figure 4.1 illustrates the definition of the fractile described by equation (4.1) for
standardised random variable U; it shows distribution function ®(u), probability density
function @(u), probability p (approximately equal to 0,05) and fractile u, for normal
standardised distribution U.

In general fractile x, of the original random variable X may be calculated using tables
for u, available for standardised random variables U with a relevant type of distribution. It
follows from transformation (3.2) that the fractile x, may be determined from the fractile of
the standardised random variable u, (found in available tables) using relationship

Xp=ptupo=p(l+u,V) (4.2)

where u denotes the mean, o the standard deviation and V' the coefficient of variation
of the observed variable X.

If the probability p < 0,5, then the value x, is called the lower fractile, for p > 0,5 the
x, is called the upper fractile. Figure 4.2 shows the lower and upper fractiles u, of a
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standardized random variable U with normal distribution for probabilities p = 0,05 and 0,95,
and thus denoted u s and u 9s.

The fractile corresponding to the probability p = 0,05, is usually applied for an
assessment of the characteristic value of material properties (strength of concrete, yield point
of steel, masonry strength). However, the design values of dominant variables are fractiles,
which correspond to a lower probability (p = 0,001), design values of variables which are not
dominant are fractiles corresponding to a greater probability (p = 0,10).

Distribution function ®(u)
1.0

0.87

067

047

027

0.0

25 3.0

Probability density ¢(u)

0.5

047

0371

027
|

017

p

| up

0.0 | | I | I I | | | | |

-3.0 -2.5 20 | -15 -1.0 -0.5 0.0 0.5 1.0 15 2.0 25 3.0

u

Figure 4.1. Definition of the fractile for the standardised random variable U.

The values u;, of the lower fractile of a standardized random variable U having normal
distribution for selected probabilities p are given in Table 4.1. Considering the symmetry of
the normal distribution, the values u, of the upper fractile can be assessed from Table 4.1 by
substituting of p by 1 - p and by changing the sign of values u, (from negative to positive).
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Detailed tables can be found e.g. in books [12, 13], in the International Standard ISO 12491
[4] and in specialised literature [18, 19, 20].

For a standardized random variable with a general three-parametric lognormal
distribution the value u;, of the standardized random variable is dependent on skewness @. The
values u,, for selected skewnesses @ and probabilities p are given in Table 4.2.

Table 4.1. Fractile u, of a standardized random variable with normal distribution
p 107 10° 10° 10" 0,001 0,010 0,050 0,100 0,200 0,500

u, |-5199 -4,753 -4,265 -3,719 -3,091 -2,327 -1,645 -1,282 -0,841 0,000

Probability density ¢(u)

04
031
021
011 _
p:0,05 1-p—0,05
Uop,05 = -1 ,645 Up,95 = 1,645

0,0 T 1 : 1 1 :

T35 2,5 15 0,5 05 15 | 25 35

Standardised random variable U having normal distribution

Figure 4.2. The lower and upper fractiles of a standardized random variable U having normal
distribution

In the case of a lognormal distribution with lower limit at zero, which is described in
section 3.2, it is possible to calculate the fractile from the value of fractile of a standardized
random variable with normal distribution using the relation

H 2
X, = exp(unorm JIn(1+V )) (4.3)
P14 r? v

where unom,p 15 the fractile of a standardized random variable with normal distribution, x is
the mean and V the coefficient of variation of the variable X. An approximation of relation
(4.3) is often applied in the form

Xp = 1 €XP (Unormp X V) (4.4)

whose accuracy is fully satisfactory for the coefficient of variations V' < 0,2, but it is
commonly used for greater } as well.
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Table 4.2. Fractile u, of a standardized random variable having lognormal distribution

Probability p
o | 10* 10° 0,01 005 010 020 050 080 09 0,95 099 1-10° 1-10™*

-2,00 -9,52 -6,24 -3,52 -1,89 -1,24 -0,61 0,24 0,77 097 18 1,28 1,42 1,49
-1,5 -7,97 -5,51 -3,31 -1,89 -1,29 -0,68 0,20 0,81 1,04 1,21 145 1,65 1,77
-1,0/ -6,40 -4,70 -3,03 -1,85 -1,32 -0,74 0,15 0,84 1,13 134 1,68 1,99 2,19
-0,5 -4,94 -3,86 -2,70 -1,77 -1,32 -0,80 0,08 0,85 1,21 1,49 198 246 281
0,0[ -3,72 -3,09 -233 -1,65 -1,28 -0,84 0,00 0,84 1,28 1,65 233 3,09 3,72
0,5 -2,81 -246 -198 -149 -121 -0,85 -0,08 0,80 1,32 1,77 2,770 3,86 4,94
1,0 -2,19 -1,99 -1,68 -1,34 -1,13 -0,84 -0,15 0.74 1,32 1,85 3,03 4,70 6,40
L5 -1,77 -1,65 -145 -1,21 -1,04 -0,81 -0,20 0,68 1,29 1,89 331 5,51 7,97
2,00-149 -142 -1,28 -1,89 -097 -0,77 -0,24 0,61 1,24 1,89 3,52 6,24 9,52

Example 4.1.

Let us assess the fractile x;, of a normal and lognormal distribution with lower limit at
zero for p = 0,001; 0,01; 0,05 and 0,10, if V= 0,3. We know that the lognormal distribution
with lower limit at zero has, in this case, a positive skewness @ = 0,927 (according to equation
(3.11)), which needs to be known for interpolation in Table 4.2. The resultant values x, are
given in the following table in the form of dimensionless coefficients x,/u (expressing the
ratio of the fractile to the mean), which were for normal and for lognormal distribution
assessed by different ways.

Table of coefficients x,/ 4.

Probability p
Coefficient x,/u for 0,001 0,010 0,050 0,100
normal distribution, equation (4.2) and Table 4.1 0,073 0,302 0,506 0,615
lognormal distribution, equation (4.2) and Table 4.2 0,385 0,483 0,591 0,658
lognormal distribution, equation (4.3) and Table 4.1 0,387 0,484 0,591 0,657
lognormal distribution, equation (4.4) and Table 4.1 0,396 0,496 0,610 0,681

Table of coefficients x,/u shows the expected difference between the fractiles of
normal and of lognormal distributions. The lower fractile of normal distribution is
significantly lower than the corresponding fractile of lognormal distribution particularly for
small probabilities p. The table also shows that the approximate formula (4.4) provides
satisfactory results for computation of fractile of lognormal distribution (the error will
decrease with decreasing coefficient of variation V).

The fractile of gamma distribution can be calculated from the available tables for type
IIT Pearson distribution [12, 13]. To calculate the fractile of beta distribution, the available
tables of incomplete beta function may be used or it can be assessed by integration of
probability density function according to definition (4.1). However, when it is needed (and
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neither appropriate tables nor software product are available), the fractile of beta distribution,
which is bell shaped (for shape parameters it holds that ¢ >2 and d > 2), may be assessed
approximately from equation (4.2) using table values of u, for a standardized lognormal
distribution, having the same skewness w as the beta distribution. Analogical procedure may
be used for other types of distribution, too.

The fractile x, can be easily assessed for Gumbel distribution. From equation (3.23)
and definition (4.1) follows an explicit relation for x, directly dependent on the probability p

X, =Xp00 — lln(—ln(p)) = 1—(0,45+0,78In(-In(p)))o (4.5)
c

p

where mode x,04 and parameter ¢ are substituted by relations (3.25) and (3.26).

Example 4.2.

Let us determine the upper fractile of wind pressure from Example 3.4 described by
Gumbel distribution when probability p = 0,98 is considered. It is known from Example 3.5
that for the one-year maximum g4 = 0,35 kN/m?, o1 = 0,06 kN/m?. The fractile X008 for such
parameters follows from equation (4.5)

X008 = 0,35 — (0,45 + 0,78 x In(-In(0,98))) x 0,06 = 0,51 kN/m2

The corresponding fractile of the maximum for a period of 50 years (as shown in
Example 3.4 that x50 = 0,53 kN/mz, os0 = 0,06 kN/mz) 1S

X008 = 0,53 — (0,45 + 0,78 x In(-In(0,98))) x 0,06 = 0,69 kN/m”

Simple mathematical procedures, including the computation of fractile, are some of
the reasons of the wide popularity of Gumbel, distribution which is frequently used for
random variables describing climatic and other variable actions that are defined by maximal
values for a given period (e.g. during one year).

However, theoretical models are not always known in practical applications. In civil
engineering, the fractile of a random variable (e.g. strength of a new or unknown material) has
to be assessed from a limited sample, the size n of which may be very small (sometimes less
than 10). Furthermore, considered random variables may have a high variability (the
coefficient of variation is sometimes greater than 0,30). Assessment of the fractile of a
population from a sample is then a serious problem, which is in mathematical statistics solved
by various methods of estimation theory. In the following three basic methods are shortly
described: the coverage method, the prediction method and the Bayesian method for
estimation of the population fractile.

4.2  Coverage method of fractile estimation

The keyword of the coverage method for the fractile estimation from a sample of a
limited size n is the confidence y, i.e. the probability (usually 0,75, 0,90 or 0,95) that the
estimated value covers the population fractile (that is why the method is called coverage
method). The estimator x,, cover Of the lower fractile x, is determined by the coverage method in
such a way that

P(xp,cover <Xp) = (4.6)

Thus, the estimator x, cover 15 lower (on the safe side of the lower fractile) than the
unknown fractile x,, with the probability (confidence) y.
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In the following summary practical formulas are given without being derived,
assuming that the population has a general three-parameter distribution characterized by
skewness @, known from previous experience. In addition it is assumed that the mean u of the
population is never known in advance and the estimation is based by the average m obtained
from a sample. The standard deviation o of the population is assumed to be either known (and
then it is used) or unknown (and then the sample standard deviation s or the coefficient of
variation V is used instead of o).

If the standard deviation o of the population is known from previous experience, the
estimator x, cover Of the lower p-fractile is given as

Xpcover =M — Kp O 4.7)

If the standard deviation of the population o is unknown, then the sample standard
deviation s is considered

xP’cover = m - kp S (4.8)

Coefficients of estimation x, = x (@, p, y, n) and k, = k (@, p, y, n) depend on
skewness @, on probability p corresponding to the fractile x, that is estimated, on confidence y
and on the size n of the population. The knowledge of confidence y that the estimator x, cover
will be on the safe side of the real value is the greatest advantage of the classic coverage
method. In documents [1, 2] the confidence y is recommended by the value 0,75. In the cases
of increased reliability demands when a detailed reliability analysis is required, a higher value
of confidence, say of 0,95, may be more appropriate [4].

4.3  Prediction method of fractile estimation

According to the prediction method [4] the lower p-fractile x, is estimated by the so-
called prediction limit x,, ;rq for which it holds that a new value x,+; randomly drawn from the
population will be lower than the estimator x,, pr.q only with the probability p, i.e. it holds that

P(xy1 < Xppred) = p (4.9)

It can be shown that for growing n the estimator x,,.q defined in this way is
asymptotically approaching the unknown fractile x,. It can be also shown that the estimator
Xp pred COrresponds approximately to the estimator obtained by the coverage method x), cover fOr
confidence y= 0,75 [4].

If the standard deviation o of the population is known, then the lower p-fractile is
estimated by the value x, ;r.q according to the relation

Xppred =M +u, (1/n + D" o (4.10)

where u, = u(w, p) is the p-fractile of a standardized lognormal distribution having the
skewness . If the distribution of the variable X is normal then u, is the p-fractile of
standardised normal distribution.

If, however, the standard deviation of population is unknown, then the sample
standard deviation s must be considered instead of o

Xppred=m + 1, (1/n+ D" (4.11)

where t, = H(w, p, v) is the p-fractile of the generalized Student’s #-distribution for v=n -1
degrees of freedom, which has a skewness @ (information about Student‘s distribution and
about the number of degrees of freedom may be obtained from the textbook [12,13] and from
other specialised sources [18, 19]). If the distribution of the variable X is normal, then u, is the
p-fractile of standardised normal distribution Student’s #-distribution for v =n —1 degrees of
freedom.
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4.4 Coefficients of the coverage and prediction methods

The coverage and prediction methods represent two basic procedures of estimation of
the population‘s fractile from the available sample of a limited size n. If the standard
deviation of the population o is known, then equations (4.7) and (4.10) are applied in which
two analogical coefficients x;, and —u,(1/n + 1)"" appear. Both of these coefficients depend on
the sample size n, coefficient x, of the coverage method depends furthermore on the
confidence 7. Table 4.3 shows the coefficients ;, and —u,(1/n + 1) for p = 0,05 and selected
values of n and y when normal distribution of the population is assumed.

Table 4.3. Coefficients x;, and —u,(1/n + "2 from equations (4.7) and (4.10) for p = 0,05 and
normal distribution of the population (when o is known).

Sample size n

Coefficient 3 4 5 6 8 10 20 30 o0

y=0,75 2,03 198 195|192 1,88 | 1,86 | 1,79 | 1,77 | 1,64

Ky y=0,90 |239(229 222217210 |205]|193 1,88 ] 1,64
y=0,95 | 2,60 (247 |238]232]223]|2,17|201|195] 1,64
—uy(1/nt+1)" 1,89 | 1,83 [ 1,80 | 1,77 | 1,74 | 1,72 | 1,68 | 1,67 | 1,64

It is evident from Table 4.3 that with the growing sample size n both the coefficients
approach the value 1,64, which holds for a theoretical model of the normal distribution (see
Table 4.1). The coefficient x, of the coverage method increases with increasing confidence .
Note that for confidence y = 0,75 it holds that x, = —u,(1/n + 1)"2. Thus, for y= 0,75 the
coverage method leads approximately to the same estimator as the prediction method, X, cover =
Xp pred (for greater confidence > 0,75 the X, cover < Xp,pred)-

If the standard deviation of the population o is unknown, equations (4.8) and (4.11)
are applied in which two analogical coefficients k, and —,(1/n + 1)""? appear. Both of these
coefficients depend again on the sample size n, coefficient &, of the coverage method depends
furthermore on the confidence y. Table 4.4 and Figure 4.3 show the values of coefficients &,
and —t,(1/n + )" for p = 0,05 and selected values of n and y when normal distribution of the
population is assumed.

Table 4.4. Coefficients k, and —,(1/n + 1)""? from equations (4.8) and (4.11) for p = 0,05 and
normal distribution of the population (when o is unknown).
Coefficient Sample size n
3 4 5 6 8 10 20 30 0
y=0,75 | 3,15 2,68 | 2,46 | 2,34 | 2,19 | 2,10 | 1,93 | 1,87 | 1,64
ky y=0,90 | 531 (396|340 |3,09 275257 |221 |2,08 | 1,64
y=095 | 7,66 |5,14|4,20|3,71 | 3,19 |2,91 |2,40|2,22 | 1,64
— t,,(l/nJrl)l/2 3,37 12,63 | 2,33 | 2,18 [ 2,00 | 1,92 | 1,76 | 1,73 | 1,64

It is obvious from Table 4.4 and Figure 4.3 that with increasing sample size n both the
coefficients k, and —z,(1/n + 1)"* approach the value 1,64, which is valid for a theoretical
model of the normal distribution (see Table 4.1). In case of the coverage method, the
coefficient &, increases with increasing confidence y and the relevant estimators x,, cover Of the
lower fractile are decreases (on the safe side). Note, that as in the case of known standard
deviation o both coefficients are approximately equal, k, = —t,(1/n + 1)""? and for confidence
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= 0,75 the coverage method leads to approximately the same estimator, X, cover = Xp pred, as the
prediction method.

10
- Coefficients k, and —tp(l/nJrl)l/2
' ﬂ k, for y= 0,95
I \/ _

k, for y=0,90

T\

| k, for y= 10,75
1,64 f —
i —t,(1/n+1) > ,
0 ' ' ' ' ' ' ' ' L '

0 5 10 15 20

Figure 4.3. Coefficients k, and -£,(1/n + 1)'2 for p = 0,05 and normal distribution of the
population (when o is unknown).

Also the skewness (asymmetry) of the population @ may affect significantly the
estimator of the population‘s fractile. Tables 4.5 and 4.6 show the coefficients k, from
equation (4.8) for three value of the skewness @ = —1,0, 0,0 and 1,0, probability p = 0,05 and
confidence y = 0,75 (Table 4.5) and y= 0,95 (Table 4.6). Values of the coefficients from
Table 4.6 are shown in Figure 4.4.

Table 4.5. Coefficient &, from equation (4.8) for p = 0,05, y= 0,75 and lognormal distribution
having skewness @ (when ois not known).

Sample size n
Skewness 3 4 5 6 8 10 20 30 o0
® =-1,00 4,31 | 3,58 | 3,22 | 3,00 | 2,76 | 2,63 |233 |2,23 | 1,85
® = 0,00 3,15 12,68 | 2,46 | 2,34 | 2,19 | 2,10 | 1,93 | 1,87 | 1,64
o = 1,00 246 2,12 [ 1,95 | 1,86 | 1,75 | 1,68 | 1,56 | 1,51 | 1,34

Table 4.6. Coefficient k, from equation (4.8) for p = 0,05, = 0,95 and lognormal distribution
having the skewness @ (when o is not known).

Sample size n
Skewness 3 4 5 6 8 10 20 30 [
@=-1,00 10,9 | 7,00 | 5,83 | 5,03 | 4,32 | 3,73 | 3,05 | 2,79 | 1,85
o= 0,00 7,66 | 5,14 | 4,20 | 3,71 | 3,19 | 2,91 | 2,40 | 2,22 | 1,64
= 1,00 5,88 13,91 [3,18 | 2,82 244 |2,25 1,88 | 1,77 | 1,34

It is evident from Tables 4.5 and 4.6 that as the sample size n increases, the
coefficients k, approach the values of u,, which are valid for theoretical model of lognormal
distribution (see Table 4.2). Thus, the influence of the skewness @ does not disappear when n

A-24
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— oo, and it is especially significant for small samples and greater confidence y = 0,95 (see
Figure 4.4).

10
a)— -1,00
ﬂ a) 0,00
a)=+1,00
5
-
1,64

- —
0 L ! L L L L L L 1 !

0 5 10 15 20

Figure 4.4. Coefficient k, for p = 0,05 and confidence y= 0,95 (when o is unknown).

A similar dependence on skewness may be observed in the case of the generalized
Student‘s ¢-distribution for which the fractiles #, are given in Table 4.7. These values ¢, are
applied in the prediction method using formula (4.11) and further in the Bayes‘ method. That
is why Table 4.7 gives directly the values of fractiles #, depending on the number of degrees
of freedom v. Similarly as in Tables 4.5 and 4.6 the probability p = 0,05 and three skewnesses
w=-1,0; 0,0 and 1,0 are considered.

Table 4.7. Coefficient —¢, from equation (4.11) for p = 0,05 and lognormal distribution with
skewness @ (when o is unknown).

Coefficient — ¢, for v=n — 1 degrees of freedom
Skewness 3 4 5 6 8 10 20 30 o0
@ =-1,00 2,65 2,40 | 2,27 | 2,19 | 2,19 | 2,04 | 1,94 | 1,91 | 1,85
o= 0,00 2,35 (2,13 {2,02 | 1,94 | 1,86 | 1,81 | 1,72 | 1,70 | 1,64
o= 1,00 1,92 | 1,74 | 1,64 | 1,59 | 1,52 | 1,48 | 1,41 | 1,38 | 1,34

It follows from Table 4.7 that as the size of the sample n increases, the values of ¢,
approach the theoretical values of u,, which are valid for a model of lognormal distribution
with the appropriate skewness and are given in Table 4.2. Therefore, the influence of the
skewness again (as in the case of k,) does not disappear for n — oo, but it is especially
significant for small samples (it increases with decreasing sample size n).

Example 4.3.

A sample of the size n = 5 measurements of strength of concrete has the mean m =
29,2 MPa and the standard deviation s = 4,6 MPa. We assume that the population is normal
and that its standard deviation o is unknown. The characteristic strength fox = x,,, for p = 0,05
is firstly assessed by the coverage method. If the confidence is y = 0,75, then it follows from
equation (4.8) and Table 4.4 that
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Xpcover = 29,2 — 2,46 x 4,6 = 17,9 MPa
If the higher confidence y= 0,95 is required, then
Xp.cover = 29,2 — 4,20 x 4,6 = 9,9 MPa
If the prediction method is used, then it follows from equation (4.11) and Table 4.4 that
Xppred = 29,2 — 2,33 x 4,6 = 18,5 MPa

The characteristic strength obtained by the prediction method is only a little greater
than the value according to the coverage method with confidence y = 0,75. However, if a
higher confidence y= 0,95 is required, then the prediction method leads to a value which is
almost twice greater than the value obtained by the coverage method.

If the sample comes from a population with lognormal distribution and a positive
skewness @ = 1, then the coverage method with the confidence y= 0,75 (Table 4.5) gives an
estimator

Xpcover = 29,2 — 1,95 x 4,6 = 20,2 MPa

which is a value by 13% greater than when the skewness is zero.
Similarly it follows for the prediction method from equation (4.11) and Table 4.7 that

xp,pred = 2952 - 1574 X 1 %‘l' I x 4,6 = 20,4 MPa

where the value 7, = -1,74 is given in Table 4.7 for ® = 1,0 and v =5 - 1= 4. The resulting
strength is in this case by 10% greater than the value, which corresponds to the normal
distribution (@ = 0).

4.5 Bayes' method of fractile estimation

If previous experience is available for a random variable (e.g. in the case of a long
term production) it is possible to use so-called Bayes™ method, which generally follows the
idea of updating of probabilities described in section 2.5. The Bayes‘ method of fractile
estimation is described here without deriving any important relations. More detailed
description is given in documents ISO [3, 4] and other specialised literature [12, 13].

Assume that a sample of size » with an average m and standard deviation s is
available. Note that degrees of freedom v=n — 1. Besides an average m * and sample standard
deviation s' assessed from an unknown sample (of an unknown size » “ and degrees of freedom
v‘) are available from previous experience. It is, however, assumed that both the samples
come from the same population having the mean g and the standard deviation o. If this
important assumption is valid, then the two samples may be combined. This could be a simple
task if the individual values of the previous set were known, but that is not the case. However,
the Bayes' method must be used.

Parameters of the combined sample are generally given by relations [3, 4]

n"=n+n'
Vi=sv+v-liftn' 21, vV'=v+vVifn'=0 (4.12)
m"=(mn+mn"y/n"

2 2 2 2 2 2
s"T=(vs T+ Vs T +tmm +n'm' T —n"m" )/ V'
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The unknown sample size n’ may be assessed using the relations for coefficients of
variation of the mean and standard deviation V(x) and V(o), (parameters x4 and o are
considered as random variables in the Bayes‘ concept) for which it holds [3, 4]

n'=[s"/ (m' Vi)’ v=1/Q2 V(o)) (4.13)

Both the unknown variables n’ and ' may be assessed independently (generally v' # n’
- 1), depending on previous experience with the degree of uncertainty of estimator of the
mean u and standard deviation o of the population.

The next step of the procedure applies the prediction method of fractile estimation.
The Bayes® estimator x,, gayes Of the fractile is given by relationship similar to equation (4.11)
for prediction estimator, assuming that the standard deviation o of the population is not
known

X p,Bayes = m"+t;'7 (l/n”+1)1/zs” (4.14)

where z',', :z',') (w,p,v’) is a fractile of the generalised Student‘s t-distribution having an

appropriate skewness @ for V" degrees of freedom (that is generally different from the value
n'-1).

If the Bayes® method is applied for an assessment of material strength, the advantage
may be taken of the fact that the long-term variability is constant. Then the uncertainty of an
assessment of o and the value v(o) are relatively small, variables V' assessed according to
equation (4.13) and V" assessed according to equation (4.12) are relatively high. This factor
may lead to a favourable decrease of the value ¢, and to augmentation of the estimator of the

lower fractile of x, according to equation (4.14). On the other hand, uncertainties in
assessment of the mean x and the variable v(x) are usually great and previous information
may not affect significantly the resulting values n"" and m".

If no previous information is available, then n'= v'= 0 and the resulting characteristics
m", n", s", V' equal the sample characteristics m, n, s, v. In this case the Bayes‘ method is
reduced to the prediction method and equation (4.14) becomes equation (4.11); if o is known
equation (4.10) is used. This particular form of the Bayes‘ method, when no previous
information is available, is considered in Eurocode EN 1990 [1] and international standards

ISO [2, 3].

Example 4.4.
If previous experience was available for Example 4.3, the Bayes‘ method could be

used. Suppose that the information is m “ = 30,1 MPa, V() = 0,50, s = 4,4 MPa, V(o) = 0,28.
It follows from equation (4.13) that

L (44 1Y , 1
n'= — | <l V==
30,1 0,50 2x0,28
Further on these values are thus considered: n'=0 and v'= 6. Because v=n—-1=4, it
follows from equation (4.12)

n"=5,v"=10,m"=29,2 MPa, s" = 4,5 MPa.

From equation (4.14) the fractile estimate follows as

xp,Bayes = 29’2 - 158 1 x »‘/é +1x 4,5 = 20,3 MPa
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where the value s, =1,81 is given in Table 4.7 for =0 and v" = 10. The resulting strength is

thus greater (by 10%) than the value obtained by the prediction method.
If the population has lognormal distribution with skewness @ = 1, then it follows from
equation (4.14) considering the value ¢, =1,48 given in Table 4.7 that

xp,Bayes = 29’2 - 1548 X 1 % +1x 4,5 = 21,9 MPa

which is a value by 8% greater than the Bayes* estimator for = 0.

Examples 4.3 and 4.4 clearly showed that the estimator of characteristic strength
(fractile with probability p = 0,05) assessed from one sample may be expected within a broad
range (in Examples 4.3 and 4.4 from 9,9 MPa to 21,9 MPa), depending on the applied
method, required confidence, previous information and on assumptions concerning the
population. Besides the alternatives considered in Examples 4.3 and 4.4, knowledge of the
standard deviation o of the population and assumption of the negative skewness (in the case
of some materials of high strength) may be applied as well.

Even more significant differences in the resulting values may occur when design
values of strength are being estimated, i.e. when fractiles corresponding to a small probability
(p = 0,001) are considered. However, a direct estimation of such fractiles from a limited
sample of the population is recommended only in such cases when a sufficient amount of
information on the relevant random variable is available. In such cases, it is necessary to
proceed carefully and, if possible, in co-operation with experts in the field of mathematical
statistics.

4.6  Estimation of fractiles according to Eurocodes

Eurocode EN 1990 [1] gives in tables the coefficients for estimation of a fractile of a
random variable with normal distribution (asymmetric distributions thus are not considered
for the fractile estimation) from a sample for three probabilities p = 0,05 (for characteristic
value xy), p = 0,001 (for design value x4 of the dominant variable) and for p = 0,10 (for design
value x4 of the non-dominating variable). As already mentioned above, the characteristic
values xi and design values x4 are defined as fractiles x,, which correspond to a given
probability p (application of these variables in structural design is explained in the following
chapters).

For characteristic values of material properties a fractile corresponding to probability p
= 0,05 is usually considered (however, for variables which describe variable loads the
probability p is usually less than that), i.e. it holds

P(X < x0) = 0,05 (4.15)

For design values x4 of dominating variables it holds approximately that p = 0,001 (or
another value close to this one), i.c. it holds

P(X < xg) = 0,001 (4.16)

Finally, for design values x4 of non-dominant variables it holds approximately that p =
0,1, i.e. it holds that

P(X <xg)=0,1 (4.17)

A more detailed description of the dominating and non-dominating variables is given
in Handbook 1.
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The following Tables 4.8 and 4.10, which give the required coefficients for estimation
of variables xx and x4 according to equations (4.15) to (4.17), are adopted from the document
[1] in its original version, even though the first Table 4.8 partially overlaps with the precedent
Tables 4.3 and 4.4. Tables 4.8 and 4.9 are taken from the final version of EN 1990 [1]. Let us
remark that all the coefficients in [1] are denoted by the symbol k,, which is used also in the
following tables.

Table 4.8. Coefficients k, for a 5% characteristic value (see Tables 4.4 and 4.3).

Sample size n
Coefficient 1 2 3 4 5 6 8 10 20 30 o
—u(1/nt1)"?, o known |2,31 2,01 1,89 1,83 1,80 1,77 1,74 1,72 1,68 1,67 1,64
—t,(1/nt1)'"?, o unknown| - - 3,37 2,63 233 2,18 2,00 1,92 1,76 1,73 1,64

Table 4.9. Coefficients k, for a design value x4 of a dominating variable, P(X < x4) = 0,001.
Sample size n

Coefficient 1 2 3 4 5 6 8 10 20 30 oo
—u(1/nt1)"?, ocknown |4,36 3,77 3,56 3,44 337 3,33 327 3,23 3,16 3,13 3,09
—t,(1/nt1)"? o unknown| - - - 114 785 636 5,07 451 3,64 3,44 3,09

Table 4.10. Coefficients k, for a design value x4 of a non-dominating variable, P(X < x4) =0,1.

Sample size n
Coefficient 1 2 3 4 5 6 8 10 20 30 o
- up(l/n+1)1/2, o known |1,81 1,57 1,48 1,43 1,40 1,38 1,36 1,34 1,31 1,30 1,28
- tp(l/n+1)”2, o unknown| - 3,77 2,18 1,83 1,68 1,56 1,51 1,45 1,36 1,33 1,28

The assumption concerning knowledge of the standard deviation o is replaced
(inaccurately) in the document by the assumption that the coefficient of variation ¥ is known.
The original version of Table 4.9 [1] gives for the sample size of © a wrong value of 3,04 for
the coefficients (correct is 3,09). Let us also note that when knowledge of the standard
deviation o is assumed, Tables 4.8 to 4.10 give values of coefficients already for the sample
size n = 1. Application of these values is, however, associated with significant statistical
uncertainties and therefore a minimum sample size n = 3 is recommended here. Note, that
Table 4.10 (for 0,1 fractile) is included only in the prestandard ENV 1991-1 and not in the
final document EN 1990 [1].

Statistical methods for determining the characteristic and design values of resistance
variables are provided in Annex D “Design assisted by testing” of EN 1990 [1]. Relevant
basic variables describing structural resistance are described by lognormal distribution. The
whole procedure is described in detail in the Annex D. Attached MATHCAD sheet
“Mod_est.mcd” can be used to evaluate experimental data using the whole procedure. It is
provided with explanatory notes and needs no additional information.

In order to simplify computational procedure the assessment coefficients given in
Tables 4.8 and 4.9 are in the attached MATHCAD sheet “Mod_est.mcd” expressed using
built-in distribution function of normal and Student #- distribution. In accordance with the
principles of Annex D in [1] single variable and model representation of a resistance variable
R are distinguished. The results shown in the attached sheet indicates that both approaches
lead to similar results.
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Appendix | - Probabilistic models of basic variables

Distribution, Probability density function Domain | Parameters | Mean Standard Skewness
notation of X u deviation o )
Rectangular 3 a n B
R(a.b) 1/(b — a) a<x<b | 0 (a+b)y2 | (b—ayN12 0
Normal 1 o _l X—p 2 —0<x< y7; 7] o 0
N(/ua J) o2 P 2 o 0 o
Lognormal, 5 Xo<x<ow|xg=pu—co| xotco o 3c+c’
general 1 exp ln|x—x0 | c|V1+c? (2 In(1+c?)) pro o> 0, o
LN(ﬂ, O, a)) |x X ln(l + CZ ) 2 v B o —00 <XSX() C
— Xoh/ N2
LN(, oyx0) ‘ pro @ <0
Lognormal, 5 0<x<w 7, 7, V u 3V+1°
Zero origin 1 exp| - ln)m/1+V2 Q2 In(1+ 7)) V=oclu
LN(x0) xIn(1+ V)27 H
Gamma 25 exp(o) / T(R) 0<x<ow| A=u /022 ki A kA 2 Nk
Gam(x,0) k=(u/o)
Beta, a<x<b a a+ (b—a) 2g(d —-c)
general (x—a)"(b- 3‘5):711 b ia (b—a)c| <&+ dg’ c+d+2°
Beta(u,0,0,b) B(c,d)(b—a)" " czl YA crdel | [eva+i
Beta(u,0,a,b) d>1 ¢+ g=4 > 7V
Beta, b>0 b c b 2g(d —c)
Zero origin () (b-x)" Osxs<b czl c+d cg+dg’ c+d+2°
Beta(u,0,0) B(c,d) bt dz=l c+d+1 | |e+d+1
Beta(u,0,b) AR N
Gumbel 0 <x< | Xmod= M~ | Xmodt 7/(N6¢) 1,14
Gum(u,0) ¢ eXP(—C(X—Xmod) — €XP(— C(X — Xmod))) 00 0,576 /7 0,577/c
c=/(N60)
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Appendix 2 - Statistical parameters of functions of random variables

Function Z The mean 1, Standard deviation oy Skewness @y
aX+b apx+b la|oy wy pro w> 0, - oy pro <0
2

X9 Hy +0% 20'X(y)2(+,uX0'Xa)X)/2 8 1y oy @y +3Vy)

o,
5 LoV =Via, i -2v3o,)” 6Vi-Vioy
X Hx Hx ,U; J;

1/2

aX+bY+c apx+buy+c (020')2("'1720';) a’ oy, +b’ o) o,

o,

5 )72 3 3
o,
/2

Y_Y Ly — Lty (0')2(+0'§) oy w, —0, 0,

o,
XYy % My fy ,UX,UY(V;+VYZ+V; Vyz)”z wy 1y (V; wy +V) o, +6V; VYZ)

o,
X (+77 =17 o,) w,VE+v =27 @,)" (2 ; ‘r6r2p?)
> *) u N\+Vy =V, w, x\Vx Ty y @y uy \Vy o, =Vy 0, +6V, +6V, V;

My Hy Hy O,

*) Expressions for parameters of marked functions are approximations only.
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Appendix 3 - Fractile of a random variable x, P(X <x,)=®(x,)=p

Distribution, | Domain of Fractile x, of the theoretical model Estimate using coverage Estimate using prediction method
notation X X, = method
o known o unknown o known o unknown
Rectangular
<x< - - - - -
R(a,b) a<x<b atp(b—-a)
Normal —0<x <o utu,o=pul+u,V) m—K,o m—k,s m+u,(1/n+1)"* & m+l‘p(1/n$21)128
N(w,0) u, from Table 4.1 K, from k, from u, from Table 4.1 | £,(1/n+1)"* from
Table 4.3 Table 4.4 Table 4.4
Lognormlal, Xo X< o 1 m-—K,o m— ks mtu,(1/n+1)"? & mtt,(1/n+1)"? s
genera pro >0, | ;- =|1- exp(sign(a)u yIn(1+¢c® )) =
LN(1,0,0) | —o0 < x <xo c N ? x,not given | k, from 4.5 | u, from Table 4.2 | #, from Table 4.7
LN(x,0:x0) | pro @<0 and 4.6
P =X, +%exp(sign(a)up v/In(1 +cz))
l+c
u,, for normal distribution or
putu, o=pu(l+u,V)
u,, for lognormal distribution from Table 4.2
Lognormal, | 0 <x <o 12 n 12
L - - t,(1/n+1
zero origin H eXp(up ln(1+V2)); noho m=kys (1) = o | ety (1) = s
LN(x,0) 1+77 x,not given |k, from | u, from Table 4.2 | ¢, from Table 4.7
- Table 4.5
=,uexp(up><V) for '<0,2 and 4.6
u,, for normal distribution or
ptu, o=pu(l+u,V)
and u, for lognormal distribution from Table 4.2
Gumbel —oLx<w 1 N Fractile can be estimated using the parameter lognormal distribution
Gum(z,0) Fmod ;ln(— In(p)) = as an approximation
= u—(0,45+0,78In(-In(p))) o

A-33
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ATTACHEMENTS

1. MATHCAD sheet “DistFract.mcd” Fractiles of basic types of distributions.
MATHCAD sheet “DistFract.mcd” is intended for determination of fractiles of selected
theoretical models.

2. MATHCAD sheet “SampFract.mcd” Estimation of sample fractile.
MATHCAD sheet “SampFract.mcd” is intended for determination of fractiles using
limited samples.

3. MATHCAD sheet “Mod_est.mcd” Estimation of models.
MATHCAD sheet “Mod_est.mecd” is intended for determination of fractiles using limited
samples taking into account model uncertainties.
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Attachment 1 - MATHCAD sheet “DistFract.mcd”

MATHCAD sheet "DistFract”
Fractiles of basic types of distributions

Definition of the fractileX, : P = Prob (X<Xp), relative value &p= Xp/uy
1 Input data for a random variableX
Basic characteristics:  1:=1 V:=0.10 o:=V-u

An example of the design value for a resistance variable

3

a:=08 p:=3.8 P:=pnorm(-a-B,0,1) check: P=1.183x 10

Range for the probability P considered below: p:=0.001, 0.005.. 0.999
Standardised normal fractile given by inverse distribution function: u(p) :=gnorm(p,0, 1)
2 Fractiles of the normal distributionén(p) = Xp /uy
&(p) =1+u(p)-V

3 Fractiles of the two parameter lognormal distributionZIn(p) = Xp /1y

exp(u(p)- In{1+ V2 )

1+V2

Correct formula for any V

8n(p) :=

gna(p) := exp(u(p)-V) Common approximation for V < 0,2

4 Fractiles of a general three parameter lognormal distribution

Skewness a as a range variable a=-1,-05..1
L 1
Parameter C of three 3 3
2 2
parameter lognormal . (\/ a +4+ a) - (\/ a +4- a)
distribution of g: C(a) = 1
23

Parameters of transformed variable: mg(a) := -In(|C(a)|) + In(s) - (0.5)'In(1 + C(a)z)

1

In\1+ C )i=p-——o0 Check:  [x0(1) =0.69
C(a)
4ng(p.a) exp sign(a)u(p) -/ In(l + C(a)zD
C(a 2
1+ C(a)
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5 Fractiles of the gamma distribution

Parameters of gamma distribution:

() -

Transformed variable u =), x, shape factor s = k

No explicit formula is available

6 Fractiles of the Gumbel distribution

Explicit formula:

7 Relative values of fractiles £p = xp/uy Versus probability P

The coefficient of variation:

Check:

len(0.001) = 0.691 |
[gn(0.001) = 0.731 |
[gna(0.001) = 0.734 |

lgng(0.001, 1) = 0.801 |
lgng(0.001,-1) = 0.53 |
[gng(0.001, 0.4) = 0.743 |
legam (0.001) = 0.719 |
legum (0.001) = 0.804 |

Notes. 1) It follows from Figure
that the skewness of the
distribution may have significant
effect on assessment of the
design value (0,001 fractile).

2) Approximate formula
for two parameter lognormal
distribution yields sufficiently
accurate results for the
coefficient of variationV < 0,2.

3) Gamma and Gumbel
distribution can be well
approximated by three
parameter lognormal
distribution having skewness
equalto ¢g=2*Vand ¢=1,14
respectively.

&n(p)

&ng(p,1)

¢gam (p)
tgum(p)

1
dng(p.-1)

tgam(p) :

_ 9gamma(p, k)

A

ggum(p) :=1-V-(0.45+ 0.78In(-In(p)))

Lower fractiles

0.01 0.1
p

Upper fractiles

1.8

1.6

1
0.9

0.92

0.94

0.96 0.98 1
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Attachment 2 - MATHCAD sheet “SampFract.mcd”
MATHCAD sheet "SampFract” for estimation of sample fractile

MATHCAD sheet for determination of the characteristic and design values and material
partial factor yM using test data in accordance to EN 1990, Annex D.

1. Analytic expressions for coefficients of fractile estimation given in EN 1990, Annex D

5% fractile V unknown ks(n) := qt(0.95,n — 1) ’1 + 1
n
5% fractile V known ko(n) := qnorm(0.95,0, 1)- ’1 + 1
n
0,1 % fractile V unknown ds(n) := qt(0.999,n — 1) ’1 + 1
n
0,1 % fractile V known do(n) := qnorm(0.999,0, 1) ’ 1+ %

2. Characteristic and design values (relative values related to the mean)
Single variable, V unknown: xk=gks*ix, xd=gdssux

tks(n, V) = exp|:(—ks(n)).1' ln(l + Vz)i| exp[(—ds(n))'whnil + Vzﬂ

&s(n, V) =

\/1+V2 \’1+V2

Single variable, V known: xk=¢kc"ux, xd=¢dc*ux

o, V) = epr:(—kc(n)).J ln(l + \/2)i| exp[(_dq(n)).,hni 1+ \/2’]

&lo(n, V) :=

\’1+V2 \’1+V2

Model, V unknown: xk=¢gks* ux,xd=gds=px, weighting factors:  grt := 0.707 o8 :=0.707

[ 2 2
&smod(n, V) := exp_—(1.650crt + ks(n)-ad + O.S-V)V]

(5 0000 4 osy)
&smod(n, V) :=exp —\3.0%ut + ds(n)-ad + 0.5V/V

Model, V unknown: xk=gkc*px, xd=gdo*ux

[ 2
&omod(n, V) := exp_—(l.650crt2 + ko(n)-ad + 0.5-V)V]

&omod(n, V) = exp[—(3.09(xﬂ2 + dc(n)-ocS2 + 0.5-V)V]

3. Partial factor yM
Single variable, V unknown Ms(n,V) = s, V) |yMs(lOO, 0.162) = 1.278 |
&s(n,V)
Single variable, V known YMo(n,V) = Soln, V) |yM(5(lO0,0.l6Z) =1.263 |
&o(n, V)
Model, V unknown Msmod(n, V) := Somed(m. V) [Msmod(100,0.162) = 1.271 |
&dsmod(n, V)
Model, VV known Momod(n, V) := 2m0dn. V) e 0d(100,0.162) = 1.264
&domod(n, V)
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4. Graphs for characteristic and design values V:=0.01,0.02.. .4

0.9

&ks(10,V) 0.8
&ds(10,V)

Eksmod(10, V) 0.7

&dsmod(10, V)

--- 0.6 S N~
SN N
‘. \ N <
s. \ ~ o
0.5 Y N~
s. \ > “
. hY N
Q‘ \ »
0.4 =
0 0.1 0.2 0.3 04
A\

Figure 1. Characteristic and design values versus coefficient of variation V for n = 100
and weighting factors grt= 0,301, ¢8= 0,955

I.Z /-
ﬂs(l(),v) ///
o

5. Graphs for yM factors

Mo(io,v) 1O

yMsmod (10, V) /
1.4 /
yMomod(10,V) Z/
12 //
1
0 0.1 0.2 0.3 0.4
\'%

Figure 2. Partial factor yM versus coefficient of variation Vfor n=100 and weighting factors
art= 0,301, o86= 0,955
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Attachment 3 - MATHCAD sheet “Mod_est.mcd”

MATHCAD sheet "Mod_est" Estimation of Models, characteristic,
design and yM values determined from test data
MATHCAD sheet for estimation of models, the characteristic and design

values of resistance variable R and material partial factor yM using test data
(file "rdata.prn") in accordance to EN 1990, Annex D.

1. Experimental data  Test data to run the sheet withoutdata rt:=(1 2 3 45 6 7 8 9 10)T

recorded in the file "rdata.prn": T
re=(1 3445563810 9)

Reading experimental data from the file "rdata.prn” located in the same directory

DATA := READPRN "rdata.prn" )

rt:= DATA<0> re = DATA<1> nr := length (rt) nr =21

The means of rt and re mre := mean(re) mrt:= mean(rt) [mre = 0.719 | [mrt = 0.705 |

The least square fit for y=a+bx b = slope(rt,re) a := intercept(rt, re) [b=0975] [a=0.032]

The least square fit for y=bx, a=0 b= fert b=1.014
rtert
1.5
2. Check of experimental
data taken from the file
"rdata.prn”
and check of the least !
square fit - slope b p
e [ J
(X X ° S
The error terms i b-rt A
— 0.5 %
e o/ 0
5= — A :=1n(5)
b-rt
0 0 0.5 1 1.5
Figure 1. Experimental data and ' '
the linere = b rt. rt
- . nr var(A)
Characteristics of A" mA := mean(A) SA2 =
or — 1
Coeff of variation of error terms \§ V& =+ explsa2) — 1 Vo=0.107
Coefficient of variation of the model variables X1, X2, ...:
Forexample: VvX1:=0.08 VX2:=0.05
Model coeff. of variation: vyt ;:,’VXlz + szz Vrt = 0.094
The total coefficient of variation Vr;:,/vsz + Vrtz Vr=0.143
Standard deviations
2
Qrt::\/ln(Vrt2+ 1) QS::\lln(VS + 1] Q::\IIn(Vr2+ lj Q=0.142
s rt 0
Weighting factors: art = % od = % lart = 0.663 | |ad = 0.752
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3. Coefficients of fractile estimation given in EN 1990, Annex D n:=3,3.5.30
5% fractile V unknown  ks(n) :=qt(0.95n - 1) [1 + 1
n
; ks(10) = 1.923
5% fractile V known, appr. ko(n) := qnorm(0.95,0, 1)- ’1 +
n-2 ko(10) = 1.745
. 1
0,1 % fractile V unknown = _ -
o ds(n) :=qt(0.999,n — 1) ’1 + = B0 =450
: 1
0,1 % fractile V known, appr.  do(n) := qnorm(0.999,0, 1) /1 A do(10) = 3.278
-

4. Characteristic and design values (relative values related to the mean V:=0.0,0.001.. .4

Note that the range variable V is generally used for the coefficient of variation of a single variable
V and for a model investigation Vr, these may be different, for example V = 0,12 and Vr = 0,142.

Single variable, V unknown: rk=gks*mr, rd=gds»mr

Hs(n, V) = eX[J:(—kS(H))-\' ln(I + VZ[| CX[J:(—ds(n))-w,lni 1+ V2[|

&s(n,V) =

\/1+V2 \/1+V2

Single variable, V known: rk=gks*mr, rd=gds™mr

Ho(n, V) = exp[(—kG(n))-\/ ln(l + Vz)] exp[(_dg(n)).,hni 1+ Vz[|

&o(n, V) =

\'1+V2 \'1+V2

Model, V unknown: rk=gks*rx, xd=gds=mr, weighting factors ortand ogtaken from the
above experimental data re and rt (for V < 0,4 approximately Q =~ V):

heck values

2 2
&smod(n, V) = exp|:—(1.650crt + ks(n)-ad + 0.5-V)VJ |E_,ksmod(nr,Vr) 0774 |

&smod(n, V) := exp[—(3.09otrt2 + ds(n)-ocB2 + 0.5-V)Vi| |E,dsmod(nr,Vr) =0.608 |

Model, V known: rk=gks*mx, rd=gde+mr, (for V < 0,4 approximately Q =~ V):

2 2
tkomod(n, V) := exp[—(1.65art + ko(n)-ad + 0.5-V)V] [&komod(10,0.2) = 0.696 |
(503 205y
édomod(n, V) := exp|:— 3.09rt + do(n)-ad + 0.5V V ledomod(10,0.2) = 0.516 |
5. Estimates of the partial factors yM
Single variable, V unknown yMs(n, V) := s,V [yMs (10,0.1) = 1.294 |
&s(n,V)
Single variable, V known  yMo(n,V) == Soln, V) Mo(10,0.1) = 1.165 |
&o(n, V)
d
Model, V unknown YMsmod(n, V) := 22md(@. V) [(Msmod (nr, Vi) = 1.273 ]
&dsmod(n, V)
d
Model, V known Momod(n, V) := 2omed(n. V) [(Momod(nr, V) = 1.234]
&domod(n, V)
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6. The relative characteristic and design values, the model values estimated using
weighting factors determined above from experimental data given in the file "rdata.prn™

Es(10,V)
£ds(10, V)
&o(10,V)

£do(10, V)

Eksmod(10, V) 0

&dsmod(10,V)

£komod(10, V)

Edomod(10, V) ~

-——- 0.5 \ “w
\\
N
2

’

N

0 0.1 0.
v

0.4
0.3 0.4

Figure 2. Variation of the characteristic and design values with coefficient of variation V for n = 10.

The char. value of X: tks(n, V) := b-mrt-&ks(n, V) Example |rks(21,0.12) =0.575 |
The model char. value of X: tksmod(n, V) := b-mrt-Eksmod(n, V) From data: |rksmod(nr,Vr) =0.553 |

7. Partial factor yM, the model values estimated using weighting factors determined
above from experimental data given in the file "rdata.prn”

2 / /
1.8 / T3
’I
/ o
Ms (10 ’
TMs (10, V) y / 4
Mo(10,V) / P
yMsmod (10, V) /
v 1.4 o
M omod( 10, . -
_v__crm( V) ’,f
12
1
0 0.1 0.2 03 0.4
\%

Figure 3. Variation of the partial factor yM versus coefficient of variation V for n=10.
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8. Variation of £ks and yMs with n and V for the model values estimated using weighting
factors determined above from experimental data given in the file "rdata.prn”.

£ks(3,0.0) = 1

&s

Figure 4. Variation of the characteristic values ¢ks with n and V

yMs(20,0.1) = 1.308

2=
LT B

'MVII(I'W

L3 =g

YMs

Figure 5. Variation of the partial factor yM withnand V.
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NMPUJIOXKEHUE B. DNIEMEHTAPHbIE METOAlbl OLIEHKW KOHCTPYKTMBHOWM HA-
ABEXXHOCTU 11

MunaH Xonuku ! n Ton Bpaysensenbaep 2 n Auxenb ApTera 3

! MHCTUTYT KnokHepa, Yeluckuii TexHnyeckuii yHmneepcuTet, Mpara, Yexus
2 lendpTckuit TEXHUYECKMI yHMBepcuTeT, OpraHn3aums NpUKIaaHbIX HayuHbIX McCneaoBaHwii B cdepe CTpou-
TenbcTea, HuaepnaHabl

3 HayuHo-1ccneaoBaTenbCKuii MHCTUTYT CTPOUTeNsCTBa «3ayapao Toppoxa» («CSIC»), Maapua, Wcnanns
KpaTtkas nndgopmaumns

Mp1 NOMOLLUM OCHOBHBIX MPUHLIMMOB TEOPUM HAAEXHOCTM, OMUCaHHLIX B rnaee II, paspaboTaHbl 3neMeHTapHble
METOAbl OLEHKU KOHCTPYKTMBHOW HaeXHOCTU I, npakTuyeckue npoueaypbl OLEHKU YaCTHbIX KO3(dULMEHTOB OC-
HOBHbIX MepPeMEHHbIX, KOTOPbIE UCMONbL3YIOTCA AN onpeaeneHns obLiei NOCTOSHHOW U NepeMeHHON Harpysku. [ns
WNIIOCTPALMM OMUCAHHLIX METOAOB BbIYMCIEHUS NPUBEAEH PSAA UMCIEHHBLIX NPUMEPOB C WUCMOMb30BaHMEM Tabnuu
Excel, MATHCAD n MATHEMATICA.

1. BBegeHue
1.1 CnpaBouHble MaTepuasbl

OCHOBHble MOHATUSI U METOABI OLIEHKN KOHCTPYKTMBHOM HaAEXHOCTU AOCTATOMHO MOJSIHO OMMCAHbl B HECKOSIbKUX
HaUMOHasNbHbIX CTaHAapTaX, B HOBOM EBponelickoM gokymeHTe EN 1990 [1] n MexayHapoaHoM ctaHgapTte ISO 2394
[2]. OononHutenbHas MH@OpMaumMs NpeacTaBneHa B CNpaBoOYHOM M34aHUK, BbiNyWweHHOM «O6beanHEHHBIM KOMUTE-
TOM HaAEXHOCTW KOHCTPYKUMn» (JCSS) [3] M HeaaBHO onybnnkoBaHHOM PyKOBOACTBE MO MCMOSIb30BaHMIO CTaHAapTa
EN 1990 [4]. PekoMeHaaLMM MO NPUMEHEHWUIO BEPOSITHOCTHBLIX METOZIOB OLIEHKN KOHCTPYKTUBHOW HaZEXHOCTU MOXHO
HaliT1 B pabounx MaTepuanax, npeaoctaBneHHbIX «O6beANHEHHBIM KOMUTETOM HAAEXHOCTU KOHCTpYKumiA» (JCSS)
[5] n B COOTBETCTBYIOWMX U3[AHUSAX, MEPEUYUCTIEHHBIX B crincke nutepatypbl (cM. [4] n [5]). PekomeHgauum no
CTPOUTENBHBIM CUCTEMaM COOPYXKEHWUIN U HAAEXKHOCTM, 3aBUCALLEA OT BPEMEHW, NPeACTaBeHbl B M3aaHusix [6] u [7].

1.2 OCHOBHbI€ NMPUHLMNbI

B Teopuu KOHCTPYKTVMBHOW HaAEXHOCTU BCE OCHOBHbIE MEpEMEHHbIE PacCMaTPUBAOTCS Kak ClyvaiiHble BeNnym-
Hbl, UMEIOLLIME COOTBETCTBYIOLLMI TUM pacrpeaesieHns BEpOSTHOCTU. NS pacCMOTPEHUSt BO3AEMCTBUIA, CBOWCTB Ma-
TepuanoB U reoMeTPUYECKMX MapaMeTpoB CreayeT MCMOoNb30BaTb pasfMyHble TUMbl pacnpeseneHusi. Kpome Toro,
cnenyeT yuuTbiBaTb HEONpeaeneHHOCTU Modenel, CBsi3aHHble C BO3AEMCTBMSAMM, a TakxKe MOAENM Hecylel cnocob-
HOCTW. OnucaHve paHee pa3paboTaHHbIX MOAENEN OCHOBHBIX NEPEMEHHbLIX M METOA0B BEPOSITHOCTHON OLEHKW Mpes-
CTaBNEHO B AOKYMeHTax «O6beaMHEHHOr0 KOMUTETA HAAEXKHOCTM KOHCTPYKUMiA» (JCSS) [5].

HacTosilee npunoxeHue ABNSeTCS NPAMbIM AOMOMHEHNEM K [naBe II «DnemMeHTapHble METOAbl KOHCTPYKTUBHOM
HaZ&XXHOCTW>», ABNSIIOLLENCS YaCTblo OCHOBHOIO TEKCTA, M Ha KOTOPYIO YacTO CCbINatoTCs aBTopbl.

2. PacueTtHas Touka

TeopeTuyeckne NPUHUMMbI MOTYT WMCMOMb30BaTLCA [/ OLEHKM BaXXHEWLIMX MapaMeTpoB HaAeXHOCTU (YacCTHbIX
K03DMUMEHTOB, KOIPDUUMEHTOB 0CNabneHns, KOMOMHALMOHHBIX NpaBwA, U T.4.), KOTOpble NPUMEHSIIOTCA B pabo-
YMX CTaHdapTax, B TOM uucne n EBpokogax, n OCHOBbLIBAOTCA Ha METOAE YacTHbIX KoadpduumneHToB. na Toro 4tobel
06bACHNTL, KaKMM 0bpa3oM TeopeTUyeckne BbiBOAbI TPaHCHOPMUPYIOTCS B NPOEKTHbIE PEKOMEeHAaLUW MO aHanorum
C npeactaBneHHbIM B Mpunoxennn C ctaHaapta EN 1990 [1] ucnonb3yeTca rpaduyeckoe onmcaHue cnydaiHbix ne-
peMeHHbIX E 1 R, a Takke cooTBeTCTBYIOWAs PYHKUMS NpeaenbHoro coctosiHus (2) R - E = 0 us rnassb! I1.

Ha puc. 1 (cm. [1]) nokasaHbl cnyyaitHble nepeMeHHble E M R B ABYMEpHOi AnarpaMMe, rae ropusoHTasibHasi ocb
npeacraBnseT cobol Apobb R/O'R , @ BepTuKasnbHas ocb — Apobb E/GE . Mpeanonaraetcs, 4To BeNMUMHbLI E 1 R

ABNSAIOTCS HE3ABUCMMbBIMK MEPEMEHHBIMUY, UMEIOLIMMU HOpMasibHOE pacripefeneHne. Kak ykasaHo B npuMepax 5 v 6
rnasbl II, Takoe NpeanosnoXeHne, BO3MOXHO, He SIBNSIETCS abCOMIOTHO CrpaBe/IMBbLIM, U A0/HKHO paccMaTpuBaThCs
TONbKO B KauyecTBe npubnmxeHus. OaHako, Kak MpaBuno, Ntoboe pacnpeaeneHne MoXeT 6blTb Npeobpa3oBaHo B
HOpMasibHOEe (MO MeHbLLEN Mepe, B HEKOTOPOW 06/1acTy 3HAYEHUI), U, MO3TOMY, ClydalHble nepeMeHHble E 1 R, no-
KasaHHble Ha puc. 1., MOryT paccMaTpyBaTbCsl Kak Mpeobpa3oBaHHble NMEpPeMEHHbIE, U3HAYallbHO MMEoLME ApYron
TUN pacnpeaeneHus.

Ha puc. 1 Takke nokasaHa (yHKUMS NpeaenbHOro coctosaHusa (rpaHuua paspylieHns) R - E = 0, KoTopasi cooT-
BETCTBYET BblpaXeHuio (2) 13 rnasbl II, N3MEHEHHOMY B COOTBETCTBMM C CUCTEMOMN KOOPAMHAT, MCMOMb3YEMON Ha
puc. 1. O6bpaTuTe BHMMaHWE Ha TO, YTO rpaHUL@ paspylieHust ByeT pacrosioXkeHa Mo AMaroHanM K rnaBHbIM OCAM

KOOpAuHAT, eCnn CTaHAapTHblE OTK/IOHEHUA MEepPeMEHHbIX R u E nmeroT OAHO N TO Xe 3Ha4yeHue, T.e. O'R = O'E.
O6nacTb 6e30nacHbIX 3HaYeHU nepeMeHHbIX R 1 E (kenaemas), yaosneTsopsiowas TpeboBaHuio (1) u3 rnassl 1I,
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HaxOAMTCS HUXXE TPaHWULbl pa3pyLleHusi, a 0611acTb 3HAYEHWI, COOTBETCTBYIOLWIMX paspyLleHUo (HexenaTenbHas),
HaxoauTcs Boblwe rpaHnubl R-E = 0.

/

I Limit state function R - =0

Design point
ﬂ (Ra/on, L/ o%)

OEEﬁ

j/O'.

agf

UR/OR
| = I
l On

®OyHKUMA NpeaenbHOro COCTOSHUS
PacueTHas Touka

Puc. 1. PacueTtHas Touka R

Mpw onpeaeneHnn cTeneHn KOHCTPYKTUBHOM HaAEXHOCTM 0Byt TOUKY Ha rpaHuue paspyweHus R - E = 0 Mox-
HO paccMaTpuBaTb B KauyecTBe KpUTUYECKON (pacyeTHOM) ToUkM (YTO CTaHOBUTCS OYEBMAHBLIM MPU U3YyUYEHUWN Pa3BU-
TUS METOZIOB pacyeTa KOHCTPYKLUMWM C TEYEHWEM BPEMEHM, OMUCAHHLIX B Mpeablaylieli rnaBe HacToswWwero PykoBo-
actea 2). OgHako, 6bi510 ycTaHoBneHo (CM., Hanpumep, [5]), 4TO Ny4lnM 13 BO3MOXHbIX BapuaHToB (obecrneymnsato-
UMM [OCTOBEPHOCTb M MHBAPUAHTHOCTb PeLIeHUs pa3finyHbIX GopM GyHKLUMM NpeaenbHbIX COCTOSHUIA U PasfiMyHbIX

OCHOBHbIX MEPEMEHHBIX) ABMSAETCA TOUKa (Rd,Ed), Hanbonee NpuBAMXKEHHas K CPeaHEMY 3HAYEHUIO (,uE,,uR),

yKasaHHOMY Ha puc. 1. Micxoas w3 3Toro, U3 puc. 1 cneayer, YTo KOOpAMHAThl pacyeTHbIX ToUeK (Rd,Ed) MoryT
6bITb 3aMu1caHbl B ClefytoleM BUAE:

Rd =Hr— aRﬁO-R (1)
Ed =Hg— aEﬂGE (2)

BennuunHel aE n aR 0603HauvatoT B 3TOM cny4yae TakK Ha3blBa€Mble KOB(bd)MLl,VIeHTbI YYBCTBUTENBbHOCTU NEPEMEH-

HbIX £ 1 R 3HaKkn «MUHYC» B ypaBHeHusIX (1) u (2) ABASOTCa YCNOBHO MPUHATLIMUA 0603HAYeHUsIMU B JOKYMEHTax
CEN [1] n ISO [2].

U3 puc. 1 cneayeT, 4To ypaBHEHUs AN KO3(POULMEHTOB YYBCTBUTENBLHOCTU O, U O, (HANPaBASIOWMIA KOCUHYC
rpaHuLbl pa3pyLueHns) MOryT BbITb 3anmncaHbl CeayowmM 06pasom:

o, =—0,/\ o} +07 (3)

o, =0/ 0'; +J§(4)

B EBpokoaax npubnmkeHHasi oueHKa 3TX ko3hdUUMEHTOB YyBCTBUTENBHOCTU Kak MOCTOSIHHBIX BEMWYMH farnee
NpVYHUMAETCs B ClefytoLeM BUAe:

a,=0,/+\or+or =08 (5
o, =—0,/\o; +0or =—0,7(6)

MpaBunbHOCTL TaKow I'IpVI6J'IM)KEHHOl\/II OLEHKN OrpaHN4YnBaAETCA YCNTIOBUEM, MNMPU KOTOPOM OTHOLUEHUE CTaHAAPTHbIX
OTKJIOHEHWI HaxoaMTCS B WHTEpBae cneayowmnx 3HaYeHUN:

0l6<0,/0,<7,6 (7)

Ecnv aaHHoe YCnoBMe He BLINOMHAETC, TO koadduumeHT dyscteutensHoctn o = £1,0 pekomeHayeTca ncnons-
30BaTb ANS NEpeMEHHOM, UMeltolleli 6osbllee CTaHAapTHOe OTKIOHeHWe. CneayeT OTMETUTb, YTO 3TO YNpOLIEHUE
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[eNaeTcsa ANa NepecTpaxoBKu, MOCKONbKY CYMMa KBaApaToB HarpassiolmMX KOCMHYCOB A0/HKHA PaBHATLCS eAnHU-
ue.

Takum 06pa3oM, pacueTHble 3HaueHus £, u R, nepementHbix £ n R onpeaensiotcst kak KBaHTUIM HOPManbHOTO
pacnpeseneHus:

P(E>E,)=®,(+a,f)=0,(-0.75)®)
P(R>R,)=®y (- a,B)=D,(-0.85) ()

roe D, (1) obosHauaeT cTaHpapTHoe HopMasbHoe pacripepenetue. Ecm 5= 3,8, To pacueTHble 3HaueHus

e, I, ABNATCA KBAaHTUNAMMU MPUGIN3NTE/IbHO COOTBETCTBYIOWMMI BEPOSATHOCTAM, paBHbiM 0,999 u 0,001. Cne-
AyeT 06paTUTb BHUMaHWE Ha TO, YTO B ypaBHeHUM (9) MCNOb30BaHO CBOMCTBO CMMMETPUYHOCTM HOPMasibHOMO pac-
npeneneHus, T.e. cootHoweHne 1 — @, (+ aE,B) =0, (— aE,B).

B cnyyasix, koraa MoAenb Harpysky UM HecyLel CnocoBHOCTM BKJTHOUAET B CebS HECKOMbKO OCHOBHbIX MEPEMEH-
HbIX (Apyrve Harpysku, 6onbllee KOIMYECTBO MaTEpMasnioB, reOMETPUYECKME NapaMeTpbl), ypaBHeHus (8) un (9) co-
AepxaT TOoSIbKO Beaylume nepeMeHHble (Hanbonee BaXkHble AN pacCMaTPMBAEMOro YC/IOBUS HAaAEeXHOCTW). ns apy-
rmx (CONyTCTBYIOLWMX) NEPEMEHHBIX TPEOOBaHMSI OTHOCUTENBHO PacYETHbLIX BEIMUMH CHUXAIOTCS, U MOAENb BKJItOYa-
€T B cebsi cnepytoLee:

P(E>E,)=®,(+0,4a,8)=,(-0,284)(10)
P(R<R,)=®,(-0,4a,8)=D,(-0328)(11)

Mpwn ﬂ = 3,8, pacyeTHble 3HaueHusi COMyTCTBYIOWMX (HE BeAylMX) NepeMeHHbIX SBASIOTCS KBaHTUASMU, Npu-
6113nTENBHO COOTBETCTBYHOLLUMMY BEPOSTHOCTSM, paBHbiM 0,9 n 0,1.

PacueTHble 3Ha4YeHUs1 COOTBETCTBYIOT BEPXHEMY (fNs1 BO3LAEUCTBUI) UMM HUXKHEMY 3HAUYEHUSM KBaHTWM (ANS He-
Cyluel cnocobHOCTH), KOTOPblE OTHOCATCS K OMpeaesieHHbIM YPOBHSM BEPOSITHOCTM — MOBbLILEHHOMY (BO3AEWNCTBHS)
WK He JOCTUrHyTOMY (Hecywasi CnocobHOCTb). [N BEAYLIMX NMepeMeHHbIX BEPOSITHOCTU BbipaXkeHbl B BUAE (yHK-

UM pacnpeaeneHunsa CtaHaapTHOro HopMasbHOro pacnpeaeneHuna ans 3HAYeHUN U = +6¥Eﬂ n — aR,B , B Cny4ae

BCMIOMOraTe/bHbIX NepeMeHHbIX Anst npueeAeHHbIX 3HaveHnin u = +0,4a, fu — 0,4, . 3Tv BeposiTHocTn (anst

HMKHErO 3HauyeHUst KBaHTUNM npubnusutensHo 0,001 ans Beayuwel u 0,1 Ans conyTCTBYIOLWEN NEPEMEHHbIX) 3aTeM
CNyXaT AN onpeaeneHns pacyeTHbIX 3HaUYEHUI Aaxe AN TeX NMEePEMEHHbIX, KOTOpble HE UMEKT HOPMasbHOro pac-
npegenenus. CnegyeT OTMETWUTb, YTO B COOTBETCTBMM C OBLIMMKM MpaBWiaMu, KOrAa BEPOSTHOCTb COOTBETCTBYET
BEPXHEMY 3HAUEHWI0 KBaHTWUMM (BO3AENCTBUI) HEO6XOAMMO PacCMOTPEHWUE AOMOMHUTENbHBLIX BEPOSITHOCTEN (3Have-
HMe KOTOPbIX NpUBAMXKEHO K eanHuue).

Mpumep 1.
PacueTHble 3HaueHnst £, u R, R, nepemeHHbix £ 1 R w3 npumepa 4 oLEHMBAIOTCS, UCXOAS U3 MPEANoNoxe-

HUS O TOM, 4TO MHAekc HagexHocn =38, a. =-0,7, n a, =0,8. CornacHo ypaBHeHuo (8), K BenMUMHE
£ R

E otHocuTes cnepytowee:
P(E>e,)=d,(a.B)=D,(-2,66)=0,0039
[JononHutenbHas BepoOSITHOCTb, NO3TOMY, paBHa 0,9961, 1 13 ypaBHeHMs Mbl MoflydaeM creaytoLlee:
e, = 11—(0,45+0,78In(~In(p)))o = 50 — (0,45 + 0,78 x In(~ In(0,9961)))x 10 = 88,75
Heo6x0aMMO OTMETUTb, YTO eCv NpefnonaraeTcs HopManbHoe pacrpeaenenue, Toraa:
e, =u+u,0=50+2,66x10=76,6
CornacHo ypaBHeHuio (9), k BennunHe R oTHocuTCs crieayrolee:
P(R>R,)=®,(~a,B)=D,(~3,04)=0,0012

[ns norapudMUYecKn HOPMaNnbHOro pacnpeaeneHunst co cpeaHuM 3HadveHnem 100 (eamHuL) U CTaHAAPTHBIM OT-
KnoHeHueM 10 (eanHuu):

R, = pexp(u,,, ,*xV)=100xexp(-3,04x0,10) = 73,79
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[N HOpManbHOro pacrnpeaesieHns Mbl MosyYaeM:

R, =u+upaz50—3,04><10=69,6

OueBMaHO, HYTO B 06N1ACTM 3HAUEHUIN KOOPAMHATLI MPOEKTHON TOYKN €, > F,;, N PacTshKka He yA0BNeTBOpsEeT yC-
noswio (1) n3 rnasel II (M3 NnpumMepa 4, NpeacTaeneHHoro B rnase II, M3BecTHo, 4To ,B paBHO Avwb 3,09). YT06bI 5TO

ycnosue 661710 BbIMOTHEHO, UHAEKC HaAEXHOCTHU, paBHbIVI 3,8, a Takxe napaMeTpbl NEPEMEHHbIX E n R,CI,OJ'I)KHbI
6bITb M3MEHEHBI.

Mpunaraemble Tabnnusl MATHCAD StRod.mcd, DesVRod.mcd mMoryT 6biTb MCMONb30BaHbl NS BbIMOMHEHUS BCEX
YNCNIEHHbIX PaCYETOB.

3. YacTtHble k03 PrLmneHTbI
3.1 CeoiicTBa MaTepuanos

[MoHaTns HaAeXHOCTU, onncaHne KOTopbIX NpeacTtaB/ieHO Bbllle, MOryT 6bITb MCMOb30BaHbI Ang OoueHKM YaCTHbIX
ko3pduumeHToB. B npunaraemom nporpammHoM nakete MATHCAD GammaRGQ.mcd coaepXutcst onucaHme BCex
METOAOB BblYMCIEHUIA, NPEACTABNEHHbIX HMXXE, KOTOPbIE MOMYT MCMOMb30BaThCA A1 BbINOSHEHMS] AONOHUTEbHBIX
YMCNOBbIX PacyETOB.

CornacHo ctaHaapty EN 1990 [1] nnan ISO 2394 [2] 4acTHbIii KO3POULMEHT ¥, Hecyllen cnocobHOCTU MaTe-

puanos R onpeaenseTcsa Kak OTHOLWEHWE €ro XapakKTepUCTUYECKOro 3Ha4deHus Rk K PaCY4ETHOMY 3HAYEHUIO Rd '
KOTOpPOE MOXET 6bITb ONMCcaHo npu NoMoLLmn cneayrowero ypaBHeHUA:

7r =R, /R, (12)

B nanbHelilueM XxapakTepucTuyeckoe 3HayeHne R, nepeMeHHoit Hecylleit cnocobHocT R NpuHAMaeTCst paBHbIM
ee 3HayeHuto npu 5% keantunm [1], [2] v [5].

Ecnn nepemeHHas HeCYIJ.leﬁ cnocobHocTn R (I'IpO‘-IHOCTb) MMEET HOPMaJIbHOE pacnpeaeneHne, To Xxapaktepuctum-
YeCKOE 3Ha4YeHne Rk MOXeT 6bITb 3aaaHo cneaywownMm 06pa30M:

R, = 1, —1,645x 5, = g1, (1-1,645x V) (13)

PacueTHoe 3HaueHue R, napametpa R MOXeT 6biTb onpeseneHo npu MoMOLUM BbiBEAEHHOTO YpaBHeHWs (22),
npeacTaBneHHoro Bbiwe (CM. Takke AokymeHTsl [1] and [2]):

Rd =Hp — XﬂXGR = Hg _OaSXﬁXGR =yR(1—0,8Xﬂ><VR) (14)

B ypaBHeHusx (13) n (14) 44, 0603HauaeT CpefiHee 3HaYeHne, a O, — CTaHAapTHOE OTK/IOHEHWE, VR — k03¢pdu-
umeHT Bapuaummn, n &, = 0,8 — KoadpduLmeHT uyBCTBUTENBHOCTH NepeMeHHoit R.

MpuHMMasl BO BHUMaHWe ypaBHeHus (13) u (14), u3 ypaBHeHust (12) cnepyeT, YTO YacCTHbI ko3dDULMEHT
¥ ANSL BENNUMHBL R, nMetoLeli HopMarnbHoe pacrpesieNeHne, MOXET BbiTb BbIUMCIIEH ClIeAyIOLLMM 06pa3oM:

7o =(1=1,645x7,)/(1-0,8x B xV,)(15)

Mpu NorapudMUUeckn HopManbHOM pacripesieNieHnn BeNUMHb R ero xapakTepuctuyeckoe 3HaueHne R, Moxert
6bITb ONpeaeneHo ¢ UCNONb30BaHNEM NPUBAMIKEHHOrO ypaBHeHus (cMm. [1], [2]):

R, =, % exp(— 1,645 x VR)(16)

AHanornyHbIM 06pasoM pacyeTHoe 3HaueHre R, MOXET BbiTb MPUBNIMKEHHO BbIPXEHO CEAYIOWLMM ypaBHEHN-
eMm (cm.[1], [2]):

R, = 1y xexp(—aR xﬂxVR)(17)

MpuHUMass BO BHMMaHWe ypaBHeHus (16) u (17), u3 ypaBHeHus (12) cnegyeT, 4TO YacTHbI KO3(PDULIMEHT
¥ g ANsl NIOrapM@MUYECKN HOPMANBHOTO PacnpeesieHns MOXET 6bITb BbIUMUCIEH CeayiowmuM obpasom:
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7 =exp(l—1,645xV, )/ exp(— aty x B x V) (18)

Ha puc. 2 n 3 nokasaHo M3MeHeHWe YacTHOro KOBCI)d)VILlMEHTa Yr CBOWCTB MaTepuana Rc MHOEKCOM HaAEXHO-

ctm [3 Bns Bbi6paHHbIX 3HaueHui koadduumMenTa Bapuaumn ¥, , NpeAcTaBneHHoro Ansi HOpManbHoOro pacnpeaene-
HWs B ypaBHeHuu (15) (puc. 2), n norapndmMmnyeckm HopManbHOro pacnpegeneHns — B ypasHeHum (18) (puc. 3).

2,9 /

7R

?

2,0+

?

1,5

1,0 ———=

0,5 ' ,
0 1 2 3 4 5

Puc.2. NsMeHeHne koadmumneHTa ), Ansa BbIGpaHHbIX ko3ddurumenToB Bapnaumm /), =0,05; 0,10;

0,15 u 0,20, 1 Ans HOpMaNbLHOro pacnpeaeneHus napamerpa K.

Kak npaBuso, YacTHbIi KOS(PMULMEHT ), YBENMUMBAETCS C POCTOM WMHAEKCA HAAEXHOCTU [3 . Tpu HOpManbHOM

pacrnpefeneHun yBenmyeHue ¥ , aBnsetca bonee 3HauuTeslbHbIM (pUc. 2), YeM Npy Norapu@MUMyeckn HopMabHOM
pacnipegenenun (puc. 3). BnusgHue Tuna pacnpegeneHusi oco6eHHO 3HauMMo AN KO3(dUUMEHTOB Bapuaumu
V', npesbiwatowmx 0,10. CeayeT oxuaaTb 3aMETHOTO BAUSIHWS TUMNa PacrpeaesneHns Ha TeopeTUUEecKoe 3HaueH e

YaCTHbIX KO3(PULMEHTOB TaKxKe U ANs APYrUX OCHOBHbLIX MEPEMEHHbIX, B OCOBEHHOCTM, OTHOCALUMXCS K BO3AEMCT-
BUSAM.

2,5

7

0 1 2 B 3 4 5

Puc. 3. NameHeHnne koadduumneHTa ), ans BbiI6paHHbIX K03(h(ULUMEHTOB Bapuaumm VR =0,05; 0,10;
0,15 u 0,20, u ansa norapndMUueckn HOpMaIbHOroO pacnpeaeneHns sennunnbl R .

3.2 NocTosiHHasA Harpyska

PaccMoTpuM cobcTeHHbIl Bec G, MMeloWwmii HopManbHoe pacnpeaeneHne. AHanormyHo CIyyalo co CBOMCTBaMM
MaTepuana, koraa 6as3oBblii nepuof BpeMeHn 1 MCronb3yeTcs BMECTO PacyeTHOro Cpoka sKcrsyaTtauuu npu npo-
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BEpKE HAZIEXHOCTW KOHCTPYKLMKM, pacdeTHoe 3HaueHne (G OMKHO onpenensThca Ans napameTpa 1, a He napa-
metpa 7, . Mpeanonaraetcs, 4To xapakTepucTudeckoe 3Haderne G, BennunHbl G onpesensieTcs Kak cpeaHee 3Ha-

ueHne i (cm. [1], [2] n [5]):
G, = g (19)

PacyeTHoe 3HaveHune Gd 3afaeTcs ypaBHeHveM (23) 3 rnasbl II (cM. Takke aokymeHThl [1], [2]):
G,=u;—a.xfxo,=u;+0,7xfxo, :,uG(1+O,7><ﬂ><VG)(20)

B ypaBHeHun (20) /i, 0603Ha4aeT cpeaHee 3HayeHue, a O, — CTaHAAPTHOE OTK/IOHEHWE, VG — k03 MUneHT

Bapuaumu, U &, = —0,7 - koacbduumeHT yyscTBUTENbHOCTN G . YacTHBI KO3hDULMEHT ¥ ¢ BENNYMHBI G 3apa-
eTcs cneayowmm obpasom (cm. [1], [2]):

7o =G, /G, (21)
MpuHuMas Bo BHUMaHwue ypaBHeHus (19) u (20), u3 ypaBHeHus (21) cneayeT, yTo:

7o =(1+0,7x BxV,)(22)

Ha puc. 4 nokasaHo M3MeHeHne YacTHOro Ko3dUUMEHTa ¥, C MHAEKCOM HaAEXHOCTH [F ons BbIGPaHHbIX 3Have-
HUIN ko3hdULUMEHTa BapuaLmm VG= 0,05; 0,10; 0,15 n 0,20. Cnenyetr 0bpaTUTb BHMMAHWE Ha TO, YTO 3Haue-
Hue ¥ =1,35 (pekomeHaoBaHHoe B cTaHaapte EN 1990, cm. [1]) npubnmnsnTe/ibHO COOTBETCTBYET MHAEKCY HaLex-

HOCTH ﬁ =3,8, ecnun koapdmumeHT Bapuauumn coctaenset okono 0,1 (pekomeHagoBaHHoe B ctaHaapTe EN 1990 (cm.
[1]) 3HaueHune 6bIN0 NO3AHEE yBeNMUeHO Ha 5 % Ans yyeTa HeonpeaeneHHOCTU Modenu).

25
Yo

27 ' |

0,5 , - ‘ . .
0 1 2 p 3 4 5

Puc. 4. UsmeHeHne ), C MHAEKCOM HafleXKHOCTH [} ans BbIGPaHHBIX 3HauYeHWii koadduumneHTa Ba-

prnauum VG = 0,05; 0,10; 0,15 u 0,20, a TaKKe A1 HOpManbHOro pacnpeaeneHus sennumubl G .

Mpu paccMoTpeHun puc. 2,3 1 4 MOXHO CAenaTb BbIBOL, YTO, KaK MPaBwio, CleayeT OXuAaTb MeHee 3HaUMMOro
M3MEHeHMs C yuacTveM [3 - BEMUMH ANst YaCTHOrO KO3(hdULMEHTa COBCTBEHHON Macchl ), YeM ANsi YaCTHOrO KO-

aduLmMeHTa CBONCTB MaTepuanos 7y .
3.3 NepemMeHHas Harpyska

[nsa onpeaeneHns YacTHbIX KOBCI)(bVILlMEHTOB ]/Q ANna NepeMEHHbIX Harpy3ok Q MOXET MCMONb30BaTbCs TaKoM e

MeTOoA, KaK U1 ANns ciyyas noctosiHHoi Harpyskn G . Micxoas u3 pacnpeneneHus N'ymbens, xapakTepucTmyeckoe 3Ha-
yeHue (0,98 kBaHTWUNN) MOXET 6bITb 3a1aHO cneayoWwmM o0b6pa3oMm:

0, = 11,1~ 7,(0,45+0,78In(~ 1n(0,98)))) (23)
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PacueTHoe 3HaueHne (J, MOXET BbiTb 3aaHO C/lefIOLLMM 06pasoM:

0, = 1, (1-7,(0,45+0,781n(~ In(®"' (- 2, 8)))) 29

BenmunHa [l B ypaBHeHnaxX (23) v (24) obo3HayvaeT cpeaHee 3HayeHue, VQ — K03(hMUMEHT Bapvaummn rogo-
BbIX 3KCTPeMyMOB BenmunHbl O 1 a; =—0,7 - koacdpuumeHt uysctutensHocTM (. YacTHbI ko3bULMEHT

7 o BEMUMHBI O moxeT 6bITb 3aaaH cneaylowmm obpasom: (cM. [1], [2]):

Yo =Qd/Qk(25)

Ha puc. 5 NokasaHo M3MeHeHMe YacTHOro Ko3ddULUMEHTa ¥, C KoahbULMEHTaMN BapuaLmnm VQ Ans Bbl6paHHbIX
3Hauenmii ¢ yuetom BennunHel (0, pacnpeaeneHHol no Mym6enio. MonydyaeTcs, uTo ANs Cyuasl nepemMeHHoM
Harpy3kn O MHAEKC HAfeXHOCTU [F OKa3blBaeT 3HAUMMOE BIUSIHWE HA YaCTHbIM KOIhMUUMEHT 7o - Ha cnenyiouem
HUXe puc. 6 NoKa3aHO U3MEHeHWe BeSIMYMHBI Yo C VIHOGKCOM HafeXHOCTH ,B AN1s1 BbIBPaHHbIX 3HaYeHui koadbu-

umenTa Bapuaumn ¥, , cHoBa c yuetom Bermumnnbl (), pacnpeseneHHom no Myméento.

M3 puc. 5 n 6 cneayet, 4To AN MHAEKCA HAAEXHOCTU ﬂ = 3,8 1 koapduumeHTa Bapmaumm V', , He npesbiato-

wero 0,5, BENMYMHA YaCTHOTO KOIMMULIMEHTA ¥, HE MPEBBILIAET 3HAUeHWs, PaBHOro 1,3. OAHaKO, KOI(MMULMEHT

BapyaLMK MOXET MPU 3TOM MpeBbIWATb 3HadeHue, paBHoe 0,5 1 Toraa 6onee afeKBaTHbIM OKa3biBAETCS MpUMeHe-
HWe ApYroro TUna pacnpeaeneHnsl BepoATHOCTel (CM. Apyrie rnaBsbl HacTosiwero PykosoacTea). MoaToMy, B CTaH-

fgapte EN 1990 [1] pekoMeHAyeTCS MCMOb30BaTh 3HAYEHME BENMUMHDI Yo+ B3ATOE C 3anacoMm, 1 paBHoe 1,5.

1.5

Yo

0.9 -
0 0.1 0.2 0.3 0.4 0.5

V( )

Puc. 5. U3MEHEHME BEJIMYUHBI Yo ¢ ko3 dbuuMeHTaMn Bapmaumum VQ Ans BbIGpaHHbIX 3HaYeHnin [, ¢

yuetom Bennuunbl (J, pacnpeaeneHHoii no Nym6ento.
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Puc. 5. VSMEHEHME BEIM4MHBI ), C MUHAEKCOM HAIEXKHOCTH [, Bns BbIGPaHHbIX 3HaUYEHWii Koahu-

umeHTa Bapnaumm V,, c yuetom sennuutbl (J, pacnpeaeneHHoii no Mymé6ento.

W3 puc. 6 cnepyeT, uTo NS MHAEKCA HAAEXHOCTM [3 = 3 TEOpETMUECKOe 3HAYEHME YacTHOro Ko3ddUUMEHTa

Yo COCTaBnsieT oKono 1. OTo 3HayeHMe O6BACHSAETCS TEM, UTO XapaKTepUCTMUYECKOe 3HaYeHue onpeaensieTcs pas-
HbiM 0,98 KBaHTMAKM, U KOrAa ,B = 3, 3HayeHue BENNYMHbI Qk npubnM3nTENbHO PaBHO 3HAYEHUIO BENUYM-

Hbl Qd (6onee noapobHoe 06bSICHEHNE MOXHO MONYYNTH MPY PAacCMOTPEHUM ypaBHeHul (23) u (4)). B npunaraembix

naketax MATHCAD GammaRGQ.mcd MOXHO Nerko HamTu AOMOMHUTENbHbIE YAC/IOBbIE PacyeTbl, MOCKOJIbKY 3TU A0-
KyMEHTbI 6blI COCTaBNEHbI NPY NMOMOLLM BCEX OMUCAHHBIX BbILE METOAOB BblUMC/IEHUS.

4. 06K cnyvyail oLleHKN YPOBHSA HAaAEXHOCTH
4.1 O6wMe nonoxeHms

B rnaBe II «3nemMeHTapHble MeTOAbl OLEHKWU KOHCTPYKTMBHOW HafeXHOCTM I» HacTosiero pykoBOACTBA 6blin
MpeLCTaB/ieH NPUMEp, Ha3biBaeMblii OCHOBHbLIM MPUMEPOM OLIEHKM KOHCTPYKTVUBHOW HaaeXHOCTU. OH siBRseTcs npu-
MEpOoM, B KOTOPOM (hYHKLMSI NPeaesibHOro COCTOSIHMSI MOXKET OblTb NpeacTaB/ieHa TOSbKO ABYMSI CllyYalHbIMU He3a-
BMCMMbIMU MEPEMeHHbIMKY, 0603HAYaWMMN 3dEKT BO3AENCTBUS U HECYLLYHO CMOCO6HOCTb. OCHOBHOW MNpUMep
OLIEHKN KOHCTPYKTMBHON HaAEXHOCTU SIBMISIETCS OYEHb MHTEPECHLIM NMPUMEPOM UCMOJb30BaHWUS MOHATUN HaAEXHO-
CTW, MOCKOMbKY CBSI3aH C MHTYUTMBHBLIMU COOOPaXEHUsIMU, U TEM, YTO JIOAM MPUBLIKIN K NPeACTaBfEHUIO O TNOo-
6anbHoM 3chekTe BO3AENCTBMSI U HECYLLIEN CMOCOBHOCTH, a TaKkKe M3-3a TOro, YTO CTPOUTL MPOCTble rpaduyeckme
n306paxkeHnst nerye TONbKO B hopMaTe ABYX U3MEPEHUI.

OpaHako, K COXaneHuio, TOIbKO B HEKOTOPbIX Cyyasix 3Ta yHKUMS npeaenbHOro COCTOSAHUSE MOXET ObiTb npea-
CTaBfieHa B OCHOBHOM NpUMepe, TEM CaMbIM, CBOAS 3aAayy OLEHKW CTeMeHN KOHCTPYKTUBHOW HaaeXHOCTW K MpOCTo-
My COOTHOLLEHUIO Hecyllei CrnocobHOCTU U 3ddekTa BO3AENCTBUSI C yUYaCTMEM COOTBETCTBYIOLUMX MEpeMeHHbIX. B
60NbLWIMHCTBE C/lyYaeB At 3TOro NMOHaAo6UTCs, NO KpaliHel Mepe, elle HECKOJbKO NepeMeHHbIX. B LienoM, Hecyluas
CMOCOBHOCTb ABNSIETCS (PYHKUMEN CBOWCTB MaTepuana (-0B) M pa3MepoB KOHCTPYKLMWU WM 3MieMeHTa, U 3ddeKThb
BO3AENCTBUS 3aBUCST OT PasfINYHbLIX MPUNOXEHHbIX Harpy3oK, MIOTHOCTU WM pa3MepoB KOHCTPyKuuu. Hecylas crio-
COBHOCTb U 3hbekT BO3AENCTBUS laXe He BCeraa MOryT CUMTaTbCs HE3aBUCMMbIMM, MOCKObKY HanpuMep, HEKOTO-
pble pa3Mepbl OKa3blBalT BUSHWE KaK Ha BO3AEMCTBMS, TaK M Ha HeCcyllyto crnocobHocTb. Kpome Toro, acddekTsl
BO3LENCTBUSI MOMyT 3aBUCETb OT HECYLLEN CMOCOBHOCTM KOHCTPYKUMM Kak eauHOro uenoro (Hampumep, B criydvae
OVNHAMUYECKUX BO3AENCTBUN).

@OyHKUNS NpeaenbHOro COCTOSAHUS MOXET 6bITb 3a8aHa cneayowmm o6pa30M:
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Z(X,,X,,X,..)=0(26)
W B BEKTOPHOM BUAE:
Z(X)=0@7)

roe X = {XI,XZ,X3...} SIBNSETCH BEKTOPOM C/lyYaliHbIX NMEPEMEHHbIX, 3aBUCALUMX OT BPEMEHW, ONpenensio-
WM YHKLUMIO NPesenbHOro COCTOSIHUSI.

B 3TOM cnyyae, Takxe, Z(X) > 0 npeacraenseT obnactb 6e30nacHbLIX 3HaYeHWi, a Z(X) < 0 - obnacTb onac-
HbIX 3HaYeHWi1. BeposSITHOCTb pa3pyLLEHus], B 3TOM Cyyae, MOXET BbiTb BbIMMCIEHA NO CrieaytoLlei popmyne:

P, =Plz(X)<0]=]..] f,(x)dx;
Z(X)<0 (28)

rae f,(X) — cymMapHas MnoTHOCTb pacripeaesneHmst BEpOSTHOCTM BEKTOPa MepeMeHHbiX X .

Ecnn Bce nepeMeHHble HE 3aBUCAT OT BPEMEHM, BO MHOMUX C/Tydasix Mbl MOXEM MPUHSATL 3TO NPeArnonioXeHne B

KauecTBe Hensoxoro npubnmxerns. CyMMapHasi MiOTHOCTb pacrpefeneHus BEpoSTHOCTU BennuunHbl X siBnsieTca
pe3ynbTaToOM MaprHasbHOM MAOTHOCTM pacnpeaeneHnsl BEpOSITHOCTU KaXkaon nepemMeHHon. CneaoBaTesibHO, ypaB-
HeHue (18) moxeT 6bITb 3anucaHo cneayowmM obpa3om:

P = P[Z(X)< 0]: J.J. le(xl) X2(x2)"'an(‘xn) dxdx,...dx,
Z(X)<0 (29

4.2 OCHOBHblEe NepeMeHHble

OcHOBHble nepemMeHHble ABNATCA MMEHHO TEMU BETMUYMHAMU, KOTOPbIE MOMOraloT OXapaKTepmn3oBaTb U OnNnucaTb
NoBeAEHNE KOHCTPYKLMN U YPOBEHDb €€ 6e3onacHocTu B YCNoBusAxX onpeaeneHHoro npeaesibHoro COCToAHus.

MpOeKTUPOBLUMK pacriofiaraeT HEKOTOPOW CTeneHbio cBo60Abl BbIGOpa OCHOBHLIX NepeMeHHbIX. Kak npaBuio, ne-
PEMEHHbLIMU, UCMOSb3YEMBIMU ANSt NPOEKTUPOBAHUS CTaHAAPTHBIX KOHCTPYKLUMI, SBNSIOTCS — pasMepbl, BEC, Harpys-
Ka, MPOYHOCTHbIE XapaKTepUCTMKU MaTepuanos, U T.4. B uenom, paccMaTpuBatoTCs HE3aBMCUMMbIE OCHOBHLIE Nepe-
MEHHbIE, MOCKOsbKY Ntobasi B3aMMO3aBUCMMOCTb CMOCOBCTBYET YC/IOXKHEHNIO MPOLecca, U CTaHOBUTCS TPYAHO ornpe-
[EeNnUTb CTeneHb 3aBMCMMOCTU. OAHaKo, U3BECTHO, YTO HEKOTOPbIE NEPEMEHHbIE, TaKMe, KaK HanpuMep, NepeMeHHble
HanpsHKeHWsl, CUNbl OKaTUSl U MOAYNS YNPYroCTM MaTepuana 3aBUCUMMbI, XOTS UX B LIEJIOM MOXHO MCMOJb30BaThb Tak,
Kak 6yATO OHU HE3aBUCUMBI.

[Nl OLEHKM KOHCTPYKTMBHOMN HAAEXHOCTU HeObX0AMMO CTaTMCTMUYECKM OXapaKTepu30BaTb OCHOBHbLIE MEpeMeH-
Hble, T.€. MOMYyYMTb, MO MEHbLUE Mepe, UX (YHKLMIO pacrnpeaesieHns, napamMeTpbl U KOPPENsLUMOHHYIO MaTpuy.
MapaMeTpbl pacnpeseneHuii MoryT 6biTb MPOaHaNM3MPOBaHbl, UCXOAS U3 AAHHbIX, U UCMOJb3Yst 06bIYHbIE CTATUCTU-
YeckMe MeToAbl: MaKCMMasbHOW BEPOSITHOCTU, METOABI MOMEHTOB U T.A. [aHHble A0/MKHbI NoABEpraTbCsl BHUMATENb-
HOMY PacCMOTPEHUO, ANS TOro, UTOBbI UCK/IHOUMTL BbIGPOChI, M3YUUTb TEHAEHUMM U T.4. Fpadurueckoe M3obpaxeHue
A@HHbIX 1 UCTONb3YEMON MOAENN, KaK NPaBuWsIo, TakXXe MoJIE3HO.

PekoMeHZaLMM OTHOCUTENbHO (YHKLUUIA pacrpeieneHnst v X napameTpbl Ans CO34aHUS MOAENei, Kak npasuso,
BCTPEYAIOLMXCS BO3AEUCTBUM M 3HAYEHUM HeCyllell CMOCOBHOCTW, BIMSIOWMX Ha KOHCTPYKTMBHYIO HaAEXHOCTb,
npeacTtasneHsl B paboTe [5].

Mpumep 1:
PaccMOTpUM OCHOBHYIO NEPEMEHHYIO U CrieaytoLmMe IKCePUMEHTAsIbHbIE AaHHbIE:

NaHHble={1.3,3.2,4.3,1.3,5.4,3.7,3.8,4.0,2.9,3.2,4.5,4.0,3.4,2.4,1.8,1.7,2.2,4.1,2.6,4.1,3.3,
3.5,3.7,2.4,2.8,2.5,3.,3.3,2.6,2.9,2.4,2.6,2.9,2.8,3.1,3.2,3.4,3.5,3.2,3.3,3.};

B cnepyroLein Huxe Tabnuue UCNONb3yloTCs pe3ynbTaThl, MOMYYEHHbIE C MOMOLLbLIO NpUIaraeMoro nakera JoKy-
MeHTOB MATHEMATICA, KOTOpbI MCMOMb3YeTCs NpU aHanuse pacnpeaeneHuid. bbinn nonyyeHsl cneaytowme cratv-
CTUYECKME XapaKTEPUCTUKU:

KonnyecTBo AaHHbIX CpeaHee Bapuauus CraHaapTHoe oTkoHeHe  KoadhduumeHT Bapualmum
3HauyeHune
41 3,105 0,700 0,837 0,270

MpeanpvHMMaeTcs NonbiTKa KOPPEKTUPOBKM AaHHbIX ANSi HOPManbHOro, norapudMmnyeckn HOpMasbHOro U ram-
Ma- pacnpegeneHuid. MapaMeTpbl pacnpeaeneHnii OLEeHUBAOTCS Npy MOMOLM MeToda MOMeHTOB. Mpu MHTepBanax
{1.3-2.3, 2.3-2.7, 2.7-3.3, -3.7, 3.7-4.1, 4.1-6} BbINONHAETCS TECT XM-KBaaparT.
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Ha pucyHKe npeacTaBneHa rmctorpaMmma u yHKUMs NIOTHOCTU pacnpeaeneHuns (B AaHHOM Crlyvae HOpMasbHOro
pacnpeneneHns) BepoATHOCTEN. Pe3ynbTaThl, MOyYeHHbIe AN KaXKAOro U3 pacnpeaeneHuid, nokasaHbl B cneayto-
LLEN HDKe Tabnuue.

Tvn pacnpegeneHus MapameTpsl OueHka NHTepBan 4OCTOBEPHOCTH
W %

HopmanbHoe 3,103-0,847 0,612 96,0 - 99,6
Famma 13,40-0,231 1,001 91,0-98,6
Norapudmmueckn Hopmanb- 1,096-0,268 1,310 86,0-97,1
Hoe

05 normal

04 SR

0.3

0.2 ; |

0.1 ‘

HOpManbHOE pacnpeaeneHune

BennuvHa MHTEpBana ypoBHsSI OBEPUTENbHON BEPOSITHOCTW 3aBWUCUT OT APYroi rumnotesbl. Eciv MOMeHThl pac-
rpeaeneHuns BeposiTHOCTEN anpuopy U3BECTHBI, TO YACIO CTeneHel cBoboabl COOTBETCTBYET YMCITY UHTEPBASIOB MU-
HYC efMHULLY; €C/IN XXe MOMEHTbI MOYYEHbl, UCXOAS U3 AaHHbIX, TO YACIO CTeNeHeN cBO6OAbI PaBHSETCS YUCTY UH-
TepBanoB MUHyC Tpu. CneaoBaTenbHO, OAHOMY M TOMY XE 3HauYeHUIO OLeHKWM COOTBETCTBYIOT [1Ba YPOBHS 0BEpU-
TESbHOW BEPOSITHOCTY.

MonyyaeTcs, YToO BCe TP BUAA pacnpeaeneHnst XOpoLo COBMECTUMbI C AaHHbIMM (HOpMasibHOe pacrnpeaeneHme,
Ka)eTcsl, MOAXOAUT Hauy4ylumMM o6pasoM). Mo3ToMy, HeSICHO, Kakoe M3 pacnpeaeneHuii 4o/MKHO BbiTb BbI6paHo; npu
NOCTPOEHUM rPacMUECKOro U306paKeHNUsT KyMyNSTUBHON (BYHKLUMU pacnpeaeneHnst U HaHECEHUM TOYEYHbIX 3Haue-
HUIA JaHHbLIX B NPSAMOM MPEACTaB/IEHNM U C APYTMM MACLITaboM OpAMHAT B ABOWHbLIX SIOrapuMUYEcKUX KoopauHa-
TaX, MOXHO B3JIsIHYTb Ha 3Ty 3a4a4y No-HOBOMY.

4.3 Mpo6aema 4yBCTBUTEIbHOCTU XBOCTA pacnpeaesieHus

PellieHns B CTaTUCTUKE, KaK NPaBWU/o, UCXOAsA M3 «MaTEMaTUUYECKMX [0Ka3aTe/IbCTB» He NpuHUMatoTca. MunoTtesa
NPUHMMAETCS, €CIM HE MOMYYEHO KaKux-NMbo A0Ka3aTeNnbCTB ANf ee OTKIOHEHWs. PacnpeaeneHve BeposTHOCTH,
OTHOCSILLEeC K 060/ NepeMeHHON BeNMYMHE, MOXKET OKa3blBaTb CYLIECTBEHHOE B/IMSIHUE Ha NpearoaraeMble
YPOBHM BEPOSITHOCTU paspylueHus. KpoMe Toro, nNpu yCTaHOBMAEHUM TWMa (QYHKUMM pacnpeaeneHns, UMetoLmecs
AaHHble 6O0MbLUEN YaCTblo, KOHEYHO, OTHOCATCSA K LIEHTPasibHOW YacTu pacrpedeneHns, rae Bbibop TOro UM MHOro
TMNa yHKUMW pacripefeneHnsl He sBnsieTcsl 0cobo 3HauuMbIM. [laHHasi npobrieMa HasblBaeTcs «npobremMoit YyBCT-
BUTENIbHOCTM XBOCTa pacnpeaeneHuns».

Puc. 7 npeacraBnsieT coboli rpacdumueckoe M3obpaxeHue AaHHOWM Npobnemsl, Ha KOTOPOM Tpu (yHKUMM pacnpe-
[eNeHns C OQHUM U TEM XXe CPeHWUM 3HaYeHWeM M CTaHAAPTHBIM OTK/IOHEHWEM, COOTBETCTBYIOLWME cnyyato Mpumepa
1 - HopmanbHOe, norapudMMUeckn HOpMasnbHOE M ramMMa - pacrpeaeneHust - NpeacTaBfieHbl Kak Ha HOpMasibHOW

LKasne, Tak U B ABOWHbIX NorapucMmyeckux koopauHaTtax. (T.e. BblpaXeHne z = —Log(— Log(y)), KoTopoe co-

AepxuTcs B pabote Mymbens, ysenvumBaioLLee LwKasny BEPXHEro «XBOCTa» pacnpeaeneHus). Ha HopManbHoW Lwkane
CYLLECTBEHHOW pa3HULbl MeXay pacripefienieHnsMM HeT, HO e/ CpaBHUTbL ¢ pabotoin Mymbens, pasnuuus Ans 3Ha-
yeHns 0,95 KBaHTUAM (XapaKTEPUCTUYECKOrO 3HAaYEHWE) He3HauuTeNbHbl, @ Ans 3HadveHus 0,999 keaHTuAM (T.e.
pacyeTHOro 3HayeHus) — CylecTBeHHbl. KpoMme Toro, no pabote MNymbens MOXeT NoKasaTbCsl, YTO BCe TWMbl pacnpe-
[eNeHn SBNSIOTCA afeKBaTHbIMKU pacnpeaeneHnio To4eK, C BEPOSITHOCTbIO, MPUHSATOW ANns ynopsiioyeHHoro Habopa
Touek, paBHON /7 + 1, HO ANS OLEHKM PacyeTHOro 3HayeHns (K Npumepy, kBaHTUAK 0,999) Heo6X0ANMO NPOBECTM
3KCTPANoONAUMIO, U TakuM 06pa3oM pasnnume Mexay pacrnpeseneHMsMu UrpaeT BaXkHyo ponb. bonee Bbicokas Touka
[aHHbIX COOTBETCTBYET NpunbnusntensHo 0,975 keanTunm (1-1/42).
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Puc. 7. KymynsatuBHasa PyHKLMA pacnpeaesieHns Ha HOpMasibHOM Wkane u B pabore Nym6ens.

5. MpuMep c apMNpPOBaAHHOK 6€TOHHO NAUTOM

5.1 O6wMe NnonoXKeHms

PasznnyHble NpUMHUMMBI pacyeTa, YNoMsiHYTbie Bbille, MOryT 6biTb NMPOWIIIOCTPMPOBaHbLI Ha NpUMepe NpPOoCToi ap-
MUPOBaHHON GETOHHOMN MANTBI, UCMOMb3YIOLENCA B OUCHOM 3AaHUM. DTOT NPUMEP NOKa3bIBaeT, KakuM 06pa3oM B
pasfiMyHbIX MEeToAaX MPOEKTUPOBaHMS (METoA AOMYCTUMBIX HaMpsdKEHW, MeTon obllero kosdduumeHTa 3anaca

MPOYHOCTU U METOA YaCTHbIX KO3(MULMEHTOB) UHTEPTNPETUPYIOTCS HEOMNPEAENEHHOCTU OCHOBHbBIX MEPEMEHHbIX C
MOMOLLbIO Bbi6Opa pas/iMyHbIX BXOAHbLIX (PAaCYETHbIX) 3HAYEeHUN BennuMH. OH Talkoke AEMOHCTPUPYET BaXKHOCTb TEO-
PUM HAZIEXXHOCTM MpK pacyeTe KOHCTPYKLUMH, a TakKe NpenMyLLecTBa METOAA YacTHbIX KO3(dULIMEHTOB, OCHOBaHHO-

r0 Ha Teopun HaAEXHOCTU, NO CpaBHEHUIO C APYrMMU METOAAMU MPOEKTUPOBAHUA.

HekoTopble OCHOBHbIE TEPMMHLI (HanpuMep, HOPMaTMBHOE COMPOTUBIIEHWE) M NpoLeaypbl pacyeTa, Ucnosb3ye-
Mble B HacTosILLEM pa3jene, MoAPOBHO onvcaHbl B pa3nnyHbIX rNaBax HacTosiwero PykoBoacTea 2. HecmoTps Ha 3710,

cneaytoLLyto HUXe MHOPMaLMIO MOXHO paccMaTpuBaTh 6e3 Nor1Muyeckiux 060CHOBaHUIM.

5.2 ApmupoBaHHas 6eToHHas nauTa
MnnTa, cBoboAHO onepTasi MO ABYM CTOPOHaM, C A/IMHOM MpoJfieTa, paBHOM 6 M, MOABEPraeTcs NOCTOSHHOW Ha-
rpy3ke (COBCTBEHHbIV BEC MAUTLI U APYrUX 3aKpPErieHHbIX 3IEMEHTOB 3aHuWsl), KOTOpasi OLEHWBAETCS XapaKkTepu-
2
CTUYECKUM 3HAYeHWEM (PaBHbIM CPEAHEMY 3HAYEHUI0) g, = 7kN /m~. CornacHo crangapty EN 1991-1-1 [8] mo-

XeT 6bITb NPUHATO XapaKTEPUCTUYECKOE 3Ha4YeHne I'IpMJ'IO)KEHHOl‘/II Harpy3ku Ha nnowaamn Od)VICHOFO 34aHuA, paBHOE

2 N
q, =3kN/m”. OgHako M3BECTHO, YTO CpefHee 3HauYeHMe STO Harpy3KK COCTABISIET 3HAUUTESNBHO MEHBLUYIO Be-
COMpOTUB/IEHME

C20/25, wuMeloWM  HOpMaTUBHOE

YMHY, paBHyio npubnuanTensHo 0,8 kN /m’ .
6eToH

B panbHellem “Cnonb3oBaTh
nervem f . =500MP, (cpenHee 3HaueHune pasHo 560 MP,). Ucxoas u3 paHee MosydeHHbIX AaHHbIX, obluas

BbicoTa nauTbl 0,25 M (paboyas BbicOTa NauTel paBHa npnbnusutensHo 0,25 - 0,03 = 0,22M) 6bina 3agaHa 3apaHee.

cneayet
f.r =20MP, (cpennee 3Hauermne pasHo 30 MP,), u cTepxHn apmatypsl Tna S 500 ¢ HOPMAaTUBHBIM COMPOTHB-
Y
C y4eTOoM NpeACTaBfeHHbIX Bbile AAHHLIX CAeAYeT BbIMOMHUTL MPOBEPKY TEXHWYECKOro 3aAaHusi U onpeaenuTb

nnowaab nanThbl, I'IO;D,J'IE)KELLI,EVI dpMMpPOBaHUIO.

5.3 PacueTt nnnTbl
CHauyana paccMOTpUM MPOCTON YEPTEX MOMNEPEUYHOTO CEUEHUS MMWTbI, BK/OUAs YNpPOLIEHHbIE 3Mopbl pacnpeae-
NEHUS HaMNpPsXXEHUI B OKATOM 30He 6eToHa (NPSIMOYrofibHOM M TPeyrosibHOM) Kak MokasaHo Ha puc. 8.
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Puc. 8. PacnpepeneHne HanpsbkeHMA B apMMPOBaHHON 6eTOHHOW nauTe.

Korza paccMaTpuBaeTcs MPsIMOYrosibHas 3Mopa HanpshKeHWii, MOXKHO 3anucaTb Cleayiolme YCIoBUS paBHOBECHS!
(cM. Puc.8):

0.8f.xb=4,f, (30)
A f.(d—0,4x)=M (31)

YTo 0603HaYalOT OCHOBHbIE NepeMeHHble, ucnonb3yemble B ypasHeHunsx (30) u (31) oueBmaHO Ha puc. 8: Benu-
unMHa d — pabouyio BbICOTY, X — FNybUHY HEUTpanbHOM ocu, b — WWpKUHY NAUTLI (NPUHMMAETCS paBHOW 1M), AS—

rnnowaab apMUpoBaHusi, f, — MPOYHOCTb 6eToHa, 1 fy — MPOYHOCTb apMUpOBaHus (Npeaen Tekydectn). Usrnbato-

LM MOMEHT B ypaBHeHuu (31) 3aaaeTtcs cneayoumm obpasom:

2
v lg+al
8 (32
L obo3HauaeT ANIMHY nponeTa NanTbl, CBO60AHO ONEpTOoi Mo ABYM CTOPOHAM.

Mcnonb3ys ycnoBusi paBHOBECUSl, NpeACTaB/ieHHble cooTHoweHnsaMr (29) n (30), MOXHO BbLIBECTU C/leaytoLyto
dopmyny nnowaan apMmpoBaHus AS :

(33)

He BaBascb B TexHMYeckue noapobHOCTH, HeOH6Xo0AMMO 06paTUTb BHMMAHME Ha TO, YTO ypaBHeHue (33) MoXxeT
6biTb NPUMEHEHO ANs NPUBAMXKEHHOW OLEHKM B MeToae obLiero koaddmumeHTa 3anaca NpoYHOCTM M METOAE YacT-
HbIX KO3dUUMEHTOB. [N HEO6XOAUMBIX pacHeToB MOXHO MCMOMb30BaTh MpunaraemMble K PykOBOACTBY [OKYMEHTbI
EXCEL RCBeam n MATHCAD RCBeam.

B knaccuueckom MeToae AOMYCTUMBIX HamnpsdKeHWA paccMaTpyBaETCsl TPEYrofbHbIN 610K CO OKUMAIoLWMM Hanpsi-
YXEHWEM B OkaToi 30He 6eToHa, KOTOPOI MokasaH Takxke Ha puc. 8, 1 NMHelHas aMarpaMma 3aBMcMMocTy aedopma-
LMK OT HanpsbkeHus. lnowaab apMrpoBaHns AS MOXeT 6bITb BblUMCIIEHA C UCMOMb30BaHUEM MpUIaraemMoro AOKy-
MeHTa MATHCAD RCBeam.mcd, KOTOpbIi cofiepxuT 6onee noapobHble pacyeTbl.

CnepnyeT 06paTvTb BHMMaHWE Ha TO, YTO A0 HACTOSILLEro BPEMEHW OCHOBHbIE MEepEMEHHbIE PacCMaTPUBANUCh Kak
AETEPMUHUPOBAHHBIE BENMUMHBI 6€3 yyeTa Kakux-nMbo HeonpeneneHHOCTeN, KOTOpble MOMyT OKasblBaTb MOTEHLY-

anbHOE B/MSIHME Ha CBOM (haKTUUeckue 3HaueHusl. OAHAKO LIMPOKO M3BECTHO, YTO HEKOTOPble OCHOBHbIE NepemMeH-
Hble, BXoasluMe B ypaBHeHue (31), MOryT UMETb 3HaUMUTENbHbIN pas3bpoc (0CO6EHHO BO3AEICTBUE HArpysku (U3ru-

GatoLLmit MOMEHT) M, NpOUHOCTb 6ETOHa £, ¥ MPOYHOCTL apMUPOBaHMSI fy). C Apyroi CTOpOHbI, reoMeTpuyeckme

napametpbl A , bu d, KaxXeTcs, ABAAIOTCA 3HAUUTENBHO MEHEe HeomnpeeneHHbIMI (MOYTHU MOCTOSIHHLIMU UK fe-
TEPMUHUPOBAHHBLIMMU).

[insi nonyyeHusi Nepeoit OLeHKU nnowaam A, MOXHO B3ATb CpeAHue (YCPeaHEHHbIE) 3HAaUYEHNsi BCEX OCHOBHBIX

YYacTBYIOLMX NEepPEMEHHbIX. WHTYMTUMBHO CTaHOBWUTCS MOHSTHO, YTO 3TO, BO3MOXHO, He 06ecneunTt AOCTaToOYHO
6e30MacHbIX MokasaTenei, 1 BMECTO CPeAHMUX 3HAYEHWU CeayeT NMPUMEHSTb «3HaueHWs, B3sATble C 3anacom (be3o-
nacHble)». B Tabnuue 1 npeacraBneHbl CPeAHME 3HAYEHWS HapsiAy CO 3HAYEHMSIMU OCHOBHBIX MEPEMEHHBbIX B TOM
BMAE, B KOTOPOM OHM UCMOSb3YIOTCS NPU NPOBEAEHWMMN PacyeToB, COMACcHO NpaBuiaM OMMCAHHBIX Bbille METOAOB.
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Ta6nuua 1. BxogHble pacueTHble (XapaKTepucTUUecKUe) AaHHbIe Mo Harpy3kaMm U NpoYHOCTU MaTe-
pUanoB Ans pacyeta KOHCTPYKLMU C UCMO/Ib30BAaHUEM Pa3/INUHbIX METOAOB pacyeTa.

MeTtoa pacyeTa

OcHoBHasi nepeMeHHas CpenHee JonycTuMble O6wmi YacTHbIl
3HaYeHne  HanpshKeHus KO3(PUUNEHT KO3 PUUNEHT
3anaca Npo4yHocTu

MocTosHHas Harpyska g[kN /m? ] 7 7 7 9,45
MpUIOXEHHaAs Harpyska q[kN / mz] 0,8 3 3 4,5

MpoyHOCTL 6ETOHa Ha CkaTHe fc[MPa] 30 5,5 20 13,3
MpOYHOCTb apMaTypbl Ha pacTsxeHue fy [MPa] 560 275 500 435

[JaHHble Tabnmubl 1 NoKasblBalOT YETKOE Pa3fnuMe MexAay paccMaTpuMBaeMbiMM MeTodaMu pacdeta. Hanpumep,
BXOZIHbIE 3HAUEHWS MOCTOSIHHOW Harpy3ku g , UCMOMb3yeMbIE NMPU PacyeTe KOHCTPYKLUMUM COrNlacHO MeTody AomnycTu-

MbIX HanpshKeHn 1 MeTody ObILero KoadduLMeHTa 3anaca NPOYHOCTM, paBHbI cpeaHeMy 3Hadermio (7 kN /m’”), B
TO BPEMS KaK pacyeTHOe 3HaueHNe Mo MeTofy YacTHbIX KoadduumeHTos (9,45 kN / m2) ABNAETCS NPOU3BEAEHUEM
XapaKTepUCTUYECKOrO 3HAYEHMS U 3HaYeHUs YacTHoro koadduumenTa ), =1,35. PacyeTHoe 3HaueHne NPUIoXKeH-
HOVi Harpysku ¢ , UCMoNIb3yeMOe MpU pacyeTe KOHCTPYKLUMM B COOTBETCTBUM C METOZAMM AOMYCTUMBIX HANpshKEHUI 1

2
obliero KosdduuMeHTa 3anaca NPOYHOCTM PaBHO XapaKTepucTuueckomy 3HauveHwio (3AN /m”),B To Bpems Kak
2
pacyeTHoe 3HaueHue (4,5kN /m”) B cOOTBETCTBUAM C METOLOM YaCTHBIX KO3(PMULMEHTOB PaBHO MPOWU3BEAEHMIO
XapaKTEepUCTUYECKOr0 3HAa4YEHNS Ha 3HAYeHWe YacTHOro koadduumeHTa Yo =L5.

BxoaHble 3HaYeHMs MPOYHOCTH 6eToHa Ha okaTue f;, NCNONb3yEMbIE B pa3/IMYHbIX METOAAX pacyeTa, CyLllecT-

BEHHO OT/IMYAIOTCS OT CPEAHEro 3HayeHust a1oi Benmunkbl (30 MPa ). 370 e xapaKTepHO U 471 3HaUeHUI npouy-
HOCTM apMaTypbl Ha PacTsXXeHue fy 3HaueHns IONYCTUMbIX HANpsHKEHWIA, yKa3aHHble B Tabnuue 1, npeacTasneHsb

B CTaHZapTax Mo NMpPOEKTUPOBAHWUIO KOHCTPYKUMA. OYEBMAHO, YTO 3T 3HAYEHMS CYLLECTBEHHO HUXE CPEAHEro 3Ha-
YeHMs!, NOCKOJbKY NPEeAnosiaraeTcs, YTo B HUX YUTEHbI BCE HEOMPEAENEHHOCTY, BK/IHOYasl 3HAYEHUS! HArpy3ok. Bxoa-
Hble 3HAaUYeHUs1 MPOYHOCTU B MeToAe 06Lero KoaddrUMEHTa 3anaca NPOYHOCTY PaBHbl XapaKTepUCTUUYECKUM 3HAYe-

HUAM. B MeToge YacTHbIX KO3(P@PULMEHTOB pacyeTHoe 3HaueHne npoyHoctu 6etoHa 13,3 MPa nonyyeHo npw no-
MOLLM AeneHus XapaKTepucTuieckoro 3Hauerus 20 MPa Ha 3HaueHune yacTHoro koadduumeHTa y,, = 1,5. AHano-
MMYHBIM 06Pa30M, PacyETHOE 3HaueHue npodHocT ctanu 435 MPa nonydeHo NOCpeacTBOM AeneHUs XapakTepu-
cTuyeckoro 3HaueHust 500 MPa Ha 3HaueHne yacTHoro koacdduumeHta y,, =1,15. cneayer o6paTUTh BHUMaHKeE

Ha TO, 4To KO3dhdULMeHT 1,9 ucnonbayetcs Ans ycuneHus sddekTa Harpy3ku (m3rmbatowwero momenta M ) korna
meToza obuero koadduumneHTa NCNoNb3yeTca Ans ONMcaHWs MoLWaan apMUPOBaHKS AS .

Pe3ynbTupylolwme 3HadeHUss Molaan apMUMpoBaHUs, MoJyyeHHble ANs BCEX METOAOB PacyeTa W YNoMsHyTble
Bblllie, yKa3aHbl B Tabnuue 2.

Ta6bnuua 2. XXene3o6eToHHas nanTa, cBo604HO onepTas No AByM CTOPOHAM, CIPOEKTUPOBaHHas C
MCNONb30BaHMEM Pa3/IMYHbIX UCTOPUUECKMX METOAOB, C 3aAaHHON A/IMHOI nponeta L =6M, BbICOTOW A

=0,25M (d =0,22M) 1 3HAYEHUsIMK Harpy3kn g, =7 kN /m?, q, = 3kN / m* (cpenHee 3HaueHne 0,8
kN /m?*), €20/25 ( f.. = MPa , cpepnee 3nauenne 30 MPa), 4« =500 MPa (cpepnee sHauenne

560 MPa).
MeTog pacyeta M[kNm] Am? LM, [kNm] Y p,
CpenHee 3HauyeHue (oTBneveHHas Benmum- 35,1 0,00038 35,10 0 0,5
Ha)
[JonycTuMble HanpshkeHus 45,0 0,00204 228,9 8.0 8.0 0,44x10-16
O6wmit  koahdMUMEHT 3amaca npoyvHocTn 45,0 0,00082 97,45,0 5,2 0,32x10-7
( So =1,9)
Metoa uyacTHbix KoadduumerHtoB (Espo- 62,8 0,00069 82,4 4,2 0,12x10-5
nenckun KOMUTET MO  CTaHAapTU3aUMW,
CEN)
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Mpunaraemble gokyMeHTbl EXCEL RCBeam 1 MATHCAD RCBeam MOryT MCnonb30BaTbCs ANS NPOBEPKM pe3ynbTu-
PYIOLMX A@HHBIX, NpUMBEAEHHbIX B Tabnuue 2. B 3Tnx AOKyMeHTax Takxe coaepXuTcs nogpobHoe onucaHue npume-
HSIeMbIX npoueayp pacdyera.

M3 Tabnuubl 2 cnegyeT, YTO pe3ynbTUpYOWMeE 3HaYeHNS MIOWAAN apMUPOBaHUSI BApbUPYIOTCS B LUMPOKOM Ana-
nasoHe, OT As =0,0038M? (OLEeHKa CpefHero 3HaueHuns) [0 AS = 0,00204Mm? (OLeHKa METOZ0M AOMYCTUMBIX Hanps-

XeHuit). Hanbonee LenecoobpasHoi C SKOHOMUYECKOM TOYKWU 3PEHUs NMPOLIEAYPON pacyeTa SIB/SAETCS pacyeT MeTo-
[IOM YacTHbIX KO3(MOULNEHTOB, KOTOPbIA MPUBOAWT K MOSYYEHMIO CaMbIX HU3KMUX 3HAYEHUI NoLWaaM apMUPOBAHMA

A =0,00069m.

5.4 OueHKa HaAeXXHOCTH

PacnpeneneHvie Hanps»keHU B NPSIMOYTOfbHOW (AEKApTOBOM) CMCTEMe KOOpAMHAT (MokasaHHOe Ha puc. 8), npu-
HATOE NPV MPOEKTHLIX pacyeTax CornacHo Metoay obuero kosdduumeHTa 3anaca NPOYHOCTU UM METOAY YacCTHbIX
KO3(PULIMEHTOB, ABNSETCS MPUEMSIEMbIM CNIOCOGOM OLIEHKN HafEXHOCTWU NAWUTbI, CNPOEKTUPOBAHHOM NMPU MOMOLLM
noboro MeToza pacyeTa, KOTOPbIN BKOYAET B cebs TpeyrosbHyto 3Mopy HanpskeHui). Takum obpasoM, yunTbiBast
YCNOBUSI paBHOBECUSI, UCMO/b30BaHHble B BblpaxeHusix (30) u (31), dyHKUMSA npeaenbHOro COCTOSAHUS MOXET 6bITb
3anvcaHa B ciefyiollem Buae:

Af,

Ay CAS ) (g+l
2bf,

2bf, 8

(34)

Z(X)=4,f, -M=A4f,

Ncxops u3 yHKUMM NpeaenbHOro cocTosHus (34), MHAEKCH HAAEXHOCTU [ 1 BEPOSITHOCTb PaspylueHus p Mo

ryT 6blTb BblYMCIIEHbI MPU MOMOLM MMELWMXCS Ha pbiHke nporpamM VaP [9], COMREL [10] wnn MATHEMATICA
notebook FORM.nb. MpuBamkeHHas OLEHKa MHAEKCA HAAEXHOCTU 3 W BEPOSITHOCTW paspylueHus p I (c npuemne-
MblM YPOBHEM TOYHOCTM) MOryT 6bITb NOMyYeHbl NPU UCNONL30BaHUM MpUNaraeMoro NporpaMMHoro nakera MATH-
CAD sheet RelRCB, B KOTOPOM MCMONb3yeTCs NpocTasi npouesypa YMCNEHHOrO UHTerpupoBaHus. McuepnbiBatowuii
fokyMeHT MATHCAD sheet RelRCB cHabxeH nosicHeHusimu (Bkitoyvast MHboOpMaumio 06 MCXOAHbIX TEOpPETUYECKUX

MOAENSX OCHOBHbIX MEPEMEHHbIX) M MOHATEH 6€3 AOMONHUTENbHBIX pasbscHeHUI. Moapo6Hoe onucaHue npuMeHsie-
MbIX YMC/IEHHBIX METOZIOB MPEACTaB/IEHO B APYrMX rfaBax HacTosulero PykosoacTea 2.

Pe3ynbTUpYloLME 3HAYEHUS MHAEKCA HAAEXHOCTU [3 1 BEpOSITHOCTU paspylueHus p ,yKasaHbl B Tabnuue 2.

Mcnonb3oBaHWe MeToAa YacTHbIX KOI(PMUUMEHTOB NPUBOAMT K MOMYYEHUIO 3HAYEHWUS YPOBHSI HAAEXHOCTW, Bblpa-
XKEHHOrO COOTHOWeHWeM [3 =4,2 (Npu BEPOSTHOCTU paspylueHnst pasHoii 1,2 X 107°), koTopoe o4eHb 6M3KO K 3Ha-
ueHnio [F =3,8 (Npu BEPOSTHOCTU paspyLueHnst paBHoit 7,2 X 107°), pekoMeHayeMoMy cTaHaapToM EN 1990 [1]. Mpu
ncnonb3oBaHuM Metoga obuero koadduumeHTa 3anaca NPOYHOCTM MOXHO MOSYUYNTb pacyeT C HECKObKO 60oMbLIMM
3anacom ( [ =5) (cM. Tabnuuy 2). OAHAKO, METOA AOMYCTUMBIX HAMpPSXKEHWIA, MO-BUAMMOMY, NMPUBOAUT K CO3AAHMIO
pacyeTa, [0CTaTOYHO HEBLIFOAHOrO C SKOHOMMYECKON TOUKU 3peHust ( ﬂ =8). O4eBnaHO, YTO «METOA CpeaHero 3Ha-
YeHMWs» OKa3blBAETCS HenpueMaeMblM, MOCKOIbKY MPU UCNOMNb30BaHNM 3TOr0 MeToAa NoMy4vaeTcs caMmoe HWU3Koe 3Ha-
YyeHve nnaowaan apMmpoBaHus AS =0,00038M? (ToNbKO MpW NpoLeHTe apMupoBaHWst pasHoM 0,0022), COOTBETCT-

Bylowee [5 = 0 1 BbICOKON BEPOSITHOCTU paspyLueHns p +=0,5.

6. O6WKi cnyyali OLleHKN BepPOSTHOCTU pa3pyLUeHUs KOHCTPYKLUU
6.1 O6wmMe NoNoXKEeHns

CyLlecTByIOT pasfinyHble MeTOAbl OLUEHKWN BEPOSATHOCTU pa3pyLUeHWUs KOHCTPYKLUW B obLem cny4vyae Hanunyua
60nbLUero KonmMyecTea NepeMEHHbIX:

. AHanuTUyeckuin: ToNbKO B HECKOSbKMX OYEHb NPOCTbIX Cny4dasaX MOXHO NpuATU K aHaIUTUYECKU NpaBUb-
HOMY peLleHuno. DTO 3aBUCUT OT BEKTOpa MepeMeHHbIX, KOTOpble AOMKHbI 6bITb HE3aBUCUMbIMU, N UMETb
HOPpMaJIbHOE pacnpeaeneHne, a TakXXe oT obnactu NPEAENBbHOINo COCTOAHUA, KOTOpas AOJDKHa OrpaHu4yun-
BaTbCA rMNeprnioCKOCTAMN. STOT METOA He MOXET paccMaTpuBaTbCsa B Ka4ecTBe obuwero peLweHns.

e YucnoBoii: ITOT METOA SABMSIETCA TOUYHLIM PELIEHWEM B TOM CMbIC/IE, YTO Mbl B MPUHLMME MOXEM MOYYUTh
TOT YPOBEHb TOYHOCTM, KOTOPbI HaM HeobxoauM. MpocToe NpaBuio Tpaneuuin Npyu MHTErpupoBaHum, B Lie-
7IOM, AQeT XOpOoLWMe pe3ynbTaThl, MpU YCI0BUM CyLLECTBOBAHWUSA HE C/IULLKOM 6OSbLIONO KOMMYECTBa nepe-
MEHHbIX (4 nnn 5). CNOXHOCTb MHTErpUpPOBaHUS YBENMYMBAETC B FEOMETPUYECKON MPOrpeccum C Konuye-
CTBOM Y4aCTBYIOLLMX MEPEMEHHBIX.

e MeToabl MoHTe-Kapno: MoaenupoBaHue no Metogy MoHTe-Kapno oCHOBaHO Ha CiydaiHol Bblibopke nepe-
MEHHbIX W BK/tOYaeT B cebs BbinonHeHMe 60MbLIOro YMca UCKYCCTBEHHbIX 3KCNEPUMEHTOB. B HacToswee
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BpeMs MeToa MoHTe-Kapno Mcronb3yeTcsl Bce Yalle, MOCKOSIbKYy MOosiBUIUCE 6osiee MOLHbIE M BbiCTpble
KOMMbloTepbl. Mcnonb3oBaHue 3Toro Metoda 6e3 cienoBaHWst HEO6X0AMMbIM MpaBuiaM BEAET K BO3HUKHO-
BEHWIO TPYAHOCTEM, OMMCaHHbIX Bbllle. Bo n3bexaHue 3Tux TPYAHOCTEN MCMOMb3YIOTCS METOAbl YMEHbLLe-
HUS Bapuauuii U METOAbI OLIEHKN 3HAUYMMOCTM.

e MeToabl HagexHocTn nepeoro n BToporo nopsaka (FORM n SORM): 3Tu MeToabl anmnpoKCcMMauun AatoT
UTEPATMBHbIE aNrOPUTMbl AN BbIMMCIIEHUS UHAEKCA HAAEXHOCTU, U UCNOSIb30BAHUEM JIMHENHOIO UK KBas-
paTuyeckoro I'IpVI6J1VI)KeHVIFI K MOBEPXHOCTU NpeaenbHOro COCToAHUA B TOYKeE, HaXOAHMGVICﬂ Ha MWUHUMaNb-
HOM PacCTOSIHUM K CPEAHEN TOUKE NMEPEMEHHBIX.

6.2 MeToabl Hage>XHOCTU NepBoro u BToporo nopsaka (FORM n SORM):

Xaccod)ep n JinHg pa3pa60TanM a/IfOpUTM UHBAPUAHTHOIO MOCTPOEHUA qJYHKLI,MVI npeaenbLHOro CocTosHua. ns
noJly4YyeHns 3Ha4YeHna nHaekca HaaeXXHOCTU Heobxo0aMMo npuaep>XxXmBaTtbCa Cneaytowero nopsaka LEeNCTBUIA:

1. Onucatb QyHKUMIO NpeaenbHOro COCTOSHUS.

2. OnpepenuTb CTaTUCTMUECKUE XapaKTEPUCTUKN OCHOBHbIE NMEpeMEHHbIE; T.e. CpeHee 3HauyeHWe, CTaHAapTHOe
OTK/OHeHWe, hYHKUMIO pacrnpeaeneHnst U KOppensiLMOHHYI0 MaTpuLly.

3. MNpeobpazoBaTb HABOP OCHOBHLIX NEpeMeHHbIX B HAbOp HE3aBMCUMbIX NepeMeHHbIX (HanpuMep, METOAOM npe-
obpa3oBaHusi Po3eHbnaTTa).

4. CTaHAapTM3MpoBaTb HAbOP OCHOBHBIX NEpeMEHHBIX Npu nomoLm npeobpasosaHms X — U, utobbl
EWU)=0, u CoV|U,U"|=1. 35)

5. BbluncnuTb AnnHy BEKTOpa MUHUMASIbHOrO PacCTosiHUA OT HOBOM MCXOAHOW TOYKM [0 KacaTenbHOM rmnepnno-
CKOCTU MOBEPXHOCTU MpeaesibHoOro COoCTtosiHus, OTHOCALLENCS K HOBbIM nepemMeHHbIM, B TOYKE nepecevyeHuns 3Toro
BEKTOpPa C NOBEPXHOCTbIO MPEAESIBHOINO COCTOAHUA.

6. Onpeaenutb npoekTHylo Touky (X, X,,,... X,

n

4) W KOIPOULMEHTbI YyBCTBUTENBHOCTH, &,Q,...K,,a
WMEHHO eANHNYHbIE KOCMHYCbI 3TOrO BEKTOPA.

Ha puc. 1 nokasaHa 061acTb OCHOBHOIO MpuMepa, TOSIbKO C ABYMsi NepeMeHHbIMU: 3cdekTa BO3AENCTBUS U He-
Cywel crnocobHOCTU. MicxoaHas Touka BekTopa /F COOTBETCTBYET TOUKE CPEAHEro 3HaueHus nepeMeHHbix X , T.e.

(Myys Hyysee My, ). BEKTOP MUHMMANBHOMO PACcCTOSHUS OT 3TO TOYKM A0 MOBEPXHOCTU MPEAENbHOTO COCTOSIHMS
nepneHaNKYNSpeH FMNEPNIOCKOCTM (MpsiMast IMHUS B Clydae ABYX NEPEMEHHbIX), KacaTenbHOW K NOBEPXHOCTU Mnpe-
[€NIbHOrO COCTOSHUS B MPOEKTHOM TOUKe (X, X, 5..-X,,; ). KOSDOUUMEHTbI UYyBCTBUTENBHOCTU (X XapaKTepu3yioT

B/IUSIHWE COOTBETCTBYIOLLIEN NEPEMEHHOW HA 3HAUYEHWUsI BEPOSITHOCTM paspyLUEHMS.

KoaddununeHTbl YyBCTBUTENBHOCTN MOMYT ObiTh NPEACTAB/IEHLI B CNIEAYIOLLEM BUAE:
&2

| <1, af =1 (36)
1

Kak npaBuno, 3T 3Ha4YeHunsa ail'lpVIHVIMaIOTCH NOJIOXKUTENIbHbIMU, €CNMN OHU OTHOCATCA K nepeMeHHon HeCYLI.I,EI7I

CI'IOCO6HOCTVI, n oTpuuaTenbHbIMU, €C/IN OHU OTHOCATCA K NMEPEMEHHbLIM BdeDEKTa BO3aENCTBUS.

Korzia noBepxHOCTb NpeAenbHOro COCTOSIHUS UMEET 3HaUUTENbHYI0 HEIMHEMHOCTb, MOrpewwHoCTb, NpU KOTOPOiA
MPOUCXOAUT 3aMeHa MOBEPXHOCTU Ha KacaTesNbHYyl MMMepriocKoCTb B 3TOM TOYKE, MOXKET UrpaTb BadKHYHO posib. B
NoAobHbIX Cryyasix, MeHblUasi MOrpelHOCTb MOJTyHaeTCs, €CIM NOBEPXHOCTb MPeAesibHOro COCTOSIHMSI 3aMeLlaeTcs
KacaTenbHON KBafpaTU4ecKol MOBepXHOCThO. TO eCTb UCMosb3yeTcs KBaapaTMyeckuin uneH psaa Tainopa. B atom
cfyyae, MeToA Ha3blBaeTCs METOAOM HaAEXHOCTU BTOporo nopsiaka (SORM).

Kak 6bl1I0 yKa3aHO BbILIE, MHAEKC HALEXHOCTU 3 1 BEPOSTHOCTb paspylieHus p 1 CBSI3aHbI CriepytoLei opmy-
nomn:
. e | .
Pf - q)(_ﬁ)o ﬂ =0 (1 - f)f): (37)
rae ®(-) obosHauaeT cTaHAapTHOE HOpManbHOE pacripeaesneHme, a o (+) — ero nHBepcuio.

Mpumep 2
a) Pacuer cranbHoOi 6anku

CBo6opgHo oneprtas 6anka: Tun IPE 240 S235
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g q

1 1

Mnowaab nonepeyHoro cevenmns: A = 39,12 x 107 M2

[OnvHa nponeta L = 6,0m

YnenbHas pa6ota gedopmaummn, W= 3243 x 10°m3
Mpepen TekyyecTy fy =235 MP,

BozpeicTaus:

MocTosHHas Harpyska: g, = 7,0kN/m
MepemeHHast Harpyska: ¢, = 3,0kN/m

DYHKUMSA NPEAEBHOMO COCTOSHMS

Z(X)=6, W-f,-6,(g+q)l’ /8

B npuBeaeHHONM Huxxe Tabnuue BCe NepeMeHHble OMMCaHbl MPY NMOMOLUM CPeAHEro 3HaYeHus, CTaHAApTHOro OT-
KIIOHEHUS1 1 yHKUMKM pacnpeaeneHus (cMm. Takxke [5]):

MNepemeHHas YcnosHoe 060- CpegHee 3Ha- CraHAapTHoe OTKIOHe- DyHKUMS pacnpeaeneHus
3HaueHue yeHue Hue

[nvHa nponeta L [M] 6 0 [eTepMMHMpoBaHHas

YnenbHas pa6ota aedop- W [M°] 3243 x10°® 0 [eTepMMHMpoBaHHas

Maumm

Mogaenb Hecylueit cnocobHo- (91 [-] 1 0,1 Jorapudmmyeckm Hop-

cTn MasnbHas

YCnoBHbI Npeaen Tekyde- f [MP ] 280 19,6 Jlorapugmmnuecku Hop-

ct™ Y “ MasnbHas

Mognenb addekTa Bo3aenCT- 92 [-] 1 0,2 Jlorapngmmnuecku HOp-

BUSI ManbHas

MNocTtoaHHasa Harpy3ka g [kN/mz] 0.007 0.007 x0,1 HopmarnbHas

MNepemMeHHas Harpyska gl kN /m2] 0.0008 0. 0008x0,6 Mo M'ymbento

Mpu nomowm MATHEMATICA notebook Form.nb n naketa Level II.m. 6binv nonyyeHbl cnegytowme pes3ynbTaThl:

BapuaHT a: Pe3synbTaTthl

NHAaekc HagexHocTu: ,b' = 3,82; BepoAaTHOCTb paspyLueHus: CD(— p ) =6,67x107

MepemeHHas 6, 7, 0, g q
KoadhduumeHT 4yBcTBUTENBHO- -0,392 -0,275 0,778 0,304 0,270
cTn

Mcxoasa w3 3TuxX pe3ynbTaToB, CTAHOBMTCS MOHSATHBIM, YTO MHAEKC HAAEXHOCTM MMEET AOCTAaTOYHO TOYHOE 3Ha-
YEHWe, U YTO NpeaenbHOE COCTOSIHUE SIBASIETCS OYEHb YYBCTBUTE/bHBIM K HEOTPEAEEHHOCTU MOAENM BO3AENCTBUN
(koahuumeHT BnsiHMUSA coctasnsiet 0,778).

BapwuaHrT 6:

MpeanonoXmM, YTo Mbl MOXKEM U3yUnTb BO3AENCTBUS 6osiee NoapobHO, U YTO B UTOre Mbl MOSyYaeM pesynbTarT,
MpyM KOTOPOM CPeAHEee 3Ha4YeHMe M Bapuauuu BO3LAEMCTBMIA OCTalOTCS MPEXHUMM, HO Afs AQHHOrO Cllyyasl Mbl
YMEHbLUWAW BENMYMHY HEONPEAENEHHOCTM MOAENN U NOMYUMUM KO3hULUMEHT Bapmaumn, paBHbiit 10%.

Mogaenb addekTa BO3AENCTBUS 192 [-] 1 0,1 Norapudmmnyeckn HopMasnbHas
BbIMOMHMB HOBbIN pacyeT C HOBbIMW 3HAYEHWUSIMU, Mbl MONYYaEM:

NHAekc HagexXHoCTu: ,B =5,04; BeposaTHOCTb pa3pyLueHus: q)(— [3’ ) =2,37x107
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MepemeHHas 6, 7, 0, g q
KoadhduumeHT yyBcTBUTENLHO- -0,505 -0,354 0,505 0,332 0,503
cTn

M3 Tabnuubl cneayet, 4To KO3DMUUMEHTLI BAMSHUS SBASIOTCS Gonee ypaBHOBELLEHHbLIMM, MPU 3TOM MHAEKC Ha-
AEXHOCTN UMEET [OCTAaTOYHO BbICOKOE 3HaueHMe.

BapuaHT B:
Hanpumep, Mbl MOXXEM YMEHBLLWUTb CEYEHUE CTaNIbHOro NPOdUILHOrO NucTa. B 3ToMm cnyyae:
HoBblit cranbHoit npoduns: Tun IPE 220, W =252cm®

Monyyaem cneaytoLime pesynbTaThl:

WHaexc HagexHocTn: [3 = 3,74; BeposTHOCTb paspyLueHus: (D(— p ) =9,29x10°

MNepemeHHas 91 fy 92 g q
KoachduumeHT yyBcTBUTENLHO- -0,524 -0,367 0,524 0,383 0,411
cTn

Mpumep 3

PaccMOTpUM MAUTY M3 NpUMepa, ONMUCcaHHOro B pasdene 5 (cM. puc. 8). U3 ycnosus paBHOBeCMS 6bi10 NOJyHeEHO:

0.8/ xb=Af,
A f,(d-04x)=M

Mcxonst U3 ycrnoBuiA paBHOBECUS!, ONUCaHHbIX BbipaxkeHusaMu (30) u (31), U yunTbiBasi HeonpeaeneHHOCTb Moae-
neit Hecyulen cnocobHocTH, 491 , W Mofienel BO3AencTaui, 6’2, MOXXHO BbIBECTU CrieaytoLyto opMyny, XapakTepu-
3ytoLLyto PyHKLUMIO MpeaenbHOro COCTOSHUA:

Af,
2/1b

B cnegytoweid Tabnuue nokasaHbl MepeMeHHble, MoyyeHHble npu pacdete no MATHEMATICA notebook
FORM.nb:

g(X)= 91Asfy(d - J— 0,(g+q)*/8

MNepemeHHas YcnoBHble CpenHee 3Have- CTaHgapTHoe OyHKUMS pacnipegene-
0603HaueHns Hue OTKJIOHEHUE HUS

Mogenb HecyLueln crnocobHoCTU 0 [-] 1 0,1 Jlorapudmuueckm

! HOpMarnbHas
MNpenen NpoOYHOCTM apMaTypbl Ha pas- f [ MP ] 560 30 Jlorapudmmnuecku
pbiB Y “ HopMasbHast
Mnowaab apMmMpoBaHus A [mZ] 0,00069 0,0000345 HopmanbHas
Pabouas BbicoTa d[m] 0,23 0,01 HopmanbHas
MpouHocTb 6eToHa Ha CxaTuhe f. IMP,] 30 55 Jlorapugmmyecku

¢ “ HOpManbHas
Mogenb Harpysku 0, -] 1 0,2 Jlorapudmnuecku

2 HOpMasbHas
MoCTOsHHas Harpy3ka g[kN/mZ] 7 0.7 HopmanbHast
MpUnoXeHHas Harpyska q[kN/mz] 0,8 0,48 FaMMma
AnuHa nporneta L[m] 6 - [leTepMUHMpOBaHHas!

PesynbTaThl:

NHAaekc HagexHocTu: ,b’ = 3,56; BeposaTHOCTb paspyLueHus: CD(— p ) =1,87x10*

6 A d , 1Z) g q
MepemeHHas ! s f‘ Je 2
KoachduumeHT uyscTButens- -0,383 -0,193 -0,201 -0,177 -0,018 0,761 0,300 0,274

HOCTU
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Mcxoas u3 3TUX pe3ynbTaToB, MOXHO cAenaTtb Creaytolne BbiBOAbl: MHAEKC HAAEXKHOCTU HECKOSIbKO HWUXKE; KO-
3 DUUMEHT BAMSIHUS Hecyllel CrocobHocT 6eToHa fC NPaKTUYECKN paBeH HYMO, €ro MOXHO paccMaTpusaTh B

KayecTtse D,ETepMVIHMpOBaHHOﬁ BE/INYUHDI, HE BMSIIOWEN Ha pe3ynbTaThl; @ BENNYNUHA HEONPEAENEHHOCTU BO3a€N-
CTBWI OKa3blBaeT MaKCMMasibHOE BNUSIHME.,

BapuaHT 6:

BbINO/HEH HOBbIM PACUET, YUMTHIBAIOLMIA YMEHBLIEHHYIO HEOMPEAENEHHOCTb MOAENN HArpy3Ku:

Mogenb Harpysku 92 [-] 1 0,1 Jlorapudmmnyeckn  Hop-
MasibHas

PesynbTaThl:

WHpexc HagexHocTn: 3 = 4,63; BeposiTHOCTb paspyLueHus: (D(— p ) =1,82x10°
MepemeHHas 91 A f) d fc 92 g q

A

KoadduumeHt  yyscteu- -0.500 -0,259 -0,263 -0,235 -0,023 0,500 0,347 0,431
TENbHOCTU

BapuaHT B:

B 3TOM cnyyae MHAEKC HaAEXHOCTN HECKOSbKO Bbllle. YMEHbLIMB nonepeyHoe ceyeHne CTep)KHEl\/i apMmaTtypbl, No-
Ny4yaem:

MnoLazb apM1poBaHWst 4 [mZ] 0.00059 0,00059x0,05 HopManbHoe
Mogenb Harpysku 92 [-]1 0,1 Jlorapugmmnueckn
HOpMasnbHoe
PesynbTaThl:

NHAekc HagexXHOCTu: ﬁ = 3,86; BeposaTHOCTb pa3pyLueHus: q)(— [3 ) =5,61x10
MNepemeHHas 91 A f d f; 92 g q

KoadduumeHt  uyscteu- -0,504 -0,260 -0,266 -0,234 -0,020 0,504 0,368 0,401
TEbHOCTH

M3 0601x NpUMEPOB CNEAYeT, YTO 3a CYET YMEHbLUEHUSI HEOTPEAEIEHHOCT MOAENM BO3AENCTBUIN MOXXHO YMEHb-
LINTb ceveHne cTanbHoro npodwns 6e3 cHwxkeHns (a aaxe, HAo0bopoT, C yBeNUYeHneM) obLIero ypoBHS HaaeXHo-
cTu.

7. Hape)>xHOCTb cucTeMbl
7.1 O6wme NoNoXKeHns

Oaxe ans npOCTeﬁmero cny4yas C OAHUM KOHCTPYKTUBHbIM 3JIEMEHTOM - 6anKkor MM KOSIOHHOM - cnepyet pac-
CMaTpuBaTb 6onee oaHoM d)YHKLI,VIM NPEAENBHOIN0 COCTOAHNA — MU3-3a PUCKa pa3pyLlleHUsa B 61'IaFOI'IpMF|THbIl7l nnn He-
6ﬂaFOanﬂTHbIVI MOMEHT unu BcneacTeme casura H6anku. B 6onbmHCTBE cny4vyaeB KOHCTPYKUMA UMEET MHOXEeCTBO
3/1IEMEHTOB, U Ha3blBa€TCA <<KOHCTDYKTVIBHOI7I CUCTEMOM>.

HafeXHOCTb 3TOM CUCTEMbI 3aBUCUT OT HAZIEXXHOCTU €€ 2NeMeHTOB: 3hdeKkTbl BO3AENCTBUA, OKa3blBAEMbIX Ha
KaXxablli U3 3/IEMEHTOB, 3aBUCAT OT MPUSIOXKEHHON HArpysKu; Harpy3ok M Hecyllei cnocobHOCTH, U MOryT He 6biTb
HE3aBUCMMbIMMK, MOXET BO3HMKAaTb B3aMMOCBSI3b MEXAY CBOMCTBAMMW 3/IEMEHTOB B PA3/IMYHbIX YAcTAX KOHCTPYKLMMU.
Kpome TOro, CyWecTBYIOT NMpeAesibHble COCTOSIHUA ANSt KOHCTPYKUMM KaK eAMHOro LeNoro, Takue, HampuMmep, Kak
obuwas aecdopMauma unm ocagka gyHaameHTa.

Korpa onpeaeneHbl BCe pasfiMuHble TUMbl Pa3pyLUEHNs MOXET 6biTb MOCTPOEHO «AEPEBO OTKA30B» WU «AEpeBO
COBbITWIA», XapaKTepu3ytoLLee BCe TUMbI Pa3pyLLEHUs KOHCTPYKLWM.

Mpumep 4

PaccMOTpUM MpOCTYO MOPTanbHYIO paMy, M306paXxeHHYl0 Ha puUC. 4, NOABEPraeMyto BO3AEWCTBUIO FOPU3OHTaSb-
HOM 1 BepTMKanbHol Harpysok (. cxoast U3 xapakTepa niacTMyeckoit AedopMaummi, pama MOKET UMETL TPU BO3-
MOXHbIX TUMA pa3pylleHns. B KaXkaol M3 30H 06pasyloTcs pasHble LWapHUPbl NAaCTUUYHOCTY:

a) PackaumBaHue: LLlapHupbl NnacTMYHOCTU 06pa3ytoTcs B ceveHnsax 1 u 3;
6) Konebanue: LLapHupbl nnactu4yHocTn obpasytoTcs B ceveHmsix 1,2 u 3;

B) CMeLLaHHbIN pexxnMm: LLlapHMpbl NNacTMUYHOCTM 06pasyloTcs B CceUEHMAX 2 1 3;
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PaspylueHve B 060 U3 30H BEAET K PaspyLUEHUIO KOHCTPYKLMK U COBLITUE «pPaspyLUEHUsI KOHCTPYKLMU» SBAS-
€TCS1 COBOKYMHOCTbIO BCEX N TUMOB paspyLueHus (B npumepe n=3). M03TOMy, BEPOSTHOCTb Pa3pyLLEHUs KOHCTPYKLMUM
MOXET 6bITb MPEACTaBeHa B CleayloLleM BULE:

P, = P(Fy)=P(F,x F,x..x F,) (38)

rae I siBnsieTcs cobbiTveM paspylueHnst TUna 1. KOHCTPYKLMW AOSDKHBI PaspyLIMTLCS B KaX/AOM TUMe 71 y3/o-

BbIX COEAMHEHWI 3/IEMEHTOB. CnepoBaTtesfibHO, BEPOATHOCTL paspyLUeHUs AN1S KaXAoro Tuna F BblpaXaeTca cne-

1

AylLWwnM ypaBHEHUEM!

PI'(]"..!) = P(f'yl.!QlL'Z:@-u@lvam) (39)

roe F/‘i 0603HauaeT paspylueHue j 3MEMEHTOB UMW Y3/OBbIX COEAMHEHMUI B paspylleHus no Tunyi . Mpu pas-
PYLUEHWUM KOHCTPYKLMW MO TUMY I AO/HKHO PaspyLINTLCA 711 S/IEMEHTOB MW Y3/10BbIX COEANHEHNIA.

B uenoMm, KOHCTpYKUMS TeOpeTUYECKN XapaKTepusyeTcsd Kak cMcTeMa C napasnnesbHblM COeAUHEHMEM 3IEMEHTOB,
CUcTeMa C nocneaoBaTebHbIM COEAMHEHUEM 3JTIEMEHTOB, MW COYETAHUE NEPBOro U BTOPOro.

7.2 CucteMbl € napananenbHbIM COeAANHEHUEM 3J/IEMEHTOB

B cucTeMax ¢ napannenbHbIM COeHEHUEM 3NIEMEHTOB NOCNEAHME PacrofioXeHbI TakuM 06pa3oM, UTo paspyLue-
HWe oaHOro wunu bonee U3 HWX He NMPUBOAWT K paspyLUEHUIO BCE KOHCTPYKUMM. Takasi KOHCTPYKUMS HasblBaeTcs
CTaTUYecKu HeonpeaenvMMoii. dTa cTaTuyeckasi HEOMNpeaenMMOCTb MOXET ObiTb aKTUBHOMW, €Cnu M3BbITOYHbIE 3ne-
MEHTbI KOHCTPYKLUMM aKTUBM3UPYIOTCS 0 HACTYMeHUs NpeAenbHOro COCTOSIHUS NoBoro U3 anemMeHToB, UM MOXET
6bITb MACCUBHOW, €C/IN U3BLITOUHBIE 3NIEMEHTbI aKTUBU3UPYIOTCS TOBKO MO AOCTMXKEHWUWN OLHUM U3 HUX NpeaesibHOro
COCTOSIHUSI.

CnepyeT yuuTbiBaTb, UTO Ntobasi CTaTUUECKM Heonpeaenmmas KOHCTPYKLUMSl He obs3aTenbHO npeacTaBnsieT cobol
CUCTEMY C MapannenbHbIM COEAMHEHUEM 3MIEMEHTOB: €C/IM 3NIEMEHTbLI HEMPOYHbIE, pa3pyLUieHue N60ro U3 HUX Mo-
XKET NpyBECTU K (HOPMUPOBAHMIO HOBOFO PacrpeaesieHUs HanpsdKeHWd, Npyu KOTOPOM HEMELIEHHO MPOUCXOAST HO-
Bble paspyLueHus.

Pa3pylwieHne cucteMbl ¢ napanfenibHbiM COeAUHEHWEM 3/1EMEHTOB B YMCTOM BUAE C KO/IMYECTBOM 3/1IEMEHTOB
M 3a0a€eTca cnegyrowmm o6pa30M:

m

P, =P|[(Fj |=P|[)(Z <0)|@0)
1

1

roe Fj0603HaqaeT CO6bITUE PaspyLUEHUs NEMEHTA ] C (YHKUMEN NPefenbHOro cocTosHus Z ;- Takum obpa-
30M:

P(F))=P(Z; <0)= D(-p) (41)

BeposiTHOCTb paspyLLeHus CUCTEMbI MO METOAY HaAeXxHOCTM nepsoro nopsiaka (FORM) npeacraeneHa B cneayto-
wem Buge:

P =®,(=f:p)42)

roe @, 0603HauaeT MHOroMepHoe CTaHAapTHOE HopMaslbHoe pacripeaenenue, [3 — BEKTOp MHAEKCOB HAAEXHO-
CTV 3NEMEHTOB, U D — KOPPENSILMOHHYIO MaTpuLy 771 X 11 UHAEKCOB HaAEXHOCTW, MPeACTaBNEHHYIO CheayiowmnM
obpazom:

Dy =2 Qo cjnk=12,.,m(43)
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n O{i]- - KOBCI)(bVILlMEHT YyBCTBUTENIbHOCTU nepeMeHHoﬁ 1 3neMeHTa j CIJYHKLI,VIM npeaenbHOro CoOCTosAHUA.

BbluMcrieHne BEpOSATHOCTM paspyLUEHNUsi CUCTEMbI SBMIIETCA CIIOXKHOW 3afaqeil. BepxHsas rpaHuLa 3Toii BeposiTHO-
CTU MOXET ObITb BbIYMCIEHA NPY MOMOLLY CNEAYIOLLErO YPaBHEHNS:

npOCTaFI I'IpM6ﬂVI)KeHHaH OU€eHKa Ana TOJIbKO ABYX 3JIEMEHTOB:
P = CL)OF2) with 2= B, pfi) /1= p* (45)

Py = CD(—ﬂl)CD(—ﬂ*g) c IB*Z = ﬂz_pﬁl)/ 1- PZ (45)
7.3 CucteMmsl € nocnegoBaTtesibHbIM coeanHeHUueM 3J1eMeHTOB

CuctemMa C nocnefoBaTeNbHbIM COEAVHEHWEM 3/IEMEHTOB NpeACTaBnsieT coboit cucTeMy, 06pyLUeHWEe KOTOpPOW
NPOUCXOAUT MPU paspyLUEHUM NOBOro ee 3neMeHTa. STOT /IEMEHT Ha3blBAeTCA «CaMblM CabbiM 3BeHOM». Jliobas
CTaTMYECKM OMnpeaenMasl KOHCTPYKLIMA ABISIETCA KOMMIEKCHOM cucTeMol. Kak 6bifio MokasaHo B npeablaylleM pas-
A€ene, cUcTeMa C Noc/Ief0BaTENbHbIM COEANHEHWEM 3IEMEHTOB B UMCTOM BUAE C KOJIMYECTBOM 3/IEMEHTOB /1 3afaeT-
A cnegytowmm 06pasom:

C=P/|JFi| w@e)
1

BeposiTHOCTb pa3pyLueHMs CUCTEMbI MO METOAY HaAaeXHOCTU nepsoro nopsaka (FORM) moxeT 6biTb 3anucaHa B
cnegylowem Buae:

Py, =1-0, (8 p) 47)

[pocTble rpaHunLbl BEPOATHOCTU BbipaXakoTca cneayowmm 06pa30M:

m

Mlax[P(Fj)]S P

m
hys < Min %P(Fj),l (48)
STU rpaHuLbl BEPOSITHOCTM, Kak NPaBuio, SIBASIOTCS C/IMLWIKOM WMpOKuMu. B paboTe [11] npeactaeneH MeToa, no
KOTOPOMY MOXXHO BbIYMUC/TNTb 3TOT AMaNa3oH C 60nbLUEN TOYHOCTIO.

8. 3akntoueHune

neMeHTapHble MeTO/bl KOHCTPYKTUBHON HAAEXHOCTU MOMYT UCMONb30BaThCS NS OLEHKM HAiEXXHOCTM OCHOBHbIX
CNyyaeB [BYX ClyYaiiHbIX NepeMeHHbIX, Koraa dhyHKUMsI NpeaesibHOro COCTOsIHUSL hOpMYSIMPYeTCst Kak pasHOCTb Me-
XAy pe3ynbTUPYIOLMMU 3HAYEHWSIMU HECYLUel CrOCOBHOCTU KOHCTPYKUMU 1 3ddekTa Harpysku. B obwem cnyvae ¢
OCHOBHbIMW NepeMeHHbIMU CrieflyeT UCMOoMb30BaTbh KOMMbIOTEPHbIE MPOrpamMMbl, kak NpaBuI0, OCHOBAHHbIE HA METO-
[ax HafleXXHOCTW nepsoro u BToporo nopsiaka (FORM n SORM).

OCHOBHble MPUHLMMbI TEOPUN HAAEXHOCTM NO3BOSIUAM MOMYYUTb NPAKTUYECKME METOABI, KOTOPbIE MOFYT UCMOSb-
30BaTbCA ANS OLEHKM YacTHbIX KO3MULMEHTOB MMM OCHOBHBIX NepeMeHHbIX. OLEeHKa pasfiMyHbIX YPOBHEN Haaex-
HOCTV B HOBbIX CTaHZApTax Mo pacyeTy KOHCTPYKLMI, OAHAKO, YaCTUYHO OCHOBaHa Ha 3MMUPUYECKMX AaHHbIX U pa-
Hee NosyyYeHHOM onbiTe. OUEBMUAHO, 3TU AaHHbLIE W OMbIT 3aBUCSAT OT JIOKAJIbHbIX YCIIOBUI, BKIOYasi KMMaTUYecKue
BO3/EWCTBMSI U TPAAULIMOHHO WUCTONb3yEMbIE CTPOUTESNbHBIE MaTepuanbl, W, CIEAOBATENBHO, B PasHbIX CTpaHax Mo-
ryT BapbuMpoBaThbCs. [03TOMY, YACNO 3MEMEHTOB M HAIEXHOCTM M NapaMeTpoB B HACTOSILIEM KOMMSIEKTE eBpOnei-
CKMX CTaHOAPTOB OCTAeTCs Ha YCMOTPEHME COOTBETCTBYIOLLMX CMELManUCTOB B CTpaHax, UCMOSb3YLWMX 3TW CTaH-
[apThl.

B Tabnuuax n nporpamMMHbix naketax MATHCAD, EXCEL n MATHEMATICA notebook copgepxxaTca gononHutens-
Hble YMCNEHHbIE NpuMepbl. C MX NMOMOLLbIO MOXHO BbIMOJIHUTL MOBTOPHbIE BbIYMCIEHNUS NOAOOHBIX MPUMEPOB C OC-
HOBHbIMM KOHCTPYKTMBHbIMW 3IEMEHTaMM, NOABEPraeMbIMM OBLLEN NMOCTOSIHHOW M NEPEMEHHOW HarpysKe.

Cnucok nutepaTypbl
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ATTACHMENTS

1. MATHCAD SHEET "GammaRGQ.mcd"
MATHCAD sheet "GammaRGQ.mcd" is intended for calculation of the partial

factorsyz, yz and yx assuming selected theoretical models.

2. MATHCAD SHEET "Prindex.mcd"
MATHCAD sheet "Prindex.mcd" is intended for determining the reliability index
from the failure probability.

3. MATHCAD sheet "RCBeam.mcd"
MATHCAD sheet "RCBeam.mcd" is intended for design of a reinforced concrete
beam exposed to permanent and variable loads.

4. MATHCAD sheet "RelRCB.mcd"
MATHCAD sheet "RelRCB.mcd" is intended for reliability analysis of a reinforced
concrete beam exposed to permanent and variable loads.

5. EXCEL sheet "RCBeam.xls"
EXCEL sheet "RCBeam.xlIs" is intended for design of a reinforced concrete beam
exposed to permanent and variable loads.

6. MATHEMATICA notebook "Fit_distribution.nb"
MATHEMATICA notebook "Fit distribution.nb" is intended for fit selected
theoretical models to experimental data.

7. MATHEMATICA notebook "FORM.nb"
MATHEMATICA notebook "FORM.nb" is intended for reliability analysis of a
structural member.

8. MATLAB package "Level2.m"
MATLAB package "Level2.m" is intended for determining the reliability index using
FORM method.
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9. MATHCAD sheet "FORM2.mcd"

MATHCAD sheet "FORM2.mcd" is intended for calculation of the reliability index 3
and failure probability assuming function g(X)=R - E =0 assuming general three parameter
lognormal distribution LN(u,0,0) of E and R.

10. MATDCAD sheet "FORM7.mcd"

MATHCAD package "FORM7.mcd" is intended for calculation of the reliability index
B and failure probability assuming a non-linear limit state function g(X) and general three
parameter lognormal distribution LN(u,5,0.) for basic variables.

11. EXCEL sheet "FORM7.xIs"

MATHCAD package "FORM7.mcd" is intended for calculation of the reliability index
B and failure probability assuming a non-linear limit state function g(X) and general three
parameter lognormal distribution LN(u,o,00) of basic variables

12. MATLAB function "FORM7.m"
MATLAB package "FORM7.m" is intended for determining the probability of failure
pf, assuming a pre-defined limit state function of seven basic variables.

13. MATLAB function "Lnden (x, mu, sigma,sk)"

MATLAB function "Lndens" is intended for calculation of the probability density
function of three-parameter lognormal distribution. The function is called by the function
FORM?7 using command “Lndens(ske,me,se)”, and returns the value of probability density
function.

15. MATLAB function " Lndist (x, mu, sigma,sk)"

MATLAB function "Lndist" is intended for calculation of the distribution function of
three-parameter lognormal distribution. The function is called by the function FORM?7 using
command “Lndist(skr,mr,sr),” and returns the value of the distribution function.

15. MATLAB function “Ndens (x, mu, sigma)”

MATLAB function "Ndens" evaluates the one-dimensional normal density function.
The function is called by the function FORM?7 using command “Ndens(x)” (or
“Ndens(x,mu,sigma)” or Ndens(x,mu)”), and returns the value of the inverse distribution
function.

16. MATLAB function "Ndinv (p, mu, sigma)"

MATLAB function "Ndinv" calculates the inverse distribution function of the normal
distribution (determining the reliability index beta). The function is called by the function
FORM7 using command “Ndinv(p)” (or “Ndinv(p,mu,sigma)” or Ndinv(p,mu)”), and returns
the value of the inverse distribution function.

17. MATLAB function "Ndist (x, mu, sigma)"

MATLAB function "Ndist" evaluates the one-dimensional normal distribution
function. The function is called by the function FORM?7 using command “Ndist(x)” (or
“Ndist(x,mu,sigma)” or Ndist(x,mu)”), and returns the value of the inverse distribution
function.
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Attachment 1 - MATHCAD sheet GammaRGQ.mcd

GammaR, gammaG and gammaQ
assuming theoretical model

MATHCAD sheet for determination of partial factorsyR, yG and yQ.

Study parameters: reliability index and coefficient of variation: §:=0,0.1..5 Vv:=0,0.1..0.5

1 Coeficients and factors used in EN 1990

Coefficient for 5% fractile k:=1.65 Standardised normal variable

Coefficient for 0,1 % fractile {:=3.09 Not dicrectly used in this sheet

Sensitivity factors: aR =08 aE:=-07 FORM factors assumed in EN 1990
Reduced g values: BR(B) :=p-aR  PBE(B) :=p-aE Basic reliability index p=3.8

2 Characteristic values (relative values related to the man, £k = xk /ux)

Normal distribution &n(V) = (1 — k-V) Check: &n(0.1) = 0.835

Lognormal distribution EiIn(V) := eXp[(_k)' \ lnil hi VZ] &In(0.1) = 0.844
\/ I+ V2

&kgum(V) :=1 - V-(0.45+ 0.78In(-In(0.99))) &gum(0.35 = 1.908

Gumbel distribution

3 Design values (relative values relatd to the mean, {d = xd /ux)
Normal distribution gdn(B, V) := (1 - BR(B)-V) £dn(3.8,0.1) = 0.696

Lognormal distribution &din(p, V) = eXlJ:(—BR B)) 111(1 + Vzﬂ £dIn(3.8,0.1) = 0735
\/ 1+ \/2

Gumbel distribution gdgum(B, V) :=1 - V-(0.45+ 0.78In(-In(1 — pnorm(BE(B),0,1))))

Edgum(3.8,0.1) = 1.387

4 GammaR for resistance assuming normal and lognormal distribution

&n(V) Ein(V)
YRn(B,V) = ———— YRin(B,V) = ———— yRn(3.8,0.1) = 1.2
&n(B, V) &lin(B, V)
15 15
yRn(B ,0.05) yRIn(B , 0.05)
Rn(B,0.1) //// YRin(B,0.1) | /
WRn(B,0.15)  FC RIn(B,0.15) [~
0.5 0.5
0 2 4 0 2 4
B B
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5 GammagG for permanent load assuming normal distribution
YGn(p, V) := 1 - BE(B)-V

yRn(3.8,0.1) = 1.2

1.4
vGn(p,0.05) - vGn(3.3,V) 2
¥Gn(B,0.1) YGn(3.8,V)
yGn(B,0.15) 1.2 YGn(4.3,V)
1 1
0 2 4 0 0.2 0.4

6 GammaQ for variable load assumingGumbel distribution

Partial factor yQ: yQzum(B, V) = ( s ’V)j &dgum(3.8,0.5) = 2.937
kgum(V)
YQgum(3.8,0.5) = 1279

2
1.4
yQgum(p, 0.2) yQgum(3.3,V)
yQgum(p ,0.3) - yQgum(3.8, V)
1.2
yQgum(B,0.4) 1 yQgum(4.3,V)
=
2 3 4 5 0 0.2 0.4
p %

Note. Calculation procedures applied in this sheet for determination of Gamma
factors do not take into account model uncertainties of relevant variables. An
additional magnifying factor of a magnitude from 1.05 to 1.10 is considered in
Eurocode recommendations.

MH, 21.2.2003
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Attachment 2 - MATHCAD sheet PrIndex..mcd
Failure probability P and reliability index

1 Reliability index g for a given failure probability P. g= - ®(F)

=l

10
= 128
233
. 0 ; - 309

= = =0 .4, =

-4 fomm » b 372

10
5 436
475

TR

2 Failure probability P for a given reliability index g P= @1 (#)

0.14
0.0z

135 % 10"

F= -B.01 F= _
promm(—.0,1) 30T % 107 °

1

287« 10

[ S L L e

10

087« 10
3 Failure probability P, (e.g. one year) and P,,: P,=1-{1-P )"

5 3

T3 10 361 %10

—_— n i
Pl=| 133,10 ° | n=30 Pa=1-(1-PL)" Pn=|gg5, 19 *

] ]

13%10 65w 10

4 Reliability index gfor one and 50 years ®(4,)) = $(5,)"

38 269
Directly from £ pl=| 42 P = qnunn[pnunn(m ,n,1)n,n,1) pn=| 321
47 333

Alternatively through the probability P
269
Pl = prioem(-B1,0,1)  Pn=1-(1 —PD" pn=-gnom(Pn,0.1) Pn=|321
333
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Attachment 3 - MATHCAD sheet RCBeam.mcd

Reinforced Concrete Design: Slab or Beam

Partial factor method, global factor method and permissible stresses.

A simply supported reinforced concrete slab or bearn of the span L is exposed to permanent
load g (including self weight) and imposed load q.
Units: rm, kM, kM, kM oand MPa for strength

1 Load effect Span of a simply supported beam Define: L-=¢
Define: Permanent load: g=7 Imposed load: =3
Load Factors to be used Partial factor method use: +3=134, y2=15and y=10

Slobal safety factoruse: »3=10, yQ=10and y=175
FPermissible stresses: W3=10 yA=10and y=10

Bending moment Define: WiH=10 Q=10 3=19

2 g
ME = (g4 + q-}Q:I-L? ME = 45 g

2 Cross section of a slab or beam

Rectangular cross section |

h= 20 to /25, thus A T

h~025m,d~022m I

Define: bh=1 d:=022 |

3 Reinforcement area according to partial factors and global factor method

Material properties Define: fok=20  fyk= 300

Materials Factors to be used Partial factor method use: vwe=14, ys=1.14
Global safety factoruse:  w=10,ys=1.0

Define: we=10 ws = 1.00
Design properties: fed = TE fyd = fyk
e (G

Reinforcement area:

5=035% Ja

) fcd-h-d-[l— 1-2-%} __% )\E_x__a__ /____ __;;_I].Ex
T frd /
A,

A fa
-4 &
As=815=10 b
Check of reinforcement ratio [%] p = 0.13
po= 1?‘35 p =037 checkl = if(p > 0.13,1,0) checkl =1
Check of the neutral axis x/d = £ < 0.45 {for the balanced section &= 0.617d)
frd :
E=001p- E=0116 check? = if(E < 0.45,1,0) check2 = 1
0E fod
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4 Reinforcement area according to Permissible stresses method
fep =55, fyp =275 (CP 114)
2

Bending mament in accaordance with permissible stress method W= (g + qj-L— Ml =45
g

Reinforcement area As for the effective depth d=0,22 m
Meutral axis x from the condition Atot * % = 5, where Atot = b*(x#), S=b* x2/2 +t* d):
Finding A from the condition of permissible stress in conctrete ve=fep, i.e. MADS rb x) =55 MPa

Guess value: & = 0.00100
Given S5o 2-0.001 -1
d- 152
h
Ao=Findd)  A=2D4x T
| %3 & Jep
L
Check: t-= 15-é t = 0031 /// x =
b oz | S 7
d |
x=t E-E—l p=d- >
t 3 A /]
5 Av,
D001
Y va=11515 b
e = 20001M woe=253%
thx
Me=vobxld He=0235 Ha=Ava Ma= 0235
Reinforcerment ratio [%] p o= 100z p=0927
bed
Design of ideally reinforced cross section
Choosing fy fo=55 fir = 275
15-f 2
: 5=1-03334 o= o = 1307

T f+ 5t A8-fo

0.00111 1 -
d o= o d=0277 B = B=0923 o=1307 f=3015%10 3
L] o Be-fiyr

&= [ 00010 A =630 1 “
Cirees vh = W vh =535 va = 0001 va = 275
b-dz-l-ﬁ &edh
1004
Hb:=fcbd.d0> Hb=017 MNa=Afy MNa=0174 p o= ﬁ p =0231

hH 26.2.2003
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Attachment 4. MATHCAD sheet RelRCB.mcd

RelRCB - Reliability analysis of Reinforced Concrete slab or Beam
Design, reliability, parametric study of v, yQ. Applied units: m, MN, MPa
Characteristic actions: Gk =0007 Qk=0.003 Material strength: ik =500 ck =20
Material factors: we=15 wm:=115 Forthe global factar methad yo = ym =11
Load factors: Prameters: 4G .=1,1.05. 15 +Q0=1,1.05. 16  Globalfactorifany s0:=1.0

2

: L
Load effect | _ o ., _ o MEGG,10) = s0 k- (16 -Gk +10 - Gk} |ME(1.35,1.5) = 0.063

Cross-section: b=1 d:=025-0.03 Choose reinfocement ? &g, [A(yG Q) := 0.00204)

fle - v

Ifnot, than A= A(G,Q) =b-d- [1 -j1 - ?C'E'ME[TG’?QJJ ck

ck - b d
100 A(yG Q)

d
Reinforcement area [cm?] J000A(1.35,1.5) = 6917 inforcement ratio [%]  p{1.35,1.5) =0.314
e AlG ) - fkove

2-ck-wm

If yes, put the red bax on this line= gy, 0 =

Checking resistance nternal arm; zk (w5 ) k(12,141 =021

Resistance moment  MR{G »0) = AlvG w00 - zk(vG Q) Em MR(1.35,1.5) = 0.053
¥
Reliability analysis, of the limit state function Z=R-E=r"A*f"z-e*(G+Q)

Resistance variahles:

Model parameter pr.=1 wyt = (0.1 O = W
Steel area pAG ) = Al QA = 005 ARG, y0) = wd piAyG 40
Steel strength pf .= 560 wf = 005356  of =wf. pf of = 29.994
Internal arm pz(ys vQ) = zk (WG vDwz = 00772 (vG D) = wz - pz(vG Q) oz{1.2,1.4)=0015
Mot directly needed Concrete area pd=d wd=003 od=wd pd
Action variables: Concrete strenght e = 30 we = 0167 oo = wo - po
Model parameter - Lognorm.d. pe = ek we =01 OB = We - pe o8 = Jwe + w93
Permanent Load - normal d. ps = Gk w5 =01 ol3 = wis - pls
“ariable Load - Gurnbel d. pid = 0.0008 w = 0.6 gl=will pld all=114
Parameters of R pR (G w0 = pr - pA (G w0 - o - pz (vG 3] pR(1.35,1.5) = 0.081
2 2 2 2 b
SR (G C) = pR{vG Q) - | v + wAT 4+ o T+ wz
2 2 2 2 2 2
+ o WA+ owr w4+ e - wE
2 2 2 2 2 2
+ AT wf T wATwzT w7 wzT L cR(1.35,1.8) = 0.012
+wr2-wﬂ«z-wlfz+vurr2-wlfz-wz2
+WA2-M2-W22+WA2-M2-WZE
+wr2-wﬂx2-wf2-w22
Parameters of E pE = pe - (WG + pd) pE = 0.035
2 . .
2 2 2 2
5 Q = Q E -
cE:=pE-ﬂwez+@+wez-@ wE = 2= oF = 5201 % 107 °
(W5 + pl) (W5 + pl)
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Skewness of E:

1.4
I:|.1E:I3 e '-.-'-.fE3 . [ml:,l : UQEJ _ [ (UGE + GQ2):| LB, WEE _ [GGE + U[:!Ejl

1" L e+ (WG + p)
= oF = 0,392

62 + o0’ wE = 0,148
ok =

Farameter C:
-1

1
Ee2 ? -(*..'IDLE2+J'1+DLE)3—2 3

1
3
- (ﬂ!mEz +4- mE) C=013
Parameters of transformed wariable:

. | i _
mE = —in{|C|) + In(oE) - (0.5) - {1 + CZsE = 4/ In[1 + 2] ¥0= HE - Gotud = -4863 10

Frobahility density of E for positive aE=0 approximated by three parameter lognormal distribution:

-1

3

Eln(x) = dinormix - 0, mE, sE)
First estimate p0 assuming normal distribution of E, R, and marginZ=R -E

Parameters of £ R (5, ) = pR{yGE Q) — pE WT(12.1.4) = 0.038
- 2.1 .

oZ(vG ,4Q) = 4JoR(yG,¥Q)% + oE® oZ(1.2,1.4) = 0.012

Reliahility index p

R (G, L)

Qw5 ) = | ———
FOGYG 1) Uz(?e,?gj‘pf('p@,?ﬂj = phorm(=pO(vs ), 0,17 p0(1.35,1.5) = 3612

Index p1 assuming Gamma distribution of E and lognormal of R

Gamma distribution of E :

2
Samma distribution of E: k= [E] A= (EJ Elx) = dgammali - x, k) - &
oE 2
oE

Lognormal distribution of R having the lower limit 0

oR (vGE v 2
ClyG, Q) = SRGG.2C) m{vG,vQ) = In(oR(yG,yQ)) - In[|CHG,¥@)|) - (0.5) - |n[1 + C(yG Q) ]

MR (45, y)

[ 2
S(vG, vl =4 Inh 1+ Civis w0 Rln(x w5 vl = plnormi{x, m{vG w0, sivG w00
Probability and reliability index : E Gamma
LR ALELE L8

pf(vG Q) = j Efx) Rin(x, vG Q) dx 104G, vQ) = —gnorm (pf (45 ,4) .0, 1)

]
B1(1.35,1.5) = 4.195

Index p2 assuming three parameter lognormal of E and lognormal of R

T-HR(G Q)
pf (i, 0] = j Eln{x) Rlnix, G, Q) dx B (w5 v = —gnorm(pf(wG 200 0, 1)

0
B2(1.35,1.5) = 4.118
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Parametric study of yG and yQ Target reliability index:  pt = 3.8
g

Reliahility index

&0 - E narmal - R normal (pO(yG,1 5y 458

51 - E Gamma - R Lognarmal PR

{52 - E three parameter lognormal - BA(vGE,1.5) 4

R lognormal e
B2(YG,18) 44
pt
- - 3
23 1 1.2 1.4
L]
]
BO(1.35, 400 "
- 4 muwEEEEET
B1E1.39, 760 EETEL ok Al el le -
........ R
B2(1.35,7Q) /
== 3
[t
2 1 1.2 1.4 1.6
Probability density functions 7Q

dinorm(x, mi1.35,1.9),501.35,1.5)) 4

dnorm(x, pR({1.35,1.8) ,oR{1.35,1.5))

o y,
Elng
LT ) -;-‘2"‘&.-—-—
%.04 0045 005 0.055
H
Contour plotting of p2 versus | \ | ”\ |
partial factors yG and yQ 1.4 .

Y N
d =) a.q\ \'4

el -
TN

Factar 40

1 i

3
|
T L) L)
1 1.1 1 14
Factor 4G
p2
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Attachment 5. EXCEL sheet RCBEAM.XLS

REINFORCED CONCRETE BEAM OR SLAB

Partial factor or global safety factor only
Bending moment

q

L{m]= 6,00 £
gk[kN/m]= 7,00 gammaG= 1,35
gk[kN/m]= 3,00 gammaQ= 1,5
ME[KNm]= 62,78
| 1 : 1
Rectangular cross-section I T
Dimensions b= 1 d= 0,17
Factors yc=1,5 acc= 1 ys= 1,15
Concrete fck [MPa] = 20  fcd=acc*fck/yc= 13,3 fctm= 2,2
Rebars fyk [MPa] = 500 fyd=fyk/yc= 434,8
Reratio pmin [%]= 0,130 £&=0,35%
E=x/d< Emax 0,45 .iy /
X
Estimate z~ 09d _ / )"ﬂ ______ _
As~Md/(z*fyd)= 0,000944 d
A[m*2]= 0,000933 Ay
p[%] = 0,55 &
p >pmin ? PRAVDA b
E=x/d= 0,22
E<¢émax? PRAVDAp max[%] = 1,10
General Table
m = Md/ Reratio p &=x/d z/[d=1-0,4*¢ es As Md
/(b*d"2*fcd) [%] [%] m"2 [KNm]
0,00 0,00000 0,00 1,00 - 0,00000 0,0
0,05 0,15737 0,06 0,97 511 0,00027 19,3
0,10 0,32376 0,13 0,95 2,30 0,00055 38,5
0,15 0,50091 0,20 0,92 1,36 0,00085 57,8
0,20 0,69124 0,28 0,89 0,89 0,00118 77,1
0,25 0,89821 0,37 0,85 0,61 0,00153 96,3
0,30 1,12714 0,46 0,82 0,41 0,00192 115,6
0,35 1,38698 0,57 0,77 0,27 0,00236 134,9
0,40 1,69521 0,69 0,72 0,16 0,00288 1541
A 2M
p == S|y 1-——L | pn 0,0013, p. ~0,011
bd  f,q f..bd
1,8 \
1,6 A
1,4 /
1,2
’ ~
1,0 //‘
0,8 1
//
0,6 —
0,4 //
/
0,2 —
0,0 /
0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35 0,40
M/(fcd*b*d”2)
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REINFORCED CONCRETE BEAM OR SLAB

Partil factor or global safety factor method
Bending moment

L[m]=

gk[kN/m]=
gk[kN/m]=
ME[KNm]=

6.00
7.00
3.00
62.78

gammaG=
gammaQ=

Rectangular cross-section

1.5

q

4

:

d

Dimensions b= 1 d=0.17
Factors yc= 1.5 acc= 1 ys= 1.15
Concrete fck [MPa] = 20 icc*fck/yc= 13.3 fctm= 2.2
Rebars fyk [MPa] = 500 yd=fyklyc= 434.8
Reratio pmin [%]= 0.130 | £&=0,35%
g=x/d< Emax 0.45 7/ R /
Estimate z~ 09d / % _J(__ ¥
As~Md/(z*fyd)= 0.000944 d
A[m*2]= 0.000933 A,
p [%] = 0.55 &
p >pmin ? PRAVDA .
£=x/d= 0.22
g&<tmax?  PRAVDA ) max[%] = 1.10
General Table
m = Md/ Reratio p E&=x/d 'd=1-04 €S As Md
/(b*d"2*fcd) [%] [%] m”2 [kNm]
0.00 0.00000 0.00 1.00 - 0.00000 0.0
0.05 0.15737 0.06 0.97 5.11 0.00027 19.3
0.10 0.32376 0.13 0.95 2.30 0.00055 38.5
0.15 0.50091 0.20 0.92 1.36 0.00085 57.8
0.20 0.69124 0.28 0.89 0.89 0.00118 771
0.25 0.89821 0.37 0.85 0.61 0.00153 96.3
0.30 1.12714 0.46 0.82 0.41 0.00192 115.6
0.35 1.38698 0.57 0.77 0.27 0.00236 134.9
0.40 1.69521 0.69 0.72 0.16 0.00288 154.1
A 2M
p=—= —fcd 1- 1——E2 s P = 0,0013, o = 0,011
bd fyd fcd bd
1.8
A
1.6 A
1.4 /
1.2
(
1.0 /
0.8 //
0.6 /‘
0.4 /
0.2 (/‘
0.0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
M/(fcd*b*dA2)
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Attachment 6 - MATHEMATICA notebook F it distribution nb

Fit data to distribution functions
Statistical characterization ofdata. It takes the following steps:
1- Obtain the characteristics of datas: nunber of elenents, nean, variance, standard deviation and coefficeint of
variation
2- By the nethod of nonents obtain the indicated distribution paraneters
3-Manually the values ofthe steps in the hystogram are introduced, and then perform the Chi square test of goodness
of fit and draw the hystogram and the adjusted density distribution function. Gives two values of Confidence level, the
first one cormresponding to a degrees of fireedom equal nunber of intervals minus 1 and the second one nunber of
intervals -3.

4-Draw the data points asignig a probability of p =m/(n+1). m =nunber of order, n»=nunber of data and the cunula -
tive distribution fanction, both in real scale and double logarithmic scale (i.e, z=-Log(-Log x))

Distributions defined: nomml or gauss, lognomal or lognor, ganmm, weibull, and extrens or gunbel

Last updated 2 May 2004

Data
Packages needec

$TextStyle > 9FontSize A 14, FontFamily .? "Arial " =;

Data

data = {1.3, 4.3, 1.3, 5.4, 3.7, 3.8, 4., 2.9, 3.2, 4.5, 4., 3.4, 2.4,
1.8, 1.7, 2.2, 4.1, 2.6, 4.1, 3.3, 3.5, 3.7, 2.4, 2.8, 2.5, 3., 3.3, 2.6,
2.9, 2.4, 2.6, 2.9, 2.8, 3.1, 3.2, 3.4, 3.5, 3.2, 3.3, 3.};

distributions > 9"normal", "lognormal", "gamma'=;
numdistributions > LengthAdistributionsE;
Descriptivestatistic

ndata > Lengthadatar

mean > Mean2rdatak

variance > VarianceAdatak

deviation > StandardDeviationAdatak

.. deviation
coefvariation > &
mean
40
3.1025
0.718199
0.847466
0.273156

Distribution functions
Parametersof distribution
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DoBIfBdistributionsQiU >>> "normal" ¢¢ distributionsQiU >>> "gauss",
parl > mean;
par2 > deviation;
distaAiE > NormalDistributionaparl, par2E,
IfedistributionsQiU >>> "lognormal" ¢¢ distributionsQiU >>> "lognor",

mean dev:.at:l.on

’

..

2
parl > .SIogBWF;
w

par2>" LOGAWE ;
distAiE > LogNormalDistributionAparl, par2E,
IfBdistributionsQiU >>> "gamma",

mean?
parl > e e
deviation?

deviation?
par2 > g
mean
distAiE > GammaDistributionaparl, par2Ek,
IfBdistributionsQiU >>> "weibull",

parl>a®.

searege, 9a, .1

GamnaAl &:E GanmaAl &tE

distAiE > WeibullDistributionAparl, par2E,
IfedistributionsQiU >>> "extrems" §@ distribucionesQiU >>> "gumbel",

R

. 6 EulerGamma deviation
parl > media . NB ittt de e -
aq

R mm

deviation 6
par2 > NB s
a

distaAiE > ExtremeValueDistributionaparl, par2E,
PrintA"Error: the distribution ", i, " 1", ditributionsQiU, "is not definec
BreakAEFFFFF, 9i, numdistributions=F

’

Quantiles
Doa
PrintadistairE;
Printa NaQuantileadistair, 0.5, 4, " ",
NAQuantileadistair, 0.75e, 4, " ",

NAQuantileadistair, 0.9, 4, " ",

NAQuantileadistair, 0.95, 4, " ",

NAQuantileadistair, 0.99, 4, " ",

NAQuantileadistair, 0.999e, 4, " ",

NAQuantileadistair, 0.9999E, 4EE;
Printa" "E,

9i, 1, numdistributions=E
NormalDistributio®A3.1025, 0.847466E

3.1025 3.67411 4.18857 4.49646 5.074 5.72137 6.25424

LogNormalDistributio®l.09623, 0.268257E

2.99285 3.58645 4.22075 4.65281 5.58612 6.85654 8.11633
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GammaDistributio®l3.4023, 0.23149%

3.02569 3.62454 4.226 4.61518 5.4059 6.38894 7.27698

Goodness of Fit Test

xmax > 1.5MaxAdataE;

xmin > .9MinadataE;

Defining the intervals

Adjust the intervals length in order to obtain nore or less the sane nunber of sanples in each interval (mininum
samples)

intervals > 92.3, 2.7, 3, 3.3, 3.7, 4.1, xmax-;
count > RangeCountsAdata, intervalskE

95, 7,5 6,7, 5,5, 0=

frecuencies > DropAcount, . 1E;

numintervals > ILengthAintervalsE;
PrependToAintervals, xminE;

total > Plus // frecuencies;

hystogr > 99intervalsQlu, 0.==;

Draws the histogram

DoBAppendToBhystogr, :intervalsQiu,

AppendToBhystogr,

9i, numintervals=F
AppendTorhystogr, 9intervalsQnumintervals , 1U, 0.=E;
hystogram > ListPlotahystogr, PlotJoined A True, DisplayFunction A Identityk;
Performs of Chi square test and draw the density function
DoBestadW > 0. ;
DoBnj > frecuenciesQju;
ej > ICDFAdistAiE, J.ntervalst 1UE . CDFAdistAiE, intervalsQjUEM total;

estadW > estadW ,

97j, numintervals=F;
alfa > 11 . CDFAChiSquareDistributionAnumintervals . 1E, estadWeM 100. ;
alfal > 11 . CDFAChiSquareDistributionAnumintervals . 3£, estadWeM 100. ;

PrintadistaAirE;

PrintA"Estimator W > ", estadW, " Degrees of freedom > ", numintervals. 1E;
PrintA"Confidence level between ", alfal, " and ", alfa, " $"E;

Printa" "E;

fdensity > PlotAPDFAdistaAiE, xE, 9%, intervalsQlU, .001, intervalsQnumintervals,
DisplayFunction A IdentityE;
ShowaA9hystogram , fdensity=,
PlotLabel A distributionsAAiEE,
DisplayFunction A $DisplayFunctionE,
9i, numdistributions=F;
NormalDistributioA3.1025, 0.84746¢E
Estimator W > 0.635298 Degrees of freedom > 6

Confidence level between 95.9062 and 99.5782 %



Annex B —Elementary methods of structural reliability 11

normal
05¢

04}
03¢

02

0.1+

‘ ‘ DS, ]
2 4 6 8

LogNormalDistributio®l.09623, 0.268257E

Estimator W > 1.31828 Degrees of freedom > 6

Confidence level between 85.8267 and 97.064 %

lognormel
05}
04
03+
02
01}
‘ ‘ ‘ ]
2 4 6 8

GammaDistributio®l3.4023, 0.2314%
Estimator W > 1.00414 Degrees of freedom > 6

Confidence level between 90.9168 and 98.5455 %

ganmma
05t

04}

03}

02

0.1+

2 4 6 8

Distribution functions
Distribution of the data points
datosord > Sortadatar;

i
probab > TableB atnattn:, 91, 1, ndata=F;
ndata. 1.

loglogprob > . Loga. LogapraobabEE ;
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pointsl > 99datosordplu, probabQlU==;

points2 > 99datosordQlu, .LogA.LogAprobabQlUEE==;

DoApointsl > AppendToApointsl, 9datosordQiuU, probabQiU=E, 9i, 2, ndata=E;

DoApoints2 > AppendToApoints2, 9datosordQiu, loglogprobQiU=E, 9i, 2, ndata=E;

pl > ListPlotaApointsl,

Prolog A 9PointSizea.02E=,

DisplayFunction A Identity, PlotRange A AllE;
ppP3 > ListPlotApoints2,

Prolog A 9PointSizea.02E=,

DisplayFunction A Identity,

PlotRange A AllE;
p3 > Show2pp3,

Prolog A 9PointSizea.02E=,

DisplayFunction A IdentityI+,

AxesOriginA90.,.1.5=,

TicksA9Automatic,

99..834,".1"=,9.366,".5"=,92.25,".9"=,
92.97,".95"=,94.6,".99"===+M E;

Drawsin normal and double-logarithmic scale

DoAfdistriblAiE > PlotACDFAdistAiE, XE, 9%, xmin, xmax-=,
PlotStyle A 9Dashinga9.008 i'-®, .02i=E=,
DisplayFunction A Identityk,

9i, 1, numdistributions=E;

DoAfdistrib2AiFE > LogPlotACDFAdistAiE, XE, 9%, xmin, xmax-=,
PlotStyle A 9Dashinga9.008 i'-5, 0.02 i-E=,
DisplayFunction A IdentityE,

9i, 1, numdistributions=E;

DoAfdistrib3aiE > PlotAEvaluateA.lLog?. LogACDFAdistAiE, XEEEE, 9x, xmin, xmax=,
PlotStyle A 9Dashingr9.008 i'-®>, 0.02i=E=,
DisplayFunction A IdentityE,

9i, 1, nundistributions=E;

Showr9pl, fdistriblalk, fdistribla2r, fdistribla3Ee=,
AspectRatio’ 1.2,

GridLines A 9None, 90.95==,
DisplayFunction A $DisplayFunctionE;
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1+ o e — —— —
o/.’
0.8+ 4
.
I
J
06+ A
o
o
A
04+ /e
o
¢
02} s
o‘g.
Y
o7

2 3 4 5 6 7 8

Shown9op3, fdistrib3alE, fdistrib3a2E, fdistrib3a3E=,

AspectRatioA 1.2,

AxesOrigin A 9xmin, .3=,

PlotRange A 99xmin, xmax=, 9.3, 7==,
GridLines A 9None, 92.97, 6.9==,

Ticks A 9Automatic,

99.1.93, ".001"=, 9.1.527, ".01"=, 9. .834, ".1"=, 9.366, ".5"=,
92.25, ".9"=, 92.97, ".95"=, 94.6, ".99"=, 96.9, ".999"=

== I+ 99.21,".9999"=+M

4

DisplayFunction A $DisplayFunctionE;

.95 .

N%

oo’

01 [/
.001 ¢
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Attachment 7 — MATHEMATICA notebook “FORM.nb”

FORM

This notebook conpute the reliability index, failure probability and influence factors in level II, using the package
"Reliability Level2". In this package those variables are determined through the algorithm "Nomml Tail Approxinma
tion" as is explained inthe book of Madsen et al.: Methods of Structural Safety, pp. 94 and Pllowing.

The failure function of the limit state nmust be defined and, also, the independent basic variables given by a natrix
with a row for each variable with the kind of distribution function assuned, the nean and the standard deviation.
The llowing nanes of distribution functions are inplenented:

"normel" or "gauss",
"lognomml" or "lognor”,
"gamma",

"logistic",

"uniform",

"weibull", and

"extrenes" or "gunbel".
The iterations defined in the loop of the algorithm is stopped when the differences between two consecutive values i
less than the error defined.
Needs["Reliability lLevel2 "]
LImitStatefunctio
Define the limit state finction
gAZ E >
ZAA1EE TZAAZEE + ZAA3EEM + IZAA4EE . IIZAAZEE + ZAA3EEM® I2 + ZAASEE+ bMMM .
ZAAGEETZAATEE , ZAASEEM + I? @ 8
Deterministieariable
b>1;
L>6.;
Ramdomvariable

Define the variables matrix: distribution function, nean and standard deviation
m = {{"lognormal", 1,.1},
{"normal", 0.00082 ,0.00082*0.05},
{"lognormal", 560,560*%0.054},
{"normal",0.22,0.01} ,
{"lognormal”,  30,30%0.167},
{"lognormal", 1.2,.18},
{"normal", 0.007,0.007*.1},
{"gumbel", .0008, .0008*0.6 }
}i

Failprob[m,g]
Obtain the reliability index beta ; the failure probabilities; and the sensitivity factor for each variable
beta > 3.80004, Phil.betaM > 7. 23367A10°° I 5 iterationsM

alpha > 9.0.442388, .0.223455 .0.230898, .0.216807, .0.0258585, 0.661535, 0.334996, 0.321747=
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Attachment 8 —- MATLAB package “Level2.m”

BeginPackage["Reliability Level2™"]
Needs["Statistics' ContinuousDistributions™"]

Failprob::usage =
"Work out the Hassofer-Lind reliability index and the
coefficients of sensitivity using the algorithm Norman Tail
Approximation given in STRUCTURAL SAFETY by
Madsen et al., p94 . It admits a maximum of 10 variables "

Characterization::usage =
" Characterize the distribution functions given by a matrix "

Factores::usage =
" Gives the sensitivity factors"

Begin[" Private™"]
Off]Part::partw]

Grad[s_, var_List] := D[s, #]& /(@ var (* Definition of Grad*)
invnormal[y ]:=Sqrt[2.] InverseErf[2y-1];

Failprob[matrix_,g |:=
Module[

{ n=First[ Dimensions[matrix]],
znew=muiter=Transpose[matrix][[2]],
sigmaiter=Transpose[matrix][[3]],

distnor=NormalDistribution[0.,1.],

error= 10.7(-3), (* error admited *)

betanterior=0,

ind=0,

z,aux,gradiente,gradpart, ceta,muzeta,sigmazeta,alpha,beta,prob },
z=Array[a,n];

gradiente=Grad[g[z],z] ;

Characterization|matrix]; (* Characterization of the variables *)

Do[ (* iterative cycle *)
ziter=znew;
partic=Take[ {z[[1]]->ziter[[1]],z[[2]]->ziter[[2]],z[[3]]->ziter[[3]],

z[[4]]->ziter[[4]],z[[5]]->ziter[[5]],z[[6]]->ziter[[6]],
z[[7]]->ziter[[7]],z[[8]]->ziter[[8]],z[[9]]->ziter[[9]],
z[[10]]->ziter[[10]]},n];

(* iteration values *)
Dol
aux = invnormal[CDF[dist[i],ziter[[1]]]];
sigmaiter[[i]] = PDF[distnor,aux]/PDF|[dist[i], ziter[[i]] ];
muiter[[i]] = ziter[[i]] - aux sigmaiter[[i]],
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{i,n}];
gradpart=gradiente/.partic;
ceta=gradpart . ziter;
muzeta=gradpart . muiter;
sigmazeta=Sqrt[(gradpart"2).(sigmaiter"2)];
alpha = -(gradpart*sigmaiter)/sigmazeta;
beta = -(ceta-g[ziter]-muzeta)/sigmazeta;
znew = muiter + beta(alpha * sigmaiter);
prob=CDF[distnor,-beta];
ind++
If[Abs[beta-betanterior] < error,Break[],betanterior=beta],

{10}];

Print["beta = ",N[beta,5], ", Phi(-beta) = ",ScientificForm[prob]," (\
".ind," iterations)" |;

Print["alpha = ",N[alpha,3] ]

]

Factores:=

Module[
{alpha,znew,muiter,sigmaiter},
Print["alpha = ",N[alpha,4]];
Print["znew = ",N[znew,4]];
x=(znew-muiter)1./sigmaiter;
Print["x = ",N[x,4]]

]
Characterization|matrix_]:=
Module[

{w,parl,par2,a,

n=First[ Dimensions[matrix]]

s

Do

If[matrix[[i,1]]==="normal"||matrix[[i,1]]==="gauss",

parl=matrix[[1,2]];
par2=matrix[[1,3]];
dist[1]=NormalDistribution[parl,par2],
[f[matrix[[i,1]]==="lognormal"||matrix[[i,1]]==="lognor",
w=(matrix[[1,2]]"2 + matrix[[1,3]]"2)/matrix[[1,2]]"2;
parl=.5Log[matrix[[1,2]]"2/W];
par2=Sqrt[Log[w]];
dist[i]J=LogNormalDistribution[par1,par2],
[f[matrix[[i,1]]==="gamma",
parl=matrix[[1,2]]"2/matrix[[1,3]]"2;
par2=matrix[[1,3]]"*2/matrix[[1,2]];
dist[i]=GammaDistribution[par],par2],
If[matrix[[i,1]]==="logistic",
par1=matrix[[i,2]];
par2=matrix[[i,3]] Sqrt[3.]/Pi;
dist[i]=LogisticDistribution[parl,par2],
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[f[matrix[[i,1]]==="uniform",
parl=matrix[[1,2]]-Sqrt[3.] matrix[[i,3]] ;
par2=matrix[[i,2]]+Sqrt[3.] matrix[[1,3]] ;
dist[i]=UniformDistribution[parl,par2],
[f[matrix[[1,1]]==="weibull",
parl=a/. FindRoot[ matrix[[i,2]]"2/ matrix[[1,3]]"2==
Gamma][ 1+1/a]/(Gamma] 1+2/a]-
Gamma[1+1/a]"2),{a,.1}];
par2=matrix[[i,2]]/Gammal[ 1+1/parl];
dist[i]=WeibullDistribution[parl,par2],
If[matrix[[i,1]] === "extremes" || matrix[[i,]1]] ==="gumbel",
parl = matrix[[1,2]] - N[(Sqrt[6]*EulerGamma*matrix[[1,3]])/Pi];
par2 = N[matrix[[1,3]]*Sqrt[6]/P1i];
dist[i] = ExtremeValueDistribution[parl, par2],
Print["Error: the distribution ", 1," (",matrix[[i,1]],
") is not defined. "];
Return[]]111111,
{i,n}]

]

End[]

EndPackage[]\.1a
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Attachment 9 — MATHCAD sheet “FORM2.mcd”

MATHCAD sheet "FORM2.mcd", FORM for g(X)= R - E = 0 assuming
general three parameter lognormal distribution LN(1,0,0) of E and R

1. Parameters for E and R: Highlighted regions WE:=50 WwE:=02 oE:=1.14
Default distribution of R - two parameter lognormal R .= 100 wR := 0.1

2. Parameter C and skewness ¢: 3 3
Distribution parameter C \/\/a2+ At o \/\/a2+ 4 g Check:
3

given by the skewness ¢ AW®) =

NP C(0) =0
Distribution bound x0

oE := wE-nE
3
aR:=3wR+wR™ oR:=wR-puR

(u-6 o forzeroq ):

x0(p,o0,0) = |pn

" C(a)

if =0 xO(uR,oR, aR) = —8.527x 10_14 |

L~ 65 otherwise [xO(LE, oE, aE) = 22.522

Transformation of parametersy(s, o) := ~In(|C(a)|) + In(o) - (0.5)-111(1 + C((x)z) S(o) = \/ ln( 1+ C((x)zj
3. Probability density of E and R (for any «):

¢E(x) := | dlnorm[sign(aE)-(x — xO(uE, oF, a.E)), m(cE, a.E),s(aE)] if oE # 0
dnorm(x, puE,oE) if aE=0
¢R(x) := | dlnorm[sign(aR)-(x — xO(uR, oR, aR)), m(cR, aR),s(aR)] if aR =0

dnorm(x, uR,oR) if aR =0

4. Distribution function of E and R (for any «) :

D E(x) := |0.5(1-sign(aE)) + sign(aE) plnorm[sign(aE)-(x— xO(1E, oE, aE)), m(cE, aE),s(aE)] if aE =0
pnorm(x, pE,oE) if aE =0
®R(x) := [0.5(1 - sign(aR)) + sign(aR) plnorm[sign(aR)-(x— x0(uR, oR, aR)), m(cR,aR),s(aR)] if aR =0

pnorm(x, uR,oR) if aR =0

5. FORM iteration process: Guess valuesixg := uE + 0.005(uR — pE) xR:=xE Number of iterations .= 1. 4

Bni= |xR<xR Bn=
xE « xE 3.304 . (B.0.1)
pf = pnorm(-, 0,
for iel.n 2.904
dnorm(gnorm(®R(xR), 0, 1),0, 1) 2.904
oRe < 2.904
OR(xR) :
uRe « xR — oRe-gqnorm(® R(xR), 0, 1)
dnorm(gnorm(® E(xE), 0, 1),0, 1) P
oFe « P, =
PE(xE) 4.77-10-4
uEe «— xE— oEe-qnorm(® E(xE), 0, 1) 1.843-10-3
uRe — nEe 1.844-10-3
pe —t———
2 0.5 1.844-10-3
(cRe + oEe )
—oR
aR « S 3.4 I I
0.5
’_
(GR€2 + csEez)
oEe 32
aE « —0 S By
: + +
(cRe + oEe ) 3 1
xR < puRe + aR-B-cRe + +
| |
B- 2.8
XE < nEe + aE--cEe ) 5 3 4
p
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Attachment 10 —- MATHCAD sheet “FORM7.mcd”

MATHCAD sheet "FORM7" for calculation of the reliability inde and
failure probability assuming a non-linear limit state function
g(X) = a0 + a1*X1( a2*X2 + a3*X3) + a4*X4 (a5*X5+a6X6+a7X7)
and general three parameter lognormal distribution LN(,c,a0) of basic
variables X1, X2, X3, X4, X5, X6 and X7

A General three-parameter lognormal distribution for anyg
1. Parameter C and skewness a:

Distribution parameter C \]\/ 2, \]\/ 2,

given by the skewness i ({q) := o FAta-yya +t4-a C(0) =0
3
V2

Distribution bound x0 xUp,0,0) = |p- % ifa=0 [x0(0,1,1) = -3.1038]
(-6 oforzerog ): da)

u — 60 otherwise

2. Probability density ¢ and distribution function ®(for any «):

Standardised variable: u(X,u,G) = X~ Transformed standardised variable:
ulx,p,0) + )

ln( cla) j + ln(|C(0L)| N1+ C(a)2>
sign(a)-\) ln(l + C(a)zj

u(x,pu,0) otherwise [1u(50,50,10,0) = 0 |
Density probability function:

uu(x,p,cs,on) =

if a#0

ox,u,0,0) = dnom(uu(x.u.0.a).0.1) if a0 [6(50.50.1,0) = 0.3989]
c- u(x,u,c) + ; ~\) ln(l + C(a)zj
(o)
dnorm(uu(x,p.,c,oc),o, 1) .
otherwise
(e}
Distribution function: @(xp,0,0) = pnorm(uu(x,p,0,a),0,1) [®(100,100,10,0) = 0.5 |

B FORM method for determination ofthe reliability index g and probability pf
Coefficients a0, a1, a2, a3, a4, a5, a6 and a7 of the limit state functions and

Input parameters for basic variables {X}={X1, X2, X3, X4, X5X6 and X7}

0 0 0 1 0
Three parameter 1 1 1. 0.05 0.15
lognormal distribution .
LN(u6.) for any o, if 2 1 100 10 0.301 i=1.7
a= 0then the normal 3 1 10 1 0.301
distribution is used.  Index = P Bl DR ) CT00s | %71 01s A= X, i,
When X1 and X4 are _4
model uncertainties 5 1 50 10 0.608 X0 =-8.3195x 10
then LN(u,c) is used. 6 1 10 5 1.14 XOZ 85265 107 14
7 1 0.01 0.01 0

Check of the bounds X0, = ~8.8818x 10 X0, = —8.3195x 10 ? x0,=0  x0 =-3.7388  x0,=-0.05

- 5 a, + a4-x. -(a?-x5 + a.6-x6 + a7x7)] - 0.5455
4 (aZ ) + 33 X3) 187

The check of the
initial gues values
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4. FORM iteration procedure: Probability of failure pfis determined from the reliability index g

Number of iterations n=1.5
The initial guess Bp=|x<n
values of X [a +ax(ax+ax+a )&7)]
_ 2 (as .
The value x2 is X, < 0 >0 66 l
calculated al-(a2~x2 * a3')(3)
f X)= .
rom g (X)=0 for jel.n
for iel..7
Equivalent dnorm(qnorm(d)(x, Wi, Oi» ai) ,0, 1) ,0, 1)
normal oo !
distributions of ! ¢(x,pi,ci,ai)
the basic !
variables X. Hej < X, — Gei~qnor1n(®(xl,ui,Gi,oci),O, 1)

Standardised variables

Derivatives of g(X):

Reliability index:

Sensitivity factors:

New design point
to be used in the
next iteration, go
back to the
section 5 and use
this data in a new
run

Iteration of the
reliability index p

Probability of
failure pf

X = pej

u. <«
! oej

g < al-(azx2 + 33')(3)661

g2 <~ al~a2~xl~cse2

gy < aagx

1'837%°0°3
g, < ::14~(a5~x5 + a6~x6)-cse4

-a.-X,-0e;

85 € ay85%

B < 8485°X,°086

4% %
8, € a,a,xX, 0e7
—(g'w)
RUE
(g2)

for iel..7

B«

g.

1

lea)

X, < pej - aai~B~Gei

ao + a4~x '('dS'X5 + a6-x6 + 377(,7)]

a1~(az~x2 + a3"‘3)

aa. <—

2.9022
2.9303
2.9292
2.929

2.9289

pf = pnorm(—[35, 0, 1)

pf = 1.7006x 10

3
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Attachment 11 — EXCEL sheet “FORM?7.xls”
EXCEL sheet RORM7.xls - FORM iterative computation of the reliability index beta
Limit state function g(X)= a0+al*X1*( a2*X2+a3*X3)+a4*X4*( a5*X5+a6*X6+a7*X7)

Basic variables Xi are approximated by general three-parameter lognormal distribution
LN(mu,sigma, skew), which becomes automatically normal distribution when skew = 0.
Note that: skew = 3sigma/mu for two-parameter lognormal distribution
skew = 1.14 for Gumbel distribution
skew = 2sigma/mu for Gamma distribution

A B C D E F G H I J K L
Input data The initial x1 is automatically calculated, do not change x1
1 ai Xi Guess of x2 80,00 Lognormal of Xi
0 0 mu sigma  skew C x0 Designp. u uu phi PHI
I 1 1,000 0,050 0,150 0,050 0,00 0,963 -0,74 -0,73 6,3395 10,2319
2 1 100,000 10,000 0,301 0,100 0,00 65451 -3,45 -4,20 0,0000 0,0000
3 1 0,010 0,010 0,301 0,100 -0,09 0,009 -0,07 -0,02 40,2671 0,4918
4 -1 1,000 0,050 0,150 0,050 0,00 1,035 0,71 0,72 59511 10,7642
5 1 30,000 10,000 0,000 0,000 infinity 54,08 2,41 241 0,0022 0,9920
6 1 5,000 2,000 1,140 0,364 -0,496 5,727\ 0,36 0,53 0,1581 0,7015
7 1 1,000 1,000 1,140 0,364 -1,748 1,061 \0,06 0,24 0,3914 0,5943

Requirement for the design point, skewi>0 then x0i<xi, when'gkewi<0 then x0i>xi
Iteration of the FORM method - enter the new x manually instedd of the initial x

ai xi Equivalent norma Deriv. Sensitivity New point Partial factors
0 0 mue sigmae ui gi ui*gi alpha New x (Ix/mu
I 1 0,998 0,048 -0,73 3,15 -2,308 0,240 0,963 0,963
2 1 75000 6,529 -1,46 6,286 -9,194 0,479 65,451 ) Enter the 0,655
3 1 0,010 0,010 -0,02 0,01 -2E-04 0,001 0,009 new xi 0,948
4 -1 0,998 0,052 0,72 -3,09 -2,228  -0,236 1,035 to x2 1,035
5 1 30,000 10,000 241 -10,4 -2494  -0,788 54,089 to x7 1,803
6 1 4,567 2,195 0,53 -2,27 -1,201  -0,173 5,727 in H16 1,145
7 1 0,825 0,991 0,24 -1,03 -0,245  -0,078 1,061 _/ to H21 1,061
Sum 13,13 -40,12 1,000

Number of iter. I|beta initer. n  3,0551|Macro procedure

Required acc. 0,001]beta in iter. n-1 3,0551] 1,8E-05 Accuracy reached

Probability of failure pf=PHI(-beta) - command =NORMDIST(-G34;0;1;1) 1,1E-03

The whole iteration procedure may be performed manually following instruction given
in the cells K27 to K32 or using Macro "ITERATION".

Note that the initial gueas of variables X2 to X7 should be enteredto the cells H16 to H21.
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Attachment 12 - MATLAB package “FORM7.m”

function pf = FORM7
% DESCRIPTION, 28.02.2005
% FORM?7a evaluates the probability of failure pf considering the limit state function
%
% g(X)=A0 + A1*X1*(A2*X2+A3*X3) + Ad*X4*(AS*X5+A6*X6+AT+AT)
%
% FUNCTIONS USED
% LNDENS(x,ske,me,se), LNDIST(x,skr,mr,sr), NDENS(x), NDIST(x) and NDINV(p)
% INPUT
% Input data (except AO) are loaded from the files A.dat (coefficients A), and X.dat
(parameters
%  of the basic variables X). All the basic variables are characterised by the mean m,
standard deviation s
% and skewness sk (arbitrary). The FORM procedure approximates the basic variables by
general
%  lognormal distribution LN(m,s,sk), including normal distribution (for sk=0).
%
% OUPUT
% val :failure probability pf
% VERSION
% MH, Czech Technical University in Prague, Klokner Institute, 28.2.2005
% Initialization
% %loading external data files
load A.dat, load X.dat, %The matrix X can be also defined in the comand window
A0=0;% additive constant (not included in the data file A.dot), default value A0=0. When A0
is different from 0,

% numrical probles may arise. Then a new alternative initial point (for example modifying
resistance) may be choosen.
for i=1:1:7,

x(1)=X(1,1); % Initial guess value of basic variables
end
X(D=-(AO+A(4)*x(H*(AGB)*x(S)TA(6)*x(0)FTA(T)* x(TH(A(1)*(A2)*x(2)+A(3)*x(3))); %o
Initial guess value of x1
% FORM iterations
acc=0.001;delta=1;betap=0;j=0;%required accuracy (may be modified if required)initial
iteration parameters
while delta > acc %for j=1:1:5 %]lteration loop for a given accuracy (5 cycles are usually
sufficient for acc =0.001)

J=1+1; % The indicator of the number of cycles

for i=1:1:7; % Loop for transformation of original distributions to equivalent normal
ditributions

se(1))=NDENS(norminv(LNDIST(x(1),X(i,1),X(i,2),X(1,3)))/LNDENS(x(i),X(i,1),X(i,2),X(i,3
);
me(i)=x(i)-se(i)*norminv(LNDIST(x(1),X(1,1),X(1,2),X(i,3)));
u(i)=(x(i)-me(i))/se(i); % Standardized variables
end
% Derivatives of g(X)



Annex B —Elementary methods of structural reliability 11

g(D=AMM*(A2)*x(2)+A3)*x(3))*se(1);8(2)=A(1)*A(2)*x(1)*se(2);8(3)=
A(D)*AB)*x(1)*se(3);

gA=AMD*(AG)*x(5)+A(6)*x(6))*se(4); g(5)= A()*A(5)*x(4)*se(5);8(6)=
A(4)*A(6)*x(4)*se(6);

g(7)=AH)*A(T)*x(4)*se(7);

% Auxiliary quantities

ge=sqrt((g(D)*g(1)+g(2)*g(2)+g3)*g(3)+e(dH*g()+g(5)*g(5)+e(6)*g(6)+e(7)*2(7)));

gu=g(1)*u(1)+(2)*u(2)+g(3)*u(3)+g(@)*u(d)rg(5)*u(5)+(6) *u(6) () *u(7);

% Reliability index

beta =-gu/gg;

for i=1:1:7; % Loop for determining sensitivity factors and a new design point
aa(i)=g(1)./gg; % sensitivity factors
x(1)=me(i)-beta.*aa(i).*se(i); % New design point
end

x(1)=-
(AO+A4)*x(4)*(A(5)*x(5)+A(6)*x(6)+A(7)*x(7)))/(A(1)*(A2)*x(2)+A(3)*x(3))); % Initial
guess value of x1

delta=abs(beta-betap); % Difference of beats of two last cycles

betap=Dbeta; % Saving the current beta
end
%  Outputs
Number of iterations_snd _achieved accuracy=[j,delta],
Alphas=[aa(1),aa(2),aa(3),aa(4),aa(5),aa(6),aa(7)],
Design_points=[x(1),x(2),x(3),x(4),x(5),x(6),x(7)],
Design_points over means=[x(1)/X(1,1),x(2)/X(2,1),x(3)/X(3,1),x(4)/X(4,1),x(5)/X(5,1),x(6
)/X(6,1),x(7)/X(7,1)],
beta, %al=aa(1),a2=aa(2),a3=aa(3),a4=aa(4),a5=aa(5),a6=aa(6),a7=aa(7),% To be printed if
needed
pf=NDIST(-beta); % Answer of the function FORM7
% The end of the function FORM?7
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Attachment 13 — MATLAB function “Lndens (x,mu,sigma,sk)”

function val = Lndens (x,mu,sigma,sk)
% DESCRIPTION
% NDENS evaluates the one-dimensional normal density function.
% CALL
%  val = Lndens (x,sk);
%  val = Lndens (x,sk,mu,sigma);
% INPUT
% x :real vector of arguments
% sk :coefficient of skewness (must be given)
% mu :mean value; optional; default = 0.0 (i.e. standard)
% sigma : std. dev. > 0; optional; default = 1.0 (i.e. standard)
% OUPUT
% val :vector of normal density values for the x's
% VERSION
%  Milan Holicky, Czech Technical University in Prague, Klokner Institute
% 18.09.1999
% Initialization
if nargin <3
mu =0.0;
sigma = 1.0;
end
% Evaluate
X = (Xx-mu)/sigma; % normalize
c=(0.5*sk+(sk*2/4+1)"0.5)"(1/3)-(-0.5*sk+(sk*2/4+1)"0.5)"(1/3);%constant of lognormal
if ¢==0; % sk=0
x0=10"10;
else
x0=-1/c; %bound of the distribution
end
if sk>0; %check of x range
if x0>x
error ('x out of range")
else
end
else
if x0<x
error('x out of range')
else
end
end
%
if abs(c)>0.0001; %if for c=0 (sk=0)
tt=sign(sk)*(log(abs(x+1/c))+log(abs(c))+0.5*log(1+c"2))/((log(1+c”2))"0.5);
else
tt=x;
end
if abs(c)>0.0001; %if for c=0 (sk=0)
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val = exp(-0.5*tt."2)/(sqrt(2*pi)*sigma*abs(x+1/c)*(log(1+c"2))"0.5);
else

val = exp(-0.5*tt.”2)/(sigma*sqrt(2*pi));
end
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Attachment 14 - MATLAB function “Lndist (x,mu,sigma,sk) ”

function val = Lndist (x,mu,sigma,sk)
% DESCRIPTION, 18.09.1999
%  LNDIST evaluates the one-dimensional lognormal distribution function.
% CALL
%  val = Indist (x,sk)
%  val = Indist (x,sk,mu,sigma)
% INPUT
% x :real vector of arguments.
% sk :coefficient of skewness; default = 0.0 (i.e. normal distribution)
% mu :mean value; optional; default = 0.0 (i.e. standard).
% sigma : std. dev. > 0; optional; default = 1.0 (i.e. standard).
% OUPUT
% val :vector of the lognormal distribution evaluated at the x's.
% VERSION
%  Milan Holicky, Czech Technical University in Prague, Klokner Institute
% Initialization
if nargin <3
mu =0.0;
sigma = 1.0;
end
X = (x-mu)/sigma; % standardize
c=(0.5*sk+(sk*2/4+1)"0.5)"(1/3)-(-0.5*sk+(sk*2/4+1)"0.5)"(1/3);%constant of lognormal
if c==0; % sk=0
x0=10"10;
else
x0=-1/c; %bound of the distribution
end
if sk>0; %check of x range
if x0>x
error ('x out of range")
else
end
else
if x0<x
error('x out of range")
else
end
end
if abs(c)>0.01; %if for c=0 (sk=0)
tt=sign(sk)*(log(abs(x+1/c))+log(abs(c))+0.5*log(1+c"2))/((log(1+c"2))"0.5);
else
tt=x;
end
val = normcdf(tt);%(1+erf(tt/sqrt(2)))/2; % transformed error function
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Attachment 15 — MATLAB function “Ndens (x, mu,sigma)”

function val = ndens (x, mu,sigma)

%

% DESCRIPTION

% NDENS evaluates the one-dimensional normal density function.
%

% CALL

%  val =ndens (x);

%  val = ndens (x, mu,sigma);

%

% INPUT

% x :real vector of arguments

% mu :mean value; optional; default = 0.0 (i.e. standard)
% sigma : std. dev. > 0; optional; default = 1.0 (i.e. standard)
%

% OUPUT
% val :vector of normal density values for the x's
%

% VERSION

% Niels Jacob Tarp-Johansen

%  Department of Structural Engineering and Materials
%  Technical University of Denmark

% 15.06.1999

%

% Initialization
if nargin <2

mu =0.0;
sigma = 1.0;
end

% Evaluate
X = (x-mu)/sigma; % normalize
val = exp(-0.5*x.72)/(sigma*sqrt(2*pi));
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Attachment 16 —- MATLAB function “Ndinv (p)”

function [x] = norminv(p,mu,sigma)
%NORMINYV Inverse of the normal cumulative distribution function (cdf).
% X =NORMINV(P,MU,SIGMA) returns the inverse cdf for the normal
% distribution with mean MU and standard deviation SIGMA, evaluated at
% the values in P.
% Default values for MU and SIGMA are 0 and 1, respectively.
%
% MH, Klokner Institute, CTU Prague 4.8.2003
%
if nargin <2
mu = 0;
end
if nargin <3
sigma = 1;
end
% Return NaN for out of range parameters or probabilities.
sigma(sigma <= 0) = NaN;
p(p <0 |1 <p)=NaN;
x0 = -sqrt(2).*erfcinv(2*p);
X = sigma.*x0 + mu;
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Attachment 17 - MATLAB function “Ndist ¢, mu,sigma)”
function val = ndist (x, mu,sigma)

%

% DESCRIPTION

%  NDIST evaluates the one-dimensional normal distribution function.
%

% CALL

%  val = ndist (x)

%  val = ndist (x, mu,sigma)

%

% INPUT

% x :real vector of arguments.

% mu :mean value; optional; default = 0.0 (i.e. standard).
% sigma : std. dev. > 0; optional; default = 1.0 (i.e. standard).
%

% OUPUT
% val :vector of the normal distribution evaluated at the x's.
%

% VERSION

% Niels Jacob Tarp-Johansen

%  Department of Structural Engineering and Materials
%  Technical University of Denmark

% 13.06.1999

% Initialization

if nargin <2

mu =0.0;
sigma = 1.0;
end

% Evaluation
X = (x-mu)/sigma; % standardize
val = (1+erf(x/sqrt(2)))/2; % transform error function
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ANNEX C - CALIBRATION PROCEDURE
Haig Gulvanessian' and Milan Holicky2

'BRE Watford, United Kingdom
? Klokner Institute, Czech Technical University in Prague, Czech Republic

Summary

The basic European standard for design of buildings and other engineering works,
EN 1990 “Basis of structural design”, provides alternative design procedures, for which
national choice is allowed. One of the most important questions concerns three fundamental
combinations of actions for persistent and transient design situations in the Ultimate limit
states. Simple example of generic structural member shows, that the alternative load
combinations may lead to considerably different reliability levels. Probabilistic methods of
structural reliability theory are used to identify characteristic features of each combination and
to formulate general recommendations. It appears that further calibration studies concerning
structures made of different materials are needed during the examination period of EN 1990
in order to analyse all possible consequences of national choice.

1 INTRODUCTION

1.1 Background materials

Each part of Eurocodes, including basic document EN 1990 [1], contains a number of
the Nationally Determined Parameters (NDP) for which national choice is allowed. In
accordance with the Guidance paper L concerning the Construction Products Directive an
important two years period after date of availability of each Eurocode Part is allowed to fix
the NDPs. However it is expected that calibration will continue during the coexistence period,
which starts at the end of the National calibration period and lasts up to three years after the
national publication of the last Part of a Package.

1.2 General principles

Basic concepts of code calibration are mentioned in Annex C of EN 1990 [1], in the
International Standard ISO 2394 [2] and ISO 13822 [3]. Additional information may be found
in the background document developed by JCSS [4] and in recently published handbook [5]
to EN 1990 [1]. Guidance for application of probabilistic methods of structural reliability may
be also found in working materials provided by JCSS [6] and in relevant literature listed in [5]
and [6].

In general NDPs may be calibrated either by direct comparison or by probabilistic
methods. Results of both approaches are usually combined with judgement (as mentioned in
ISO 2394 [2]). In this study probabilistic approach is applied mainly, a direct comparison of
load effects is shortly described in Appendix A to this contribution. Note that for the
probabilistic calibration software products [7,8,9] can be used. In particular the programme
[9] is intended for -calibration purposes. Special purpose MATLAB functions and
MATHCAD sheet attached to this Annex may be also used for calibration studies.
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It should be noted that two aspects of calibration might be explicitly considered:
reliability and economy (see also Handbook 1). However, the following text shall be primarily
concerned with reliability of structures with respect to ultimate limit states. Additional
calibration aspects may concern fire safety of structures (see Handbook 5) or other accidental
design situations. In particular EN 1990 [1] requires that in the case of fire, the structural
resistance shall be adequate for the required period of time.

To consider all the above-mentioned aspects of structural reliability, an appropriate
design lifetime, design situations and limit states should be considered (as described in
Handbook 1). Note that the basic lifetime for a common building is 50 years and that, in
general, four design situations are identified: persistent, transient, accidental and seismic.

2 FUNDAMENTAL LOAD COMBINATIONS

In the following, the combination of three actions is considered: permanent action G,
imposed load Q (leading) and wind W (accompanying). EN 1990 [1] for the fundamental
combination of these loads in persistent and transient design situations introduces three
alternative procedures denoted here A, B and C. The loads (actions) G, Q and W and their
characteristic values Gy, Ok and Wi denote generally load effects (for example internal
bending moments) of appropriate loads (actions) and should be distinguished from the
original loads (actions) themselves. However, when mutual proportions of loads (actions) and
load effects are the same, then the distinction between load and load effects is not needed.

Design value of action effect £ is obtained using the characteristic values Gy, Ok and
W\ and appropriate partial factors 5, o, 7w and reduction factors &, yp and yy as follows.

A. Considering the formula (6.10) in EN 1990 [1], the design value of action effect E4
is given as
Eq= y6 G+ 0 O + yw ww Wi (1)
B. An alternative procedure is provided in EN 1990 [1] by twin expressions (6.10a)
and (6.10b)

Eq= 75 Gkt yo Wo Ox t yw yw Wi (2)

Eq= &y G+ yo O + yw ww Wi (3)

The less favourable action effect from (2) and (3) should be considered. In equation
(3) &is a reduction factor for unfavourable permanent actions G. Note that in equations (1) to
(3) “+” generally implies “to be combined with”.

C. In addition EN 1990 [1] allows further modification of alternative B, simplifying
equation (2) by considering permanent loads only, thus the load effect is then

Ed = 7G Gk (4)

The less favourable action effect resulting from (3) and (4) is then considered. In
addition to the combinations A, B, C provided in EN 1990 [1] (for recommended values y; =
1,35, 7o = 1,5) an additional combination may be also considered in the analysis to illustrate
the sensitivity of the resulting reliability level to partial factors, and the possible effect of their
reduction.

If the leading action is wind W, then in equations (1) and (2) instead of reducing wind
action W by factor yy, the imposed load QO should be reduced by the appropriate factor wp.

C-2
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Factors yg, 7o and y denote the partial factors of actions G, Q and W (the partial factors for
both variable actions are equal, yp = yw).

To investigate resulting load effects under various intensities of variable actions, the

characteristic values of Gy, Ok and Wy are related using quantities y given as the ratio of
variable actions Qy+Wj to total load Gy+QOk+ Wy, and ratio k of accompanying action Wy to
the main action QO

2= (O MGt it W), k= Wid Ok (5)
Note that a realistic range of y is from 0,1 to 0,6. However in some cases the load ratio

y may be very low if not zero (e.g. underground garages).

For a given design value of the load effect E4 the characteristic values of individual
actions G, Ok, Wi can be expressed using variables y and k as follows

== Ed = & =
Ci Voo  hwnrmz & Tai g T H ©
Ey+
A+ b 2)

The factors &, y; and yp indicated in the first relationship of (6) in brackets are applied
in the same way (either yes or no) as in equations (1) to (4) for alternative combination rules
A, Band C.

For alternative A, equation (1) is valid in the whole range 0 < y < 1, whereas using
alternative B, equation (2) is valid in the interval 0 < y < yim g and equation (3) in the interval
2imB < y < 1. Correspondingly, for alternative C equation (4) is valid in the interval 0 < y <
2im.c and equation (3) in the interval yjimc < y < 1. The limiting values yiimp and yiimc can be
derived from equations (2) to (5) as follows

v (1=28)(1+k)

im,B— 7
Aim® v6(L=8)A+k)+yola—yo)+ywk(b—yy) @

o yo(1=E)(1+k)
A (= &)1+ k) + ypa + kb ®

where the auxiliary variable a = 1 and b = yy when for k£ < (1-yp)/(1-yw) (imposed
load Q is the leading action) and a = yp and b = 1 when k > (1-yp)/(1-yw) (action W is the
leading action).

EN 1990 allows through the National Annex, which will be published by national
standardisation institution

e  Which of the combination expression to use, and
e The specification of appropriate safety factors

Thus, the National Annexes should include the recommendation of one of the
alternatives indicated in EN 1990 [1] for a fundamental combination of actions in the
Ultimate limit states and partial factors y; and yp for permanent and variable actions.
Considering a generic structural member it will be shown that the choice of these nationally
determined parameters may significantly affect the resulting reliability level. Partial and
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reduction factors y, w and & recommended in EN 1990 [1] and used in this paper are
summarized in Table 1.

Table 1. Partial and reduction factors.

Action Partial factors Combination factor | Reduction factor
/4 v g
Permanent G 1,35 1,0 0.85
Imposed O 1,5 0,7 -
Climatic W 1,5 0,6 -

In addition to the factors indicated in Table 1 other values will be used to make comparison of
Eurocode procedures with some national rules.

3 GENERIC STRUCTURAL MEMBER

In case of generic structural member it is assumed that the characteristic value Ry of
the resistance R may be defined as the 5% fractile of R and the design value Ry as

Ra= R/ r 9)

where y; denotes the global resistance factor (commonly expected to be within the
range from 1 to 1,2). The significance of both values Rx and Ry is obvious from Figure 2,
where the random variable R is described by the probability density function ¢z (R), and the
design value Ry is indicated as a particular value of R corresponding to a certain small
probability p of being violated.

Ry

Figure 2. Random variable R, the characteristic value Ry and design value Rj.

In design calculation of a structural member the design value Ry of the resistance R is
normally obtained by substituting design values Xy; for the random variables X, thus

R4 = R(Xq:) (10)
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This expression is also used in design of members for the generic structural member
and for the different materials.

Table 2 shows the assumed values for the global resistance factor jz and the

coefficient of variation Vg, used in the following reliability analysis for a generic cross-
section.

Table 2 Global resistance factor yz, the coefficient of variation V' and the mean factor w.

Middle value Range
EN - global safety factor yz = Ry /Ry 1,15 1,0-1,3
BSI - global safety factor yz = Ry /Ry, BSI 1,10 1,0-1,20
The coefficient of variation Vj 0,15 0,10-0,25
The mean factor = ug/Ry 1,28 1,10 - 1,40

Note 1. The coefficient of variation V includes the variability of the model uncertainty assumed to have the
coefficient of variability 0,05.

Note 2. The values are different for BSI codes reflecting the fact that lower values of z are used for particular
materials.

A middle values for the global safety factor yz = 1,15, for the coefficient of variation
Vr= 0,15 and for the mean ratio @ = /R = 1,28 are considered in the following example of
a code condition.

4 PRINCIPLES OF RELIABILITY ANALYSIS

4.1 Limit state function

The most important step in reliability analysis is definition of a limit state function
(reliability margin) Z(X) separating safe and unsafe domain of basic variables X. In this report
the limit state function Z(X) is considered as in a simple form as a difference between the
resistance R(X) and the load effect E(X)

Z(X) = R(X) — E(X) = 6k Ro(X) — O Eo(X) (11)

where factor 6, represents uncertainties of the resistance model Ry(X) and factor G represents
uncertainties of the load effect model Ey(X). The vector X denotes all the basic variables
entering the expressions for the resistance R(X) and the load effect £(X). Taking into account
general expressions (1) to (4) the load effect £y(X) may be written as

E(X) = 0 (Go+ Qo + Wp) (12)

Considering the limit state function given by equation (11) and expression (12) giving

the load effect, it follows that basic variables R, G, O, and W covering effects of model
uncertainties are defined as follows

R = 913 Ro(X), G= 9E G(), Q: 9E Q(), W= 95 Wo (13)

Taking into account equation (13), the limit state function (11) may be written in a
simple form as

ZX)=R—-(G+0O+W) (14)
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Note that the cumulative basic variables R, G, O, W in equation (14) include effects of the
factors 6k and 6 (see equation (13)).

4.2 Probabilistic models of basic variables
It is assumed that structural members are designed economically, which means that the
design value of the resistance Rq(X) equals the design value of the load effect £4(X)

Ra(X) = E«(X) (15)

It should be noted that normally (due to several reasons) the design resistance Rq(X) is greater
than the design load effect £4(X), which may provide additional safety margin not considered
here.

Assuming a certain set of partial and combination factors y, w, and &, the design
expression (15) can be used to specify the characteristic values Xy of each basic variable X.
The probabilistic characteristics (the mean, standard deviation) of each basic variable X can
be then related to its characteristic value Xy as indicated in Table 3.

Table 3. Probabilistic models of basic variables for time invariant reliability analysis using
Turkstra's rule (combination of 50-year maximum of leading action and an annual maximum
of accompanying action).

No. Category of Name of basic Sym. Dim- Distri- Mean  St.dev.
variables variables X ension bution Ly Oy
1 Actions Permanent Go kN N Gx 0,1 1x
2 Imposed - 5 years Qv kN/m* GU 0,20« 1,1y
2 Imposed - 50 y. 0O, kN/m* GU 0,60c  0,35uy
3 Wind - 1 year Wo kN/m®> GU  03W  05u
4 Wind - 50 year Wo kN/m®> GU 0,7 035uy
5 Resistance Resistance R kN/m”* LN Ry +1.650r 0,15uy
6  Uncertainty Uncertainty Ox - LN 1 0.05

Probabilistic models indicated in Table 3 are based on data available in the
recommendation of JCSS [4,6] and literature [11,12,13,14]. As mentioned above the
probabilistic characteristics indicated in Table 3 represent just conventional models that might
be slightly conservative.

Note that the mean of a resistance R indicated in Table 3 in terms of the characteristic
value Ry and the standard deviation o may be assessed assuming a given coefficient of
variation V% using relationship

pir = Ricexp(1,65 Vi) (16)

Under this assumption the mean resistance factor @ considered in Table 2 is given as
= g / Ry = exp(1,65 V) (17)
Considering the coefficient of variation V3 = 0.15, the mean resistance factor becomes

= 1.28 as indicated in Table 2.

It should be emphasised that the probabilistic models of basic variables indicated in
Table 3 are primarily intended as "conventional models" in time invariant reliability analysis
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of structural members using Turkstra's combination rule [10] (explained also in [2]) for the
probabilistic calibration of the rules for combination of actions.

Conventional models indicated in Table 3 should enable the objective comparison of
results of various reliability studies expected in the near future in connection with
implementation of the present suite of Eurocodes into the national systems of design codes.
However, when the reliability of different types of structural members under particular
conditions is assessed, the proposed models in Table 3 may have to be adjusted to the
concrete conditions of the analysed structural member.

4.3  Reliability measures

The probability of failure P is the basic reliability measure used in this study. It can be
expressed on the basis of a limit state (performance) function Z(X) defined in such a way that
a structure is considered to survive if Z(X)> 0 and to fail if Z(X) < 0. An example of the
function Z(X) is given by equation (14). In a general case the failure probability Pr can be
determined using the integral

Pr=Prob(Z<0)= [g,(X)dX (18)
2(X)<0
where @q(X) denotes joint probability density distribution of the basic variable X,
which may not be , however, available.

Assume that both the resistance R(X) and the load effect E(X) represent a single
variable X used to analyse structural performance (e.g. axial force or bending moment that is
represented by R(X) and E(X)). Then the integration indicated in expression (18) may be
simplified and the probability P can then be expressed as:

Pr = Prob(Z(x) < 0) = | ()04 (x)dx (19)
where @g(x) denotes the probability density function of E(X), ®@g(x) the distribution of R(X).
To use equation (19) both the probability density function @z(Z) and the distribution function
®r(x) must be known (at least in an approximate form). Simplified procedure based on
expression (19) is used in this study.

Note that there are commercially available software products (e.g. VaP, COMREL),
which can be used to determine the failure probability Pr in more complicated cases than
considered here (when expression (19) cannot be used). These software products were used in
this study to check results obtained by numerical integration based on expression (19).

In Annex C of EN 1990 an alternative measure of reliability is conventionally defined
by the reliability index £, which is related to Pr as

F=0(-p) (20)
where @ is the cumulative distribution function of the standardised normal distribution. The
relation between Prand fis indicated in Table 4.

Table 4. Relation between £ and Ps.

Py 107 10~ 107 107 107 10° 10”7
B 1,28 2,32 3,09 3,72 427 4775 5,20
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Table C2 of EN 1990 recommends for the ultimate limit state of buildings over a fifty
year design working life a target value of reliability index g = 3,8. If one year period is
considered in reliability verification, then S = 4,7. Both the equivalent reliability measures,
the failure probability Prand the reliability index f, are used in this study.

4.4 Sensitivity factors

Sensitivity factors of the First Order Reliability Methods (FORM) are normally used
[1,2] to calibrate design values of basic variables and partial safety factors. Considering the
limit state function Z(X) (reliability margin) given by equation (11), the sensitivity factors for
the four cumulative variables R, G, O, W can be defined in terms of their standard deviations
Or, 0G, 0p and oy as follows

o
Ap=—", 0g=—", 0y =—, Oy =—— (21)

where o, denotes the standard deviation of Z(X) given as

_ 2 2 2 2
O'g—\/O'R+O'G+O'Q+O'W (22)

In the following investigation the sensitivity factors oz, ag, ap and ay defined by
equation (21) are considered together with the failure probability Pr and the reliability index
pB. It should be underlined that oz, ag, ap and oy defined by (21) refer to cumulative
variables R, G, O, W, which include effects of the factors of model uncertainties &z and &
(see equation (13)).

5 RESULTS FOR THE GENERIC CROSS-SECTION

5.1 One variable action

Results of the reliability analyses are presented in graphical form that indicates
variation of the reliability index f, failure probability Py, and sensitivity factors oz, oz, o, g
and aw with the load ratio y. In particular Figure 3 shows results of a simple case of one
variable action only (the main variable action Q); Figure 3 indicates the variation of

- the reliability index g,

- failure probability Py, and

- for expression 6.10 of EN 1990 sensitivity factors az, az, and partial sensitivity
factors ag, ap and aw

with the load ratio y.

For the analysis it has been assumed that a single variable action, the imposed load Q
having the characteristic given in Table 3 is acting on the generic element only (i.e. £ = 0.0).
A middle value for the global safety factor y;z = 1,15 and for coefficient of variation Vz= 0,15
have been considered.
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Index Beta

Frobahility Pf

Alphas for A - (B.10)
= i -
/Z
&

0 01 02 03 04 05 06 07 08 09 1
Load ratio CHI=(Rk-+yWkI{GK+0k-Hik)

Figure 3. Variation of the reliability index /£, the failure probability Prand the sensitivity
factors ar, o, oG, 0pand ay with the load ration y for & = 0, for a generic cross-section
assuming ¢ = 1,15 and the coefficient of variation Vzx= 0,15.

It follows from Figure 3 that for the assumed higher coefficient of variation Vz= 0,15
only the combination rule A (i.e. expression (6.10) of EN 1990) [1] seems to be fully
acceptable (8 > 3.8 and Pp.< 7,23x107) in the interval 0 < y < 0.8, however the reliability
level considerably varies with y. In some cases the alternative A might lead to an uneconomic

design.
The alternative B (i.e. expression (6.10a) and (6.10b) of EN 1990) is acceptable in a

slightly shorter range of y, 0 < y < 0.7 than the variant A but provides obviously much more
uniform distribution of reliability level with y. Obviously it would lead to a more economic
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design than the alternative A. Alternative C (i.e. modified expression (6.10a) and (6.10b) of
EN 1990 [1]) is providing rather low reliability level particularly for the interval 0 < y < 0.3
and should not be used unless partial factors yare changed.

Similar results were obtained in previous studies [11,12,13,14] of structural elements
made of different materials (concrete and steel elements). These studies differ from the
presented results primarily by the value of the partial factor yz and the coefficient of variation
V'r (and also by the asymmetry of the distribution of R). Just the conclusions formulated above
seem to be supported by a number of different material oriented examples.

Note that the sensitivity factor o increases to about oz ~ 0,9 while the factor o
decreases, ar > - 0,5, indicating that the resistance gives a greater contribution to safety than
intended by EN 1990. However this conclusion is strongly dependent on assumed coefficient
of variation V. With increasing V the sensitivity factor oz increases. It is interesting to note
that than the sensitivity factors are very close to the values recommended in EN 1990 [1], i.e.
OR ~ 0,9 O ~ -0,7.

5.2 Two variable actions

A more general case when two variable actions (a leading imposed load O, together
with an accompanying action W) are acting is shown in Figure 4, which (similarly as Figure
3) shows the variation of the

e reliability index £,

o failure probability Py, and

e for expression 6.10 of EN 1990 sensitivity factors oz, og, ag, apand oy
with the load ratio y for £ = 0,75 and the coefficient of variation Vx=0,15.

The case considered for Figures 3 (i.e. £ = 0, with a single imposed load Q acting) is
extended so that a more detailed insight of the effect for the reliability parameters considered
can be obtained. However Previous investigations [11,12] clearly show that reliability in case
of two variable actions is considerably greater than reliability in case of one variable action.
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Index Beta
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Load ratio CHI=(Qk+Wh)A(Gk+Ok-Avk)

Figure 4. Variation of the reliability index /£, the failure probability Prand the sensitivity
factors ag, ar, ag, apand ay with the load ratio y for k£ = 0.75, for a generic cross section
assuming ¢ = 1,15 and the coefficient of variation V= 0,15.

It follows from Figure 4 that for the assumed coefficient of variation Vzx = 0,15 and the
consideration of two variable actions the reliability of the generic cross-section exposed to
two variable actions is considerably greater than the reliability of the same cross-section
exposed to one variable action only. This finding also indicates that the factor yj may be
rather high. Note that the sensitivity factors ax seems to be slightly greater than the values ox
= 0,8 considered in EN 1990 [1] and o in absolute value is less than oz = - 0,7 recommended
in [1]. This finding depends on assumed variability of basic variables.
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Figure 5. Variation of the reliability index £ with the load ratio y and partial factor for
resistance jz and k = 0 (i.e. imposed load Q is the only variable action), for the generic-cross

section assuming partial safety factors y; = 1,35 and yp = 1,5, and the coefficient of variation
Vr=0,15.

It follows from Figure 5 that for the assumed variables the acceptable domain of the
load ratio y and the coefficient of variation V' is limited by the contour line determined as an
intersection of the £ surface and the plain £ = 3,8 in Figure 5. Obviously with increasing
reliability index /£ increases, yz = 1.15 would be satisfactory for most of the practical range of
the load ratio y (for the load ratio y.<0,8).
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6 CONCLUDING REMARKS

The newly available EN 1990 provides alternative design procedures and parameters
that should be unambiguously specified in the National Annexes of Member States of CEN.
These alternative design procedures lead in some cases to significantly different reliability
levels. Preparation of National Annexes is therefore a complicated task for each Member
State. Furthermore, the Eurocode standards recognise the responsibility of the regulatory
authorities in each Member State and safeguard their right to determine values related to
regulatory safety matters at national level.

Simple examples of a generic structural member confirm the results of the earlier
studies that the reliability of structures, designed according to the alternative combination
rules provided in EN 1990 by expressions (6.10), (6.10a) and (6.10b), may vary considerably.
Expression (6.10) leads to the most reliable but in some cases uneconomical structures. Twin
expressions (6.10a) and (6.10b) provide a lower but comparatively most uniform reliability
level for all load ratios. Moreover, they seem to fully comply with EN recommendations
(reliability index 3,8 for a 50-year time period). The lowest reliability is obtained from the
third alternative, given by modified expression (6.10a) and expression (6.10b). This
alternative seems to lead to a rather low reliability level, particularly for structures exposed
mainly to a permanent load.

In order to make an unambiguous recommendation for National Annexes to EN 1990,
further investigations are urgently needed. Obviously more complicated structural elements,
made of various materials, should be analysed and compared. Such a calibration activity
should preferably be organised on an international level. The short-term objective of these
activities should be to develop the necessary background materials for preparation of the
National Annexes. The long-term objective should be to further harmonization of the
alternative design procedures considered during the next revision of the present generation of
Eurocodes.

It is expected that further calibration studies concerning structures made of different
materials will be needed during the examination period of EN 1990 (next few years) in order
to analyse all possible consequences of national choice.
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APPENDIX A. DIRECT COMPARISON OF LOAD EFFECTS

Deterministic approach — the global load factor

Concept of the global load factor is sometimes used to compare various alternatives
for load combination with no regard to a resistance of a structure. The deterministic global
load factor yz follows directly from codified combination rules and given partial factors
without any probabilistic consideration; it is simply expressed as

7e=Ea/ (G + O+ Wi) (A1)

where the design load effect E4 is given by one of equations (1) to (4) depending on the
combination rule considered (for example combination rules A, B or C). It follows from
equation (1) to (4) and (A.1) that in general deterministic yz may be expressed as

7e= (-2 16(9) + (ro (W) + k yw (ww)) 2/ (1+ k) (A.2)

where the factors in brackets (&), (yp) and () are applied in accordance with the principles
of appropriate combination rule. For example assuming that Q is the leading variable load and
W is accompanying load, the combination rule A based on expression (6.10) of EN 1990 [1]
the global factor yz follows from (1) and (A.2) as

ve=-0rt (o +kywyw) x/ (1+k) (A3)

Similarly the global factors yz of other combination rules B and C may be obtained from
general expression (A.2). It follows from (2) that equation (A.2) becomes

ve=-0 vt (woro +kywwyw x/(1+k) (A4)

When equation (3) is applied, then equation (A.2) becomes

ve=1-0 S+ (o+kywyw) x/ (1+k) (A.5)

When equation (4) is applied, then equation (A.2) becomes

e=0-2 % (A.6)

Thus combination rule A is described by equation (A.3), combination B by equations
(A.4) and (A.5), combination rule C by equations (A.4) and (A.6).

Figure A.1 shows the global factor yz for all three-combination rules A, B and C
assuming the load factor £ = 0 (two loads G and Q are considered only). It is interesting to
note that the global load factor yz is strongly dependent on the load factor 4. Figure A.2 shows
the case of three variable actions G, Q and W assuming k = 0,75. Similar results may be
obtained for any load ratio k&. However, it is well recognised that decisive requirements
(compare Figures 3 and 4) for calibration of reliability elements follow from combinations of
two actions only (G and Q). Figure A.2 just illustrates variation of the global factor with the
load ratio y in the case of two variable actions.
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Figure A.1. The global load factor yz for the combination rules A, B and C assuming k = 0.
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Figure A.2. The global load factor y for the combination rules A, B and C assuming k = 0,75.
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Probabilistic approach — the theoretical global load factor

Probabilistic approach to comparison of load effects £ considers the probability p of £
exceeding Eq = 3z (Gx + Ok + W), thus the probability

p=P(E>Ey) (A.7)

The probability p is obviously dependent on the global load factor yz determining the load
effect Eq4 as follows from equation (A.1). When probabilistic models of actions G, Q and W
are known, then for a given value of yz the probability p may be determined. Let us remind
that in accordance with the principles of EN 1990 [1] (considering ai = -0.7 and £ = 3.8) the
recommended value of the probability p given by equation (A.4) is

pe=®(ap f)=D(- 0,7 3,8) = 0,004 (A.8)

Assuming probabilistic models of actions G, Q and W considered above in accordance
with Table 3, variation of the theoretical load factors yz with the load factor y for selected
probabilities p is shown in Figure A.3 together with the deterministic load factors yz described
above. In Figure A.3 full lines indicate the theoretical (probabilistic) load factors jyz, the
dashed lines indicate the deterministic load factors yz.

0 0.2 0.4 0.6 0.8 1

Figure A.3. The global load factor yz for the combination rules A, B and C assuming k=0
and theoretical values of yz corresponding to selected probabilities of E exceeding Eq4
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Figure A.3 clearly indicates differences between the theoretical global factors g
determined using probabilistic approach and corresponding deterministic values described by
equation (A.2). It follows from Figure A.3 that the deterministic values are greater than the
theoretical values of yz corresponding to the probability p = 0,004 indicated in equation (A.5).
Thus, the Eurocode combination rules seem to be on a safe side, in particular the combination
rules A and B. Note that for small load ratios y the combination rule C provides lower values
of the global factor than the theoretical yz and, therefore, seems to be unsatisfactory.

Figure A.3 further indicates that the theoretical jz is better followed up by &
corresponding to the combination rule B than those corresponding to the combination rules A
or C. In that sense direct comparison of load effects confirms conclusions of previous studies
when both the load effect and resistance are taken into account.

JE

0998
S nwo7
ngss 1—p

Figure A.4. Variation of the theoretical and deterministic global factor y with the load ratio y
and the probability p assuming the combination rule A.

Variation of the global factor yz with the load ratio y and the probability p clearly
indicates that the combination rule A, represented in Figure A.4 by a plane, is rather safe (and
perhaps uneconomic) substitution of the theoretical (probabilistic) values.
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APPENDIX B. EFFECT OF THE RESISTANCE VARIABILITY

In reliability analysis of a generic cross section the coefficient of variability Vz=0.15
and the partial factor jz = 1,15 are assumed as an example of a code condition. However,
resistance of various structural members made of different materials may have different
variability and the partial factor. The coefficient of variability V' can be expected within a
broad range from 0,05 up to almost 0,50 (including uncertainty resistance model). This should
be reflected by appropriate value of the partial factor yz. Assuming lognormal distribution of
R, the partial factor yz corresponding to the coefficient of variation 'z can be expressed as

e = exp(—1,65 Vy)exp(ag f V¢) = exp(—1,65 Vz)/exp(— 3,04 V) (B.1)

where o f =— 0,8 x 3,8 = — 3,04 as recommended in EN 1990 [1]. Note that for V’x = 0,10
equation B.1 yields the partial factor yz = 1,15.

Figure B.1 shows the variation of the partial factor y; with the coefficient of variability
V' together with corresponding reliability index £ determined taking into account the partial

factor jz as a function of Vi given by equation (B.1). In Figure B.1 the combination rule A
and a generic cross section are considered only.
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Figure B.1. Variation of the reliability index £ of a generic cross section with the coefficient
of variability /'y for selected load ratios y assuming the partial factor yz as a function of V.

Figure B.1 indicates that if the partial factor jx is considered as a function of the
coefficient of variability V%, the effect of resistance variability is not essential. Considering a
realistic range of resistance variability 0,05 < Vg < 0,25, differences in £ values seem to be
about 0,5. This finding justifies the concept of a generic cross section used in reliability
analysis of alternative load combinations.
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APPENDIX C. NOTATION

E load effect including model uncertainty

Ey load effect without model uncertainty

Eq4 design value of the load effect £

Ey characteristic value of the load effect £

Eq4 design value of the load effect £

G permanent load including model uncertainty, G = 8 G,
Go permanent load without load uncertainty

Gy design value of the resistance G, G¢=ys Gx

Gx characteristic value of the permanent load G

k load ratio, k = Wi/ Ok

Py failure probability

0 main (dominant) variable load including model uncertainty, QO = 6 Qy
Qo main (dominant) variable load without model uncertainty

Od design value of the variable load O, Q¢=pp Ok

Ok characteristic value of the variable load G

R resistance including model uncertainty

Ry design value of the resistance R, R4=yz Rx

Ry characteristic value of the resistance R

Ve coefficient of variation

Wo main (dominant) variable action without model uncertainty

/4 accompanying (non dominant) variable action including model uncertainty, W = 8 W,

Wy design value of the variable load W, Wy=yw Wi
Wi characteristic value of the variable load W

X vector of basic variables
Z(X) limit state function
oR sensitivity factors of R

oF sensitivity factors of £

oG sensitivity factors of G

ap sensitivity factors of Q

aw sensitivity factors of W

p reliability index, P = ®(-/f)

@)  probability density function

load ratio, y =(Qx + Wk )/ (Gx + Ok + Wx)

partial factor for unfavourable permanent actions G
partial factor for unfavourable variable actions Q
partial factor for unfavourable variable actions W
reduction factor for unfavourable permanent actions Q
reduction factor for unfavourable permanent actions W
reduction factor for unfavourable permanent actions G
coefficient of model uncertainty

distribution function of standardised normal distribution

G%W§§§(§§N
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ATTACHMENTS

1. MATLAB function "generic(gR,wr,k)".

Matlab function "Generic" is intended for investigation of the combination rules
provided in EN 1990. A general structural member of the resistance R (including model
uncertainty) is considered.

Function "Generic" calls function

Action3(mr,sr,skr, Rd,k), which further calls functions
Lnpf (mr,sr,skr,me,se,ske), which calls
Lndens(x,ske,me,se)
Lndist(x,skr,mr,sr)
Ndinv(p)

2. MATLAB function "Action3(mr,sr,skr,Rd,k)"
MATLAB function "Action3" is intended for determining statistical characteristics of
the load effect of different combinations of three actions.
Function "Generic" calls function
Lnpf (mr,sr,skr,me,se,ske), which further calls functions
Lndens(x,ske,me,se)
Lndist(x,skr,mr,sr)
Ndinv(p)

3. MATLAB function "Lnpf(mr,sr,skr,me,se,ske)"
MATLAB function "Lnpf" calculates the failure probability using three parameter
lognormal distribution for approximation of the load effect and resistance.
Function "Lnpf" further calls functions
Lndens(x,ske,me,se)
Lndist(x,skr,mr,sr)
Ndinv(p)

4. MATLAB function "Lndens(x,mu,sigma,sk)"

MATLAB function "Lndens" is intended for calculation of the probability density
function of three-parameter lognormal distribution. The function is called by the function
LNPF using command “Lndens(ske,me,se)”, and returns the value of probability density
function.

5. MATLAB function "Lndist(x,mu,sigma,sk)"

MATLAB function "Lndist" is intended for calculation of the distribution function of
three-parameter lognormal distribution. The function is called by the function LNPF using
command “Lndist(skr,mr,sr),” and returns the value of the distribution function.

6. MATLAB function "Ndinv(p)"

MATLAB function "Ndinv" calculates the inverse distribution function of the normal
distribution (determining the reliability index beta). The function is called by the function
Action3 or Action3i using command “Ndinv(p)” (or “Ndinv(p,mu,sigma)” or Ndinv(p,mu)”),
and returns the value of the inverse distribution function.
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7. MATHCAD sheet'" Generic.mcd"

MATHCAD function "Generic" is intended for investigation of the combination rules
provided in EN 1990. A general structural member of the resistance r (including model
uncertainty) is considered.

8. MATHCAD sheet'"Load effect.mcd"

MATHCAD sheet "LoadEffect" is intended for investigation of combination rules
provided in EN 1990 by expressions (6.10), (6.10a) and (6.10b) considering three loads: G, Q
and W. Turkstra's rule ( 50-year extremes of a leading and annual extremes of an
accompanying action) is applied.
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Attachment 1 —- MATLAB function "generic(gR,wr,k)"

function Gener=Gener(gR,wr k)
% Program "Generic" is intended for investigation of the combination rules
% provided in EN 1990.
% A generic structural member of the resistance R (including model uncertainty)
% 1s considered.
% Function "Generic" calls function
%  Action3i(mr,sr,skr, Rd,k,1), which further calls functions
%  Ndinv(p), Lnpf (mr,sr,skr,me,se,ske), which calls
% Lndens(x,ske,me,se), Lndist(x,skr,mr,sr) and Ndinv(p)
%
% INPUT data describing random variable R: Rd, gR, wR
%
% VERSION
% MH, Klokner Institute, Czech Technical University in Prague, 1.08.2003
%
% Input load ratio k = Wk/Qk used by the function "Action3i",
% k=0.00; % Input parameter that may be changed
% Characteristic of the resistance R
Rd=1; % may be chosen arbitrary
Rk=Rd*gR; % gR=1.15; gR given by a fixed value not related to wr and beta
% an alternative is indicated below in the first line of the loop for wr
%
% Statistical parameters of R (having lognormal distribution) determined
% in the following loop for selected coefficients of variation wr
%for 1= 3:3 % Range of the loop that may be adjusted.
%wr=0.05+(i-1)*0.05; betat = 3.8;
% gR=exp(0.7*betat*wr)/exp(1.65*wr); Rk=Rd*gR; % alternatively
Kr=1; wKr=0.05; % lognormal distribution
mr=Kr*Rk*exp(1.645*wr); wr=(wr*2+wKr"2+wr*2*wKr*2)"0.5;
sr=mr*wr; skr=3*wr+wr”"3;
% alternatively the mean mr=Rk/(1-1.645*wr)
Action3(mr,sr,skr,Rd,k) % Call function Action3i
%end
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Attachment 2 —- MATLAB function "Action3 generic(mr,sr,skr,Rd,k)"

function Action3 = action3(mr,sr,skr,Rd,k)
% CALL
%  Lnpf (mr,sr,skr,me,se,ske), which further calls LNDENS and LNDIST
% INPUT
%  R:mr,sr,skr; E:me,se,ske; vector of real arguments
% OUPUT
%  Dbeta: vector of beta values
% VERSION
%  Klokner Institute, Czech Technical University in Prague, 24.04.2002
% Laod factors and parameters:
gG=1.35; gQ=1.5; gW=1.5; psil=0.7; psi2=0.6; wG=0.1; Y%psil=psiQ, psi2=psiW
% Characteristics of variable loads Q and W for k<=(1-psiQ)/(1-psiW)
if k<=(1-psil)/(1-psi2);
mmQ=0.49; wQ=0.4; skQ=1.14; mmW=0.3; wW=0.5; skW=1.14;
else %Characteristics of variable loads Q and W for k>(1-psiW)/(1-psiQ)
mmQ=0.2; wQ=1.1; skQ=1.14; mmW=0.7; wW=0.35; skW=1.14;
end

% Model uncertainties of actions
Ke=1; wKe=0.00; sKe=wKe*Ke;skKe=3*wKet+wKe"3;
% Parameters k=Wk/Qk given in the function that calls Action3
% Combination factors for expression (6.10) if k<=(1-psiQ)/(1-psiW)=0,75 or k>(1-
psiW)/(1-psiQ)=0,75
if k<=(1-psil)/(1-psi2);
ksi=1; psiQ=1; psiW=psi2;

else
ksi=1; psiQ=psil; psiW=1;
end
SotrrrrrrnrrnrrnrninitiCase A, (6.10)

%Eftect of the load ratio CHI for expression (6.10) for the load ratio
CHI=(Qk+Wk/(Gk+Qk+Wk))
for n=1:21 %loop for CHI in the interval <0,1>
CHI(n)=0+(n-1)*0.0499;
mG(n)=Rd/(ksi*gG+(CHI(n).*(psiQ*gQ+k*psiW*gW))./((1-CHI(n))*(1+k)));
sG(n)=mG(n)*wG;
Qk(n)=CHI(n).*mG(n)./((1-CHI(n))*(1+k)); mQ(n)=Qk(n)*mmQ; sQ(n)=mQ(n)*wQ;
Wk(n)=Qk(n)*k; mW(n)=Wk(n)*mmW; sW(n)=mW(n)*wW;
me0(n)=mG(n)+mQ(n)+mW(n); se0(n)=sqrt(sG(n)*2+sQ(n)"2+sW(n)"2);
we0(n)=se0(n)./me0(n);
skeO(n)=(sQ(n)"3*skQ+sW(n)"3*skW)./se0(n)"3;
me(n)=(mG(n)+mQ(n)+mW(n))*Ke;
se(n)=me0(n)*Ke.*sqrt(wKe 2+we0(n)"2+we0(n)"2.*wKe"2);

ske(n)=me0(n)"3.*Ke"3.*(wKe 3 *skKe+we0(n)"3.*skeO(n)+we0(n) 2*wKe”2*6)./se(n)"3;
%mG(n).*gG+Qk(n).*gQ+Wk(n).*psiW.*gW
pf(n)=Lnpf(mr,sr,skr,me(n),se(n),ske(n)); beta(n)= -ndinv(pf(n)); pft(n)=0.0000723;
betat(n)=3.8;
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sg(n)=sqrt(sr*2+se(n)"2);
alG(n)=-mG(n)*sqrt(wG"2+wKe"2+wG"2*wKe"2)./sg(n);
alQ(n)=-mQ(n)*sqrt(wQ”"2+wKe"2+wQ"2*wKe"2)./sg(n);
alW(n)=-mW(n)*sqrt(wW”"2+wKe"2+wW"2*wKe"2)./sg(n);
ale(n)=-se(n)./sg(n);
alr(n)=sr./sg(n);
end% end of the loop
% Check selected values
beta(1), beta(21), %The first and the last Beta

sg(1);

alr(1); ale(1); %The first and alr and alr

st; se(1);
GolrrrrrnrrnrririniCase B, (6.10a)

% Combination factors for expression (6.10a) for any k<=>(1-psiW)/(1-psiQ)=0,75

if k<=(1-psil)/(1-psi2);
ksi=1; psiQ=psil; psiW=psi2;
else
ksi=1; psiQ=psil; psiW=psi2;
end

for n=1:12 %loop for CHI in the interval <-1,1>
CHIa(n)=0+(n-1)*0.0499;
mG(n)=Rd/(ksi*gG+(CHIa(n).*(psiQ*gQ+tk*psiW*gW))./((1-CHIa(n))*(1+k)));
sG(n)=mG(n)*wG;
Qk(n)=CHIa(n).*mG(n)./((1-CHIa(n))*(1+k)); mQ(n)=Qk(n)*mmQ; sQ(n)=mQ(n)*wQ;
Wk(n)=Qk(n)*k; mW(n)=Wk(n)*mmW; sW(n)=mW(n)*wW,;
me0(n)=mG(n)+mQ(n)+mW(n); se0(n)=sqrt(sG(n)"2+sQ(n)*2+sW(n)"2);
we0(n)=se0(n)./me0(n);
skeO(n)=(sQ(n)"3*skQ+sW(n)"3*skW)./se0(n)"3;
me(n)=(mG(n)+mQ(n)+mW(n))*Ke;
se(n)=me0(n)*Ke.*sqrt(wKe"2+we0(n)"2+we0(n)"2.*wKe"2);

ske(n)=me0(n)"3.*Ke"3.*(wKe"3*skKe+we0(n)"3.*ske0(n)+we0(n)"2*wKe” 2*6)./se(n)"3;
%mG(n).*gG+Qk(n).*gQ+Wk(n).*psiW.*gW
pfa(n)=Lnpf(mr,sr,skr,me(n),se(n),ske(n)); betaa(n)= -ndinv(pfa(n));

end% end of the loop

if k<=(1-psil)/(1-psi2);

ksi=0.85; psiQ=1; psiW=psi2;

else

ksi=0.85; psiQ=psil; psiW=1;
end

for n=1:19 %loop for CHI in the interval <-1,1> for expression (6.10b)

CHIb(n)=0.1+(n-1)*0.0499;
mG(n)=Rd/(ksi*gG+(CHIb(n).*(psiQ*gQ+k*psiW*gW))./((1-CHIb(n))*(1+k)));
sG(n)=mG(n)*wG;
Qk(n)=CHIb(n).*mG(n)./((1-CHIb(n))*(1+k)); mQ(n)=Qk(n)*mmQ); sQ(n)=mQ(n)*wQ;
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Wk(n)=Qk(n)*k; mW(n)=Wk(n)*mmW; sW(n)=mW(n)*wW;

me0(n)=mG(n)+mQ(n)+mW(n); se0(n)=sqrt(sG(n)"2+sQ(n)*2+sW(n)"2);
we0(n)=se0(n)./me0(n);

skeO(n)=(sQ(n)"3*skQ+sW(n)"3*skW)./se0(n)"3;

me(n)=(mG(n)+mQ(n)+mW(n))*Ke;
se(n)=me0(n)*Ke.*sqrt(wKe"2+we0(n)"2+we0(n)"2.*wKe"2);

ske(n)=me0(n)"3.*Ke"3.*(wKe"3*skKe+we0(n)"3.*ske0(n)+we0(n)"2*wKe”2*6)./se(n)"3;
%mG(n).*gG+Qk(n).*gQ+Wk(n).*psiW.*gW
ptb(n)=Lnpf(mr,sr,skr,me(n),se(n),ske(n)); betab(n)= -ndinv(ptb(n));

end% end of the loop

ksi=1; psiQ=0.0; psiW=0.0;

%Eftect of the load ratio CHI for expression (6.10amod)=(6.10c)
for n=1:4 %loop for CHI in the interval <-1,1>
CHIc(n)=0+(n-1)*0.0499;
mG(n)=Rd/(ksi*gG+(CHIc(n).*(psiQ*gQ+k*psiW*gW))./((1-CHIc(n))*(1+k)));
sG(n)=mG(n)*wG;
Qk(n)=CHlIc(n).*mG(n)./((1-CHIc(n))*(1+k)); mQ(n)=Qk(n)*mmQ; sQ(n)=mQ(n)*wQ;
Wk(n)=Qk(n)*k; mW(n)=Wk(n)*mmW; sW(n)=mW(n)*wW;
me0(n)=mG(n)+mQ(n)+mW(n); se0(n)=sqrt(sG(n)"2+sQ(n)*2+sW(n)"2);
we0(n)=se0(n)./me0(n);
skeO(n)=(sQ(n)"3*skQ+sW(n)"3*skW)./se0(n)"3;
me(n)=(mG(n)+mQ(n)+mW(n))*Ke;
se(n)=me0(n)*Ke.*sqrt(wKe"2+we0(n)"2+we0(n)"2.*wKe"2);

ske(n)=me0(n)"3.*Ke"3.*(wKe"3*skKe+we0(n)"3.*skeO(n)+we0(n)"2*wKe” 2*6)./se(n)"3;
%mG(n).*gG+Qk(n).*gQ+Wk(n).*psiW.*gW
pfc(n)=Lnpf(mr,sr,skr,me(n),se(n),ske(n)); betac(n)= -ndinv(pfc(n));

end% end of the loop

gG=1.2; gQ=1.4; gW=1.4; %ealternative values og gamma
if k<=(1-psil)/(1-psi2);
ksi=1; psiQ=1; psiW=psi2;
else
ksi=1; psiQ=psil; psiW=1;
end
%Eftect of the load ratio CHI for expression (6.10)
for n=1:21 %loop for CHI in the interval <0,1>
CHI(n)=0+(n-1)*0.0499;
mG(n)=Rd/(ksi*gG+(CHI(n).*(psiQ*gQ+k*psiW*gW))./((1-CHI(n))*(1+k)));
sG(n)=mG(n)*wG;
Qk(n)=CHI(n).*mG(n)./((1-CHI(n))*(1+k)); mQ(n)=Qk(n)*mmQ; sQ(n)=mQ(n)*wQ;
Wk(n)=Qk(n)*k; mW(n)=Wk(n)*mmW; sW(n)=mW(n)*wW;
me0(n)=mG(n)+mQ(n)+mW(n); se0(n)=sqrt(sG(n)"2+sQ(n)*2+sW(n)"2);
we0(n)=se0(n)./me0(n);
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skeO(n)=(sQ(n)"3*skQ+sW(n)"3*skW)./se0(n)"3;
me(n)=(mG(n)+mQ(n)+mW(n))*Ke;
se(n)=me0(n)*Ke.*sqrt(wKe"2-+we0(n)*2+we0(n)"2.*wKe"2);

ske(n)=me0(n)"3.*Ke"3.*(wKe"3*skKe+we0(n)"3.*ske0(n)+weO(n)"2*wKe”2*6)./se(n)"3;
%mG(n).*gG+Qk(n).*gQ+Wk(n).*psiW.*gW
pfd(n)=Lnpf(mr,sr,skr,me(n),se(n),ske(n)); betad(n)= -ndinv(pfd(n));

end% end of the loop

ksi=1; psiQ=1; psiW=1; %reduction factor not considered
% Combination factors for expression (6.10) for one k=0, or two k>0
Rd=Rd*1.15/1.1; % adjustement for different for gm=1.10;

if k<=0.001;
gG=1.4; gQ=1.6; gW=1.4;
else
gG=1.2; gQ=1.2; gW=1.2;
end

%Eftect of the load ratio CHI for expression (6.10)

for n=1:21 %loop for CHI in the interval <0,1>

CHI(n)=0+(n-1)*0.0499;

mG(n)=Rd/(ksi*gG+(CHI(n).*(psiQ*gQ-+k*psiW*gW))./((1-CHI(n))*(1+k)));

sG(n)=mG(n)*wG;

Qk(n)=CHI(n). *mG(n)./((1-CHI(n))*(1+k)); mQ(n)=Qk(n)*mmQ; sQ(n)=mQ(n)*wQ;

Wk(n)=Qk(n)*k; mW(n)=Wk(n)*mmW; sW(n)=mW(n)*wW,;

me0(n)=mG(n)+mQ(n)+mW(n); se0(n)=sqrt(sG(n)"2+sQ(n)*2+sW(n)"2);
we0(n)=se0(n)./me0(n);

skeO(n)=(sQ(n)"3*skQ+sW(n)"3*skW)./se0(n)"3;

me(n)=(mG(n)+mQ(n)+mW(n))*Ke;
se(n)=me0(n)*Ke.*sqrt(wKe"2+we0(n)"2+we0(n)"2.*wKe"2);

ske(n)=me0(n)"3.*Ke"3.*(wKe"3*skKe+we0(n)"3.*skeO(n)+we0(n)"2*wKe” 2*6)./se(n)"3;
%mG(n).*gG+Qk(n).*gQ+Wk(n).*psiW.*gW
pfe(n)=Lnpf(mr,sr,skr,me(n),se(n),ske(n)); betae(n)= -ndinv(pfe(n));

end% end of the loop

% Ploting beta and pf and alpha versus CHI

ksi=0.85; psiQ=psil; psiW=psi2;gG=1.35;gQ=1.5;gW=1.5;
if k<=(1-psil)/(1-psi2);
a=1; b=psi2;
else
a=psil; b=1;
end
CHIlim=gG*(1-ksi)*(1+k)/(gG*(1-ksi)*(1+k)+gQ*(a-psiQ)+gW*k*(b-psiW))
CHIlimc=gG*(1-ksi)*(1+k)/(gG*(1-ksi)*(1+k)+gQ*a+gW*k*b)
for n=1:14
B(n)=3+(n-1)*0.15;
C(n)=10"(-2-(n-1)*0.35);
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end

maxbeta=ceil(max(beta));
maxpf=ceil(100*max(pf))/100;
h=figure(1);

% plot beta versus CHI
subplot(2,1,1)%CSN Beta: ,CHI betad,'r.", BSI beta CHI,betae,'k--'
plot(CHLbeta,'r',CHI,betae,'k--',CHIa,betaa,'b',CHIb,betab,'b',CHIc,betac,'g--',CHI betat, 'k -
.,CHIlimc,B,'g.',CHIlim,B,'b.",'LineWidth',1.5,'MarkerSize',5) %betaa, CHI,betab, CHI,betat,
grid,axis([0,1,3,6]) % maxbeta
ylabel('Index Beta')
subplot(2,1,2)
% plot pf versus CHI
semilogy(CHLpf.'r',CHI,pfe,'k--',CHIa,pfa,'b',CHIb,pfb,'b',CHIc,pfc,'g--',CHL pft, k-
.,CHIlimc,C,'g.",CHIlim,C,'b.",'LineWidth',1.5,'MarkerSize',5)
%plt using semilogarthmical scale, ,pfa, CHIL,pfb,CHI
grid,axis([0,1,1e-8,maxpf])
ylabel('Probability Pf")

%subplot(3,1,3) % not generally active

% plot Alphas versus CHI
%plot(CHILalG,CHI,alQ,CHI,alW,CHI,alr,CHIL ale,
%'LineWidth',1.5) %Alphasplt scale, ,pfa, CHL,ptb,CHI
%grid,axis([0,1,-1,1])
%xlabel('Load ratio CHI=(Qk+Wk)/(Gk+Qk+Wk)")
%ylabel('Alphas for A - (6.10)")
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Attachment 3 —- MATLAB function "Lnpf(mr,sr,skr,me,se,ske)"

function pf = Lnpf (mr,sr,skr,me,se,ske)
% DESCRIPTION, 19.09.1999
%  Lnpf evaluates the probability of failure pf considering the fundamental
%  limit state function G=R - E.
% CALL
%  val = Lnpf (mr,sr,skr,me,se,ske);
% FUNCTIONS USED
% Indens(x,ske,me,se).*Lndist(x,skr,mr,sr)
% INPUT
% mr :the mean of R
% sr :standard deviation of R
% skr : coefficient of skewness of R (must be given)
% me :the mean of E
% se :standard deviation of E
% ske :coefficient of skewness of E (must be given)
% OUPUT
% val :failure probability pf
% VERSION
% MH, Czech Technical University in Prague, Klokner Institute, 2.8.2003
% Initialization
cr=(0.5*skr+(skr*2/4+1)"0.5)(1/3)-(-0.5*skr+(skr"2/4+1)"0.5)"(1/3);%constant of
lognormal R
ce=(0.5*ske+(ske"2/4+1)"0.5)"(1/3)-(-0.5*ske+(ske"2/4+1)"0.5)"(1/3);%constant of
lognormal E
if cr==
r0=10"10;
else
r0=mr-sr/cr; %pbound of lognormal distribution of R
end
if ce==0
e0=10"10;
else
e0=me-se/ce; %pbound of lognormal distribution of E
end
% Determination of integration interval
k=10; % Coefficient of standard deviation
if skr>0; %R positive
if ske>0; %R and E positive
a=max(r0,e0);
b=min(mr+k*sr,me+k*se); % limit 6*sr
else
if ce== %R pos, E sym
a=max(r0,me-k*se);
b=min(mr+k*sr,me+k*se);
else % R pos E neg
a=max(r0,me-k*se);
b=min(e0,mr+k*sr);
end
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end
else % R sym or neg
if cr==0; % R sym c¢=0 (sk=0)
ifce==0 % both R and E sym
a=max(mr-k*sr,me-k*se);
b=min(mr+k*sr,me+k*se);
else
if ske>0 %R sym, E pos
a=max(mr-k*sr,e0);
b=min(mr+k*sr,me+k*se);
else % R sym, E neg
a=max(mr-k*sr,me-k*se);
b=min(mr-k*sr,e0);
end
end
else % R neg
if ske>0; % R neg, E pos
a=max(mr-k*sr,e0);
b=min(r0,me+k*se);
else % E sym or neg
ifce==0 % R neg, E sym
a=max(mr-k*sr,me-k*se);
b=min(r0,me+k*se);
else % R neg, E neg
a=max(mr-k*sr,me-k*se);
b=min(e0,10);
end
end
end
end
% Integration interval
if a<0
a=0;
end
delta=b-a;
a=a+0.00000001*delta; % adjusted integration limits to avoid singularity
b=b-0.00000001*delta;
if a>b
' error in input data, a>b, increase the lower limit of the design parameter'
pause
else
n=20; inc=(b-a)/n; Y=0; % parameters of integration, n may adjusted if needed
for x=a:inc:b; % Integration of failure probability by trapezoidal rule
e= Lndens(x,me,se,ske); % call Lndens
r= Lndist(x,mr,sr,skr); % call Lndist
Y=Y+ e¢*r; % sum of e*r
end
pf=inc*Y;
end
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Attachment 4 —- MATLAB function' Lndens(x,mu,sigma,sk)"

function val = Lndens (x,mu,sigma,sk)
% DESCRIPTION
% NDENS evaluates the one-dimensional normal density function.
% CALL
%  val = Lndens (x,sk);
%  val = Lndens (x,sk,mu,sigma);
% INPUT
% x :real vector of arguments
% sk :coefficient of skewness (must be given)
% mu :mean value; optional; default = 0.0 (i.e. standard)
% sigma : std. dev. > 0; optional; default = 1.0 (i.e. standard)
% OUPUT %  val: vector of normal density values for the x's
% VERSION % Milan Holicky, Czech Technical University in Prague, Klokner Institute
% 18.09.1999
if nargin <3
mu =0.0;
sigma = 1.0;
end
% Evaluate
X = (x-mu)/sigma; % normalize
c=(0.5*sk+(sk*2/4+1)"0.5)"(1/3)-(-0.5*sk+(sk*2/4+1)"0.5)"(1/3);%constant of lognormal
if c==0; % sk=0
x0=10"10;
else
x0=-1/c; %bound of the distribution
end
if sk>0; %check of x range
if x0>x
error ('x out of range')
else
end
else
if x0<x
error('x out of range')
else
end
end
%
if abs(c)>0.0001; %if for c=0 (sk=0)
tt=sign(sk)*(log(abs(x+1/c))+log(abs(c))+0.5*log(1+c"2))/((log(1+c"2))"0.5);
else
tt=x;
end
if abs(c)>0.0001; %if for c=0 (sk=0)
val = exp(-0.5*tt."2)/(sqrt(2*pi)*sigma*abs(x+1/c)*(log(1+c"2))"0.5);
else
val = exp(-0.5*tt.”2)/(sigma*sqrt(2*pi));
end
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Attachment 5 — MATLAB function' Lndist(x,mu,sigma,sk)"

function val = Lndist (x,mu,sigma,sk)
% DESCRIPTION, 18.09.1999
%  LNDIST evaluates the one-dimensional lognormal distribution function.
% CALL
%  val = Indist (x,sk)
%  val = Indist (x,sk,mu,sigma)
% INPUT
% x :real vector of arguments.
% sk :coefficient of skewness; default = 0.0 (i.e. normal distribution)
% mu :mean value; optional; default = 0.0 (i.e. standard).
% sigma : std. dev. > 0; optional; default = 1.0 (i.e. standard).
% OUPUT
% val :vector of the lognormal distribution evaluated at the x's.
% VERSION
%  Milan Holicky, Czech Technical University in Prague, Klokner Institute
% Initialization
if nargin <3
mu =0.0;
sigma = 1.0;
end
X = (x-mu)/sigma; % standardize
c=(0.5*sk+(sk*2/4+1)"0.5)"(1/3)-(-0.5*sk+(sk*2/4+1)"0.5)"(1/3);%constant of lognormal
if c==0; % sk=0
x0=10"10;
else
x0=-1/c; %bound of the distribution
end
if sk>0; %check of x range
if x0>x
error ('x out of range')
else
end
else
if x0<x
error('x out of range")
else
end
end
if abs(c)>0.01; %if for c=0 (sk=0)
tt=sign(sk)*(log(abs(x+1/c))+log(abs(c))+0.5*log(1+c"2))/((log(1+c”2))"0.5);
else
tt=x;
end
val = (1+erf(tt/sqrt(2)))/2; % transformed error function
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Attachment 6 — MATLAB function"Ndinv(x,mu,sigma)"'

function [x] = norminv(p,mu,sigma)
%NORMINYV Inverse of the normal cumulative distribution function (cdf).
% X =NORMINV(P,MU,SIGMA) returns the inverse cdf for the normal
% distribution with mean MU and standard deviation SIGMA, evaluated at
% the values in P.
% Default values for MU and SIGMA are 0 and 1, respectively.
%
% MH, Klokner Institute, CTU Prague 4.8.2003
%
if nargin <2
mu = 0;
end
if nargin <3
sigma = 1;
end
% Return NaN for out of range parameters or probabilities.
sigma(sigma <= 0) = NaN;
p(p <01 <p)=NaN;
x0 = -sqrt(2).*erfcinv(2*p);
X = sigma.*x0 + mu;
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Attachment 7 — MATHCAD sheet" Generic.Mcd”

Mathcad sheet "Generic" is intended to investigate conbination rules provided in EN
1990 by expressions (6.10), (6.10a) and (6.10b) considering a generic structural memeber.
Turkstra's rule ( 50 years extremes of a leading and annual extremes for accompnying
action) is applied forthe reference period of 50 years MH, August 2002.

Design expression: ROk/ M = ()yG*Gk + ¢ Q)yQ*Qk +(yW)*y W*WKk

Limit state function: gX)= p* RO - 0 *(G+Q+ W), RO=K*fu

Resistance of an elementR =p * RO is described by two parameter lognormal
distribution LN(ug,0r), basic variables RO by LN(@Rk, 0.06pR), ® =1/(1- 2*wR0) and p by
LN(1.1, 0.05).

Load effectE =0 * (G + Q + W) is discribed by &hree parameter lognormal distribution
LNa (u#g,0F @), permanent load G by N(Gk, 0.1*Gk), 50 yearsimposed load Q by GUM(0.6
Qk, 0.35Q), annual wind load W by GUM(0.3Wk, 0.5uW), uncertainty 6 by LN(1.0, 0.05).

Parameters: y=( Qk+Wk)/(Gk+Qk+Wk), k=Wk/Qk, factorgm, yG,yQ,yW, &, yQ, yW.

1 Input data: Constants:  £:=0.85 yQ:=0.70 yW:=0.60 k:=0.0 Rd:=1
Range variables:y :=0,0.09..0.99 ym:=1.0,1.05.1.5 yG:=1.1,1.15.1.5 yQ:=12,1.25..1.6 yW:=1.2,125.1.6
Load parameters: Normal distribution of G: uG =Gk wG:=0.1
Gumbel distribution of Q:  uQ = mQ*Qk mQ:=0.6 wQ:=035 aQ:=1.14
Gumbel distribution of W: W = mW*Wk mW:=03 wW :=0.5 oW =1.14
Model uncertainty 9, Lognormal distribution: uo:=1.0 w0:=0.05 ab:=3-wh+ W93

Resistance varables: R0 = ¢*ROk:  wR0:=0.0,0.12..0.35 o(wR0) := exp(1.65wR0) aRO(WR0) := wR03 + WRO’

Model uncertainty p, Lognormal distribution: pup =10 wp:=0.05 op:=3-wp + Wp3

2 Determination of the load variablesG, Q and W for a given resistance Rd
Characteristic values Gk=;G, Qk and Wk determined assuming Ed=Rd. Thus yG*Gk+y Q*Qk+yW*Wk=Rd

Rd
uGl(%,YG,YQ,YW) =
G (rQ+ ka) X Check:  [uG(0.5,1.35,1.5,1.5) = 0.351 |
(1+%-(1- )
QK ,7G,¥Q,YW) := “(‘?(xkﬁlm V) W) Wk(x,7G,7Q.yW) = k-Qk(%,7G,7Q,yW)  [QK(0.5,1.35.1.5,1.5) = 0.351 |

Ed(x,YG,yQ,yW) :=1G-uGlx ,vG,¥Q,yW) + yQ-Qk(x,¥G,yQ,7W) + yW-Wk(x,7G,yQ,yW) [Wk(0.5,135,1.5,1.5 =0 |

Normal distribution of G:  oG(y,yG,yQ,YW) := WG uG(y,,G,1Q.7W) [Ed(05,135,1.5,1.5 = 1|

Gumbel distribution of Q- 11Q(,yG,yQ,yW) := mQ QK ,yG,7Q,yW)  oQ(x,G,7Q.YW) := wQ-uQ(x,vG,¥Q,7W)

Gumbel distribution of W u1w(y,7G,yQ,yW) := mW-Wk(3,G,yQ.yW) oW(1,7G,yQ,7W) := wW-uW (3,7G.yQ,yW)

3 Load effectE =60 * (G+Q+W) =0*EO0:

The mean and st. deviation of EO: uE0(y ,yG,7Q,yW) := nGly,vG,7Q,yW) + nQlx,vG,7Q.yW) + uW(y,YG,yQ,7W)

2 2 2
GE((X,"{G,"{Q,'YW) :\/WGZHG(X,"{G,"{Q,'YW) + WQ2HQ(XHYGDYQst) + WW2HW(X,'YG,'YQ,'YW)

C-34
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The coefficient of variation of EO (without model uncertainty 9): HE0(0.4,1.35,1.5,1.5) = 0.596

oE0(y ,7G,7Q,7W)

nE(y,vG,yQ,yW) := u0-uE0(y ,yG,yQ.yW) wE(0.4,1.35,1.5,1.5) = 0.123
WEO(%,7G,YQ,yW)

WEO(,7G,1Q,YW) =

- o 2 2 2 2
The coefficient of variation of E:  w(y, 1G10,7W) = wEl1G,7Q. /W) + w6 + wEl 16 70, 1W)- wo

The standard deviation of E: oE(y,vG,vQ,yW) := uE(y ,vG,7Q,yW)- wE(y ,¥G,yQ,YW)

4 Three parameter lognormal distribution of E wE(0.4,1.35,1.5,1.5) = 0.133

Skewness of EO: 3 3
oQ(7,YG,¥Q,7W)"-0Q + oW (x,7G,7Q,yW) -aW

3
oE0(x,7G,7Q,YW)

aB0(x,YG,yQ, W) =

[aE0(0.4,1.35,1.5,1.5) = 0.614 |

Skewness of E:

wde,yG,yQ,yW)3~0LE0(X,yG,yQ,yW) + 6~w62~wde,yG,yQ,yW)2 + w93~a6

3
wE(3,7G,¥Q,YW)

aB(y,7G,1Q,YW) =

[0E(0.4,1.35,1.5,1.5) = 0.591 |

Parameter C:

1 1

3

3
2 2
4G4 W) i (Jabl 1610w + 4+ oy 16.10.9%)) - (Jabl 1610w + 4 ably 1610w

23

Parameters of transformed variable:

mHz,YG,yQ,7W) := ~In( |y ,vG,7Q,yW)| ) + In(cE(y,YG,vQ,yW)) - (0-$-ln(l + C(x,vG,vQ,YW)Z)

1
SE(x,7G,yQ,7W) :=\/1n(1 + C(X,VG,YQ,YW)2) x0y,7G,¥Q,yW) = uE(x,YG,yQ,YW) — ) oE(%,vG,7Q,YW)

c(x,7G,7Q,yW

Probability density of E, approximation by three parameter lognormal distribution: |X()(0‘4, 1.35,1.5,1.5) = 0.189 |

Eln(x,%,YG,yQ,yW) := dInorm(x — x0x ,vG,yQ,yW),mHy ,vG,7Q,yW ), sE(x ,vG,yQ,yW))

5 Resistance variables R =p*Ry:  .R(ym, wR0) := up-Rd-ymo(wR0)  [Check]  [uR(1.15,0.15) = 1.473 |

2 2
wR(WRO0) :=\/ WRO? + wp~ + WROZ-wp oR(ym, wR0) := wR(wRO) puR (ym) wR(0.15) = 0.158
6 Two parameter lognormal distribution of R

Transformed variable: mR(ym, wR0) := In(pR(ym, wR0)) — (0.5)~1n(1 + wR(wRO)2) sR (ym, wR0) = 1n(1 + WR(WR0)’ )

Distribution function Rin(x,ym, wR0) := plnorm(x, mR(ym, wR0),sR (ym, wR0)) mR(1,015) = 22.038 sR(1,0.15) = 0.157
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7 Failure probability and eliability indexp: d(y,1G,yQ,yW) := if(xdy,yG,yQ,yW) < 0,0,x0(3 ,vG,yQ,yW))
o0

pf50(y ,ym, wR0,YG,yQ,yW) := Eln(x, ,YG,7Q,yW) Rin(x,ym, wR0) dx  [d(0.4,1.35,1.5,1.5) = 0.189 |
d(x,vG,vQ,YW)

|pf50(0.0,1.15,0.15,1.35,1.5,\VW-1.5) ~1.645% 10 |
BIn(y ,ym, wR0,YG,yQ,yW) := —qnorm(p£50(x ,ym, wR0,7G,yQ,yW),0,1)  [BIn(0.0,1.15,0.15,1.35,1.5, yW-1.5) = 3.591 |

8 Reliability indexp versus ratio y: limit for dominant action: k.= ~—¥2  Check:
1-yW
a:=if(k <k0,1,yQ) b= if(k > k0, 1, yW)
Limit value of ; for (6.10a) and (6.10b)  (4G.10Q.7W) == G (1-8)1 + k)
16 (1= )1+ k) + [yQ-(a - yQ) + yW-k-(b - yW)]
- G(1-8)1+k
Limit of  for (6.10a-mod) and (6.10b) ya(4G.yQ.yW) = 161 -1+ K Jla = yxa(135,15,1.5)
vG(1-8)(1+ k) + (yQa + yW k-b)
Target probability p¢.=3.8 Auxiliary:  40:=3,35.5 = (1.35,15,1.5)
xa =0,0.05..x1 + 0.05 xb :=yla — 0.01,la + 0.04..0.999  yam:=0,0.05..¢la + 0.04 Check:

xc :=0,0.05.. yla + 0.04 [BIn(0,1.15,0.15,1.35,a-1.5,b-1.5 = 3.591 | [BIn(0.999,1.15,0.15,1.35,a-1.5,b-1.5) = 3.583 |

Turkstra's for 50 years:  wG=0.1 mQ=06 wQ=035 mW=03 wW=05 k=0 yl=031 yla=0.119

6

5.5

0 0.2 0.4 0.6 0.8 1

Figure 1: Reliability index3 corresponding to equation (6.10), (6.10a) and (6.10b).

Note that expression (6.10) is represented by solid red line, expressions (6.10a) and
(6.10b) by solid blue line,expression (6.10a,mod) by dashed green line, BSI
combination by dashed brown line, CSN combination by red dashed line, target
reliability index by horizontal black dashed line. The twin expressions (6.10a) and
6.10b) provide the most uniform distribution of the reliability inde) against the load
ratio y with reliability indexgreater than the target valuep = 3,8 for majority ofy.
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9 Reliability indexf versus yG ayQ:

B1(yG,yQ) := BIn(0.4,1.15,0.15,YG, a-yQ, byQ)

Figure 2: Reliability indexf
corresponding to expression
(6.10) versus partial factors
G ayQ.

Parameters: k=0

mQ=0.6 wQ=0.35 mW=03 wW=0.5

10 Reliability indexp versus ymay:

Figure 3: Reliability indexf
corresponding to expression
(6.10) versus partial factorym
and parameter y.

Parameters: k=0

mQ=0.6 wQ=035 mW=03 wW =05

B1,plt

B2(y ,ym) := Bln(y ,ym, 0.10,1.2,a-1.4,b-1.4)

B1t(yG,yQ) := 3.6

p2t(y,ym) == 3.8

B2, B2t
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11 Reliability indexp versus ymay:  p2(y,wR0) :=Bin(y, .15, wR0, 1.35,a-1.5,b-1.5)  p2t(y, wR0) := 3.8

Figure 4: Reliability indexf

corresponding to expression
(6.10) versus parameter y and :
the coefficient of variationwR.

Parameters : k= B

mQ=0.6 wQ=035 mW=03 wW=0.5

B2, 2t

12 Reliability indexf versus ym a wR: B4(ym, wR0) := BIn(0.4,ym, wR0,1.2,a-1.4,b-1.4)  B4t(ym, wR0) := 3.§

Figure 5: Reliability indexf§
corresponding to expression
(6.10) versus parameter yR
and the coefficient of variation
wR.

Parameters : k=0

mQ=0.6 wQ=035 mW=03 wW=05

B4, pat
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Attachment 8 - MATHCAD sheet"LoadEffect.mcd"

MATHCADsheet "LoadEfect"

Mathcad sheet "LoadEffect" is intended for investigation of conbination rules
provided in EN 1990 by expressions (6.10), (6.10a) and (6.10b) considering three loads: G,
Q and W. Turkstra's rule( 50 years extremes of a leading and annual extremes of an
accompnying action) is applied. MH, May 2003.

Design Load effect Ed = E)yG*Gk + (Q)yQ*Qk +(y\

Stochastic modet E= 6*(G+Q+W)

Load effectE =0 * (G + Q + W) is discribed by dhree parameter lognormal distribution
LNa (ug 06 aE), permanent load G by N(Gk, 0.1*Gk), 50 yearsimposed load Q by GUM(0.6
Qk, 0.351Q), annual wind load W by GUM(0.3Wk, 0.5uW), uncertainty 6 by LN(1.0, 0.05).

Parameters: y=( Qk+Wk)/(Gk+Qk+Wk), k=Wk/Qk, factorsyG,yQyW, &, yQ, yW.

1 Input data: Normailised load effect Ed:=1
Range variables:y :=0.001,0.01..0.99 yG:=1.,1.1..19  yQ:=1.2,1.25.1.6 YW :=1.2,125..1.6
Reduction factors: £:=0.85 yQ:=0.70 yW:=0.60 Loasd ratio: k:=0.0

2 Deterministic glabal factor:

Global load factor according to EN 1990 v(x,7G,7Q,7W) =G (1 = ) + (yQ + k-yW)- X
(1+k

3 Probabilistic models

Permanent load G:  Normal distribution of G: uG =Gk wG:=0.1
Variable load Q: Gumbel distribution of Q:  ;Q = mQ*Qk mQ:=0.6 wQ:=0.35 oaQ:=1.14
Variable load W: Gumbel distribution of W: W = mW*Wk mW :=0.3 wW :=0.5 aW =1.14

Model uncertainty Model uncertainty 9, Lognormal distribution: uo =10 wo:=0.05 o :=3-wb+ w93

4 Determination of the load variablesG, Q and W for a given load effect Ed = Rd
Characteristic values Gk=uG, Qk and Wk determined assuming Ed=Rd. Thus yG*Gk+yQ*Qk+yW*Wk=Rd

Ed
Gy ,7G,yQ,7W) =
{ G, Qe k-vW)-x} Check:  [uG(0.4,135,1.5,1.5) = 0.426
(1+k)-(1-9)
Q161 W) i LEALIGIQIW) G0 ) ke nGorQy W) [OROA0 35T 515 = 0254

(1+k)-(1-7)
Ed(x,7G,7Q,7W) =G uGly,vG,yQ,YW) + yQ-Qk(x,vG,yQ,yW) + yW-Wk(y,vG,yQ,yW) [Wk(0.5,1.35,1.5,1.5 =0 ]

Normal distribution of G: GG(X,'YG,'YQ,'YW) = WG“G(Xa’YGa'YQa’YW) |Ed(05’ 1359 157 15) =1 |

Gumbel distribution of Q1 Q(y,yG,yQ,yW) := mQQKy,vG,yQ,yW)  oQ(x,YG,yQ,yW) := wQ-uQ(x ,YG,yQ,yW)

Gumbel distribution of W w(y,yG,yQ,yW) := mW-Wk(y,7G,1Q,yW) oW (x,7G,yQ,yW) := wW-uW(y,YG,yQ,yW)
5 Load effectE =0 * (G+Q+W) =0*EO:

The mean and st. deviation of EO: uE0(y ,vG,yQ,yW) := nGly,7G,yQ,7W) + nQlx,¥G,yQ,yW) + uW(x,¥G,yQ,7W)

2 2 2
oE0(7,YG,YQ,YW) r=\le2'uG(x,vG,vQ,YW) + WQz-uQ(x,YG,YQ,YW) + WWz-uW(x,vG,vQ,vW)
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The coefficient of variation of EO (without model uncertaintyp): HE0(0.4,1.35,1.5,1.5) = 0.596

oE(y ,7G,7Q,yW)

WE(x,7G,7Q,yW) := n6-uEN(y ,¥G,yQ,yW)  wEN(0.4,1.35,1.5,1.5) = 0.123
HEO(y,¥G,Q,YW)

wE0(7,7G,7Q,YW) =

- . 2 2 2 2
The coefficient of variation of E: wE(y 16, 1Q.1W) = wEU . 1G,1Q.1W)° + w0 + wEU . 1G.1Q.W) w0

The standard deviation of E: GE(X,yG,yQ,yW) = uE(y,vG,vQ,yW)- wE(y ,vG,7Q,YW)

6 Three parameter lognormal distribution of E wE(0.4,1.35,1.5,1.5) = 0.133

Skewness of EO: 3 3
oQ(%,7G,¥Q,YW)”-aQ + oW(y,¥G,yQ,yW)”-aW

3
oE(y,.7G.7Q.7W)
Skewness of E: [aE0(0.4,1.35,1.5,1.5) = 0.614]

aBO(x,7G,7Q,yW) =

WE((X,yG,yQ,yW)3~ade,yG,yQ,yW) + 6 WGZ-WEdX,YG,YQ,YW)Z + w63-0c9

WE(X,YG,VQ,YW)3

aE(y,¥G,yQ,yW) =

[0E(0.4,1.35,1.5,1.5) = 0.591 |

Parameter C:

1 1

3

3
(\/aE(x,vG,YQ,vW)Z +4+ aE(x,vG,vQ,YW)) - (\/aE(x,vG,YQ,vW)Z +4- aE(x,vG,vQ,vW))
1

23

Ay, 7G,¥Q,YW) =

Parameters of transformed variable:

mHy,7G,1Q,yW) = —In(| C(x,vG,yQ,yW)|) + In(cE(x ,vG,yQ,yW)) - (0.5)~1n(1 + c(x,vG,vQ,vW)z)

P
SE(x,7G,yQ,yW) ::\/ 11+ lx,vG,yQ.,yW) ) x0(7,YG,YQ,yW) := E(x ,vG,yQ,yW) — ) oE(7,YG,yQ,yW)

c(x,7G,7Q. YW

Probability density of E, approximation by three parameter lognormal distribution: |X0(o.4, 1.35,1.5,1.5) = 0.189 |

Eln(x, 7,YG,yQ,yW) := dinorm(x — xtlx ,vG,yQ,yW), mHy ,yG,yQ,yW),sE(x ,7G,7Q,yW))

7 Theoretical value of the global factory for a given exceedance probability p of Ed:

p=P{E>Ed} p:=0.001,0.0011.0.006 Probability considered in EN: |1 — pnorm(0.7.3.8,0,1) = 3.907x 10~ 3 |

pp(Ed, x,7G,yQ,yW) := plnorm(Ed — xt(x ,vG,7Q,yW), mHy ,vG,yQ,yW),sE(x ,vG,yQ,yW))

Ed(p,%,vG,yQ,yW) := x0(,YG,yQ,yW) + glnorm(1 — p,mHy,YG,yQ,yW),sE(x ,7G,7Q.YW))

Ed(p. ¢ .1G.1Q.7W) [Ed(0.002 0.4, 1.35,1.5,1.5) = 0.884
EN(,7G,7Q,yW) [/p(0.002,0.3,1.35, 1.5, 1.5) = 1.228 |
[vp(0.002,0.3,1.5,1.5,1.5) = 1.228 |

w(p, %76, ¥Q,YW) =
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8 The global load factory versus ratio y: limit for dominant action: o:= ——¥2  Check:

1 -yW
Auxiliary quantities: a =if{k <k0,1,yQ) b = if{k > k0, 1, yW)
Limit value of y for (6.10a) and (6.10b) 4 (vG,yQ,yW) = vG(1-8)(1+ 1
1G(1-8)(1+ k) + [1Q(a - yQ) + YWk (b - yW) ]
. (1-8)1+k
Limit of 4 for (6.10a-mod) and (6.10Db) an(yG,yQ,yw) = YG( é)( LY yla:=yya(1.4,1.6,1.6)
1G(1-8)(1 + 0 + (1Qa + YW k-b)
Target probability pt.=3.8 Auxiliary:  40:=1,1.1..1.3 wl:=9x(1.351.5,1.5
ya:=0,0.05.%1+ 0.05 yb:=yla—0.01yla+ 0.04.0.999 yc:=0,0.05..%la+ 0.04 Check:
Turkstra's for 50 years:  wG=0.1 mQ=0.6 wQ=035 mW=03 wW =05 k=0

Figure 1: Deterministic global load factoryE versus y, code values corresponding
to equation (6.10), (6.10a) and (6.10b).

The global load factoryE corresponding to expression (6.10) - combination A is
represented by solid red line, factor corresponding to expressions (6.10a) and (6.10b) -
combination B by blue line and factor corresponding toexpression (6.10a,mod) -
combination C by dashed green line.Vertical dashed lines indicate boundaries for
validity of expressions (6.10a) and (6.10b) orexpressions (6.10a,mod) and (6.10b).



Annex C - Calibration procedure

yp(0.001,%,1.35,1.5,1.5) //
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1p(0.004,%,1.35,15,15) | 4 S Ll el -
—— ——_,—-’ "'
v(x,1.35,1.5, yW-1.5) \

N

"'
--- - S
v(xa, 1.35,yQ-1.5,yW-1.5) 1.3 [\ Seo ' e
- \ S / /
\ -
YOrb, £1.35, 1.5, yW-1.5) N 7’4‘//
- - (] )
1(2¢.135,0,0) 12 3T~
N
%0 ' '
(] )
%0 I : H
[ (] L]
] ]
] ]
] ]
| . '
0 0.2 0.4 0.6 0.8 1

Xs Aos XAos Ao X85 AL 7C5 AL Al
Figure 2: Global load factory versus y, theoretical and deterministic values
corresponding to equation (6.10), (6.10a) and (6.10b).
9 Global indexy versus y and 'YQ vG:=135yQ:=15 yW:=1.5 F(p,x) = yp(p,x,yG,a-yQ,b~yW)
wp.x) =v(x,1-1.351-1.5, yW-1.5)

Parameters : =0

mQ=0.6 wQ=0.35 16wy /_7IL /_/_"
mW =03 wW =05 | / N /
=1 b=06 ///"//t"/
i ' -i'f”-_‘.f’x ff"/ :

ld-}.

I'(0.004,0.35 =1.198

13-4

Figure 3: Global factory versus
probability p and load ratioy
for load combination given by
equation (6.10).
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