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Kamil BURKOVIC!, Vojtéch BUCHTA?
EXPERIMENTALNI MERENI MODELU PILOTY, PATKY A SDRUZENEHO ZAKLADU

EXPERIMENTAL MEASUREMENTS MODEL OF PILE, SLAB AND RAFT FOUNDATION
Abstrakt

Navrh tnosnosti a sedani pilotového zakladu obvykle vychazi z pfedpokladu, Ze veskeré
zatizeni od horni stavby je pfendSeno pouze pilotami. Vliv pfilehlych spojovacich konstrukci, které
jsou v kontaktu s podlozim (kalich, deska, patka, pas atd.), je obvykle zanedban. Potfebna data
z experimentalniho méfeni vlivu téchto konstrukci, na celkovou tnosnost zakladl, byla ziskana na
zkusebnim  zatdZovacim zafizeni (stand), varedlu Stavebni fakulty, VSB-TU v Ostravé.
Prubéeh experimentu a vysledky zatézovacich zkousek jsou uvedeny v tomto piispevku.

Kli¢ova slova

Osaméla pilota, pilotovy zaklad, zkouseni pilot, model pilot, deska, patka, kombinovany
zaklad, zatézovaci zkouska, sedani, stand.

Abstract

Calculation of bearing capacity and settlement of pile foundation is usually based on the
premise that all loads from the top of the building are transmitted by only piles. The influence of the
adjacent connecting structures that are in contact with the ground (pile cap, slab, block, belt, etc.) is
usually neglected. Contribution for the slab connected with head piles was tested on equipment stand,
within the Civil Engineering Faculty, Technical University in Ostrava. The course of the experiment
and the results of load tests are presented in this paper.

Keywords

Single pile, pile foundation, pile test, model pile, slab, base, piled raft foundations, load test,
disconnected, stand.

1 UVOD

Cilem experimentu bylo ovéfeni chovani sdruzeného zékladu porovnanim s ekvivalentnim
plosnym zakladem a pilotou [2]. Byly zkoumdany tfi typy zdkladovych konstrukci. Vrtand pilota,
deska na podlozi a sdruzeny zaklad tvofeny pilotou a deskou shodnych rozméru [1], [3], [4], [6], [10].
Mefeni probihalo na modelech Zelezobetonovych konstrukci zmenSenych zhruba v poméru 1:10.
Rozmeéry bylo nutno ptizpusobit tvaru a kapacité zkusebniho zatfizeni stand [5].

2 ZARIZENI STAND, STRUCNA CHARAKTERISTIKA

Zatizeni stand [5], které je vybudovano v arealu Fakulty stavebni, Vysoké skoly banské —
Technické univerzity Ostrava, slouzi ke zkoumani interakce mezi zakladovymi konstrukcemi

! Ing. Kamil Burkovi¢, Katedra konstrukci, Fakulta stavebni, VSB-Technicka univerzita Ostrava, Ludvika
Podéste 1875/17, 708 33 Ostrava-Poruba, tel.: (+420) 596 617 121, e-mail: kamil.burkovic@arming.cz.

2 Ing. Vojtéch Buchta, Katedra konstrukci, Fakulta stavebnt, VSB-Technickd univerzita Ostrava, Ludvika
Podéste 1875/17, 708 33 Ostrava-Poruba, tel.: (+420) 597 321 925, e-mail: vojtech.buchta@vsb.cz.



apodlozim. Slouzi rovnéz pro ucéely geotechnickych méfeni. Jednda se o ocelovou ramovou
konstrukci ukotvenou do zakladovych pasii. Unosnost zakladii standu véetné zajiténi proti vytazeni
je zvySena fadou mikropilot [5]. Zakladni kostru tvofi ramy svarené z ocelovych valcovanych profild,
dopInéné o dva pricniky, jejichz polohu lze ménit v horizontdlnim sméru. Zatézovaci zafizeni

(hydraulické lisy) lze libovoln¢ kotvit k pticnikim. Polohu list 1ze tedy v rozmezi ptidorysné plochy
libovolné ménit. Kapacita zatizeni tohoto zafizeni je do 1000 kN.

3 PRIPRAVA ZKUSEBNICH TELES

Pied zahdjenim realizace jednotlivych zkuSebnich téles bylo provedeno srovnani terénu pod
zkuSebnim zafizenim. Byla odstranéna vrstva humusu a Skvarového nasypu az na rostly terén.
Rostlou zeminu podlozi tvoti homogenni jil s vysokou plasticitou a tvrdou az pevnou konzistenci.

3.1 Pilota

Modely pilot byly realizovany dne 15.3.2014 v dopolednich hodinach, za slunecného suchého
pocasi pii teplot¢ 10—12 °C. Piloty byly provedeny z betonu téidy C16/20, X0, ktery byl vyztuzen
vlozenim ocelové zavitové tyce. Pilota byla vybetonovana do otvoru pfedvrtaného v rostlém podlozi
pomoci motorového $nekového zemniho vrtdku. Primér vyvrtu byl 150 mm, délka byla dana
moznostmi vrtného zafizeni a Cinila 850 mm. Po betondzi byl beton piloty zhutnén ponornym
vibratorem

Obr. 1: Realizace pilot
3.2 SdruzZeny zaklad

Sdruzeny zaklad sestaval z modelu jedné betonové vrtané piloty spojené s nadbetonovanou
zelezobetonovou patkou. Patka byla provedena nadbetonovanim nad jiz provedenou samostatné
stojici pilotou o pruméru D = 150 mm, a délce h =850 mm. Byl pouzit beton C16/20 X0, vyztuzna
sit’ 6/100-6/100.

P

Obr. 2: Realizace betonové patky nad pilotou — sdruzeny zaklad
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3.3 Samostatna zakladova deska

Model zakladové desky (patky) byl proveden zbetonu tiidy C16/20 X0, o rozmérech
600 x 600 x 250 mm. Betonaz byla provedena do dfevéného bednéni na rostly terén. Deska byla
vyztuzena betonafskou siti 6/100-6/100 mm pii spodnim i hornim povrchu. Sit' byla na koncich
ohnuta z divodu pfevazby. Po provedeni betondze byla smés zhutnéna ponornym vibratorem.

3N R - \

(patky)

L

Obr. 3: Realizace samostatné desky

4 MERENI
Vsechny tii télesa byly postupné podrobeny zatézovaci zkousce, pii které bylo méfeno
zatizeni a svislé deformace télesa. U modelu plo$ného zakladu (desky a kombinovaného zakladu)
bylo méfeno rovnéz sedani prilehlého terénu. Pfi instalaci zafizeni a zapojeni ¢idel a sbérnic byly
vyuzity zkusenosti z predchazejicich zkousek zakladovych desek [7], [8], [9].

4.1 Méfeni samostatné piloty

Model osamélé piloty byl méfen dne 7.5.2014. S ohledem na zatlaeni byly na hlavu piloty
vlozeny ocelové podlozky. Nasledné byl instalovan duty hydraulicky lis ENERPAC HOLL-O-
CILINDER s ru¢nim tlakovanim a ocelové nastavce ukotvené k nosniku konstrukce stand. Snimace
drahy byly ukotveny k ocelovym nosniktim. Tlak ve valci a snimace drahy byly napojeny na sbérnici
ALMEMO 2590-4S V5. M¢feni probihalo v cyklech po 5 kN s casovou prodlevou 5 min mezi
jednotlivymi zatézovacimi cykly. Méfeni bylo ukonceno, jakmile ocelové podlozky dosahly Grovné
okolniho terénu. Po ukonceni méfeni byl uvolnén tlak ve valci.

g

Obr. 4: Méfeni na modelu samostatné piloty

(pilota s podlozkami — vlevo, méfici sestava — vpravo)
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4.2 Méreni sdruzeného zakladu

Model kombinovaného zakladu (pilota-deska) byl méfen dne 15.7.2014. Pro méfeni byl pouzit
hydraulicky lis ENERPAC CLRG-2002. Lis byl ke konstrukei standu ukotven pomoci ocelovych
nastavcu a podlozek. Nosniky pro instalaci méfi¢t drahy byly umistény z obou stran lisu tak, aby
umoznili méfeni pohybu zakladu i povrchu piilehlé zeminy. Pro méteni sedani zakladu bylo pouzito
Ctyt snimacl drahy. Zemina byla méfena pomoci sedmi snimacti rozmisténych od zakladové desky
do vzdalenosti 600 mm. VSechny snimace drahy a snimac tlaku ve valci byly napojeny na sbérnici
dat. M¢éfeni probihalo v péti-minutovych cyklech po 20 kN a trvalo zhruba 2 hodiny a 30 minut.
Bylo ukonceno, jakmile jiz nebylo mozno dosdhnout dalsi trovné tlaku v hydraulickém valci.
Po ukonceni méfeni byl tlak ve valci uvolnén a bylo doméfeno dotvarovani podlozi.

G y 3L e - E \ 4 :

(celkovy pohled vlevo, detail méfeni prilehlého terénu)

4.3 Méfeni samostatné desky

Me¢feni samostatné desky (patky) bylo provedeno dne 25.8.2014. M¢feni bylo provedeno
obdobnym zplisobem jako méfeni kombinovaného zakladu. Byl pouzit hydraulicky lis ENERPAC
CLRG-2002 ukotveny pomoci ocelovych nastavct a podlozek ke konstrukei standu. Obdélnikové
nosniky pro instalaci meri¢t drahy byly doplnény o uhelnikové pricné nosniky tak, aby bylo mozno
mefit deformaci terénu o vliv zatézovani na stdvajici kombinovany zaklad. Pro méfeni zakladové
desky (patka) byly pouzity Ctyfi snimace drahy, zemina byla méfena celkem osmi snimaci. Sedm
snimact bylo rozmisténych od zakladové desky do vzdalenosti 600 mm. Posledni snima¢ zeminy byl
od desky vzdalen 1,0 m. Dal$i snima¢ drahy byl umistén na stavajici kombinovany zéklad. Snimac
tlaku ve valci a snimace drah byly napojeny na sbérnici dat. Méfeni probihalo v péti-minutovych
cyklech po 20 kN. Méfeni bylo ukonceno, jakmile doslo k rozlomeni desky (viz obr. 6 vpravo) a
nebylo mozno dosahnout dalsi tirovné tlaku v hydraulickém valci. Po ukonéeni méfeni byl tlak ve
valci uvolnén a bylo dométeno dotvarovani podlozi, métfeni probihalo 2 hodiny 25 minut.

e ”ﬁv % , e = = : — ) »—7

P

Obr. 6: Méfeni na modelu desky (vlevo — celkovy pohled, vpravo — detail méteni pfilehlého terénu)
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5 VYSLEDKY MERENI

Z jednotlivych méfeni byla ziskana data o zatizeni modelti zakladovych konstrukci a jejich
svislych deformacich (sedani). U desky a kombinovaného zakladu navic data o svislych deformacich
povrchu pfilehlého terénu. Z datovych souborl byly sestaveny piehledné grafy.

-10
zatizeni / load (kN)
-20 0] 20 40 60 80 100 120 140

10

20

sedani / settlement {mm)

——MO1-PILE ——MO02-PILE ——MO3-PILE  s===== TREND-PILE
60

Obr. 7: Vysledky méfeni na modelu piloty, zavislost sedani na zatizeni

Jak je patrno z grafu zavislosti deformaci modelu piloty na svislém tlaku, lze stanovit tnosnost
na mezi pretvoreni Uger, pii svislé deformaci s = 0,1 x d (kde d je primér piloty, soucinitel podminek
pusobeni . = 1,25 az 1,3).

s=0,1 xd=0,1 x150,0=15 mm; U, =101,0 kN

Uder = Uye / 5. =101,0/1,25 =80,8 kN

-50 0 50 100 150 200 250 300 350 400 450 500

zatizeni / load (kN)

10

15

20

25 |

30

35

sedani / settlement {mm)

——MO1-RAFT MO2-RAFT ~ ——MO3-RAFT ~ ——MO4-RAFT  ----- TREND-RAFT
10

Obr. 8: Vysledky méfeni na modelu kombinovaného zakladu (graf zavislosti sedani na zatizeni)
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Obr. 9: Vysledky méfeni na modelu zékladové desky (patky), (graf zavislosti sedani na zatiZzeni

-10
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zatizeni / load (kN)

10

3

=

20 <

@
=}

sedéni / settlement (mm)
3 8 &8

70 A
—— MO1-RAFT MO2-RAFT ~ ——MO3-RAFT  ——MOA4RAFT  ----- TREND-RAFT
- ——Mo1-5LAB —— M02-5LAB —— M03-5LAB ——MO4SLAB === TREND-SLAB
——MOL-PILE —— MO2-PILE ——MO3-PILE  ---m- TREND-PILE

Obr. 10: Shrnuti vysledkii méfeni na vSech tiech modelech (graf zavislosti sedani na zatizeni)

Na grafu Obr. 10 jsou zobrazeny svislé deformace (sedani) vSech tfi typi zakladovych

konstrukci. Minimalni deformace pfi maximalnim zatizeni vykazuje dle ocekavani kombinovany
zaklad.

0 100 200 300 400 500 600

zatiseni / load (kN)

----- PILOTA / PILE
! e N e DESKA / SLAB
15 L B
4 5 ——PILOTA / PILE + DESKA / SLAB
2 : E —— TREND-RAFT
35 i
T i
£ |
45 S ! L
£ ]
1] :
g i
= i
55 2 :
= !
= '
i i
65

Obr. 11: Porovnani souctové ktivky (pilota + deska) s ktivkou sdruzeného zakladu
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Z aritmetického souctu trendd primérnych deformaci modelu samostatné piloty a samostatné
zakladové desky (patky) byla zkonstruovana souctova kiivka, ktera je v grafu na obr. 11 vyznacena
fialové. Tato kiivka svym tvarem zhruba odpovida kfivce primérného trendu kombinovaného
zakladu. Coz pfili§ nekoresponduje s predpokladem vyssi tinosnosti sdruzeného zakladu vzhledem
k zvyseni plastového treni piloty od pfitizeni deskou.

Na dalsich nize uvedenych grafech (obr.12 a 13), jsou zaznamenany svislé deformace
zakladové pudy v bezprostfednim okoli zkoumaného sdruzeného zakladu a desky. Z grafii je patrné
zaborovani okolni zeminy u hrany zékladd zhruba do vzdalenosti 100-150 mm. Za touto hranici
dochazi k nadzvedavani zeminy vlivem jejiho vytlacovani z podlozi. U kombinovaného zakladu
(obr. 12) je hranice mezi klesanim a zvedanim terénu mén¢ patrna.

vzdalenost / distance (mm)

¢as / time (h:m:s)
11:05:08
11:15:08
11:30:08
11:45:08
12:05:08

——12:15:08
——12:30:08
—12:45:08
—13:05:08
137508

sedani settlement (mm)

Obr. 12: Deformace povrchu terénu u modelu sdruzeného zakladu
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Obr. 13: Deformace povrchu terénu u modelu desky (patky)

6 ZAVER
Experiment provétil moznost provadéni a zkouSeni modelt zakladovych konstrukei predev§im
vrtanych betonovych pilot na zafizeni stand [5]. Bylo ziskano mnozstvi dat, které budou vyuzity pro
porovnani s teoretickymi vypocty, predev§im s vypocty chovani zakladovych konstrukci na podlozi
pomoci numerického modelovani metodou konec¢nych prvku.

U kombinovaného zakladu byla prakticky zkoumana zvySend Uinosnost v plastovém treni
piloty pfitizené horni deskou. Tato zvySend Uinosnost vSak nebyla na daném modelu prokazana.
Souctova kivka trendl piloty a desky (patky) svym tvarem zhruba odpovida kfivee primérného
trendu sdruzeného zakladu. Lze tedy konstatovat, Zze pro dané podlozi a pro dany tvar a rozmery
zakladd je sedani kombinovaného zakladu rovno aritmetickému souctu sedani samostatné piloty
a samostatné zakladové desky (viz obr. 11).

Vedle vysledkt sedani modelti zakladovych konstrukei, pfinesly experimenty rovnéz udaje
o chovani povrchu pfilehlého terénu. Grafické vyhodnoceni téchto hodnot je znazornéno ve vyse
uvedenych grafech deformaci povrchu ptilehlého terénu (viz obr. 12 a 13).
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DESKY Z VRSTVENEHO KONSTRUKCNIHO SKLA.
NUMERICKA A EXPERIMENTALN{ ANALYZA

LAMINATED STRUCTURAL GLASS PLATES.
NUMERICAL AND EXPERIMENTAL ANALYSIS

Abstrakt

Tento prispévek pojednava o experimentdlni a numerické analyze desek z vrstveného
konstrukéniho skla. Vramei vyzkumu byla experimentdlné otestovana tri zkuSebni télesa
obdélnikového tvaru rozméri 1000 mm / 1500 mm s vyuzitim metody vakuovani. Numerické
simulace byly provedeny na péti rozdilnych numerickych modelech vytvoienych v riiznych
programech zalozenych na metod¢ kone¢nych prvku.

Kli¢ova slova
Vrstvené sklo, metoda vakuovani, pficné zatizeni, numericka analyza, hlavni napéti.
Abstract

This paper deals with an experimental and numerical analysis of laminated glass plates
transversally loaded. In the frame of research three specimens were experimentally tested using
vacuum test method. Glass specimens were rectangular shape with dimensions 1000 mm / 1500 mm.
Numerical simulations were carried out by five different numerical models which were developed
using software based on finite element method.

Keywords

Laminated glass, vacuum test method, transverse load, numerical analysis, principal stress.

1 UVOD

Jednou z nejrozsitenéjSich aplikaci konstrukéniho skla v architektufe jsou sklenéné desky,
které mohou byt soucasti systému transparentniho zastieSeni, prosklenych fasdd nebo pochtiznych
prosklenych podlah [1]. Tyto ¢asti konstrukéniho systému jsou vystaveny klimatickym zatizenim
vétrem nebo sné¢hem a uzitnym zatizenim, kterd se pro statickou analyzu idealizuji jako spojita
rovnomeérna zatizeni pusobici kolmo k povrchu konstrukéniho prvku — desky.

Navrh a vybér druhu skla pro horizontalni i vertikalni konstrukéni systémy vyzaduje zvlastni
pozornost z hlediska spolehlivosti, mechanismu poruseni a odpovidajicich disledkii na bezpecnost
osob pohybujicich se v blizkosti takovychto konstrukci. Vysoka poptavka moderni architektury po
konstrukcich velkych rozpont z konstrukéniho skla znamena nové vyzvy jak pro sklafsky prumysl,
tak pro stavebni inzenyry [2]. Z divodu bezpecného, spolehlivého a ekonomického navrhovani téchto
modernich konstrukei je zcela nezbytné znat skutecné pusobeni sklenénych konstrukei [3].

I Ing. Ondfej Pesek, Ustav kovovych a dievénych konstrukei, Fakulta stavebni, Vysoké uéeni technické v Brng,
Veveti 331/95, 602 00 Brno, tel.: (+420) 541 147 329, e-mail: pesek.o@fce.vutbr.cz.

2 Prof. Ing. Jindfich Melcher, DrSc., Ustav kovovych a dfevénych konstrukei, Fakulta stavebni, Vysoké uceni
technické v Brng, Veveii 331/95, 602 00 Brno, tel.: (+420) 541 147 300, e-mail: melcher.j@fce.vutbr.cz.



2 VRSTEVNE SKLO S POUZITIM PVB FOLIE

Sklo se za béznych teplot chova dokonale pruzné a k jeho poruseni dochazi kiehkym lomem.
Sklo nevykazuje plastické ani pruzno-plastické chovani, proto nemohou byt lokalni extrémy napéti
redukovany. Z tohoto divodu je nutné vénovat zvySenou pozornost konstrukénim detailiim ulozeni
sklenénych dilc na nosnou konstrukci. Vybrané materialové charakteristiky konstrukéniho skla jsou
uvedeny v Tab. 1. Pro bézné aplikace v konstrukcich se pouziva sodnovapenatokiemicité sklo [4].

Tab. 1: Materialové charakteristiky sodnovapenatokiemicitého skla [5], pracovni diagram [6]

Veli¢ina Symbol  Jednotka Hodnota Pracovni diagram
o (N/mm]
Hustota p kg/m? 2500 v
[ (FTG)

Youngiiv modul E MPa 70 000 e

0l (HSG)
Poissontiv koeficient o - 0,23 15 (ANS]
Soug. tepelné roztaznosti a K! 9.10°¢ S L

Pevnost skla v tahu neni materialova konstanta, ale zavisi na historii zatizeni, rezidualnim
napéti, mechanickém poskozeni povrchu, velikosti sklenéného dilce a kvality prostiedi, kde je dilec
umistén. Charakteristicka hodnota (5 % kvantil) tahové pevnosti je 45 MPa pro plavené sklo, 70 MPa
pro tepelné zpevnéné sklo a 120 MPa pro tepelné tvrzené sklo.

Vrstveni je vyrobni proces, kterym se ziska vyrobek ze skla (vrstvené sklo) skladajici se ze
dvou anebo vice sklenénych tabuli vzajemné spojenych prihlednou plastickou mezivrstvou. Vrstvené
sklo se muze skladat pouze z jednoho druhu sklenénych tabuli (ANG, HSG nebo FTG) nebo mohou
byt druhy skla riznym zptisobem vhodné kombinovany.

Historicky nejpouzivangj$im materidlem mezivrstvy je polyvinyl butyralova folie (PVB).
Nominalni tloustka jedné PVB folie je 0,38 mm. V praxi je jedna mezivrstva tvofena spiSe dvéma
nebo Ctyimi PVB foliemi. Polyvinyl butyralova folie je viskoelasticky material — jeho fyzikalni
vlastnosti jsou siln€¢ zavislé na dobé plsobeni zatizeni a teploté. Pii nizkych teplotach (pod 0 °C) a
pro kratkodoba zatizeni je obecné¢ PVB mezivrstva schopna plné pienaset smykova napéti z jedné
sklenéné tabule do druhé — jedna se o dokonalé smykové spojeni. Pfi vyssich teplotach a delSim
zatézovani je tato schopnost vyznamné redukovana, pii dlouhodobém zatizeni nebo vysokych
teplotdich PVB mezivrstva prakticky neni schopnd prenaset smykova napéti.

V tabulce 2 jsou uvedeny doporuc¢ené hodnoty modulu pruznosti ve smyku PVB mezivrstvy
pro rizné typy zatizeni pii pokojové teploté. Pro ilustraci jsou v tabulce vykresleny pribéhy

normalového napéti po pficném fezu a vzajemné prokluzy sklenénych tabuli. Poissondv soucinitel
PVB folie v = 0,50.

Tab. 2: Doporuc¢ené hodnoty modulu pruznosti ve smyku PVB mezivrstvy [4]

Doba trvéni zatizeni YO AWM= s < 10 dni keatkd<3min VeI krdtkd <
10 dni 10s

Teplota [°C] ~22 ~22 ~22 ~22

Typ zatizeni vlastni tiha snih vitr naraz

Modul pruznosti ve 0,01 0.05 1 4

smyku G [MPa]

Pribéh normalového g _g E
napéti - < wla = A, KA

A4>A3

.

1 1
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Hodnotu modulu pruznosti mezivrstvy ve smyku pro konkrétni hodnoty teploty okolniho
prostredi a doby trvani zatizeni lze urcit podle rovnice [7]:

Gy (6,7)= 0,008 - (100 — T')— 0,0011 - (50 + T)-log(¢) (1)
kde:
t — jecas[s]a
T — teplota [°C].

2.1 Efektivni tloust’ka vrstveného skla

Efektivni tloustka vrstveného skla je tloustka ndhradni monolitické sklenéné tabule, jejiz
pretvarné vlastnosti jsou ekvivalentni vrstvenému sklu pro konkrétni hodnotu modulu pruznosti
mezivrstvy ve smyku, ktera je funkci teploty a doby ptisobeni zatizeni. Pouziti efektivni tloustky
umoznuje zjednoduseni numerickych modeld nebo analytické vypocty konstrukei z vrstveného skla.

Rada autorl se této problematice vénuje od poloviny 20. stoleti. Novéjsi a presnéjii piistupy
jsou pomérn¢ komplikované. V praxi jednoduse pouzitelny je model podle Bennisona a Calderona
[9]. Vztah pro urceni efektivni tloustky dvojskla pro popis pfetvoreni je uveden rovnici:

Lo :%/tf +t +12-T-a, )

Efektivni tloustky pro analyzu napéti v obou sklenénych tabulich se urci podle nasledujicich
vyrazi:

(€))

Parametr T je koeficient smykového pfestupu a je mirou schopnosti pfenosu smykovych
napéti z jedné tabule skla do druhé pfes mezivrstvu. Koeficient smykového prestupu nabyva hodnot
od 0 do 1, pfi¢emz hodnota 0 dava nejnizsi efektivni tloustku # (tzv. layered limit), kdy sklenéné
tabule pisobi samostatné a hodnota 1 dava nejvyssi efektivni tlouStku z (tzv. monolithic limit), kdy
sklenéné tabule jsou pln¢ smykove sprazeny.

1
I'= “4)
149,62 % o
ty L

Parametr a, zavadi do vypoctu efektivni tloustky a koeficientu smykového piestupu
geometrické parametry vrstveného dvojskla:
2 ‘o 2
+t, | - (5)
t+t,

1 A4 -4 t, -t
ay = — 't(?:tl'ts22+t2'ts21:tl' e
b A +4, ’ ’ t +t,

kde v rovnicich (2, 3,4 a 5):

int

t, t, tine —  je tloustka sklenéné tabule 1 a 2 a mezivrstvy [mm],
to —  vzdalenost té€zist’ sklenénych tabuli [mm],

Ay, A> —  plocha sklenéné tabule 1 a 2 [mm?],

b, L —  sirka a smykova délka sklenéného prvku [mm],

E —  modul pruznosti skla v tahu a tlaku [MPa] a

Gint —  modul pruznosti mezivrstvy ve smyku [MPa].
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3 EXPERIMENTALNI OVERENI MEZNi UNOSNOSTI

Cilem experimentu bylo ovéfeni skute¢ného pusobeni sklenénych desek z vrstveného skla
uloZenych liniové kloubové po celém obvodu pod spojitym rovnomérnym zatizenim pusobicim
kolmo k tabuli skla. V ramci vyzkumu byly testovany tfi zkuSebni vzorky. VSechna zkuSebni télesa
byla z vrstveného skla sestavajiciho ze dvou tabuli skla tloustky 4 mm (celkova tloustka byla 8 mm)
s mezivrstvou tvofenou PVB folii. Byly zkouSeny rizné kombinace plaveného a tepelné tvrzeného
skla. Pldorysny rozmér vSech zkuSebnich téles byl 1500 mm /1000 mm. Detailn€jsi popis
zku$ebnich vzorkd je uveden v Tab. 3.

Tab. 3: Popis zkuSebnich téles

Vzorek Slozeni Popis Detail

Tl VG 44.1 2* FLOAT + 1 PVB folie

T2  VSG442 2*FTG+2PVB folie
T3 VSG442 1*FLOAT (horni) + 1* FTG (dolni) + 2 PVB folie .

Zkusebni vzorek T3 byl orientovan tak, ze tabule plaveného skla byla u horniho povrchu a
tabule tepelné tvrzeného skla byla u spodniho povrchu. U spodniho povrchu vlivem zatizeni ve sméru
gravitace vznikaji tahova napéti a tvrzené sklo ma pevnost v tahu pfiblizné tfikrat vetsi, nez je tahova
pevnost plaveného skla. Takto orientovany zkuSebni vzorek tedy vykazuje vétsi mezni unosnost.

3.1 Metoda zatéZovani vakuovanim

Metoda zat&Zovani vakuovanim je ovéfena technologie Zkusebny nosnych konstrukci Ustavu
kovovych a dfevénych konstrukci FAST VUT v Brné pro experimentalni verifikaci procesu
pretvareni a tnosnosti dilcti pod plosnym zatizenim [9]. ZkuSebni sestava je znazornéna na Obr. 1.
Zkusebni vzorek (a) byl ve vodorovné poloze ulozen na ocelovy nosny ram (b). Nosny ram sestaval
z vodorovnych profild U80 sestavenych do tvaru obdélnika, ve vSech ctyfech rozich byl podepien
stojkami z ¢tythrannych ocelovych trubek o strané 45 mm. Mezi ocelovym ramem a sklenénym
vzorkem byla umisténa plst’ o tloustce 5 mm, ktera eliminovala lokalni koncentrace napéti na
kontaktu sklo-ocel. Staticky se jednalo o obdélnikovou desku liniove kloubové a posuvné podepienou
po ctytech stranach.

Kolem nosného ocelového ramu byl sestaven box (c) z dfevénych foSen takovych dimenzi,
aby odolal danému zatizeni. ZkouSeny vzorek a dievény box byly piekryty prihlednou plastovou folii
(e) neprodysné pfiléhajici k Zelezobetonové podlaze, ktera je vysoce vyztuzena, aby nedoslo k jejimu
vybouleni vlivem podtlaku. Spojité rovnomérné zatizeni bylo vyvolano tzv. metodou vakuovani, pfi
které se z prostoru boxu pod zkouSenym vzorkem odcerpava vzduch vyvévou (g), tim vznika rozdil
mezi atmosférickym tlakem pusobicim vné boxu a tlakem uvnitf boxu. Timto zpisobem bylo
zkusebni téleso zatézovano plosnym spojitym rovnomeérnym zatizenim.

o Lo lo >—®
[ N }
lI ’ \ g !
/| ® o1 ‘@ o |\l e

o \ |

A 1 ||

// \\ 1% |

/ \ J / AL ]
A = — T T e — -
\ O N N N N N N N NN O SO N O IO N OO SNOSONOON NONONOION

Obr. 1: Uspotadani testu [10]
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Na samonosném nezavislém ocelovém ramu (d) byly umistény uchylkoméry (f). Rozmisténi
snimacll je znazornéno na obrazku 2b. Digitdlni snimace Mitutoyo Absolute Digimatic ID-C
zaznamenavaly svislé deformace s piesnosti na 0,01 mm. Velikost zatizeni byla méfena pomoci
digitalniho manometru DM 9200 v jednotkach kg.m™. V obrazku 2a je naznadeno teoretické umisténi
liniovych podpor (¢arkovanou ¢arou) a uprostied je detail ulozeni sklenéného vzorku na ocelovy ram
pres plsténou podlozku.
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Obr. 2: a) Ulozeni vzorku; b) Rozmisténi snimaca [10]

3.2 Mechanismus poruseni

Zkouseny vzorek byl zatizen na hodnotu 1kN.m?, poté byl odlehéen na 0,10 kN.m?2,
Nasledovalo opét zatizeni na hodnotu 3 kN.m? a odleh&eni na 1 kN.m2. Tim si vzorek ,,dosedl“ na
ocelovy ram. Poté nasledovalo postupné plynulé zatézovani az do poruseni zkuSebniho télesa.
Deformace byly zaznamenavany po zat&Zovacich krocich 0,20 kN.m? az 1kN.m?. Rychlost
zatézovani byla pfiblizng 1 kN.min™.

Mechanismus poruseni télesa T1: K poruSeni doslo pfi zatizeni 13,60 kN.m™2. V mist&
nejvétsich napéti se sklo rozpadlo na stiepy cca 5 mm velké, v rozich byly zfetelné trhliny kopirujici
smér hlavniho napéti. Ve vsech Ctyfech rozich doslo k pretrzeni PVB folie - viz Obr. 3a. U tohoto
zkusebniho vzorku bylo nalezeno misto prvotniho selhani — Obr. 3b.

Obr. 3: a) Mechanismus poruseni télesa T1; b) Bod prvotniho selhani télesa T1

Mechanismus poruSeni télesa T2: Zkusebni téleso T2 bylo postupné zatéZzovano az na
hodnotu 50 kN.m™2. Na této hodnot& zatizeni musel byt experiment pferuSen z diivodu dosazeni
meznich hodnot méficiho zatizeni - vzorek byl zcela odlehcen. Pfi dalsim pokusu doslo k protrzeni
PVC krytu pfi hodnoté zatizeni 54 kN.m2, vzorek byl znovu zcela odtizen. Pfi tfetim zatéZzovani
doslo k poruseni dilce jiz pti zatizeni 51,50 kN.m2. ZkuSebni vzorek byl prudkym dopadem na
drevénou fo$nu ztuzujici box roztrzen na dvé ¢asti — viz Obr. 4a.
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Mechanismus poruseni télesa T3: Pfi zatizeni 26 kN.m? doSlo k poruSeni horni tabule
plaveného skla, pfi¢emz trhliny pfesné odpovidaly pribéhu hlavnich napéti v desce — viz Obr. 4b.
I po poruseni tabule plaveného skla byl prvek schopen pfenasSet stale se zvySujici zatizeni. K selhani
doslo pfi zatizeni 37,20 kN.m™.

Obr. 4: Mechanismus poruseni: a) Vzorek T2; b) Vzorek T3

K poruseni vSech tii zkuSebnich téles doslo nahle bez jakéhokoli predeslého upozornéni.
Z divodu extrémniho zatizeni pifi poruseni vzorki bylo selhani doprovazeno silnym zvukovym
efektem, pii implozi mensi stiepy dolétly az do vzdalenosti nékolika metri.

3.3 Namérena data

Béhem experimentu byly prubézné méfeny hodnoty tichylek v zavislosti na zatizeni. Zavislosti
prihybt na zatizeni pro vSechna tii zkusebni télesa jsou zobrazeny v grafech v Obr. 5 a 6. V grafu
v Obr. 6a je vidét pribéh zatézovani popsany vyse.

Zavislosti velikosti deformaci na zatézovaci sile pro vSechna tfi testovana télesa je znazornéna
na Obr. 5. V grafu vlevo je vynesena deformacni kiivka pro bod uprostted desky (snimac ¢islo 5) a
v grafu vpravo jsou vyneseny deformacni kfivky pro body uprostied liniovych podpor (snimace 2, 4,
6 a 8). Hodnoty deformaci na liniovych podporach jsou reprezentovany aritmetickym pramérem
naméfenych deformaci na protilehlych liniovych podporach.

50 - - 10 - —
Snima¢ 5 _ .~ Snimat4a6
0 P . 77
o Rl
= o = Z T
£ 30 / £ 6 // Snima¢2a 8
s | % < e
S 20 - 4'/ S 4 S
o b/ o (//4(_. ~
i/ — — Test1; 2°FLOAT // fi — — Test1; 2°FLOAT
15 — . —Test2.1; 2°FTG ‘ — .~ Test2.1; 2FTG
— .. Test23;2°FTG — .. Test23;2°FTG
--------- Test 3; FLOAT+FTG cwveeee Test 3; FLOATHFTG
0 T T T T 1 T T i ] 1
0 10 20 30 40 50 20 30 40 50

Zatizeni [kN.m-2] Zatizeni [kN.m2]

Obr. 5: a) Prithyb ve stfedu desky; b) Priihyb ve stfedu liniovych podpor

Velikost zatizeni byla tak vysokd, zZe nosny ocelovy ram, na kterém byla umisténa zkouSena
télesa, vykazoval pomérné velké prithyby. V grafu v Obr. 6 vpravo jsou vyneseny pruhybové kiivky
opravené o hodnoty prihybi liniovych podpor.
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Obr. 6: a) Detail procesu zatézovani; b) Opravené hodnoty prihybu

4 NUMERICKE MODELOVANI

Numerické modely byly vytvotreny v programech zalozenych na metodé konec¢nych prvki. Pro
popis chovani skla i PVB mezivrstvy byl zvolen linearné pruzny pracovni diagram - parametry skla:
E =70 GPa, v=0,23; parametry PVB folie: v=0,50 a modul pruznosti ve smyku byl uvazovan
Ctyfmi charakteristickymi hodnotami podle Tab. 2: Gin = 4; 1; 0,05 a 0,01 MPa.

Bylo vytvofeno celkem pét modelli reprezentujicich rizny stupen zjednoduSeni popisu
skutecnosti. Pfi modelovani byla vyuzita symetrie tlohy - byla modelovana " sklenéné desky
s odpovidajicimi okrajovymi podminkami. Geometricky nelinearni analyza byla provedena podle
teorie velkych deformaci. Popis numerickych modelt je uveden v Tab. 4.

Tab. 4: Popis numerickych modeli

Model

Popis

Detail

Ml

M2

M3

M4

M5

ANSYS solid model
Sklenéné tabule + PVB mezivrstva — prvky SOLID45
Skuteéné tloustky sklenénych tabuli a mezivrstvy

ANSYS solid model

Vrstvené sklo modelovano jako monoliticka tabule skla s efektivni
tloustkou #,;zahrnujici vliv smykového spojeni — prvky SOLID45

ANSYS shell model

Vrstvené sklo modelovano jako monoliticka tabule skla s efektivni
tloustkou #. definovanou jako realna konstanta — prvky SHELL181

RFEM model — Ing. Software Dlubal

Slozeni vrstveného skla bylo definovano v pfidavném modulu RF-
GLASS, pomoci néhoz byla konstrukce analyzovana

SJ MEPLA model — SJ Software GmbH

Komer¢ni software pro analyzu a navrhovani sklenénych desek.
Jednotlivé vrstvy dvojskla byly pfesné nadefinovany
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V grafech v Obr. 7 a 8 jsou zobrazeny zavislosti prihybi a hlavniho napéti na zatizeni podle
numerickych modeld. V grafech vlevo jsou zobrazeny vysledky podle numerickych modelt pro
modul pruznosti mezivrstvy ve smyku Gi,, = 1,0 MPa. V grafech vpravo jsou vyneseny ktivky podle
numerického modelu 1 pro rtizné hodnoty modulu pruznosti mezivrstvy ve smyku Giy. Rozdil mezi
nejveétsim a nejmensim prihybem podle numerickych modeli je pfiblizné 15 %, pficemz numerické
modely 1 a 5 davaji prakticky shodné hodnoty. To plati i pro hlavni napéti, kde je ale rozdil mezi
modely nejvyse 8 %.

50 50
Gnt=1.0 Numericky model 1

40 -
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viiv Gy
'E 30 - 'E 30 - .
£ 30 £ 30 :, l v
o) o) . ' Y4
z > !
et 20 —@— Model 1 2 20 ':
* —a—Model 2 . : —@— Gint=4,0 MPa
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Obr. 7: Vysledky numerickych simulaci — pruhyby ve stiedu desky

Vliv visko-elastického chovani PVB mezivrstvy je zndzornén pomoci tecen kiivek v grafech

¢arkovanou Carou. Ze sklonu teCen je ziejmé, Ze vliv Gi, je vyznamnéjsi pro nizsi hodnoty zatizeni
(riznobézné tecny) nez pro zatizeni vysoka (tecny jsou pfiblizné€ rovnobézné).
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Obr. 8: Vysledky numerickych simulaci — hlavni napéti ve stiedu desky

5 POROVNANi VYSLEDKU
Pro podminky pfi experimentech (7 = 18 °C, ¢ = 40 min) je podle rovnice (1) G, = 0,4 MPa.
Pro srovnani experimentii s numerickymi modely jsou pouzity vysledky numerickych simulaci pro
modul pruznosti mezivrstvy ve smyku G;,, = 1 MPa.
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Obr. 9: Porovnani experimentti a numerickych simulaci

Rozdily mezi prihyby naméfenymi pii experimentech a zjisténych numerickymi simulacemi
pfi mezni tinosnosti jsou nasledujici: vzorek T1 4 %; vzorek T2 0,2 %; vzorek T3 2 %. Na zakladé
prakticky shodnych pribéhti kiivek experimentii a numerickych modeld lze tvrdit, Ze numerické
modely velice pfesné popisuji skute¢né chovani zkousenych vzorka.

V Obr. 9 je vynesena kiivka zavislosti nejvétsi hodnoty hlavniho napéti v celé desce na
zatizeni. Cervenymi $ipkami jsou odeéteny hodnoty napéti ve sklenéné desce podle numerického
modelu 5 pifi selhani dilce pfi experimentu. Timto zplisobem zjisténa napéti jsou vySsi nez
charakteristické hodnoty pevnosti jednotlivych typt skla. Podle num. modelu bylo v dilci T1 napéti
pfi poruseni 59 MPa, coz je 131 % charakteristické hodnoty pevnosti plaveného skla f, . Vzorek T2
selhal pfi vypocteném napéti 170 MPa (142 % f3,x). Vzorek T3 selhal pfi vypocteném napéti 236 MPa
(197 % fo.x)-

Na Obr. 10a je detail prubehu trhlin v tabuli plaveného skla v rohu vzorku T3. Trhliny vznikly
pii zatizeni 26 kN.m™. Priibéh hlavnich napéti podle numerického modelu 5 na Y4 sklenéné desky pti
zatizeni 26 kN.m je znazornén na Obr. 10b. Priib&h hlavnich napéti vyhodnocenych numerickym
modelem je vérohodny, blizi se skutecnému prubehu hlavnich napéti reprezentovanym vzorem trhlin
ve zkusebnim vzorku T3. Pfi nizSich hodnotéach zatiZeni je nejvyssi hodnota hlavniho napéti ve stiedu
desky, pfi nartistajicim zatizeni bod maximalniho napéti zacina ,,putovat® smérem do rohu (do vSech
Ctyt rohd) desky. Pfi vysokém zatizeni se napéti koncentruje v blizkosti rohti desky. Ve vzorku T1
byl nalezen bod prvotniho selhani, ze které¢ho se trhliny rozsifily do celého télesa — viz Obr. 3b. Toto
misto je pravé v oblasti rohu desky.

Obr. 10: a) Vzor trhlin pfi zatizeni 26 kN.m2; b) Hlavni napéti pfi zatizeni 26 kN.m™
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6 SHRNUTI

Z vysledki parametrické studie numerickymi simulacemi vyplyva, ze vliv teploty a doby

trvani zatizeni je vyznamnéjsi pro nizsi hodnoty zatiZeni, nez pro zatizeni vyssi. Tak vysoké zatizeni,
jaké bylo vyvozeno b&hem experimentli, se ale v praxi nevyskytuje. VSechny testované typy
numerickych modeli jsou pouzitelné pro popis chovani desek z vrstveného skla. Z hlediska ptesnosti
vysledkti se doporucuje model 1 (ANSYS — vSechny vrstvy) a model 5 (SJ MEPLA). Pro navrh
sklenéné desky je rozhodujici mezni stav pouZitelnosti (za predpokladu dokonalého ulozeni a zatizeni
idedlnim celoplo$nym rovnomérnym zatizenim).
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VYSLEDKY EXPERIMENTALNICH MEREN{ PROPUSTNOSTI KONSTRUKCN{ SPARY
UTESNENE BENTONITOVOU HYDROIZOLACNI MATRACT

RESULTS OF EXPERIMENTAL MEASUREMENT OF LEAKEGE OF A CONSTRUCTION
JOINT SEALED WITH THE BENTONITE WATERPROOF MATTRESS

Abstrakt

Prispévek ptinasi vysledky experimentalnich laboratornich méfeni propustnosti konstrukéni
spary utésnéné prekrytim bentonitovou hydroizolaéni matraci. Méfeni probihalo na fyzikalnim
modelu kratkého useku konstrukéni spary. Méfeni byla provedena pro né€kolik variant utésnéni a
situaci bez izolace. Namétfené hodnoty objemti prisakti vody jsou zpracovany do grafickych
zavislosti, které dokumentuji Casovy vyvoj prusaku konstrukéni sparou. Druhym vysledkem
provedenych experimentl je oveteni laboratorniho postupu méfeni prusaku konstrukéni sparou.

Klic¢ova slova
Bentonitové matrace, konstrukéni spara, prisak.
Abstract

The paper reports the results of experimental laboratory leakage measurements of a
construction joint sealed with the bentonite waterproof overlaying mattress. Measurements were
carried out on the physical model for the short length of a construction joint. The measurements were
performed for several variants of construction joint overlaying and a situation without it.
The measured values of leak water volumes are processed into graphical relationships that document
the time dependency of the construction joint leakage. The second result of the experiments is
verification of the laboratory procedure to measure the leakage of a construction joint.

Keywords

Bentonite mattress, construction joint, leakage.

1 UVOD

Ochrana geotechnickych konstrukci pied ucinky podzemnich vod a zabezpeCeni proti
pronikéani vod do prostord geotechnickych staveb je zakladnim problémem, ktery musi fesit vS§echny
geotechnické konstrukce a stavby [7]. Hydroizolacnich systémi, které problém fesi, je cela fada.
Jednim z nich jsou bentonitové hydroizola¢ni matrace, vyuZzivajici pfirozené vlastnosti jilovitych
minerall — bentonitd, vazat vodu [2]. Bentonitova hydroizolaéni matrace je umélou analogii vrstvy
jilovité zeminy, ktera je pfirozenou bariérou, prerusujici proudéni podzemnich vod. Izola¢ni systémy
zaloZzené na jilovitych mineralech maji jedineCnou vlastnost, kterou postradaji ostatni systémy.

Ing. Toma§ Hochsmann, Katedra geotechniky a podzemniho stavitelstvi, Fakulta stavebni, VSB-Technicka
univerzita Ostrava, Ludvika Podést¢ 1875/17, 708 33 Ostrava-Poruba, tel.: (+420) 597 321 928,
e-mail: tomas.hochsmann@vsb.cz.

Doc. Ing. Karel Vojtasik, CSc., Katedra geotechniky a podzemniho stavitelstvi, Fakulta stavebni,
VSB-Technicka univerzita Ostrava, Ludvika Podésté 1875/17, 708 33 Ostrava-Poruba, tel.: (+420) 597 321
948, e-mail: karel.vojtasik@vsb.cz.
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Touto vlastnosti je, Ze jsou schopny regenerovat svou izolacni funkci, jestlize dojde k jejich
fyzickému naruSeni. Jilovité mineraly uniklé pfi jejim fyzickém naruseni ze struktury matrace se
mohou rovnéz stat G¢innym prostiedkem, ktery muze utésnit jak konstrukéni sparu, tak i trhliny
vzniklé v geotechnické konstrukci. V pfipadé, pokud se izolacni funkce poSkozené bentonitové
matrace neobnovi pfirozenym vyvojem v pozadovaném rozsahu, pak zde zistdva stile moznost
dodatecného utésnéni poruchy injektazi jilovitou suspenzi [5]. Toto feSeni zarucuje obnoveni izola¢ni
funkce a zachovani materidlového charakteru izola¢ni bariéry [6]. Bentonitové hydroizolacni matrace
nejsou zdrojem rizika kontaminace okolniho prostiedi cizorodymi latkami.

Predlozeny Clanek uvadi poznatky a vysledky laboratornich zkousek, provedenych na modelu
konstrukéni spary tésnéné bentonitovou matraci v laboratofi Katedry Geotechniky a pozemniho
stavitelstvi, FAST, VSB-TU Ostrava. Zamérem téchto zkousek bylo ovéfeni izola¢ni Cinnosti
uvedeného systému, do jaké miry odpovidaji hydroizola¢ni parametry matraci uvadéné jejich vyrobci
a dodavateli vysledkiim laboratornich métfeni na fyzikalnim modelu. Vyzkum tohoto problému zatim
nebyl ukoncen, stale probiha a je tématem doktorandského studia Ing. Tomase Hochsmanna.

2 FYZIKALNI MODEL KONSTRUKCNI SPARY

Fyzikalni model konstrukéni spary je tvoren dvéma deskovitymi bloky, které jsou umistény do
Ctvercové vany o délce strany 780 mm. Stény a dno vany jsou ze silnosténného plexiskla. Dno vany
je perforovano soustavou otvori o prumér 6 mm, které odvadi vodu proteklou konstrukéni sparou.
Pod vanou jsou umistény odtokova nadoba k zachyceni vody proteklé otvory ve dn€ vany a sbérna
nadoba. Vana i odtokova nadoba jsou umistény do ocelové ramové konstrukce. Zatizeni bylo
poskytnuto pro Gcely provadéni experimentt firmou Pastell s.r.o. (viz obr. 1).
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Obr. 1: Pohled na zkuSebni zafizeni

Konstrukéni spara je vytvofena pomoci dvou deskovych blokil o stejnych rozmérech, které
jsou polozeny na dno vany a utésnény podél stén vany pruzné-plastickym butylenovym tmelem.
Délka konstrukéni spary ¢ini 780 mm. Sifka spary je dana suchym spojeni boc¢nich el desek a Cini
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cca 5 mm (viz obr. 2). Bloky jsou vytvofeny z desek z extrudovaného polystyrénu o tloust'ce 80 mm.
Polystyrénové desky jsou po celém svém povrchu, horni, dolni a ¢ela, pokryty 20 mm betonu C20/25.
Bloky vytvofené pouze z betonu by mély zna¢nou hmotnost a velmi obtizn€¢ by se s nimi
manipulovalo. Pouziti polystyrénu vyplynulo z nasledujicich okolnosti: polystyrén nebobtna pii styku
s vodou, ma nizkou hmotnost, snadno se zpracovava a ma dostate¢nou piilnavost k betonu.

Obr. 2: Pohled na konstrukéni sparu

Zakladem fyzikalniho modelu hydroizolacni bariéry je bentonitova matrace VOLTEX jejimz
dodavatelem je spoleénost CETCO Czech s.r.o. Hydroizola¢ni bentonitova matrace VOLTEX se
sklada ze dvou krycich polypropylenovych geotextilii, kde jedna vrstva je tvofena netkanou textilii a
druhd je tvofena textilii tkanou. Mineralni vypli matrace je ze sodného bentonitu komercné
nazvaného Volclay. Volclay je material ptirodniho piivodu, a jedna se o jil sope¢ného pivodu, ktery
se vyskytuje v Black Hills v USA [4]. Volclay pfi styku s vodou vytvaii hustou monolitickou hmotu,
ktera expanduje a vytvari trvalou nepropustnou plastickou membranu (viz obr. 3) [3], [8].

Beton Ea—— e S N s .
/ i i) | ; Voltex vytvari
mechanické spojeni
s betonem.
Toto spojeni se
vytvofi, kdyz pevna
2 ol i " vldkna geotextilie
Granulat Volclay - ( { = 1 5 ; % VoIEex se spoji s
Bentonit Sodny : f uloZzenym betonem
jak je znazornéno
na obrazku.

Geotextilie (tkana

R
¥ =

-

Patentované prositi

Obr. 3: Skladba bentonitové izolace VOLTEX (propagacni letak Fy. Pastell s.r.o0.)

Matrace VOLTEX je polozena na suchy betonovy povrch blokd, nasledné je na ni nasypana
vrstva suchého §térkopisku a pfitizena betonovymi bloky (viz obr. 4). Vrstva stérkopisku a betonové
bloky nahrazuji zemni, nebo horninové prostiedi, které obklopuje geotechnickou konstrukei.
Takto vytvofeny model je nasledné zaplaven vodou s volnou hladinou. Hloubka zaplaveni je trvale
udrzovana na hodnot¢ cca 5 cm.
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Obr. 4: Pohled na fyzikalni model hydroizolacni bariéry konstrukéni spary

3 VARIANTY ZKOUSEK HYDROIZOLACNI BARIERY

Sledovani ¢innosti hydroizola¢ni bariéry konstrukéni spary probihala pro tii varianty prekryti
konstrukéni spary a jednu referen¢ni situaci bez izolacni bariery. Tti varianty s piekrytim se
navzajem li§i rozsahem piekryti. U dvou variant ptekryti bylo provedeno jen na ¢asti blokl, pasem
matrace, symetricky polozenym nad konstrukéni sparou. Pasy mély Sitku 200 mm a 600 mm.
Ve tfetim pripadé bylo provedeno Uplné pokryti obou blokii hydroizolaéni matraci. Varianta tiplného
pokryti byla dale ¢lenéna na situaci mechanicky neporusené a poruSené hydroizolaéni bariéry.
Mechanického poruseni hydroizola¢ni bariéry bylo dosazeno jejim profiznutim nozem po celém
useku nad konstrukéni sparou, pii kterém byly posSkozeny textilni vrstvy matrace (viz obr. 5).

Obr. 5: Protfiznuti bentonitové izolace VOLTEX nad konstruk¢ni sparou

Profiznuti hydroizolacni bariéry nésledovalo az v druhé fazi testu. V prvni fazi byla testovana
neposkozena bariéra. V druhé fazi nasledovalo odsati vody, vysuSeni modelu, odstranéni pfitézujicich
betonovych blokd, ¢astecné odstranéni §térkopiskového zasypu nad konstrukéni sparou a profiznuti
hydroizola¢ni matrace. Poté byly obnoveny zasyp, pfitizeni a model byl opét zaplaven.

Varianty zkouSek pro neuplné piekryti blokti probihaly jednofazové, to znamena, ze byly
pouze zaplaveny jedenkrat. Varianta s uplnym piekrytim bloki probihala v nékolika fazich, kdy se
model vysuSil a opétovné zaplavil, tak jak k tomu mtize dochazet béhem skute¢nych podminek
V praxi.

4 7ZPUSOB A PRUBEH MERENI PRUSAKU

Meéfeni priasaku vody hydroizolacni bariérou probihalo v intervalech. Jednotlivé odecty
prusak vody probéhly vzdy po uplynuti 30 minut, kdy se pomoci sklenéného odmérného valce
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s mililitrovou od¢itaci stupnici stanovil objem vody, ktery se béhem 30 minut shromazdil v sbérné
nadobé. Jakmile se hodnota prisaku ustalila, byl interval odectu prodlouzen z 30 minut na 8 hodin.

5 VYSLEDKY

Nameéiené hodnoty prusakt utésnénou konstrukéni sparou pro vyse jmenované varianty jsou
shrnuty a prezentovany grafy na obrazku ¢. 6 [1].
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Obr. 6: Grafy prusaki konstrukéni sparou pokrytou hydroizolacni matraci
6 ZAVER

Experimenty provedené na fyzikalnim modelu konstrukéni spary prokazaly jeho zputsobilost
k sledovani — méteni G¢innosti tésnéni konstrukéni spary bentonitovou hydroizolacni matraci.

Ukinnost t&snéni jednotlivych variant je rizni. Z vyhodnoceni objemt prisaku plyne, Ze
pokud je bentonitova matrace pokladana na tuhy suchy betonovy povrch, utésnéni zapouzdienim celé
plochy geotechnické konstrukce je ucinngjsi spolehliveéjsi, nez pouhé dilci prekryti konstrukéni pasem
bentonitové hydroizola¢ni matrace. Toto feSeni nezabrafiuje podtékani matrace na jejim rozhrani
s betonovym povrchem konstrukce. Situace vSak muze vypadat ptiznivéji, jestlize pasy na svych
krajich budou zajistény a ukonceny tésnici tlakovou listou. Ovéfeni Ui€innosti tésnici tlakové listy
bude ovéfovano nasledujicimi experimenty.

Experimentem se prokazal rovnéz efekt regenerace hydroizolac¢ni bentonitové matrace po
jejim poskozeni profiznutim. Zistala funkéni i po tomto zakroku. Nicméné je potieba podotknout, ze
pfi tomto zakroku nedoslo k pohybu blokl a zméné Sitky konstrukéni spary, nebot 1ze ptedpokladat,
ze tyto okolnosti budou pfi¢inou mechanického poskozeni hydroizolaéni matrace.

Béhem jednoho experimentu doslo k situaci, ze do konstrukéni spary pronikly materialy,
konstruujici model, tj. jilovitda hmota z matrace a cast materidlu zasypu, které utésnily prostor
konstrukéni spary. Touto situaci se potvrdil vedlejsi injektazni G¢inek migrujicich jilovitych mineralt
uvolnénych z hydroizola¢ni matrace v piipad¢, ze tyto budou penetrovat trhliny v konstrukci.

Je nutné pfipomenout, Ze izolacni systémy na bazi bentonitu jsou predevsim vhodné tam, kde
je bentonitovd matrace seviena mezi betonovou konstrukci a priléhajici zeminou, popf. jinym
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materialem. Pak mizZe odolavat i relativné vysokym tlakiim podzemni vody. Provedené experimenty
jsou zjednodusenim, kdy tlak vody je maly a rovnéz sevieni izola¢ni vrstvy je disledkem pouze tihy
pritézovacich betonovych blokt. I pfesto izolac¢ni systém prokazal dobré vysledky a prisak nebyl
velky. Vyzkum chovani mineralnich hydroizola¢nich matraci pokracuje dal$imi experimenty, které
zkoumaji efekt utésnéni dilatacni spary.
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SNIZEN{ VIBRACI POMOCI PODZEMNICH BARIER

REDUCING GROUND VIBRATION USING UNDERGROUND BARRIER
Abstrakt

Tento prispévek se zabyva vyuzitim podzemnich bariér jako prevenci proti Sifeni vliva
technické seizmicity v horninovém prostredi. Tyto podzemni bariéry mohou byt vyuzity jako ochrana
stavebnich konstrukci od nepfiznivych vibraci sificich se od silnic, Zelezni¢nich trati nebo v okoli hal
s t€zkou primyslovou ¢innosti.

Vliv bariéry na maximalni amplitudu rychlosti kmitani je zde sledovan v matematickych
modelech vytvofenych ve vypocetnim programu MIDAS GTS. Podzemni bariéry jsou navrzeny
z materialll s riznymi vstupnimi parametry, o ruznych tloustkach bariér a v riznych vzdalenostech
od zdroje vibraci tak, aby mohla byt posouzena optimalni varianta.

Klicova slova
Technicka seizmicita, bariéra, matematicky model, maximalni amplituda rychlosti kmitani.
Abstract

This paper deals with model study of underground barriers utilized as a protection against the
spread of ground vibrations in geological environment. These underground barriers maybe used in the
vicinity of roads or railway lines or in urban areas around the halls with heavy industrial activity.

The impact of barriers to the peak oscillation velocity is explained in mathematical models
created in software MIDAS GTS. Material of underground barriers will be designed from material
with different parameters, so that it could be assessed the best variant in terms of absorption of
seismic waves. The different variations of the thickness of underground barriers and different
distances from the source of vibration will be designed in the analysis.

Keywords

Ground vibration, barrier, mathematical models, peak oscillation velocity.

1 UVOD

Konstrukce budov jsou kromé vlastniho zatizeni vystaveny i vlivaim okolniho prostiedi.
Mezi tyto vlivy lze zahrnout i vibrace vyvolané primyslovou ¢i stavebni ¢innosti, dopravou a dal$imi
vlivy vyvolanymi antropogenni jevy. VSechny tyto vibrace lze zahrnout pod nazev technicka
seizmicita. Toto zatizeni mize mit neptiznivy vliv na konstrukce budov, na citlivé zafizeni v téchto

.....

pfi navrhu budov. Ne vzdy vSak lze dopiedu uvazovat s nepfiznivym zatizenim konstrukce. Pak je
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nutné vyuzit dodate¢nych opatfeni, kterda umozni snizit G¢inek seizmického vinéni na dotlené
objekty. Snizit Gcinek tak lze napfiklad upravou frekvence buzeni [1], zménou mista a sméru
pusobeni zdroje vibraci, rozptylem vin zménou vlastnosti zeminy [2], instalaci n¢kterych tlumicich
zafizeni [3] ¢i vytvofenim vhodné bariéry ve sméru Sifeni seizmické viny od zdroje vibraci ke
konstrukcim, které maji byt chranény [4, 5, 6]. Tento piispévek se zabyvd modelovou analyzou
posledniho zminéného opatfeni, tedy vyuzitim podzemni bariéry jako tlumiciho prvku seizmického
vinéni.

2 CHARAKTERISTIKA MODELU

Matematické modely ve 3D rozhrani jsou vytvofeny ve vypocetnim programu Midas GTS,
ktery je produktem spolecnosti TNO DIANA BV (Nizozemi) a MIDAS IT (Jizni Korea). Tento
vypocetni program je urcen pro feSeni geotechnickych tloh pomoci metody konecnych prvki.

Dynamicke zatizeni |

Betonovy zaklad

Bariéry

Obr. 1: Ukazka zakladniho modelu

Geometrie modelu v rozsahu 52,6 x 52,6 x 20 m (délka x §itka x hloubka) je patrna z Obr 1.
Pro modelovani horninového prostfedi je vyuzito Mohr-Coulombova konstitutivni materialového
modelu implementovaného pfimo v softwaru. Pro dynamické zatizeni vyuziva tzv. ,,Time history
analysis“. Dynamické zatizeni je simulovano spojitym plo$nym zatizenim na betonovou zékladovou
desku umisténou ve stfedu modelu (viz Obr. 1). Je zvoleno extrémni dynamické zatizeni, které
ptiblizn€ odpovida iderim bucharu pro obrabéni kovii o hmotnosti 14,5 tun s poctem az 45 udert za
minutu. Parametry bucharu podle vyrobce jsou uvedeny v Tab. 1. Vstupni parametry zakladové
konstrukce a horninového prostfedi jsou uvedeny v Tab. 2. Materidlové tlumeni prostiedi bylo
stanoveno obdobné jako v Tutorialu Midas GTS [7], tedy na zaklad¢ analyzy vlastnich kmitl. Z této
analyzy jsou urCeny 2 periody (popf. frekvence) vibrovani pro 2 pomérna tlumeni, na zaklad¢ kterych
jsou stanoveny koeficienty materidlového tlumeni prostfedi. Pro zabranéni odrazu napétovych vin
zpét do modelu jsou na hranicich modelu vyuzity absorpéni podminky v podobé povrchovych pruzin
(surface spring).
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Tab. 1: Charakteristika hydraulického bucharu [8]

Zarizeni C66-490 (14T) Jednotky
Uderové energie 490 KJ
Véha kladiva 14500 kg
maximalni vyska 2500 mm
Uderovi frekvence 42-45 min’!

Tab. 2: Charakteristika prostfedi modelu

Parametr Symbol fjﬁ:ﬂ?{‘g %2221?:(;6 Jednotky
Typ modelu Elasticky Mohr—Coulombtv

Modul pruznosti E 22000 30 MPa
Poissonovo ¢islo y 0,3 0,35 -
Objemova tiha y 25 19 kN.m?
Objemova tiha satur. YsaT 25 20 kN.m?
Soudrznost C - 18 kPa
Uhel vnitiniho tieni [ - 30 °

Podzemni bariéry jsou pro tuto modelovou studii navrzeny ze tfi riznych materiald, pro dvé
tloustky bariéry a pro tii rizné vzdalenosti od hrany zakladu, na ktery pisobi dynamické zatizeni.
Délka a hloubka podzemni bariéry je v modelech vzdy stejna (10 m délka, 5 m hloubka). Tloustka
bariéry je v modelech bud’ 40 cm, nebo 80 cm. Vzdalenost bariéry od hrany betonového zakladu je
1 m, 2 m, nebo 3 m. Bariéra je tvofena bud’ jako betonova podzemni sténa, nebo ze zeminového
materialu (Stérk nebo Jil), ktery jiz byl vyuzit v predchozich parametrickych modelovych studiich
autort napt. [9]. Vstupni materialové charakteristiky bariéry jsou uvedeny v Tab. 3.

Tab. 3: Charakteristika podzemnich bariér

Parametr Symbol Beton Jil (F6) Stérk (G1) Jednotky
. Mohr- Mohr—
Typ modelu Elasticky | coulombiiv | Coulombiiv
Modul pruznosti E 22000 4,5 375 MPa
Poissonovo ¢islo % 0,3 0.4 0,2 -
Objemova tiha y 25 21 21 kN.m
Objemova tiha satur. YsAT 25 21 21 kN.m?
Soudrznost C - 12 0 kPa
Uhel vnitiniho tieni ) - 19 40 °

3 VYSLEDKY

Vysledky modeli jsou sledovany v prostorové slozce maximalni amplitudy rychlosti kmitani,
ktera je slozend ze slozek v radidlnim, pficném a svislém sméru. Na Obr. 2 a Obr. 3 jsou zndzornéné
utlumové kfivky pro 7 matematickych modelti. Cerng ¢arkovana titlumova kfivka je pro model bez
pouziti podzemni bariéry. Ostatni utlumové kiivky jsou pro bariéry z riznych materiali o tloust'ce
80 cm (vlevo) resp. 40 cm (vpravo) a vzdalenost 2 m (vlevo) resp. 5 m (vpravo) od hrany zékladu.
Z ktivek je patrné, Ze k nejvétsim Gtlumim dochazi pfed a za betonovou bariérou. U jilové bariéry
naopak dochazi k nartstu maximalni amplitudy rychlosti kmitani pfed touto bariérou. Rozdil mezi
betonovou a jilovou bariérou je patrny i z pribéhu Sifeni maximalni amplitudy rychlosti kmitani na
Obr. 4 a Obr. 5.
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Obr. 2: Utlumové kiivky pro bariéry ve vzdalenosti 2 m a tl. 80 cm
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Obr. 3: Utlumové kiivky pro bariéry ve vzdalenosti 5 m a tl. 40 cm
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Obr. 4: Pribéhu $ifeni maximalni amplitudy rychlosti kmitani
pro betonovou bariéru tl. 40 cm ve vzdalenosti 1 m

Ny

Obr. 5: Pribéhu $ifeni maximalni amplitudy rychlosti kmitani
pro jilovou bariéru tl. 40 cm ve vzdalenosti 1 m

4 ZAVER
Prispévek se zabyva modelovou studii vyuziti podzemnich bariér jako ochrany pied Sifenim
seizmickych vin vyvolanych povrchovymi antropogennimi jevy. V ptispévku jsou pouzity konkrétni
tfi materidly pro podzemni bariéry. Z vyslednych utlumovych kiivek je patrné, Zze k nejvysSimu
snizeni maximalni amplitudy kmitani dochazi pii pouziti betonové bariéry. Naopak u jilovité bariéry
je patrné, ze pied samotnou bariérou dochdzi i k narlistu maximalni amplitudy rychlosti kmitani
oproti modelu bez bariéry. Vyznamny vliv v téchto zménach miZze byt zpusoben predevsim
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rozdilnymi tuhostmi materiald. V bariéfe s vyznamné vys$s§im modulem pruznosti nez ma okolni
horninové prostiedi tak dochazi vyraznéjsimu utlumeni, zatimco u materidlu s niz§Sim modulem
pruznosti dokonce dochazi pted bariérou i k nartistu maximalni amplitudy rychlosti kmitani.

Pro dosazeni objektivngjSich zavérd, by bylo vhodné doplnit modelovou studii
i experimentalnim méfenim in-situ. V modelech nemusi byt patrny vliv rezonance samotné bariéry,
ktery by své okoli mohl neptiznivé ovlivnit. Problematice rezonance se vénuje napt. piispévek [10],
ktery upozornuje, mimo jiné, i na nepfiznivé ucinky bariér v diisledku projevu rezonance.
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ELBE RIVER WATERWAY — ECONOMIC AND SOCIAL BENEFITS
Abstract

For a very long time the river Labe belongs to the transport ways with an unmistakable
impact. Along the river Labe as well as along other inland water ways the commerce was spread and
the towns lying on the river of Labe got the state of Hanza towns. In the first half of the 19th century
the railways transport in corridor Hamburg — Berlin — Dresden — Usti nad Labem — Praha began
competing with the water transport in this relation. So far the water cargo transport in this relation did
not have competition. At present the water transport is on the edge of interest from the side of the
government, investors and transporters. The reasons are clear. That is why that the infrastructure
quality does not respond the transport requirements for the 21" century, the highway and railway
networks are not finished, the trimodal reloading terminals absence. Usually that is why the inland
water transport is not included into the logistic processes.

Keywords

Inland waterway, transport, rail, Elbe River.

1 INTRODUCTION

Today, road transport predominates over rail transport in the European area, and water
transport represents only a small portion of the total volume of transported goods. Logistic services
form a significant part of the total price of products, and price and speed were the primary criteria for
choosing the transport mode. This trend has been moving further toward quality and safety. However,
other influences and impacts of the choice of the transport mode must also be evaluated along with
society-wide and economic criteria. As documented by the conclusions of the PLANCO study, 2007
[14] external costs per tonne-kilometre of road transport (noise, traffic accidents, emissions of
greenhouse gases, CO; and air polluting substances) are almost twice as high for selected explored
relations than for rail transport, and approximately six times higher than river transport. Water
transport along inland waterways should therefore be explored given that it is environmentally-
friendly and is associated with low energy demands. Disadvantages of this transport mode include the
low speed of transport and the need to reload goods from another transport mode, whether road/water
or rail/water reloading. However, water transport is irreplaceable for the transport of extremely heavy
loads.

According Cabelka et al., 2004 [4] the water transport participates up to 0.5% the export of
goods from the Czech Republic and on the import of goods into the Czech Republic water transport
participates on max 0.1 %. Speaking about commodities transported using waterways for transport of
goods from the Czech and to the Czech in total, the most important are agricultural products (oilseed
rape, cereals, animal feed; 32% of imports and 45% of exports), fertilizers and chemical products
(15%). Reduction of transport since 1999 is due to operational hydrological unreliability of the Elbe
river with three to six-month cruise interruption at the border section for the reason of small water
and thus needed transfer of transport to rail transport. The importance of waterways in the Czech
Republic and their link to the European infrastructure network has been validated by the European

! Ing. Helena Binova, Ph.D., Faculty of Transportation Sciences, Czech Technical University in Prague,
Konviktska 20, 110 00 Prague, Czech Republic, phone: (+420) 224 359 175, e-mail: binova@fd.cvut.cz.
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Agreement on Inland Waterways of International Importance (AGN). In the future it is necessary to
consider other functions of the Elbe waterway - tourism, recreation, or flood control measures.

=

Inland

Printect May 02, 2011

Fig. 1: Evaluation of the Elbe waterway - the classification to the base
of the network TEN-T (core network) Source:EK, 2011

The Elbe River waterway is the only link to the European network of waterways and major
European seaports - Hamburg, Bremerhaven, Rotterdam, and Antwerp for the Czech Republic.
Expected capacity of freight traffic on the Elbe is min. 8 mil. tons per year, which is approximately
one fifth of commodity exchange of the Czech Republic with other countries, according to a study[1].
In the future, it is necessary to increase the capacity of waterway transport for goods; however it is
necessary to consider the growth in the transportation segment of tourism. This is related to
maintenance of watercourses, to cleaning of rivers’ bed and shores and to maintenance of access
roads. As for the Czech Republic, the motorway network is still incomplete; the same applies to rail
corridors, and there is no year-round navigability ensured for the Elbe River waterway.

2 THE POSSIBILITY OF USING THE ELBE RIVER WATERWAY
Based on the European Commission White Paper, four pillars have been defined for transport:

e  Mobility — utilization of all four transport modes — road, rail, air and water transport and
their interconnection;

e Protection — of the environment itself, protection of inhabitants against extreme costs of
transport, and the protection of traffic participants;

e Innovation — support of new, efficient and innovative solutions of problems in terms of
energy, i.e. congestion and emissions related to transport, and improvement of logistics
effectiveness;

e International dimension — uniform approach within Europe.

The White Paper also emphasizes the need to move transport flows from road to rail and water
transport.

The vision of the European Commission aimed at competitive and sustainable transport means
achieving a 60% reduction of emissions from transport by 2050.

The Trans European Networks (TEN-T) project, - European transport, telecommunication and
energy network has the aim to support the uniform market and economic growth in the European
Union [11].

The TEN-T network is composed of two levels — the core network (to be finished in 2030) and
the comprehensive network (linked to the core network, to be finished in 2050). In October 2011,
the present policy of the TEN-T project was updated, and ten corridors were designated, including at
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least three types of transport, three member countries, and two cross-border segments.
The methodology of choosing the corridors is based on three steps according to, [5] :

o Identification of major nodes — capitals, important economic centres, ports and airports;
e Inland waterways, roads (places with reduced passability or missing segments);
e  Analysis of major transport flows — both personal and cargo transport.

In the list of ten corridors, corridor 4, “Hamburg — Rostock — Burgas/TR border — Piraeus —
Lefkosia” is essential for the Czech Republic; the preference of the Elbe river waterway is envisaged
by the European Commission in the Hamburg — Dresden — Praha/Pardubice segment. The building of
the Décin weir and lock system thus becomes crucial, as it will remove a problematic point at the
Czech and German state border. However, water transport does not have an expected prominent
position in the OP Transport for 2014-2020. In 2007-2013, a total of EUR 7.21 bil., i.e. EUR 14.5 per
EU resident, was invested in transport infrastructure in Europe, specifically in 327 projects.

2.1 Inland water transport

There are 43.402 km of waterways of national importance in European Union countries and
17.621 km waterways of international importance. Waterways are used minimally. The European
Commission wants to support competitive inland water transport and ensure its integration in logistic
processes. The weir and lock system in DéCin and another one in Prelouc II need to be built to ensure
year-round navigability of the Elbe River waterway.

2003 2004 2005 2006 2007 2008 2009 2010 2011

Fig. 2: Goods transport division according to transport modes in the EU-27, 2003 to 2011
Source: Author, based on EC data, “EU transport in figures. Statistical Pocket Book 2013

Inland water transport provides a competitive and ecological alternative to road and rail
transport, in the case of integration of waterway transport to supply chain management costs and
environmental burdens can be reduced. Further, it shows a high level of safety and reliability.
In 2006, the NAIDES — Navigation and Inland Waterway Action and Development in Europe action
programme was initiated, which “includes recommendations of steps that should be taken by the
European communities, Member States and other concerned parties in 2006-2013. They can be
classified as legislative, coordination and support actions. They contains five strategic areas —
business support in shipping the form of legislative, technological innovation of fleet, the definition
of professional qualification requirements, public relations and infrastructure development.
The European Commission on 1 October 2008 launched a project PLATINA to support
the implementation of the Action Programme NAIDES into practice.
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3 OUTLOOK FOR CONTAINER AND GOODS FLOW FROM/TO THE
CZECH REPUBLIC UNTIL 2030

Hamburg is the most important export and import port for the Czech Republic. A total of 55%
of Czech international trade passes through this port. The connection to the Elbe River corridor and
linked canals is beneficial both economically and in terms of environmental protection.

In its study, the Hamburg Port Authority (HPA) expects 194 millions of tonnes of goods to be
reloaded in 2025, of which about 25.3 mil. will be TEU containers; of this figure, 14 mil. TEU will
be transported inland (an increase of 164%), according to the HAMBURG PORT AUTHORITY. As
far as the transported containers are concerned, the share of rail transport will be increased from the
current value of 36% to 41%, and the share of road transport will be reduced. A volume of 300,000
TEU/year is anticipated for container transport along the Elbe River waterway. Until 2025,
maintenance of the river bed of the Elbe River waterway is planned in German territory (navigable
depth of 1.6 m for 345 days a year). If the Elbe River waterway were navigable year-round and thus
also usable in the territory of the Czech Republic, a system of HUBs, e.g. M¢lnik, Pardubice,
according to [3], could be created along the waterway, with resulting savings due to advantageous
and ecological transport. Cargo would be transported from these multimodal terminals further inland
via rail transport or by road for distribution to nearby locations. Currently, road transport still has a
dominant share in inland transport. According to EU transport in figures Statistical pocket book 2013
in 2011, the share of road transport was 45.3%, of the rail transport 11% and of the water
transport 3.7%.
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Fig. 3: Overview of cost of transportation of containers in EUR / TEU in selected sessions
Source: Study PLANCO Consulting GmbH, study, 2007 [14]

The economic development of localities along waterways would be yet another benefit.
There would be a trend toward moving manufacturing plants and operations directly to ports, creating
so-called port industrial zones [12]. Economic activities are concentrated around ports in countries
with developed inland water transport, contributing to regional development.

4 TYPES OF TRANSPORT EXTERNALITIES (caused by means of transport)

4.1 Accidents

External costs due to accidents — healthcare for the injured, or even the loss of human life,
movement and occupation restrictions, loss of the carrier, damage to materials, etc. The accident rate
associated with water transport is very low.
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4.2 Polluted air

External costs caused by air pollution — the treatment of respiratory and cardiovascular
diseases due to emissions, the removal of effects on agricultural crops, etc. Water transport shows no
significant effect on air pollution, for example, based on the TREMOVE database, [13].

4.3 Climate change

External costs due to climate change (approx. 20% of total greenhouse gas emissions
in Europe) — removal of negative effects for the entire ecosystem, and thus also for human life.
These can be determined based on the costs needed to remove damaged elements from the ecosystem
or using costs needed to ensure protection against damage by such elements (prevention system).

4.4 Noise

External costs resulting from the high intensity of noise — physical and mental damage to the
health of citizens. Noise occurs particularly in large cities and near transport corridors. Noise due to
water transport is very low compared to other transport modes.
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Traffic accidents, Emission factors of air Greenhouse gas Sources of noise,
classified by: pollutants classified emissions / category classified based on:
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participants) - Type (dust particles; transport — CO,, CHa, - Severity (based on
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fatal) - Severity l
‘ l - - Costs of
otal conversion g .
Costs of an individual Costs of an individual HHE0s EresEmE individual noise
accident removal emission removal source removal
'y
3
v v v 4 v
Analysis of Analysis of Analysis of Analysis of
accident causes enission causes emission causes noise causes
Preventive Preventive Preventive Preventive
measure proposal measure proposal measure measure
proposal proposal
: Prevention costs — Prevention costs ?
Prevention costs . . Prevention
. ; | a particular source lp| — a particular
| ofa particular 2L costs —a
L of emissions source of N .
type of accident . particular
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\4 \4 v d
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Source: Author

AA A i

Fig. 4: Cost calculation model for selected types of transport externalities in the given segment
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4.5 Congestion

Congestion (“mutual effects of transport participants that increase with insufficient free space
along the transport route”) occurs with traffic accidents, when repairs are needed or they occur at
peak traffic times — is associated with additional costs due to unforeseeable delays (prolonged travel
time), the negative impact on the human nervous system, higher fuel consumption, etc. Congestion
related to water transport is very low compared to other transport modes.

External costs due to congestion are included in the total external costs related to transport
(these costs are not passed to anyone else — external costs are passed on to persons other than their
originators).

5 POSSIBLE FUTURE CHARGES ON EXTERNALITIES AND THEIR
CONSEQUENCES

External costs of transport are those that originate in connection with the substance of
transport but are not paid for by its users. In the long-term time horizon, these costs should be
included in charges for the use of a traffic product — transport to ensure the realistic function of the
market. External traffic costs can be quantified for the Hamburg — Pardubice segment for three types
of traffic: road, rail and water. Externality calculation is based on the External Costs of Transport in
Europe study; values for the Hamburg — Pardubice relation have been used from the results [2], [6].

Tab. 1: Mean costs in the category of externalities in the EU based on the transport mode

Mean external costs Cargo transport (€/1000 tkm)

Cost category Road over 3.5t % Rail % Water %
Accidents 10.2 35 0.2 3 0.0 0
Air pollution 6.7 23 1.1 16 54 57
Climate change 5.8 20 0.6 9 2.1 22
Noise 1.8 6 1.0 15 0.0 0
Upstream/downstream processes 2.4 8 33 49 1.1 12
Impact on nature and landscape 0.7 2 0.0 0 0.4 4
Biodiversity loss 0.5 2 0.0 0 0.5 5
Soil and water contamination 0.8 3 0.4 6 0.0 0
Costs in urban areas 0.5 2 0.1 1 0.0 0
Total 294 100 6.7 100 9.5 100

Source: External costs of Transport in Europe

Tab. 2: Mean external costs in the Czech Republic and Germany based on the transport mode

Mean external costs Cargo transport (€/1000 tkm)
Country Road over 3.5t Rail Water
Czech Republic 39.8 8.5 15.8
Germany 354 93 10.5

Source: External costs of Transport in Europe
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As follows from the table above, road transport generates the most external costs, which is
given predominantly by high accident rates on roads, air pollution, and production of CO; and noise.
External costs of water transport are given predominantly by air pollution from combustion engines
of ships and CO, production. External costs of rail transport are created particularly by obtaining and
transporting energy needed to operate electric traction (so-called upstream and downstream
processes).

Theoretical transport performances for the relation between a European port (for example,
Hamburg) — Czech Republic can be calculated using the equation

tom = Q .
where:
Yiom - transport performance [tkm ],
(0] - transport volume [t],
I, - transport distance [km],

Values for individual transport modes can be obtained by adding the costs created by transport
performances in the territory of the Czech Republic and Germany. Road transport, which creates the
highest burden on the environment and on the areas surrounding infrastructure, has the highest
transport volume and logically generates a considerable amount of external costs. On the contrary,
rail transport, which shows very similar transport performances for the given relation, generates less
than one fourth the external costs of road transport. The lowest value of external costs is shown by
water transport, which is given by its low transport performances.

The Elbe River waterway could be used for goods for which there is no requirement for fast
transportation. This segment of goods could be transferred from the road, eventually also from
railways to waterways.

Compared to road and rail transport, water transport offers a low price due to its energy
efficiency. The market thus could also be influenced by introducing an “ecological toll” based on the
external costs of individual transport modes. However, the imposition of charges on externalities
would have to be handled on the political level, including consideration of its consequences or
potential increases in the price of some raw materials.

6CONCLUSIONS

Several possibilities exist for the use of the Elbe River waterway all the way to the envisaged
multimodal logistic centre in Pardubice; three examples are provided below [8], [9].:

e  Transfer 10% of the transport volume from road to water — with the Elbe River being
navigable for 345 days/year in the segment of Hamburg — Pardubice — the waterway can be
used as an alternative and a natural regulator of prices for transport in this corridor. Ship
transport could be operated in the form of regular (container) lines from north German ports
to inland ports in the Czech Republic.

e Transfer 30% of transport volume from road to water — a 30% reduction in the volume of
road transport, and an increase of water transport would require considerable support for
inland navigation, which is also related to the planned implementation of VLC Pardubice
[7].

e  Transfer 30% of transport volume from road to water and 20% of transport from road to rail
— in this case a 50% reduction in the volume of goods transported by road can be considered,
which could be divided between rail (20%) and the waterway (30%). In this case, an
artificial price increase of road transport as the highest producer of external costs could
apparently be used as an impulse. However, the current capacity of the Prague — Décin —
Bad Schandau — Dresden rail route must be considered, as it is approaching peak capacity
due to intensive passenger transportation [10].
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URCEN{ LOMOVYCH PARAMETRU LEHKEHO BETONU S POLYPROPYLENOVYMI
VLAKNY POMOCI METOD EFEKTIVNI TRHLINY A LOMOVE PRACE

FRACTURE PARAMETERS ASSESSMENT OF LIGHTWEIGHT CONCRETE
WITH POLYPROPYLENE FIBRES VIA EFFECTIVE CRACK
AND WORK OF FRACTURE METHODS

Abstrakt

V piispévku je ukazan postup urceni lomovych parametri kompoziti s rozptylenou vyztuzi
pomoci aplikace metod efektivni délky trhliny a lomové prace. Postup byl ilustrovan vyhodnocenim
lomovych experimentli na télesech z lehkého betonu s polypropylénovymi vlakny.

Kli¢ova slova

Lomovy test v tiibodovém ohybu, lehky beton, polypropylenové vlakno, lomova prace,
prodlouzeni efektivni trhliny, lomova energie.

Abstract

The paper shows the procedure for determining the fracture properties of advanced building
composites via application of effective crack and work of fracture methods. The procedure was
illustrated by evaluating fracture experiments on specimens of lightweight concrete with
polypropylene fibres.

Keywords

Three-point bending fracture test, lightweight concrete, polypropylene fibre, work of fracture,
effective crack elongation, fracture energy.

1 UVOD

Kompozity na bazi cementu patii dlouhodobé k nejpouzivanéjSim stavebnim materidlim.
Aplikaéni moznosti té€chto kompoziti 1ze dale rozsifit pfidavkem vybranych vlaken, ktera mohou jiz
pfi relativné malém objemovém zastoupeni pozitivné ovlivnit fadu lomové-mechanickych parametri
— lomovou houzevnatost, lomovou energii, tahovou pevnost, modul pruznosti atd. Kvantifikace
téchto parametri se provadi pomoci vyhodnoceni testll zkuSebnich téles s koncentratorem napéti —
typicky jde o tiibodovy ohyb nebo o test Stipani klinem (wedge splitting test). Nasledné jsou ziskané
vysledky téchto lomovych experimentli v podobé diagramti zatizeni vs. ptislusny posun/prihyb télesa

Ing. Ivana Havlikova, Ustav stavebni mechaniky, Fakulta stavebni, Vysoké uceni technické v Brnég,
Veveii 331/95, 602 00 Brno, tel.: (+420) 541 147 116, e-mail: havlikova.i@fce.vutbr.cz.

Ing. Hana Simonova, Ph.D., Ustav stavebni mechaniky, Fakulta stavebni, Vysoké uéeni technické v Brng,
Veveii 331/95, 602 00 Brno, tel.: (+420) 541 147 116, e-mail: simonova.h@fce.vutbr.cz.

Ing. Jaromir Lanik, dtto, Ustav stavebniho zkuSebnictvi, Fakulta stavebni, Vysoké uceni technické v Brné,
Veveti 331/95, 602 00 Brno, tel.: (+420) 541 147 494, e-mail: lanik.j@fce.vutbr.cz.

prof. Ing. Zbyn&k Kerner, CSc., dtto, Ustav stavebni mechaniky, Fakulta stavebni, Vysoké uéeni technické
v Bmé, Veveti 331/95, 602 00 Brno, tel.: (+420) 541 147 362, e-mail: kersner.z@fce.vutbr.cz.

39



(F—d diagramy), pfipadné zatizeni vs. otevieni usti trhliny/zatezu (F—CMOD diagramy) zpracovany
s vyuzitim nékterého z lomovych modeld — viz napt. [1, 2].

Autorsky kolektiv se aspektim aplikace lomové mechaniky také v oblasti cementovych
kompoziti veénoval v fadé prispévkl; vysledky vyhodnoceni ptinosu polypropylenovych vldken
v prvotnim stadiu porusovani téles z dale studovanych betoni pomoci modelu ,,dvoji-K* [2] Ize
nalézt napf. v ¢lanku [3]. Predkladany pfispévek navazuje na zminény clanek, tentokrate vSak
roz§ifuje moznosti vyhodnoceni vystupl z lomovych experimentt v tfibodovém ohybu ve formé F—d
diagramt aplikaci metod efektivni trhliny a lomové prace ([1], program StiCrack). Pozornost je tu
zamétena predevSim ke sledovani vybranych velicin v pribéhu lomového procesu: na stanoveni
odhadu mezi aktualnich hodnot pietvarné/lomové prace a na vypocet délky efektivni trhliny $ifici se
zatézovanym teélesem, kterd odpovida danému posunu d. Z uvedenych hodnot jsou uréovany odhady
mezi aktudlni specifické lomové energie, jez by nasledné mohly podlozit odhady mezi tzv. skutecné
lomové energie kompozitu s rozptylenou vyztuzi.

2 LOMOVE TESTY BETONOVYCH TELES

V tomto pfispévku je vySe naznaceny postup ilustrovan na vybranych vysledcich lomovych
experimentll se zkuSebnimi télesy zlehkého betonu. Jednalo se o tramce s nominalnimi rozméry
100 x 100 x 400 mm a délkou pocatecniho centralniho zarezu do 1/3 vysky vzorku, rozpéti podpor
¢inilo 300 mm; stafi vzorkl bylo 28 dni. Referencni télesa neobsahovala zadna vldkna (LB_REF).
Dalsi betonova télesa se liSila obsahem polypropylenovych vlaken FORTA FERRO, resp. jejich
délkou — 19, 38 a 54 mm (LB_FF19, LB _FF38 a LB _FF54). Pro kazdy z uvedenych kompoziti byla
odzkousena 3 zkusebni télesa. Podrobnosti o slozeni jednotlivych smési i o lomovych experimentech
lze nalézt v jiz zminovaném piispévku [3].

Geometrii zkuSebniho télesa namahaného tiibodovym ohybem ukazuje schéma na Obr. 1, kde
h znaci vysku, b Sitku a L délku télesa, / rozpéti podpor; a je hloubka pocatecniho zafezu.

7 Ta “‘ ¥ %&

Obr. 1: Schéma zkousky tfibodovym ohybem tramce se zafezem

3 VYHODNOCENI LOMOVYCH TESTU

Odezva téles z kompozitd s rozptylenou vyztuzi je typicky zna¢né tazna — v ptipadé lomovych
testd pojednavanych v tomto prispévku si o tom Ize ucinit pfedstavu z nize uvedenych pracovnich
diagrami (Obr. 6). K vyhodnoceni takové odezvy se nabizi pouziti aparatu lomové mechaniky.
Pro uplnost 1ze nejprve uvést nadhradni feseni, které doporucuje norma pro hodnoceni odezvy téles
z dratkobetonu.

3.1 Postup podle normy pro télesa z dratkobetonu

Vyhodnoceni zaznamti lomovych experimenti na télesech z dratkobetonu se v soucasnosti
podle normy [4] provadi pouze na zdkladé smluvnich hodnot meze umérnosti a tzv. zbytkové
pevnosti v tahu za ohybu.

Smluvni hodnota meze imérnosti je dana vztahem:

3F,1
o2t
fct.L 2bh3p
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kde:

faf . — Jeoznacovana v [4] jako mez imérnosti [MPa],

F; — zatiZeni odpovidajici mezi imérnosti [N], definované podle Obr. 2,

[ — rozpéti podpor [mm],

b  — sitka zkuSebniho télesa [mm] a

hyg, — vzdalenost mezi koncem zafezu a horni hranou zkusebniho télesa; podle Obr. 1 odpovida

hodnoté Ay, = h — a [mm].

Hodnota zatizeni F; se podle [4] uréi pomoci pfimky vedené ve vzdalenosti 0,05 mm
rovnobézné s osou zatizeni v grafu zavislosti zatizeni na CMOD nebo v grafu zavislosti zatizeni
na prihybu d. Za hodnotu F; se dosadi nejvétsi hodnota zatizeni v intervalu 0-0,05 mm, ktera se

stanovi postupem naznacenym v Obr. 2.
Fy -r(——/-/_s e
)

CMOD (mm) CMOD (mm)

-

T
r
J

1
:

| SR

o
o
o
&
©
@

Ca =}
wd

|
2

GMOD (mm) i CMOD (mm)
o 006

Obr. 2: Grafy zavislosti zatizeni na CMOD a definice Fy, [4]
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Tzv. zbytkova pevnost v tahu za ohybu fz; je v [4] uvazovana vztahem:
> @)
01 2k

kde:

Jx, — Je oznaCovana jako zbytkova pevnost v tahu za ohybu odpovidajici CMOD = CMOD; nebo
d=d;(j=1,2,3,4) [MPa] a

F; — zatizeni odpovidajici CMOD = CMOD;nebo d=d; (j =1, 2, 3, 4) — viz Obr. 3 [N].

[ I ————

S
[

|

I

I

|
I

I

T
I
]
I
i
I
I

! CMOD (mm)

H ‘
0 CMOD, = 0,6 CMOD, = 1,5 CMOD, =25 CMOD, = 3,58

Obr. 3: Grafy zavislosti zatizeni na CMOD a definice F; (j =1, 2, 3, 4) [4]
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3.2 Vyuziti metod efektivni trhliny a lomové prace

Jak bylo zminovano, v tomto pfispévku je vyhodnoceni lomovych experimentii provedeno
s vyuzitim postupd lomové mechaniky: pomoci metod efektivni trhliny a lomové prace,
podporovanych programem StiCrack [1, 5].

Z uvodnich — téméf linedrnich — ¢asti F'—d diagrami byly ur¢eny hodnoty modull pruznosti £.
Dale se stanovovaly hodnoty pifetvarné, resp. lomové prace Wr, které byly pocitany z upravenych
F—d diagramti pomoci metody lomové prace podle doporuc¢eni RILEM a hodnoty efektivni lomové
houzevnatosti Ki.° uréené zminénou metodou efektivni trhliny [1, 5-8]). Pro zvoleny krok posunu
0,1 mm byly uréovany uvedené parametry a v j-tém kroku odpovidajici hodnoty délky trhliny a., coz
umoznilo vy¢isleni aktualniho prodlouzeni efektivni trhliny z pocatecniho zafezu. Rozsahlému
vyhodnoceni fady lomovych experimentii nazna¢enym zptisobem se vénovala prace [9].

Z takto ziskanych hodnot pretvarné/lomové prace byly stanovovany hodnoty aktudlni lomové
energie Gr,. S ohledem na moznost odhadu tzv. skutecné lomové energie byly urcovany jeji dvé
ziejme omezujici hodnoty. Odhadu spodni meze aktudlni lomové energie odpovida hodnota, ktera se
spocitala z upravené lomové prace Wr;; tato prace predstavuje pivodni pretvarnou/lomovou praci Wr
korigovanou za uvazovani se¢né tuhosti — viz Obr. 4 (vlevo). Horni hranici aktualni lomové energie
pak odpovida hodnota, ktera se uréila z upravené lomové prace Wi tato prace predstavuje ptivodni

rrrrrrr

F[kN F[kN]/
[kN] Wa [kN] W

d [mm] d [mm)]
Hodnoty odhadt aktualni lomové energie se urCily z nasledujiciho vztahu:

e dolni, resp. horni mez lomové energie Gy, resp. Gr: [J/m?]
W,

Gy =B resp. G =D 3)
(a,—a)-b " (a,—a)b
kde:
Wy, resp. W — je lomova prace podle Obr. 4 vlevo, resp. vpravo [J] a
ae — aktualni délka efektivni trhliny v€etné pocate¢niho zarezu [m].

Lze predpokladat, ze hodnota tzv. skutecné lomové energie bude vzdy lezet mezi vyse
popsanou horni a dolni mezi lomové energie. Pro ilustraci jsou v Obr. 5 zminéné aktudlni hodnoty
prislusnych odhadti lomové energie vyneseny v zavislosti na svislém posunu pro vybrané zkusSebni
téleso T7 ze sady LB _FF19.

4 SHRNUTI VYSLEDKU Z LOMOVYCH TESTU

Tab. 1 shrnuje hodnoty vyse pojednanych lomovych parametr ziskanych ze zdznami F—d
diagramt s vyuzitim zminovanych metod, resp. programu StiCrack. Pro referenéni télesa LB_REF
byl zdznam uvazovan do posunu d = 0,6 mm a pro télesa s pfidavkem vlaken (LB_FF19, LB _FF38,
LB _FF54) do posunu d = 1,2 mm (z divodu sjednoceni délek zaznamu experimentalnich méfeni —
viz Obr. 6). Jsou zde uvedeny hodnoty aritmetickych priméri a variacnich koeficienti (COV)
jednotlivych parametri pro 4 sady zkusebnich téles ziskané zpravidla ze tfi méfeni. Jedna se o modul
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pruznosti E, prodlouZeni efektivni trhliny a. — a, efektivni lomovou houzevnatost K;.¢; Gr predstavuje
lomovou energii vyhodnocenou programem StiCrack, kdezto Grs a G, jsou uvazované meze lomové
energie vycislené z lomové prace podle Obr. 4 pro vyse zminény posun d = 0,6 ¢i 1,2 mm.

600

500

400

Gy [Tim?]
w
[=]
=

200
100 ——LBFF-19TT t
0 —ALBFF-19T7 s
0 0.2 0,4 0.6 0.8 1 1.2

d [mm]

Obr. 5: Vy¢isleny odhad aktualni hodnoty dolni (index s) a horni (index t) meze lomové energie
betonu télesa vs. posun d

Tab. 1: Lomové-mechanické parametry pro sady téles LB REF, LB _FF19,LB FF38 alLB FF54

LB REF LB FF19 LB FF38 LB FF54
Aritm. COV | Aritm. | COV | Aritm. | COV | Aritm. | COV
Parametr primér | [%] | prumér | [%] | primér | [%] | primér | [%]
E [GPa] 23,54 1,6 24,10 2,6 19,79 11,8 20,91 8,3
a.—a [mm] 10,9 3.9 9,3 - 9,6 8,5 9,4 14,7
Ki£[MPa-m'"?] 0,752 3,3 0,812 7,6 0,883 8,9 0,801 20,6
Gr[J/m?] 116,00 4,5 431,93 9,3 583,17 | 14,1 | 507,80 | 20,9
Grs[J/m?] 115,62 4,1 217,54 | 16,7 | 268,28 6,2 274,64 | 24,0
Gr:[J/m?] 120,49 5,2 494,11 10,0 | 690,20 | 15,9 | 590,63 | 21,7
45
4 !f"-.,"\
3,5 ! ‘
3 !f\ \ A - P orr e~ e
N LY a4
\ FOPCLAY) -
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=2 \ e g e v AR A A
15
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0 ‘ ‘ ‘ ‘
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Obr. 6: Zaznamy experimentalnich mefeni vybranych téles s prfidavkem vlaken
5 ZAVER

V ptispévku byl oproti metodice v normé [4] uveden postup vyhodnoceni lomovych
experimentl téles z kompoziti s obsahem vlaken s vyuzitim metod efektivni trhliny a lomové prace.
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Z vystupt vybranych testd v podobé upravenych diagraml zatizeni vs. posun byly pro vSechna
zkusebni télesa urceny hodnoty pietvarné/lomové prace a prodlouzeni efektivni trhliny. Pro zvoleny
krok posunu 0,1 mm byly postupné vycislovany odhady dolni a horni meze aktualni lomové energie,
které se mohou stat podkladem stanoveni tzv. skuteéné lomové energie téchto typti kompoziti.

Z vyse uvedeného je zfejmé, ze pfitomnost vlaken v kompozitu vedla v piipadé vlaken délky
19 mm k mirnému navySeni hodnoty modulu pruznosti, a to cca o 2 %. V pfipadé vlaken délky
38 a 54 mm pak byla tato hodnota redukovéna o 11 az 16 %. ProdlouZeni efektivni trhliny bylo
vlivem pfidavku vlaken vSech délek také redukovano, a to o 12 az 15 %. Naopak bylo zjisténo, ze
vlakna méla pozitivni vliv na hodnotu efektivni lomové houzevnatosti, resp. na hodnotu lomové
energie, ktera byla pridavkem vlaken zvySena cca o 7 az 17 %, resp. vice nez 3,5 az 5 nasobné. Také
hodnota uvazované dolni, resp. horni meze lomové energie byla vlivem pifidavku vldken navySena,
ato o 88 az 138 %, resp. vice nez 4 az témér 6 nasobné.
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TARGET RELIABILITY LEVELS IN PRESENT STANDARDS
Abstract

The target reliability levels recommended in national and international documents vary within
a broad range, while the reference to relevant costs and failure consequences is mentioned only very
vaguely. In some documents the target reliability index is indicated for one or two reference periods
(1 year, 50 years or life-time) without providing appropriate links to the design working life. This
contribution attempts to clarify the relationship between the target reliability levels, costs of safety
measures, failure consequences, reference periods and the design working life.

Keywords

Target reliability, costs of safety measures, failure consequences, reference period,
design working life.

1 INTRODUCTION

The target reliability levels recommended in various national and international documents for
new structures are inconsistent in terms of the values and the criteria according to which the
appropriate values are to be selected. In general, optimum reliability levels can be obtained by
considering both the relative costs of safety measures and the expected consequences of failure over
the design working life as indicated e.g. in ISO 2394:1998 for the general principles on structural
reliability. In accordance with this standard the minimum reliability for human safety should also be
considered when people may be killed or injured as a result of failure.

The basic aim of this contribution is to clarify the link between the design working life and the
reliability index, and to provide guidance for specification of the target reliability level for a given
design working life. This contribution is an extension of the previous study [1].

2 TARGET RELIABILITIES IN NORMATIVE DOCUMENTS

The design working life is understood as an assumed period of time for which a structure is to
be used for its intended purpose without any major repair being necessary. Indicative values of design
working life (10 to 100 years for different types of new structures) are given in EN 1990:2002 for
basis of structural design. Recommended values of reliability indexes are given for two reference
periods, 1 year and 50 years (see Tab. 1), without any explicit link to the design working life that
generally differs from the reference period.

' Prof. Ing. Milan Holicky, PhD., DrSc., Department of Structural Reliability, Klokner Institute,
Czech Technical ~ University in  Prague, Solinova 7, 16608 Prague, Czech Republic,
e-mail: milan.holicky@klok.cvut.
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3 Ing. Miroslav Sykora, Ph.D., Department of Structural Reliability, Klokner Institute, Czech Technical
University in Prague, Solinova 7, 166 08 Prague, Czech Republic, e-mail: milan.holicky@klok.cvut.
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Tab. 1: Reliability classification in accordance with EN 1990

Reliability Failure p for ref. period | Examples of structures
classes consequences | | y. 50 y.
RC3 —high | High 52 43 Grandstands, public buildings
RC2 — normal | Medium 4.7 3.8 Residences and offices
RCI1 - low Low 4.2 33 Agricultural buildings
Tab. 2: Examples of life-time target reliability indexes £ in accordance with /SO 2394:1998
Relative costs of Failure consequences
safety measures small some moderate great
High 0 1.5 23 3.1
Moderate 1.3 23 3.1 3.8
Low 23 3.1 3.8 43

It should be emphasized that the reference period is understood as a chosen period of time
used as a basis for statistically assessing the time variant basic random variables, and the
corresponding probability of failure. The concept of reference period is therefore fundamentally
different from the concept of design working life. Confusion is often caused when the difference
between these two concepts is not recognized.

The couple of p-values (for 1 and 50 years) given in Tab. 1 for each reliability class
corresponds to the same reliability level. Practical application of these values, however, depends on
the time period considered in the verification, which may be linked to available probabilistic
information concerning time variant basic variables (imposed load, wind, earthquake, etc.). It should
be noted that the reference period of 50 years is also accepted as the design working life for common
structures [2].

For example, considering a structure of RC2 having a design working life of 50 years,
the reliability index = 3.8 should be used provided that probabilistic models of basic variables are
available for this period. The same reliability level is achieved when a reference period of 1 year and
p= 4.7 are applied using the theoretical models for a reference period of one year. Thus, when
designing a structural member, similar dimensions (e.g. reinforcement area) would be obtained
considering = 4.7 and basic variables related to 1 year or = 3.8 and basic variables related to
50 years.

A more detailed recommendation concerning the target reliability is provided by
1SO 2394:1998 where the target reliability indexes are indicated for the whole design working life
without any restriction concerning its length, and are related not only to the consequences, but also to
the relative costs of safety measures (Tab. 2).

Note that Tab. 2 indicates reliability indexes related to life-time of a structure and not to one
year reference period; f= 0 is recommended for reversible serviceability limit state, f= 1.5 for
irreversible serviceability limit state. Values f= 2.3 to 3.1 are considered for fatigue limit state
depending on the possibility of inspection and = 3.1, 3.8 and 4.3 (given in the last column of Tab. 2
for great consequences) are recommended for the ultimate limit states.
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Tab. 3: Tentative target reliability indexes £ (and associated target failure rates) related to one year
reference period and ultimate limit states in accordance with JCSS PMC [3] and

ISO/FDIS 2394:2014

Relative costs of
safety measures

Minor consequences
of failure

Moderate consequences
of failure

Large consequences of
failure

Large £=3.1(p=107) B=33(p=5x107% B=3.7(p =107
Normal £=3.7(p =107 f=42(p=107) =44 (p=5x107)
Small f=42(p=107) B=4.4(p=5x107) B=4.7 (p~107)

Similar recommendations are provided in the Joint Committee on Structural Safety
Probabilistic Model Code (JCSS PMC [3], overview is given in [4]) based on the study by
Rackwitz [5] (Tab. 3). These reliability indices are also adopted in the committee approved draft of
ISO 2394 - ISO/FDIS 2394:2014. The recommended target reliability indexes are also related to both
the consequences and to the relative costs of safety measures, though for a reference period of 1 year.

The consequence classes in JCSS PMC [3] (similar to those in EN 1990) are linked to the
ratio p defined as the ratio (Cs: + Cr) / Csr of the cost induced by a failure (cost of construction Cgg
plus direct failure costs Cy) to the construction cost Cg:

e Class 1 Minor Consequences: p is less than approximately 2; risk to life, given a failure, is
small to negligible and the economic consequences are small or negligible (e.g.
agricultural structures, silos, masts);

e C(Class 2 Moderate Consequences: p is between 2 and 5; risk to life, given a failure, is
medium and the economic consequences are considerable (e.g. office buildings, industrial
buildings, apartment buildings);

e C(lass 3 Large Consequences: p is between 5 and 10; risk to life, given a failure, is high,
and the economic consequences are significant (e.g. main bridges, theatres, hospitals, high
rise buildings).

However, it is not quite clear what is meant by “the direct failure costs”. This term indicates
that there may be some other “indirect costs” that may affect the total expected cost. Here it is
assumed that the failure costs Cr cover all additional direct and indirect costs (except the structural
costs Cyr) induced by the failure. The structural costs are considered separately and related to the
costs needed for an improvement of safety.

ISO 2394:1998, ISO/FDIS 2394:2014 and JCSS PMC [3] seem to recommend reliability
indexes lower than those given in EN /990 even for the “small relative costs” of safety measures. It
should be noted that EN 1990 gives the reliability indexes for two reference periods (1 and 50 years);
the latter may be accepted as the design working life for common structures. ISO 2394:1998
recommends indexes for “life-time, examples”, thus related to the design working life, without any
restrictions while JCSS PMC [3] and ISO/FDIS 2394:2014 provide reliability indexes for the
reference period of 1 year.

A new promising approach to specify the target reliability based on the concept of Life
Quality Index [6-8] is considered in an ongoing revision of ISO 2394. The target annual failure
probabilities are dependent on the parameter K; (Tab. 4) that is derived from the marginal costs of a
safety measure, expected number of fatalities given structural failure and several socio-economic
parameters.
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Tab. 4: Tentative minimum target reliability indexes £ (and associated target failure rates) related to
one year reference period and ultimate limit states, based on the LQI acceptance criterion
(ISO/FDIS 2394:2014)

Relative life saving costs K LQI target reliability
Large 103-102 | =3.1 (p = 103)
Medium 104103 | =37 (p= 10
Small 105-104| =42 (p = 107)

It is noted that the target reliabilities given in standards are commonly derived considering
typical failure modes and probabilistic models; see for instance ISO/FDIS 2394:2014. These
considerations should be always clearly indicated to allow for comparing target levels among
standards and to provide basis for further developments.

3 TARGET RELIABILITY FOR VARIOUS REFERENCE PERIODS

The target reliability levels provided in various documents are related to different reference
periods. Typically one year, 50 years or simply life-time are considered. Assume that the failure
probability related to one year pi(f1) corresponds to the reliability index £, thus

pi(p) = O(-p) (1)
Here ®(:) denotes the cumulative distribution function of standardised normal distribution. An
approximation of the failure probability p,. within n basic periods assuming that the failures during
each k reference periods are mutually independent is

puPrn) =1—[1 - pr(B)I™ )
where n/ k> 1. For instance k= 5-10 years might be accepted when the reliability of a structure is
dominated by the sustained (long-term) part of an imposed load. The reliability index S
corresponding to p, is then obtained using @(-) in the same way as in Equation (1). Variation of the
reliability index .+ with n and k is shown in Figs. 1 and 2. Note that k= 1 corresponds to the full
independence of failures in the reference periods and

ﬂnl(ﬂl,n,l) :'(I)J(pnl(ﬂl,n,l)) (3)

Bnk(4.7,n,1) 4

Bnk(3.1,n,1) \

2
Bnk(2.3,n,1) [ .

Bnk(1.7,n,1) LSS
Bok(13,n,1) | | e T TTTmeeee ]
-2
4
0 10 20 30 40 50

n

Fig. 1: Variation of S with n for k=1 and selected fi-values (failures
during all basic (one year) reference periods are mutually independent)
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Fig. 2: Variation of S, with k for n = 50 and selected fi-values
(failures during k reference periods are mutually independent)

When & = n then the failures in all the reference periods are fully dependent, p,, = p11. This is
relevant for the cases when structural reliability is dominated by time-invariant variables (resistance
and geometry parameters, permanent actions, model uncertainties); examples might include masonry
and geotechnical structures, sub-structures of bridges, underground structures etc. The reliability
index is then

ﬂnl(ﬂl,n,n) = ﬂl (4)

These relationships together with in Figs. 1 and 2 are helpful to compare the target reliabilities
indicated in the above mentioned documents.

4 COMPARISON OF TARGET RELIABILITIES

The target reliability indices indicated in Tabs. 1 to 4 are recalculated for the reference period
of 50 years (considered as life-time now) using Equations (1) to (3). Considering ultimate limit states,
Fig. 3 shows variation of target reliability index fso,; (basic reference period n = 50) with a degree of
consequences. Comparable relative costs of safety measures are taken into account, i.e. normal
reliability class for EN 1990, moderate for ISO 2394:1998, normal for JCSS PMC [3] and ISO/FDIS
2394:2014 or medium for ISO/FDIS 2394:2014 - LQI approach.

It follows from Fig. 3 that the target reliability indices indicated in various documents are
within a relatively broad range. Obviously it may affect design or specification of partial factors and
more detailed instructions how to apply the available recommendations should be provided.

Somehow similar situation is observed for serviceability limit states for which three
documents are considered here: EN 1990, ISO 2394:1998 and JCSS PMC [3]. Variation of the
reliability index £ with relative costs of safety measures is shown in Fig. 4. ISO 2394:1998 specifies
the target values irrespective of safety measures and the recommended limits are represented in Fig. 4
by horizontal lines. JCSS PMC [3] targets for irreversible limit states are related to one year reference
period and the corresponding 50 years targets are recalculated assuming the full independence of
failures.

It should be noted that the assumption of full independence is, particularly in the case of
serviceability limit states, questionable and should be reconsidered. The assumption of a partial or
full dependence of failures would obviously lead to more reasonable (greater) target reliability
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indices, definitely closer to those related to one year reference period. As already suggested in [9] the
target level = 3.8 could better be interpreted as corresponding to S = 4.5 for one year as complete
independency of resistance and loads in subsequent years is not realistic.

4.5

4

3.5

3

Beta

25 -
20N o
2 + XSO 2

1.5

Small Some Moderate High

1 2 Consequences 3 4

Fig. 3: Variation of fso,1 for the ultimate limit states with a degree of failure consequences

EN 1990 - irreversible, 1 y.

3
JCSs PMcC _ :
C- .
2 11}‘rever51bley ly.
1 ISO 2394 (1998), EN 1990 - irreversible, life-time
| |
o . 1S0O 2394 (1998), EN 1990 - reversible, life-time
§ o |
-1
-2
i4 .
3 Low Normal High

Relative cost of safety measures

Fig. 4: Variation of the reliability index S for serviceasbility limit states
with a degree of relative costs of safety measures

5 TARGET RELIABILITIES FOR EXISTING STRUCTURES

In the presented study it is tacitly assumed that the target reliabilities are to be applied at a
design phase. For existing structures it is in some cases uneconomical to require the same reliability
levels as for new structures [10,11]. The target level for existing structures usually decreases as it
takes relatively more effort to increase the reliability level then for a new structure; see Tabs. 2 to 4.
So for an existing structure one may for instance move from “moderate” to “large” relative costs of
safety measures [9].

Two reliability levels are needed in the assessment of existing structures - the minimum level
below which the structure is unreliable and should be upgraded, and the target level indicating an
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optimum upgrade strategy [11-13]. Available experience indicates that the minimum level is often
dominated by the human safety criteria whilst the optimum repair level is close to the target level
accepted for structural design.

It is noted that recently revised /SO 13822:2010 for the assessment of existing structures does
not provide further information for reduction of target reliabilities e.g. for shorter residual life-times.
However, detailed discussion concerning the target reliabilities for existing structures is out of the
scope of this contribution.

6 RECOMMENDATIONS FOR PRACTICAL APPLICATIONS

Based on authors’ experience the following recommendations are suggested for practical
structural design for reference period equal design working life (considering the guidance in EN /990
and ISO 2394:1998):

e Ultimate limit state: = 3.3 (RC1), f=3.8 (RC2), f=4.3 (RC3),

e Fatigue: f= 1.5-3.8 (RC2) depending on the degree of inspectability, reparability and
damage tolerance,

e Serviceability limit state: = 1.5 (irreversible), f = 0 (reversible).

As mentioned above these values are to be considered for reference periods equal to design
working life of structures; e.g. commonly 50 years for buildings and 100 years for bridges. Shorter
periods may be relevant for less important structures such as agricultural structures.

However, similar recommendations need to be provided in normative documents for
engineering practice. It is recommended to consult appropriate target reliabilities with experts when:

e The independence of failure events in nearby reference periods is dubious (e.g. when
structural reliability is expected to be dominated by time-invariant variables),

e The design situation is not covered by the above recommendations, e.g. fatigue for RC3
structures or reliability of temporary structures.

7 CONCLUSIONS
The following concluding remarks are drawn from the present study:

e In the present normative documents the target reliability levels are specified for different
reference periods - typically one year, fifty years and life-time.

e Recalculation of targets to uniform reference period (say 50 years) is complicated by
mutual dependence of failure events.

e With increasing mutual dependence the target reliabilities approach values related to one
year (basic) reference period.

e The target reliabilities indicated in available documents are within a broad range and
should be revised, carefully considering failure modes and probabilistic models accepted
when specifying target levels.

e Target reliabilities in standards should be supplemented by clear recommendation on how
to use them in practice.

e For ultimate limit states of common buildings and bridges (RC2), reliability index 3.8 can
be considered for a reference period equal to the design working life (50-100 years).

e For fatigue the target reliabilities are currently specified in EN 1990 within a broad range
and should be further analysed for different types of structures (e.g. high-rise buildings,
road and railway bridges).
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OPTIMAL PROTECTION OF REACTOR HALL UNDER NUCLEAR FUEL CONTAINER DROP
USING SIMULATION METHODS

OPTIMALNY NAVRH OCHRANY HALY REAKTOROVNE PRED PADOM KONTAJNERA
S JADROVYM PALIVOM VYUZITIM SIMULACNYCH METOD

Abstract

This paper presents of the optimal design of the damping devices cover of reactor hall under
impact of nuclear fuel container drop of type TK C30. The finite element idealization of nuclear
power plant structure is used in software ANSYS. The steel pipe damper system is proposed for
dissipation of the kinetic energy of the container free fall in comparison with the experimental results.
The probabilistic and sensitivity analysis of the damping devices was considered on the base of the
simulation methods in program AntHill using the Monte Carlo method.

Keywords
Probability, sensitivity, container drop, damping devices, FEM, AntHill, ANSYS.
Abstrakt

V ¢lanku sa prezentuje optimalny navrh tlmiaceho zariadenia na ochranu haly reaktorovne
pred padom kontajnera s jadrovym palivom typu TK C30. Priestorovym kone¢no-prvkovym
modelom bola idealizovana konstrukcia jadrovej elektrarne v programe ANSYS. Experimentalne
overeny systém tlmi¢ov bol navrhnuty z ocelovych rirok na pohltenie kinetickej energie od padu
kontajnera. Pravdepodobnostna a citlivostna analyza tlmiaceho zariadenia bola realizovana vyuzitim
simulacnych met6d v programe AntHill s vyuzitim metédy Monte Carlo.

KPacové slova

Pravdepodobnost, citlivost, pad kontajnera, timi¢e, MKP, AntHill, ANSYS.

1 INTRODUCTION

In recent time of permanent demands for increasing of active and passive nuclear power plants
safety the question of estimation of the technological equipment resistance after certain operation
time is very actual [4, 5, 9, 10, 11, 12, 17 and 18]. The calculation of the containment structure,
including personnel access doors, equipment hatches and penetrations and isolation valves shall be
based with sufficient margin on design basis events and test conditions. All penetrations through the
containment should meet the same design requirement as the containment structure itself Bankash
[1], Kralik [9, 10, 11 and 12], IAEA [4 and 5]. The new knowledges in the investigation of the
nonlinear behaviour of the reinforced concrete and steel structures are utilised [1, 2, 10 and 19].
The nuclear power plant (NPP) structures should be protected against reaction forces stemming from
pipe movement or accidental loads such as jet forces, pipe whip and missiles. The load-bearing
structure complex analysis for different kind of loads was provided with software ANSYS.

! Prof. Ing. Juraj Kralik, CSc., Department of structural mechanics, Faculty of Civil Engineering,
Slovak University of Technology in Bratislava, Radlinského 11, 813 68 Bratislava, Slovakia,
e-mail: juraj.kralik@stuba.sk.
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The building of a power block was idealized with a discrete model, consists of the solid elements
(SOLID 45), shell elements (SHELL43), beam elements (BEAM4), linear actuator elements
(LINK11), mass elements (MASS21), solid fluid elements (FLUID80). The overall model consists
20 840 elements and 15 600 nodes.

b8

10. BEO VZ * Riesenie objektu HVE od impact loads*

10. EBO VZ * Riesenie cbjektu HVE od impact losds*

Fig. 1: Calculation model of NPP building with the critical point of container drop

2 CONTAINER DROP

The hall crane transports the nuclear fuel in the steel container TK - C30 under ceiling plate at
+18,90 m. The cylinder container has diameter 2285 mm, height 4367 mm and weight 89,5 t. In the
case of accident the container can fall to the containment plate. The accident scenario was defined by
the technological engineers [10].

We proposed three levels of container fall on the plate from height 200 mm and 3670 mm.
The impact loads can be defined from equality of kinetic energy E of container weight mo before
impact and potential energy E, of the plate deformation in moment of maximal impact effect

1 1
Ek: EP Ek :Emowa Ep :Ekwmax (1)

where W, is the velocity of container fall in the moment of the plate-container contact, Wmax is

maximal amplitude of displacement of the plate, & is stiffness of plate (defined from FEM model of
structures). The velocity of the fall 1, , long time of the impact ¢ and the amplitude of force F,.. can

be considered as the impact loads in the form of half wave as follows

Wo = Vzgho tr = ﬂ.\ n]zo Enax = k'wo \ n]zo (2)

where 4, is the height of free hall, m, is container masses and £ is stiffness of plate.
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Fig. 2: Scheme of container TK -C30
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3 SOLUTION OF IMPACT RESPONSE
In the case of refuelling, during the reactor shutdown, it is manipulated with 85t heavy
containers above the reactor building ceiling. If the suspension is released during this operation, the
container can fall down on the ceiling or in the spent fuel storage pond Bankash [1]. Container free
fall was defined as an impact load [3 and 9].
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Fig. 3: Envelope of bending moment m, in the concrete plate at +18.9m
and normal forces ¢ in the circular wall

The impulse intensity and its duration are expressed from the condition of equality of the
kinetic energy of a free falling body and deformation potential energy of the load-bearing structure
and the container. The time interval of impulse acting responds to 1/2 of the impulse period. The
response forces were calculated on the base of the direct transient method in program ANSYS. The
envelope of maximum intensity of the normal forces ¢, [kN/bm] and bending moments my [kKNm/bm]
from the impact to the SG box ceiling are presented in Fig. 2. The peak of the bending moment in the
concrete plate is near the point of container impact. In the case of the circular wall the peak of the
tension forces is on the bottom of wall. Maximum internal forces exceed the bearing capacity of the
ceiling plate for about 6% due to the impulse intensity 277,6 MN in the time impulse 0,008 s. In the
case of the falling from the height 1,0.m above the water surface in the basin the intensity impulse is
equal to 583,07 MN (i.e. 431,35 MN) in the period 0,007 s.

4 DESIGN OF DAMPING DEVICES

Kinetic energy of the free fall container can be dissipated with the plastic energy of damping
devices from the pipes in one or two layers both. This type of damping devices was used in Germany
[9]. We propose the kinetic energy of the container fall under the bottom of the basin in the form

1 E h —-D
E, =mqgh+mygh, —— pAgh; —pAgh, (h,~h,)~=-=——

v

(€))

where F) is he force of the water resistance during the container fall in the basin. The kinetic energy
Ej must be absorbed by elastic and plastic deformation of the damping pipe device. The dissipation
energy of the plastic deformation of the pipe is expressed following

D,=F,(f,—0.03D,) 4)

where F,, is the resistance force of the pipe and f;, is the maximum cross pipe plastic deformation.
On the base of experimental results we have

1
F =yo,2bt?
m =V D —a

S

fm 20’85nLDS (5)
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where D is the pipe diameter, ¢ is the thickness of pipe wall, a is the length of U profile, b is length of
pipe segment, yis the safety factor, s is the number of the pipe layer.
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Fig. 4: Configuration of pipe damping device

The potential energy E, of the elastic and plastic deformation of damping devices is

1
E, = EF'" 0,03n,D, +F 0,82n,D, (6)
The reliability condition for the design of the damping devices is
E,2E, (7)
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Two types of the damping devices (Tab. 1) were considered. Two of them (type — T1) are
designed in one pipe layer, the rest (type — T2) are designed in two pipe layers. The damping devices
is proposed from the short pipe elements mutually connected with the steel beams from U-profile in

the grid form (Figure 4 and 5).
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Fig. 5: Experimental test of pipe resistance
Tab. 1: Experimental test of the pipe segment (Bundesanstalt fiir Materialprufung)
Specimen | Drop Deformation Potential Fall Deformation Load
No. in mm in mm Energy? velocity? Energy Impulse
in Joule in m/s in Joule during 30 ms
in kN
1 1400 68 10369 52 9880 108
2 1600 82 11880 5.6 11300 107
3 1700 72 12516 5.8 11900 110
4 1800 90 13350 5.9 12700 106
) This Energie corresponds to the drop plus pipe deformation calculated from targed pipe crack
? This value corresponds to the velocity of the test frame in the moment of contact with pipe

Tab. 2: Comparison of damping devices effectivity

Type | Diameter of pipe | Ei [KNm] | E, [kNm] | %]
Free fall from height 3 670 mm
T1 1 x18x219/18 — 455 mm 29624 2688.0 90,7
T2 2 x 24 x219/20 — 150 mm 2702,5 29174 107,9
Free fall from height 14 010 mm
T3 1x 24 x 219/22 — 380 mm 47532 4471,4 94,1
T4 2x 52 x219/18 — 150 mm 46444 5120,0 110,2

This pipe element was tested by Bundesanstalt fiir Materialprufung (see Table 1) for the
plastic capacity of the device due to impact load. The safety crosswise deformation of the pipe
element was defined on the base of experiment results as 0,85D; .

The plastic capacity of the pipe device is defined following
F = 2a0'de2/(Ds -a)
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where « is parameter reliability (a = 1,1), or - stress yield (or = 350 MPa), b - length of pipe, d -
thickness of pipe, D, - diameter of pipe, a - highness.

The maximal plastic deformation of pipe can be use as 0,85D; and the maximal diameter
dilatation is a = 1,5D;,. Three layer damping devices from pipes 2 x 24 x 219/20 — 150 mm were
proposed for dissipate the kinetic energy Er = 2702,5 kNm (free fall from high 3670 mm ) with the
efficiency 77 = 107,9%. In the case of the basin bottom the effective damping device is design as 2 x
52 x 219/18 — 150 mm which dissipates the kinetic energy E; = 5120,0 kNm (free fall from high
14010 mm ) with the efficiency 7=110,2%.

5 PROBABILITY AND SENSITIVITY ANALYSIS OF DAMPING DEVICES

The methodology of the probabilistic analysis of the damping devices efficiency results from
the requirements [5, 6, 9 and 12] and experiences from their applications [7, 8, 13, 14, 15, 16, 17, 18
and 20]. In this case the direct simulation method Monte Carlo [15] to solve the reliability of the
damping devices was used.

The probabilistic analysis of the accident due the transport way of the container above
containment plate results from uncertainty of material and geometry properties, load level, non linear
deformation and design condition. The discrete histograms of the AntHill program [15] were used
(Table 3). The calculation of the impact response and sensitivity analysis of the damping devices
effectivity was considered in the ANSYS program. Three types of the damping devices with various
geometry of steel pipes in one and two layers were analyzed (Table 3).

The damping devices (types T1 and T2) were designed for free fall of container on the
containment plate. Type T1 is satisfying in the case of 70% effectiveness of the impulse damping, T2
for 80% effectiveness. The damping devices (type T3) were designed for free fall of container on the
basin bottom. Type T3 is satisfying in the case of 90% effectiveness of the impulse damping.

Tab. 3: Parameters for the random variable

Variable Variable | Bounded Mean Standard | Covariance
coefficient | histogram value deviation CoV

F), - yield stress of steel [MPa] Fovar LN 392 30,07 0,077
m — container mass [t] Myar N 85 3,12 3,674

i . N 3,67 0,13 0,038
h - fall distance [m] Ryar 15.27 0.57 0.038
h, — depth of basis [m] P var N 14,27 0,54 0,037
D — diameter of pipe [mm] D, N 219 0,80 3,443

i . N 46 1,72 3,712
b - length of pipe [mm] byar 18 0.63 3513
t — thickness of pipe [mm] trar N 28 1,04 37,338
¢ — width of U beam + o N 77 1,44 18,680
plate [mm]
a — height of U beam [mm] Avar N 80 1,41 17,596
S — area of container [m?] Svar N 4,10 0,13 3,120
hi— height of container [m] Dicvar N 3,917 0,06 0,016
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Tab. 4: Parameters for the random variable

Effectivity P/ - Probability of the damping device failure
of damping in % Tl T2 T3
60 0,0 0,0 0,0
70 0,000089 0,0 0,0
80 0,007303 0,000032 0,0
90 0,083356 0,002333 0,000007
100 0,320213 0,030070 0,000818

The sensitivity analysis of the damping devices were realized in the ANSYS program. The
results from this analysis show that the effectiveness of the damping devices depends firstly on the
material properties of steel — strength and thickness of pipes, secondly on the variability of the
container mass and height of free fall.
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6 CONCLUSION

This paper deals with the problem of the analysis of the buildings of nuclear power plants in
the case of their resistance to the possible accident during the transport of container C30 [4] with the
nuclear fuel. The dynamic transient analyses from the container falling during the accident simulation
were realized using the system ANSYS. During the reconstruction of the containment structure was
designed the damping devices from steel pipes on the base of results of attests of Bundesanstalt fiir
Materialprufung. The probability and sensitivity analysis of the effectiveness of the damping devices
were realized in the program AntHill and ANSYS. The uncertainties of the loads level (container
mass, height of free fall), the geometric and material properties (steel strength, geometric
characteristic of pipe segments) and other influences following the inaccuracy of the calculated
model and numerical methods were taken in the account in the 10° direct Monte Carlo simulations. In
accordance with the probability and sensitivity analysis the reconstruction project of the protection of
the NPP building before the crane accident due to transport of the container C30 was proposed.
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DETERMINISTIC AND PROBABILISTIC ANALYSIS
OF NPP COMMUNICATION BRIDGE RESISTANCE DUE TO EXTREME LOADS

Abstract

This paper presents the experiences from the deterministic and probability analysis of the
reliability of communication bridge structure resistance due to extreme loads - wind and earthquake.
On the example of the steel bridge between two NPP buildings is considered the efficiency of the
bracing systems. The advantages and disadvantages of the deterministic and probabilistic analysis of
the structure resistance are discussed. The advantages of the utilization the LHS method to analyze
the safety and reliability of the structures is presented.

Keywords
Probability, extreme loads, steel bridge, bracing, FEM, LHS, ANSYS

1 INTRODUCTION

This paper deals with the resistance of the steel bracing systems of the bridge between two
buildings in the nuclear power plants (NPP) [10]. The international organization IAEA in Vienna
[2, 3, 4 and 5] set up the design requirements for the safety and reliability of the NPP structures. The
methodology of the seismic analysis of the structure behavior and the design of the structure under
extreme loads are the object of the various authors [9, 11, 14, 18 and 22]. In the case of NPP
structures the characteristic values of the seismic loads are determined on the base of the IAEA
requirements [2] by mean return period of the extreme loads which is equal to one per 104 years [14].
The methodology of the probabilistic analysis of the structure reliability is described in various
papers and practical applications [8, 11, 12, 13, 14, 15, 16, 17 and 20]. The reliability analysis is
based on the partial factor methods in accordance of the Eurocode 1990 [2]. In the present the method
of the partial factor is favourable in the practice. The Eurocode 1990 [2] and JCSS [6] recommends
the use of three levels of the reliability analysis. Level III methods are seldom used in the calibration
of design codes because of the frequent lack of statistical data. The measure of reliability in Eurocode
1990 [1] is defined by the reliability index f. The reliability index depends on the criterion of the
limited state. The standard JCSS [6] required the measure of reliability in dependency on the safety
level. The probability of the failure Pf can be determined using simulation method on the base of
Monte Carlo, LHS and others.

2 RELIABILITY FUNCTION

Most problems concerning the reliability of building structures [1, 6, 8, 15, 16, 17, 19 and 20]
are defined today as a comparison of two stochastic values, loading effects £ and the resistance R,
depending on the variable material and geometric characteristics of the structural element. In the case
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University of Technology in Bratislava, Radlinského 11, 813 68 Bratislava, Slovakia,
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of a deterministic approach to a design, the deterministic (nominal) attributes of those parameters R,
and E; are compared.

The deterministic definition of the reliability condition has the form
R,>2E, ()
and in the case of the probabilistic approach, it has the form
RF=R-E>0 or RF=1-E/R>0 2)
The reliability function RF can be expressed generally as a function of the stochastic
parameters X1, X> to an used in the calculation of R and E.
RF =g(X,X,,...X,) 3)
The probability of failure can be defined by the simple expression
P, =P[R<E]=P[(R-E)<0] 4)

In the case of simulation methods the failure probability is calculated from the evaluation of
the statistical parameters and theoretical model of the probability distribution of the reliability
function gx). The failure probability is defined as the best estimation on the base of numerical
simulations in the form [15]

P =5 2i[e(x)<0) ®

where N in the number of simulations, g, is the failure function, /[.] is the function with value 1, if
the condition in the square bracket is fulfilled, otherwise is equal 0.

Reliability of the bearing structures is designed in accordance of standard requirements STN
ENV 1993-1-1 and ENV 1990 [1] for ultimate and serviceability limit state. Horizontal reinforced
plane structures are designed on the bending and shear loads for ultimate limit state function in the
next form

g(M):l_ME/MRZO g(V):l_VE/VRZO (6)
where Mg, Vi are design bending moment and design shear force of the action and Mg, Vi are
resistance bending moment and resistance shear force of the structure element.

In the case of the combination of the action of the normal forces and bending moments the
yield function F(.) must be used as follows

g(N,M)=1-F(N;,M)/F(Ny,M,)20 (7

The failure function (7) for the linearized interaction diagram (Figure 1) may be defined in the
form
N, N M

—£ = 8
NRu M ( )

Ru
where N, and M, are the values of limit normal force and moment on the axis of interaction
diagram N,, =N, (M =0) and M, =M, (N =0).
The total internal forces of the action effect are defined as follows
My =My +Ms Np =Ny +N; ©)
where Ny,

M are normal forces and moments of the seismic load.

M, are initial values of normal forces and moments due to no seismic load and Ny,
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The moment of resistance M, on the interaction diagram can be calculated from known

normal force N in the form

MR:MRM_(MRM . jN (10)

The moment of action effect M, can be expressed for an initial values N,,, M,; andan

increment of pressure N, M in the form

M, =MNS—(M%VS)(N—NNS) (11

The failure condition will be fulfilled if we have
M, =M, (12)

o I,

Fig. 1: Linearization of interaction diagram of RC section

If the relation (10) and (11) give (12) we have the value of normal force N on the interaction
diagram (N = N,)

N, = s (13)

3 LOAD COMBINATION
The load combination of the deterministic calculation is considered according to ENV 1990
[1] and TAEA [4] for the ultimate limit state of the structure as follows:

Deterministic method — extreme design situation
E, =G +0, +4,, (14)

where G is the characteristic value of the permanent dead loads, O - the characteristic value of the
permanent live loads, Agzs - the design value of the extreme loads, 4Agqx - the characteristic design

value of the extreme loads.
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In the case of probabilistic calculation and the ultimate limit of the structure the load
combination [1] we take following:
Probabilistic method — extreme design situation
E:G+Q+AE :gvaer+qvaer+a AE.k (16)

where gvar, Gvar, avar are the variable parameters defined in the form of the histogram calibrated to the
load combination in compliance with Eurocode and JCSS requirements.

var

The extreme wind was defined for the mean return period 10* years by the wind speed
54,47m/s and wind pressure 1,127kN/m? [10]. The seismic load was considered for the same return
period 10* years as SL-2 [2]. The peak ground acceleration was set up as 0,15g for the horizontal
direction [14]. The spectrum acceleration response was calculated for the locality Mochovce in the
three characteristic frequency values. The shape of the spectrum response acceleration is similar to
the same in the NUREG 0098 [14]. The seismic response was solved by linear response spectrum
method. The spectral analysis results from linear behavior of structures and the appropriate damping
due to structure plasticity is considered by proportional damping for the whole structure or separately
by materials. The seismic response for each direction of excitation was calculated particularly by
spectrum response method using combination rule SRSS

E=Y""E, . (16)

where is excitation direction (i = X, Y, Z), “m” is the mode number from the modal analysis,
“Nmod” 1s the total number of modes. Total seismic response was calculated by ASCE 4/98 in the
form

7D
1

E, =E +0, 4Ey +0,4E, or E,, =0,4E_+0, 4E_V +E or E, 6 =0,4E + Ey +0,4E. (17)
The maximum from all possibilities is taken to design structure.

4 UNCERTAINTIES OF INPUT DATA

The uncertainties of the input data — action effect and resistance are for the case of the
probabilistic calculation of the structure reliability defined in JCSS and Eurocode 1990.

Tab. 1: Probabilistic model of input parameters

Name Quantity Charact. | Variable | Histogram | Mean | Stand. Min. | Max.
value paramet. deviation | value | value
Material |Young’s modul. Ex Cvar Normal 1 0,120 0,645 | 1,293
Load Dead Gy Gvar Normal 1 0,010 0,921 | 1,079
Live Ok Gvar Gumbel 0,60 0,200 0 1

Earthquake Ak Avar Gama(T.IT) | 0,67 0,142 0,419 | 1,032
Wind extrem Awi Wyar Gumbel 0,30 0,150 0,500 | 1,032
Resistance|Steel strength fo| — Fi far Lognormal 1 0,100 | 0,726 | 1,325
Model Action O Tew | Normal 1 0,100 | 0,875 | 1,135

uncertaint
Resistance 1| 1| Nommal | 1 | 0100 |0875| 1,135

uncert.

66



The stiffness of the structure is determined with the characteristic value of Young’s modulus
E; and variable factor ey, (Tab.1). Aload is taken with characteristic values Gi, Ok, Agk, Awik
and variable factors gvar, Gvar, @var and wysr (Tab.1). The uncertainties of the calculation model are
considered by variable model factor 8, and variable load factor 6, for Gauss‘s normal distribution.

5 SEISMIC ANALYSIS OF THE NPP STRUCTURES

On base of the experience from the reevaluation programs in the membership countries ITAEA
in Vienna the seismic safety standard No.28 was established at 2003 [2].

o Seismic safety evaluation programs should contain three important parts

e The assessment of the seismic hazard as an external event, specific to the seismotectonic
and soil conditions of the site, and of the associated input motion;

e The safety analysis of the NPP resulting in an identification of the selected structures,
systems and components (SSSCs) appropriate for dealing with a seismic event with the
objective of a safe shutdown;

e The evaluation of the plant specific seismic capacity to withstand the loads generated by
such an event, possibly resulting in upgrading.

The earthquake resistance analysis of NPP buildings in Mochovce was based on the
recommends of international organization IAEA in Vienna, EUROCODE 2, 7 and 8, CEB and
Slovak National Standards. The seismic load for the Mochovce site was defined by peak ground
acceleration (PGA) and local seismic spectrum in dependence on magnitude and distance from source
zone of earthquake. Firstly the value of PGA was defined at 1994 (PGArie=0,1g) follow in
accordance of the results of seismological monitoring this locality at 2003 (PGAyns=0,142g and
PGARs=0,143g).

Methodology of structure resistance verification is elaborately described by Kralik [14] .
There are illustrated the procedures, requirements and criterion of calculation models and methods for
design of structure reliability. There are two principal methodology available for seismic design of
NPP structures - deterministic (SMA- seismic margin assessment) and probabilistic (SPRA — seismic
probabilistic risk assessments. The objective of seismic margin assessment (SMA) is to determine for
anuclear power plant the high-confidence-of-a-low-probability-of-failure (HCLPF) capacity for
a preselected seismic margin earthquake (SME), which is always chosen higher than the design basis
input. In probabilistic terms, the HCLPF is expressed as approximately a 95% confidence of about
a 5% or less probability of failure.

The concept of the HCLPF (High Confidence Low Probability Failure) capacity is used in the
SMA (Seismic Margin Assessment) reviews to quantify the seismic margins of NPPs [6]. In simple
terms it correspond to the earthquake level at which, with high confidence (> 95%) it is unlikely that
failure of a system, structure or component required for safe shutdown of the plant will occur (< 5%
probability).

The value of the HCLPF parameter depends on the equipment structure or component
resistance (R) and the corresponding effect of action (E) using elastic or inelastic behavior. The
following equation follows for the strength and response (R/E) in respect to linear elasticity

(R/E), —R/[ (E2+E2) +ENS] (18)

where Eg or Eg, is seismic response to RLE (SL-2) inertial actions, or corresponding different
seismic support movement, respectively, calculated according to linear elasticity. Then E,; is a total
response to all the co-incidental non-seismic bearings in the given combinations.
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Analogically, considering the elastic-plastic effect

2 2 1/2
(R/E), = / {[(E&/k,)) #(Eo k) |+ E} (19)
where kp is ductility coefficient (kp > 1.0). The partial seismic response E, in equation (19) is really
multiplied, not divided, by the ductility coefficient. If SME is greater than RLE (SL-2), then (R/E)
and (R/E)

multiplication factors for RLE (SL-2) to gain the HCLPF seismic margin value. These factors are
calculated as follows:

ep

ratios do not define the

is greater than 1.0 and vice-versa. However, the (R/E) w»

el

(FS), = (R—Ey )/(E:l_ vE )" (20)

(7S), =(R=Eys)[(Ba /b ) +(Ba /o) ] @1)

The equation (10) is valid provided that (FS) >(FS) and it can be significantly simplified

ep
if the £, response to different seismic support movement as a result of RLE (SL-2) is negligible or it
does not need to be considered. Then

(FS), =(FS), &, )

Generally it follows
HCLPF (CDFM ) = (FS)ep PGAy, ;g , (in horizontal direction) (23)

and this value must always be HCLPF > ZPA.

The HCLPF seismic margin value can also be determined via a non-linear elastic-plastic
calculation (e.g. limit analysis defined in the ASME BPVC Section III — Mandatory Appendix XIII).

6 COMPUTATIONAL MODEL OF THE BRIDGE STRUCTURE

The steel bridge connects the auxiliary building, reactor building and ventilating chimney of
the JEMO NPP [10]. The length of bridge structures is equal 20,3 and 23 m. The bottom level of the
bridge is at +6,0 m and the top level at +10 m. The complex of the technology pipes is under bottom
level. The total width of bridge is 5 672 mm and the height is 7 260 mm. The principal longitudinal
beams are made from the steel profile I and 2U. The transversal beams are from the I profiles. The
bridge is supported by columns from I profiles at modulus 4,7 m. The horizontal bracing system is
made from 2L profiles at bottom and top level of bridge. The support structures of the technology
pipes is from the 2T profiles. The roof panel of BDP are putting on steel profile panels type VSZ.

Tab. 2: Modal characteristics of the bridge

Mode X Mode Y Mode Z
Model Frequency | Mass fract. | Frequency | Mass fract. | Frequency | Mass fract.
[Hz] [70] [Hz] [70] [Hz] [70]
Original 3.89 54,10 1,81 39,69 7,37 6,71

The FEM model was set up by link, beam and shell elements in program ANSYS [11]. This
model has 5858 elements and 4876 nodes. The comparisons of the modal characteristics are
presented in the Table 2. The structure of the bridge is sensitive to the excitation in the direction Y

(Figure 3).
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Fig. 2: The computational model of the steel bridge and the support system
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Fig. 3: The mode shape in direction Y for f; = 1,809 Hz

7 RECAPITULATION OF THE NUMERICAL ANALYSIS

The elements of the bridge steel structure were designed in accordance of the Eurocode
requirements described below. The results from the design check of the deterministic analysis are
shown in Table 3. There are described the safety level of the critical elements of the bridge structures
with the support in accordance of the Eurocode [1].
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Tab. 3: Comparison of the design check of the original and upgraded bridge

Load case Capacity ratio of Bridge Elements [%]
o Cross .
Column Longitudinal Beam Bracing
Beam
Extreme wind 65,0 49,1 54,8 68,9
Earthquake 51,7 90,3 97,7 63,8
RF
5
5
4
3
2 -
1 |||| .I .
Py=d |
e [t i
0.z 0.3 0.4 05 0 0y n0s 049 1 1.1
Digits Flat
[T Distribution details | (3 PDF () COF
#| Resukname | Classes | Mean | Std | cov | comel-B | Comell-pf | CF-Distibution | CF-pf | CF-SL | WAk | covpf |
1] RF 100 0.02854 | 0.095437 | 0.15654 6, 3652 §.3934e-011 |Studentk j §.766e-006 | 0.33646 0 Hekk

Fig. 4 The density of the reliability function RF — bracing system

The probabilistic analysis was realized using 1000 LHS simulations in program FReET [20].
The uncertainties of the input data was considered in the form of the histograms (see Table 3). The
density of the probability of the failure (Figure 4) presents the reliability function in the form of the
equation (5).

8 CONCLUSION

This paper presents the reliability analysis of the steel bridge support resistance due to extreme
loads — wind and earthquake. The extreme loads were defined for mean return period equal to one per
104 years in accordance of the IAEA requirements for NPP structures. The reliability of the original
and upgraded FEM model of bridge was calculated using the deterministic and probabilistic analysis.
The uncertainties of the input data — action effect and resistance were considered by the partial factors
in the case of deterministic analysis and in the form of the histograms on the base of the Eurocode
and JCSS. The critical elements of the structure were identified on the base of the deterministic
analysis. The effect of the extreme wind was worse than earthquake SL-2 with PGA=0,15g. The
probability of the bridge bracing failure was equal to Py< 10 on the base of the LHS simulation.
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Lenka LAUSOVA!, Pavlina MATECKOVAZ Iveta SKOTNICOVA?

EXPERIMENTALNI A NUMERICKA ANALYZA OCELOVE RAMOVE KONSTRUKCE
ZATIZENE VYSOKOU TEPLOTOU

EXPERIMENTAL AND NUMERICAL ANALYSIS OF STEEL FRAME STRUCTURE
EXPOSED TO HIGH TEMPERATURE

Abstrakt

Pozarem zatizené konstrukce, u kterych je vazbami v podporach zabranéno teplotnim
dilatacim, je tfeba pocitat podle zékladnich zasad mechaniky pfi respektovani vlivu rostouci teploty
na konstrukci a také jejitho vlivu na proménné hodnoty materidlovych vlastnosti v ¢ase pozaru. V
prispévku jsou vyhodnoceny a porovnany vysledky experimentu zaméfeného na ovéfeni chovani
staticky neurcité ocelové ramové konstrukce vystavené vysoké teploté s vysledky numerické
simulace metodou kone¢nych prvki v programu ANSYS.

Kli¢ova slova
Ocelova ramova konstrukce, pozar, teplotni analyza, experiment, numerické modelovani.
Abstract

Structures exposed to fire loading, where supports prevent thermal expansions, must be
calculated according to the basic principles of mechanics while respecting the effect of rising
temperature on the structure and its effect on the value of variable material properties at the time
of fire. The paper analyzed and compared results of the experiment aimed to verify the behavior
of statically indeterminate steel frame exposed to high temperature and numerical modelling using
finite element method in the ANSYS software.

Keywords

Steel frame structure, fire, thermal analysis, experiment, numerical modelling.

1 UVOD

Staticky neurcité konstrukce zatizené pozarem je tfeba fesit podle zékladnich zdsad mechaniky
pfi respektovani vlivu rostouci teploty na konstrukci a také jejiho vlivu na proménné hodnoty
materidlovych vlastnosti oceli v Case pozaru. Je-li u staticky neurCitych konstrukci vazbami v
podporach zabranéno teplotni dilataci, vznikaji vlivem teplotniho zatizeni v konstrukci vnitini sily
anapéti. V téchto pfipadech nelze pouzit zjednodusené vypocetni postupy podle soucasné platné
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normy EN1993-1-2 pro navrhovani ocelovych konstrukci na G¢inky pozaru [1, 2, 3, 4]. Nelze také
zanedbat nerovnomérné rozlozeni teploty po vysce prifezu jako u prvkid, nebot nerovnomeérna
teplota zpisobi pfidavné ohybové momenty na konstrukcei [2, 3, 4, 5] a ovlivni napétové-deformacni
stav celé konstrukce.

2 EXPERIMENT

V tepelné technické komote na Fakulté bezpeénostniho inzenyrstvi VSB-TU Ostrava probéhla
v roce 2012 teplotni méfeni a také méfeni pomernych deformaci staticky neurcité nechranéné ocelové
ramové konstrukce zatizené pozarem [6], jejiz schéma je zobrazeno na Obr. 1.

1500
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[ JAKL 50x4 /’
Z|! z
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: =
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Obr. 1: Schéma ocelové rdmové konstrukce

Cilem experimentu bylo:

e na zakladé¢ vysledkii meéfeni pribéhl teplot a pomérnych deformaci vyhodnoceni
napétoveé-deformacniho stavu konstrukce zatizené rostouci teplotou,

e porovnani vysledkd experimentu s vysledky numerické simulace metodou kone¢nych
prvkl v programovém systému ANSYS.

Ocelova ramova konstrukce ¢tvercového uzavieného pruiezu 50/4 a materialu FE360/S235
byla vetknuta do betonového pasu. Vedle teplotniho zatizeni ptisobilo na konstrukci také mechanické
zatizeni o hodnoté g = 0,6 kNm™!, které bylo vyvozeno shora betonovym nosnikem (Obr. 2). Tento
typ zatizeni byl zvolen z diivodu vyvozeni nerovnomérného otepleni po vysce prifezu piicle.

Obr. 2: Ptiprava reimové konstrukce pro experiment

Teplotni zatizeni mtize velmi ovlivnit deformaéni a napjatostni stav konstrukce a proto je
velmi dilezZité pro staticky vypocet znat piesné rozloZeni teploty v prifezu. Z tohoto divodu bylo
soucasti experimentalniho pokusu také sledovani prib&ht teplot ve stropni konstrukci nad ramovou
pricli, jejiz skladba je vidét na Obr. 3 (vpravo). Ziskané hodnoty z teplotniho a tenzometrického
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mefeni jsou graficky porovnany s vysledky numerického modelovani stavebni konstrukce
na obrazcich 4 a 5.

2.1 Teplotni méfeni

V pribéhu experimentu byly teploty snimany plastovymi termoclanky typu K priméru 1 mm
umisténymi na konstrukci i v prostoru komory. Primérna teplota plynu prostiedi a teploty
z vybranych mist na rdmu jsou zobrazeny v grafu na Obr. 3. Z grafu je zfejmé, Ze teplota v hornich
vlaknech pric¢le (misto T2-horni vlakna) byla niz8§i nez teplota v ostatnich méfenych mistech
na konstrukei (T1-T4 spodni/vnitini ohfivana strana ramu), coz bylo zptisobeno tepelnou ztratou na
hornim povrchu konstrukce do relativné studenéjs$i betonové desky. Nameétena teplota na spodni
hrané pficle je ve srovnani s teplotou na sloupech nizsi, coz je zptisobeno ochlazovanim pficle stropni
konstrukei. Tento rozdil teplot vSak neni tak vyrazny jako je rozdil mezi teplotou v horni a spodni
casti pticle. V [4] je uvedeno, ze rozdil mezi horni a spodni pasnici mtze Cinit az 120 °C, v tomto
ptipadé rozdil ¢inil v prvnich péti minutach experimentu az 140 °C, coz zpUsobilo velky narust
ohybovych momentt a normalového napéti v ramovych rozich testovaného ramu.

Kromé teploty plynu v technické komote a teplot na ocelové konstrukci byla méfena také
teplota ve dvou fezech stropni konstrukce nad betonovym nosnikem, jejiz skladba je zobrazena na
obrazku 3 (vpravo). Horni ¢ast se skladala ze dvou kust protipozarnich sadrokartonovych desek GKF
tl. 2 x 12,5 mm, mineraln¢ vlaknité desky (tepelna izolace Rockwool) tl. 50 mm, ktera byla polozena
na betonovou PZD desku tl. 90 mm uloZenou na horni pasnici ocelového ramu. Teplotni ¢idla byla
umisténa ve dvou profilech stropni konstrukce - v misté ocelového ramu (fez 1) a v mist¢ mimo
ocelovy ram (fez 2) viz Obr. 3 (vpravo).

800 7
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500 + & ‘
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Obr. 3: Namétené teploty na ramu (vlevo), detail fezu stropni konstrukce (vpravo)

2.2 Méfeni pomérnych deformaci

Pomérné deformace byly snimany ve dvou mistech ¢tyfmi specialnimi tenzometry LZE-NC-
W250G-120/2M, které jsou uréeny pro méfeni pomérnych deformaci az do 1200 °C. Snimace byly
umistény v mistech T2 a T4 podle Obr. 1:

e méfici misto T2 - rAmovy roh, méfeno na spodni hrané pficle,

e mé&fici misto T4 - vnitini strana sloupu v misté ulozeni rdmu do zakladu.

3 NUMERICKE RESENI

Experimentem ziskané teploty v pficnych fezech 1 a 2 a ziskané hodnoty pomérnych
deformaci ¢ z experimentu jsou porovnany numerickym modelovanim metodou kone¢nych prvka
ve vypocetnim prostiedi ANSYS, ram je vyhodnocen do teploty 700 °C na zakladé¢ fyzikalné
a geometricky nelinearniho fesSeni.
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V pripadé navaznosti statické a teplotni tlohy se jedna o tzv. sdruzenou ulohu, kdy je tieba
nejprve urcit teplotni pole v dané oblasti a poté odpovidajici napjatost, vzniklou omezenymi
teplotnimi dilatacemi. V obou pfipadech se s vyhodou pouziva stejna sit’ konecnych prvkl pro feseni
obou navazujicich problémd.

Model ramu je vytvofen pomoci objemovych koneénych prvkd typu SOLID45

a skofepinovych konecnych prvkd SHELL63, kterym v teplotni analyze odpovidaji prvky SOLID70
a SHELLS57.

Potiebné tepelné i mechanické charakteristiky materiald oceli a stropni konstrukce
(soucinitelé tepelné vodivosti, mérna tepelna kapacita, modul pruznosti oceli, soucinitel teplotni
roztaznosti oceli) jsou do vypocti zavadény jako funkce teploty.

3.1 Ur¢eni teploty v konstrukci numerickym modelovanim

Pocateéni okrajové podminky jsou uvazovany ve vypocCtu hodnotou 21 °C (naméfena
pocatecni teplota celé konstrukce). Povrchové teploty konstrukce jsou zadany piimo na uzly
a odpovidaji namétenym hodnotam podle Obr. 3 (vlevo) (Dirichletovy okrajové podminky [7,8]).

900
o —pribéh
600 N namefenych
T 500 \\ teplot
= 400 \
% 300 \ (b
2 20 —prubeh teplot
92 100 \\ numerickou
0 T T : T . simulaci
c - £ 0 ¥ ¥ <
2?7 8 8 3 85 %
o o © O 0 o
oy N 0] g
[} < 8 Z
8 8 o T
g ¢
S2E8000 160.861 £88°8330 426.845 2204 gg; 829 piicny fez konstrukce v ose priifezu

Obr. 4: Teplotni pole ve 33. minuté experimentu (vlevo),
teplota v fezu 1 v ¢ase 33 minut trvani experimentu (vpravo)

Na Obr. 4 (vlevo) je zobrazeno rozlozeni teplotniho pole ve 33. minuté trvani experimentu,
které je vysledkem numerické simulace v ANSYSu. Na Obr. 4 (vpravo) je uveden pribéh teplot
v pticném fezu 1 ziskany méfenim a numerickym vypoctem, z obrazku je patrna shoda v namétenych
a vypoctenych teplotach. Vyssi naméfené teploty vychazi v misté napojeni betonové desky a tepelné
izolace, coz muze byt zpGsobeno netésnostmi mezi vrstvami, které umoznily piistup horkého plynu
do konstrukce, nebo mezerou mezi deformovanou pficli rimu a stropni konstrukei.

3.2 Vypocet pomérnych deformaci

Pro ptipad zatizeni konstrukce nerovnomérnou zménou teploty je uloha feSena jako sdruzena
v termalni a statické analyze v ANSYSu. V termalni analyze je dosazeno rozlozeni teploty v prifezu
a ve statické analyze je vyfeSen deformacné-napjatostni stav konstrukce.

V prvnim kroku vypoctu je zadano mechanické zatizeni vlastni tihou a betonovou deskou,
stejn¢€ jako je tomu ve skutecnosti. Poté je konstrukce v teplotni analyze zatizena teplotou z prvniho
casového kroku. Po uréeni rozlozeni teploty v priifezu je timto teplotnim polem konstrukce zatizena
ateSena ve statické analyze. Nasleduji dalsi kroky teplotni a nasledné statické analyzy. V teplotni
analyze je konstrukce vzdy zatizena celkovou teplotou v daném case, nebot’ je zapotiebi pocitat
s redukcemi materidlu pro danou teplotu. Ve statické analyze je konstrukce zatizena teplotnim
priristkem v dil¢im kroku. Tim je dosazeno pozadovaného vysledku fyzikalné a geometricky
nelinearniho chovani konstrukce, nebot’ teplotni zatizeni jsou v krocich zadavana na deformovanou
konstrukci z predchoziho kroku za soucasné zmény vsSech potiebnych tepelnych i mechanickych
vlastnosti materialu vlivem celkové teploty v prufezu.
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3.3 Vysledky

Vysledkem feseni této sdruzené tlohy numerickym modelovanim v ANSYSu jsou hodnoty
pomérnych deformaci, normalovych napéti a uzlovych posunuti a pooto¢eni na modelu konstrukce
od teplotniho a silového zatizeni v ¢ase experimentu v mistech T2 a T4.

Vyhodnoceni experimentu spocivdA v porovnani nameéfenych pomérnych deformaci
s deformacemi ziskanymi numerickou simulaci v ANSYSu. Srovnani naméfenych pomérnych
deformaci s numerickym modelem v mistech T2 a T4 je zobrazeno na obrazku 5. Vysledky
z numerického modelovani vykazuji dobrou shodu s naméfenymi hodnotami. Z pocatku experimentu
byly naméfeny v ramovém rohu T2 zaporné¢ pomérné deformace (Obr. 5 vlevo), které se okolo
4. minuty zménily na kladné. Tento prubéh odpovida pomérnym deformacim a jim odpovidajicim
normalovym napétim napétim v ramovych rozich, jak je zfejmé také z obrazku 7.
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rl 005 / | —*
= o | e =

> w
8 0.003 amm 5 0.004
g 2
g 0.0 g
g 00 Z 0,002
3 0001 3
2 0 | S0 «R
220,001 0 10 20 30 40 »E 0 10 20 30 40
g ™ T 2 0,002 - ‘ - - ‘
g, ¢as [min] 2 cas [min]

—e—cxperiment - ANSYS —*—experiment = ANSYS

Obr. 5: Pomérné deformace v misté T2 (vlevo) a T4 (vpravo)

Vyvoj pribéhu pomérnych deformaci v T2 je pravdépodobné zplsoben velmi rychlym
ohfevem ramu béhem prvnich péti minut experimentu a také velkym rozdilem teplot mezi hornimi
a spodnimi vlakny v prifezu pficle pfi soucasné nizké hodnoté rovnomérné teploty. Méfeni
i numericky model potvrzuji toto chovani ocelové konstrukce. Podle [3] pravé v ranych stadiich
pozaru muze dojit ke vzniku plastickych kloubd.

Ve druhém méficim mist¢ T4 v mist¢ vetknuti pomérné deformace narGstaly béhem
experimentu pozvolna viz Obr. 5 (vpravo), pro dosazeni pomalého nartstu deformaci byla pouzita
termalni analyza pro urCeni rozlozeni teploty v prifezu v misté izolovaného betonového zékladu.
Deformovany stav konstrukce a normalova napéti z pribéhu experimentu jsou zobrazeny
na obrazcich 6 a 7.
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Obr. 6: Svislé deformace od zatiZeni stalého (vlevo) a ve 33. minuté experimentu (vpravo)
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Obr. 7: Normalova napéti ve 4. minuté experimentu (vlevo) a v 7. minuté experimentu (vpravo)
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4 ZAVER

Analyzou ocelové staticky neurcité ramové konstrukce zatizené vysokou teplotou se prokazal
vliv nerovnomérného teplotniho zatiZzeni na napétové-deformadni stav ocelové konstrukce zejména
v pocatcich pozaru. Vliv nerovnomérného otepleni prifezu pfi soucasné relativné nizké celkové
teploté mize rozhodnout o dal§im pribéhu deformaci (resp. napéti). V dalSich minutach pozaru se
tento vliv uz nemusi projevit, jelikoz pfi rostouci teploté podil nerovnomérného rozdéleni teploty
ztraci na vyznamu, a také vlivem rostouci teploty klesa modul pruznosti v tahu a tim také klesaji
normalova napéti. Srovnanim experimentalnich vysledkti a vysledkli z programu ANSYS bylo
ovéfeno, ze numerické modelovani metodou kone¢nych prvki je vhodny nastroj pro analyzu
nestacionarniho teplotniho pole a statickou analyzu konstrukci zatizenych pozarem. Pro validaci
vysledkti numerické analyzy by bylo vhodné provést ovéfeni pribéht deformaci métenim i v jinych
mistech zkoumané ramové konstrukce ptipadné na konstrukci jiného statického systému.
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COMPUTER AIDED DESIGN — COMPARATIVE ANALYSIS OF WIDELY AVAILABLE
SOFTWARE WITH ANALYTICAL METHOD

Abstract

In this article a comparative analysis was performed between analytical method and widely
available computer programs employed in beam design like: ADINA, Robot Structural Analysis,
Intersoft R2D2 and RM-WIN. In the analysis a simple case of a simply supported beam and
uniformly distributed load over the length of the span was assumed. The conclusions from analysis
are presented at the end of the study.

Keywords

Aided design, beam, computer applications.

1 INTRODUCTION

Computer structures design is an element which makes structure designing easier and faster.
Nowadays an engineer does not need to do laborious calculations with help of calculator because
computer software can be used. In this article the vertical displacement problem is presented by
means of comparing analytical method and widely used and available beam design software. The
comparison concerns a simple case of a simply supported beam with continuous load over the span
length. For two dimension analysis the following programs ADINA, Autodesk Robot Structural
Analysis, Intersoft R2D2 and RM-WIN are used. The first two applications enabled three
dimensional analysis (3D).

ADINA — Automatic Dynamic Incremental Nonlinear Analysis — is a tool which enables
mainly tension and solid body deformations analysis. This software also allows to analyze fluid and
gases flow velocity, pressure, tension and deformation of environment where fluid or gas is being set
(for example pipes) [1]. Moreover analysis of linear or nonlinear material [2, 3], dynamics, thermal
conductivity and wave propagation can be done and many other calculations. Software environment
allows to work both on two and three dimensions.

For calculations only Finite Element Method is used [4, 5]. This program does not have a
predefined profiles module or endurance analysis module — an engineer needs to estimate whether the
given structure will be enough enduring.

Autodesk ROBOT Structural Analysis — is a tool commonly used by constructor engineers.
This software has extensive interface which allows to analyze two and three dimensional beam, plate
(see [6]) and solid blocks. The software environment also provides statics, dynamics, modal,
construction efforts and linear or non-linear materials analysis by means of finite element method.
There are many other modules easily calculating and saving time such as typical trusses, frames,
surfaces or solid structures, foundations, beams, reinforced concrete slabs, parameterized structures

I Maciej Major, Ph.D., Faculty of Civil Engineering, Czestochowa University of Technology,
ul. Akademicka 3, 42-200 Czgstochowa, Poland, e-mail: mmajor@pcz.czest.pl.

2 Izabela Major, Ph.D., Faculty of Civil Engineering, Czestochowa University of Technology,
ul. Akademicka 3, 42-200 Czg¢stochowa, Poland, e-mail: admin@major.strefa.pl.
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and more. The program is not complicated but requires some practice and experience from a user to
design complex structures.

Intersoft R2D2 — program for any static beam scheme analyzing only in two dimension
environment. With this tool the following analysis can be taken: statics analysis of construction or
beams endurance under load. It is worth noticing that beams endurance analysis requires installing
additional modules - it is not enough to have a standard version of the program to provide this type of
calculations.

RM-WIN - it is also an application for analyzing beam in two-dimensional environment (2D).
With that program any static beam scheme and also beam endurance can be analyzed. That
application is the easiest to control of all described programs in this article. Moreover RM-WIN is the
only program that has free of charge module for non-commercial usage.

2 CALCULATION ASSUMPTIONS

For the analysis a naturally supported steel beam with a square cross-section was chosen. Over
the span length there was continuous load, noted as q (Fig. 1).The following material data (Young
modulus and Poisson’s ratio) were implemented for steel:

E=210GPa
v=0.30 (1
dimensions and beam load
L=4.00m
a=0.10m 2)
b=0.10m
q=2.00kN/m

The beam’s self-weight is omitted in further considerations.

|A q AA S
bt vy vy vvalyy,  —
A 1400 0=0.1
|A

Fig. 1: Geometry of the beam being analyzed. All dimensions are given in [m]

3 ANALYTICAL METHOD
In the analytical calculations Clebsch method is used. Reactions in both beam ends are (see

(7D
L
V=V, =2 3)
2
The differential equation has the form of
EJw" =-M(x) 4)
where
M(x)=VA-x-q-x-% Q)

having substituted (5) to (4) we obtain
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2

Elw"=-V, -x +q% (6)
Having integrated twice we get
2 3
Elw'=C.Ya X" ax"
6
3 4
EJw=D+Cx-—aX & (7
6 24
Integral constants are determined from boundary conditions (after substituting (3))
w(0)=0 - D=0
ql’
w(lL)=0 - C=— (8)
@) 24

Taking into account integral constants in equation (8) and x = L/2 in equation (7) we obtain
final beam displacement equation as

4
W= 5qLl )
384E]

By substituting the given value and numerical values presented at (1) and (2) and J = ab3/12,
into the above equation (9) the mid-span vertical displacement value is obtained (point C at Fig. 1)

w =0.00381m (10)

4 COMPUTER AIDED DESIGN

At first in two dimension environment (2D) a simply supported beam under a uniform load
was modeled. At Fig. 2 final results for ADINA program are shown. The extreme value of vertical
displacement for the mentioned beam is at 0.003810 m.

[Z-DIEFLACEMENT]
TIME 1.000
MAXIUM
& 0.000
- " — NODEN [——0.00025?
I*’I[N]I\’I%I:{’I8 0 — -0.000800]
¥ 000381 = 0.007
NODE 101 | 000taes
— -0.002400
0002533
0007467

Fig. 2: Simply supported beam in 2D environment — ADINA program

The second examined program is Autodesk ROBOT Structural Analysis. In this case the
extreme value of mid-span vertical displacement is 0.00381 m (Fig. 3)

3810

Fig. 3: Simply supported beam in 2D environment — Autodesk ROBOT Structural Analysis program

Having declared a beam in Intersoft R2D2 program, the value of vertical displacement given
by the program is identical to the previous two examples (Fig. 4)
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[Forces in the rod No. 1 (the local system)

dz v -381 [mm] L[m] 4,000

‘ =

xmf2 | /L [0,500 |

Fig. 4: Simply supported beam in 2D environment — Intersoft R2D2 program

The last application which was used for two-dimensional (2D) analysis is RM-WIN. As it was
expected also in this case the value of displacement is 0.0038 m (Fig. 5).

Deformation of the rod No. 1 x|

W -0.0038 m
V: 0.0000 m
Fi: 0,000 deg

[Lat: 244027
Location:

sl | o f
s/L: |1.000 — &
ump[0.100 |
Dimension: X

Extreme | ;| ;| Close I

Fig. 5: Simply supported beam in 2D environment — RM-WIN program

’ TIEFLACEMEN
3 TIME 1.000
t-o,ooozso
MAXIMIM » -0.000750
A D000 —-0,001250
NODE 1234 | — -0.001750
MINIMUM — 0002250
¥ 0003472 -0,002750
) | NODE 3622 0.003250

.

Fig. 6: Spatially modeled beam with continuous load (surface divided in half at length dimension) —
ADINA program

’ TOISPLACEMEN
< TIME 1.000
t—o,ooozso
MAXIMUM — -0.000750
A 0.000 — -0.001250
NOIDE 1234 | -0.a01750
MINIMUM - -0.002250
¥ -0.003472 0.002750
) | NODE 3622 -0.005250

.

Fig. 7: Spatially modeled beam with pressure load at the top surface — ADINA program
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The three-dimensional analysis was done with ADINA and ROBOT application. In ADINA
application two types of loading (Fig. 6 and Fig. 7) were taken into account and the extreme value of
vertical displacement equal to 0.003472 m was obtained.

In Autodesk ROBOT Structural Analysis results were obtained for a beam declared as solid
block (Fig. 8). The mid-span vertical displacement was 0.003801 m.

Dis Ormom

t, Max=3,801

0.0
' || .0,325
| -0,650

.0,975
21,300
1,625
1,950
2,275
-2,600

_ 2925

! > ;.

L .
;.

-3.830

UZ, {mm)
Direction XY
Cases: 3 (KOMEI)

Fig. 8: Spatially modeled beam — ROBOT program
In ROBOT program there is a possibility to define a computation model as panel (surface). In

such a scheme the results of vertical displacement are shown in Fig. 9. In this case the extreme value
of vertical displacement equals 0.003816 m.

Dis Omm

g Max=3,816

3Ble
3,750
3,000
2250
1,500
0,750
0,0
0,750
-1,500
=2, 250
3.000
-3,750
-3.Bl6
WNorm, (mm)
Cases: 3 (KOMBI)

Fig. 9: Result for panel (surface) in ROBOT program. Positive and negative values are associated
with local coordinate system for each panel

#
LD

5 CONCLUSIONS

The analysis carried out in the above mentioned computer programs for simply supported
beam with continuous load prove that beam modeled in two dimensional environment have identical
results — vertical displacement values correspond the values obtained by analytical method. In case of
finite element method used to calculate two dimension beam in ADINA program the vertical
displacement value was equal to that achieved by analytical method. In this case the beam was
divided into 0.02 m sections each. With higher density of finite element on the net the results do not
change, but in case of a less density net some discrepancy in results may appear. Summing up it can
be stated that in case of two dimension (2D) analysis of vertical displacement in all four programs the
results are the same and are equal to those in the analytical method. In case of three dimension
analysis in ADINA program (Fig. 6 and Fig. 7) the differences are at tenth of millimeter and the error
compared to analytical calculations have the value of
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Er. . _|0:003810-0.003472|
APINA 1 0,003809 |
In case of ROBOT program (Fig. 8 and Fig. 9) the differences in results appear at hundredth
of millimeter and the errors compared to analytical calculations are:

e for solid block

8.87% (1D

0.003810-0.003801
Effyopor = 003810 =0.24% (12)
e for panel (surface)
0.003810-0.003816
Ertpopor = 0003810 =0.16% (13)

While there is conformity of results in two dimensional (2D) beam design with analytical
calculations then in three dimensional (3D) design some discrepancy has occurred. Finite element
method is currently the most commonly used one and most helpful to solve some complex design
problems with, especially when it is either impossible to make use of other methods or time-
consuming or burdened with the error risk. On the basis of the comparative analysis it can be seen
that Autodesk ROBOT Structural Analysis managed much better than ADINA despite the fact that
the same MES net in both examples was set (cubes with 0.02 m long sides). It is important that
applying the net consisting of tetrahedrons makes a structure more rigid and the results are far
different from the values obtained in the analytical method. Summing up it can be stated that the
indisputable advantage of program calculations is its high efficiency involving significant time
reduction for simple and complex structures. However, proper calculations depend on the program
being used and the engineer’s skills.
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COEFFICIENTS OF REFLECTION AND TRANSMISSION OF TRANSVERSE AND
LONGITUDINAL ACOUSTIC WAVE IN THE BLATZ-KO MATERIAL

Abstract

The purpose of this paper is to analyze the propagation of transverse and longitudinal acoustic
wave in a composite made of hyperelastic Blatz-Ko material. Composite consists of a homogeneous
layer of predetermined thickness d separating two infinite homogeneous material areas. In the paper it
is assumed that the middle layer is filled with a homogeneous rubber (f=1), whereas the external
areas with foam rubber (f=0). The final effect of paper are graphs of coefficients reflection of
transverse and longitudinal acoustic wave, propagating in this composite.

Keywords

Acoustic wave, the layer composite, Blatz-Ko material, hyperelastic material.

1 INTRODUCTION

In the paper is considered longitudinal and lateral acoustic wave propagated in the layer
composite. The composite is made from the transition layer of a thickness d filled by a homogeneous
rubber (f=1) and external homogeneous material areas 0 and 2, filled by foam rubber (f=0). In the
end of the paper are graphs of coefficients of transmission and reflection of transverse and
longitudinal acoustic wave dependent on the parameter of initial deformation A for the selected
frequency . The analysis of discussed harmonic wave are based on the work [1], assuming the
maximal value in the range of Poisson's ratio according to work [2] v=0.493. Constant value of
Poisson's ratio for infinitesimal deformation of foam rubber was assumed as v=0.25.

foamed rubber (f=0) homogenous rubber(f=1) foamed rubber (f=0)

Ho-Vo-Po Hq,Vq.Pq . Vo,Po
Ag 0 1 Aq 1 2 A 2
— - e ) n
Bp B4 B,
Ko=i9=n, 9= A7) A== 12533,122 o9
X
I —
Xg=X4=0 Xo=d

Fig. 1: Rubber composite consisting of the transition layer (homogeneous rubber)
separating the two infinite material areas (foam rubber)
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2 BLATZ-KO MATERIAL

The Blatz-Ko models for rubber have been extensively used to describe the behaviour of
compressible isotropic hyperelastic materials undergoing finite deformations (see [3,4,5]).

Composite considered in the paper was composed of hyperelastic material with Blatz-Ko
potential [6,7]:

-v
Wy, L, Iy) = &f{ll -3+== [11—” - 1]} +

A

2

where: 1, I, I5 - invariants of the left Cauchy Green deformatlon tensor [8], u- shear modulus [MPa],
v- Poisson ratio (relating to infinitesimal deformation). The value of the parameter f describing the
share of pores in material is in the range 0 < f < 1. Special attention was devoted to two models of the
material, when f=0 (foam rubber) and f=1 (homogeneous rubber) in the literature for which the
equation (1) reduces to the following form [2]:

when f=0 (foamed rubber):

W (I, I3) = g{z S—L - 1]} ()
when f=1 (homogenous rubber):
Wl I3) = —{ —3 422 [11 v _ 1]} 3)

3 THE BASIC EQUATIONS DESCRIBING THE PROPAGATION OF
LONGITUDINAL AND TRANSVERSE ACOUSTIC WAVES IN A LAYERED
COMPOSITE

It was assumed that the motion associated with the propagation of a plane wave accept the
form [1]:

x = A% + 19X, 6), %, = 29X, x5 = 2Px7, + 0P (x,0) 4)

where: X';,X’,, X'5 - the coordinates of the material, upper index (%) is a variable defined in the
layer k, whereas /15"), Agk), Agk), the main elongations of the static homogeneous initial deformation in
the area k. Layout of equations of motion is reduced to two non-conjugated wave equations for the
foamed and homogenous rubber [1]:

() _ 1.0y (k) _ 1 .(k

111 =zt Uzq1 = oz s ®)
Where velocity of propagation of longitudinal waves for foamed rubber (f=0) and homogenous
rubber (f=1) are [1]:

2 [ _4_ 4v—1 2v 6v—2
Cp = F 30 (12,13)1 ZML1 1-2v (6)
R
2v 2-2v
= (,() [1 +— (kz,kg) vk, 1- zV] 7
For the values of Poisson's ratio v=0.439 for the area 1 and v=0.25 for the area 0 and 2 we get:
i 2
1486 = 1486 2
ct = 3(110% (AZ + M )\‘_ — )\])3’ 2 _ ng) -2 (}\2 15 [)C_ B }\])3 ®
1493 "
Clzﬁ[1+714297\ 7]61_(_}) ©
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2 =3 (7\2 +=

(2)

4
1486 3
M fy———_ 3 /2 M2
[ A), il

(2]

1486

ye

=)

(10)

The density of the foamed rubber is less than the density of homogeneous rubber and may
change. Analysis was based on two values of density for the foam rubber p(o) = 0. 9p(1) and p(o)

0. 3p(1) wherein the density of the homogeneous rubber: p(l) = 911kg/m’.
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Fig. 2: Graphs of longitudinal propagation velocity of acoustic waves
in foam rubber (co) and homogeneous rubber (c1)

Velocity of propagation of transverse waves for foamed rubber (f=0) and homogenous rubber
(f=1) is described by following equation [1]:

, 1
'k = (k)x2)\2 (11)
12 H
Ck="m (12)
PR

35-
30
- cy dlafk’=0.3*P;
20¢
C,O C‘1 o e e e R i, —
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10
5
0 : : : : : -
[To) © ~ 0 o) o =
(e)) (o)} ()] (o)) (o)} o o
© o o (=) (=) - S
A [m]

Fig. 3: Graphs of transverse propagation velocity of acoustic waves
in foam rubber (¢’9) and homogeneous rubber (c'1)
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For the values of Poisson's ratio v=0.439 for the area 1 and v=0.25 for the area 0 and 2 we get:
2

, [ _L4ee 3
't = (0)7\ <x2+i[x 7 —7\]) (13)
’ [
¢i= (14)
Pr
2
2 _ M a2 2 Ky SELLL 3
5= P+ 2T = (15)
Pr Hy

It is assumed that the material k-1 in the left side of the plane Xy = X, is foamed rubber (f=0),
and & material lying in the right side is homogenous rubber (f=1). For two adjacent layers should be
considered dependence of extensions of the main deformation Agk_l), Agk) in the form [1]:

4vp—1—1 Vi—1 3
ng—l))—l-zvk_la(k—l) (k-1) e (A(k—l)

e (16)

= —2Vk

Hie—1 A0 _ 0051 ZVkOL(k) (0 T=2v

At admission the Poisson's ratio for foam rubber v = 0.25 defined for infinitesimal
deformation [2], and assuming that the layer on the right side of the plane (homogeneous rubber) is

subjected to uniform dilatation, where Agk), Agk) , A;k) = A equation (16) takes the form [2]:
1

_Avgtl -3
A = {AZ + - [A v — A]} (17)
k-1

After inserting the Poisson's ratio for homogeneous rubber v1=0.493 into equation (17) we
obtain component of the gradient of static deformation for extrenal areas equal to:

A0 = a2 + 1 [7\‘— - )\]}_é (18)

AP = o4t )\_% - A]}_; (19)
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Fig. 4: Graphs the relationship between the components of
the deformation gradient in homogeneous and foamed rubber.
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It is assumed, that the harmonic wave motion propagating in the analyzed composite in the
direction perpendicular to the layers, has the form [1]:

ui") (X, t) = Agexpiw (t - X;—fk) + Brexpiw (

X‘Xk) (20)
k
X":") @1

where: ®, ®'- the frequency of longitudinal and transverse waves; c¢i, ¢’k — velocity of propagation of
longitudinal and transverse waves, 4, By, A’ B’k — reciprocally incorporated amplitude of the
longitudinal and transverse waves in the layer k. The relationship between the complex amplitudes of
the sinusoidal waves of the longitudinal and transversal in layer &k -/ and k is [1]:

-M A% = |2 2
By “[Br-11"1B'x “1B'k—4 22)

ué")(X, t) = A'yexpiw’ (t - %) + B’ expiw (
"k

where:
M, =1 (1 +Ky)exp(—iaz) (1 —kKy)exp(—iay) (23)
7 2|(1 - Kp)exp(—iaz) (1 +Ky)exp(—iay)
My =1 [(1 +r'p)exp(—ia’y) (1 —«K';)exp(—ia’y) 24)
T 2l(1 - K exp(—ia’y) (1 +K)exp(—ia';)
and:
— Pt(zk_l)ck—l _ o XX wdi 25
e ="m, =0T " =T (25
(k-1) ., _ ,
K,k — PR (k)C k—l‘ark — a)'Xk Xk—1 — wldp—q (26)

Clg—1 Clg—1

Parameter of transition matrix of longitudinal wave x, that describes the jump surface of
discontinuity in the layers of the composite for X=0 and for X,=d after substitution of velocity
propagation is:

sz
1486 5\ 2
o c(A) p(o)u (AZ+ [ 7 —A
ko R Mo
k(A = (1) 6Y) 1493 } (27)
C(l) PRM1 147142007 7 J
E
@ @ -1493
_pr 1) _ J1pp'H1  1+714290 7
K, (A) = (28)

= 3\3 3
Pl(gz)fz (@) 3 P;(f)uz 1486 3
(AZ 77 —AD

Parameter of transition matrix of transverse wave k'y, that describes the jump surface of
discontinuity in the layers of the composite for X=0 and for X,=d after substitution of velocity
propagation is:

(0 1486 2 %
— 3
(/1) _ Pé)cro _ pR “0)\— (7\2 +h[;\ 7 _;\D (29)
pR Hq )
1
pR)C’ pR uy 2(2 4L M[y—— ‘% ’
K2 = S = e (2 422 A ) (30)

Assuming the same external infinite material (0 and 2), in the present case the following
identity holds: x, = k7. According to the paper [9] in addition to the symmetry of the reflection
coefficients (® = @ is introduced the symmetry of the transmission coefficients t(® = t® (This
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is due to symmetry of the arrangement of materials in the compositions). Coefficients of reflection #*
and transmission #? for the transverse wave takes the form [1]:

K4=37.289 40 T

=12 '
T"(O) _ (K 1—K'1 ) (1—cos2a'y)

8+(K’1—K’I1)2(1—C052a’2)
22

\/8+(k'1—K’Il)z(l—wSZOz’z)

£ _

A
35
30 \\

\

Ky=21.529 25
20 N

\

15+

10 T
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0 ;
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o

Fig. 5: Graph of the relationship of quotient impedance
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K4=0.391

K,=0.226

After inserting the two extreme values of quotient of impedance maximum k', = 21.529 and

(0)

minimum k', = 0.226 (Fig. 5) (designated for proportion of density % =0.3 to formula (31) and
PR

(32) obtained the following graph:
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Fig. 6: Graph of coefficients of reflection and transmission
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The graph shows coefficients of the reflection and transmission of transverse wave as a
function dependent from variable parameter a', = :7’ (n’=w’d). Similarly, after inserting the two
1
extreme values of quotient of impedance ratio maximum ', = 37.289 and minimum k', = 0.391
(0)

(Fig. 5.), designated for proportion of density % =0.9 to formula (30) and (31) we obtained the

following graph:
1.2 :
_rdlak’=37.289
1 O 4 (max)

t ©dla ;=0.391

0.8 (min)

e 82 ya r"jdlax‘jf,%3)91 N\ i N —
\/ Dz t'()dlam(an;Z)QSQ \/ \/ \/ \/

0.2

0 I % | Il Il

0 1 2 4 5 6

~

I
3
o', =n’lc),

Fig. 7: Graph of coeftficients of reflection and transmission

(0)
for the proportion of the density of % =0.9

4 CONCLUSION
Analysis of the graphs dependence between components of deformation gradient in rubber
/150) = /152) on the parameter A (Fig. 4) shows, that small changes of value 4 = (0.95;1.02)
accompanied large fluctuations of value of the component /150) = /152)‘

Figure 5 representing the relationship the impedance of adjacent layers shows that in the range
of examined variation of the parameter 4 , initial deformation affects the quotient of impedance of the
transverse waves more than the longitudinal waves. Graphs (Fig. 6) and (Fig.7), showing coefficients
of reflection and transmission of the transverse wave as a function dependent from variable parameter
a', = % (n’=w’d). In both cases for the proportion of density 0.3 or 0.9 for a’, = w or &', = 27, we
have r'(®) = 0 and t'(®) = 0 according to the formula (31) and (32). In the above formulas show that
in the general case where acoustic transverse wave (from any physically acceptable frequency) is
transmitted in shown composite - coefficients of reflection and transmission are periodic functions of
the frequency of the incident wave. They depend also on the initial deformation. As shown in the
graph (Fig. 6) and (Fig. 7) the impact of the initial deformation on the values of the coefficients of
reflection and transmission increases with decreasing density of areas filled by foamed rubber while
keeping constant values of shear modulus and Poisson's ratio. Calculation of parameters serves
broader researches and observing behavior of wave propagation in a layered elastic medium made of
Blatz-Ko materials.
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NUMERICKE MODELOVANI VLASTNOSTI PROUDU VZDUCHU V PROSTORU DYZY

NUMERICAL MODELLING OF AIR FLOW ATTRIBUTES IN A CONTRACTIONS CHAMBER
Abstrakt

Clanek popisuje turbulentni charakteristiky proudu vzduchu ve vnitinim prostoru dyzy
obdélnikového prifezu za t¢elem potvrzeni jejiho optimalniho tvaru. Uloha je feSena numericky
pomoci sofware Ansys Fluent. Vhodné modely byly vybrany na zakladé¢ vyhodnocenych vysledki
na vystupu z dyzy, které byly porovnany s fyzikalnim experimentem.

Klicova slova
Aerodynamika, kontrakce, aecrodynamicky tunel, CFD.
Abstract

The article describes air flow turbulent attributes in the enclosed chamber of a rectangular
cross-section contraction for the purpose of confirming its optimal shape. The task is solved
numerically using Ansys Fluent software. Right models were selected based on the evaluated results
at a contraction’s outlet which were compared to the physics experiment.

Keywords

Aerodynamics, wind tunnel contraction, CFD.

1 UVOD

Jedna z rozhodujicich vlastnosti acrodynamického tunelu je zajisténi kvalitniho proudové pole
ve zkuSebni komote. Tti hlavni kritéria, ktera se b&zné pouzivaji pro jejich definovani, jsou
maximalni dosazitelna rychlost, hladky rovnomérny prutok a moznost dosazeni minimalni
turbulence. Proto obecné plati, ze cilem zavedeni dyzy je ziskat kontrolovany priutok a dosazeni
potiebné vykonnosti a kvality parametra toku [1;2;3;4].

Cilem prace je popis proudového pole uvniti dyzy za ucelem splnéni pozadovanych kritérii a
potvrzeni optimalniho tvaru kontrakce. Uloha je feSena na FAST VSB — TU s vyuzitim software
Ansys Fluent ve spolupraci s experimentalnim vyzkumem CET v Tel¢i. Hodnoty vstupnich

vvvvvv

vzajemné spoluprace [5].

! Ing. Vladimira Michalcova, Ph.D., Katedra stavebni mechaniky, Fakulta stavebni, VSB-Technicka univerzita
Ostrava, Ludvika Podésté 1875/17, 708 33 Ostrava-Poruba, e-mail: vladimira.michalcova@vsb.cz.

2 Prof. Ing. Sergej Kuznetsov, Ph.D., UTAM AV CR, v.v.i., Centrum excelence Tel¢, Batelovské 485,
588 56 Tel¢, e-mail: kuznetsov@itam.cas.cz.

Doc.Ing. Stanislav  Pospisil, Ph.D., UTAM AV CR, v.v.i., Proseckd 809/76, 19000 Praha9,
e-mail: pospisil@itam.cas.cz.
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2 FYZIKALNIi EXPERIMENT

Fyzikalni experiment probihal v aerodynamickém klimatickém tunelu Ustavu teoretické a
aplikované mechaniky AVCR v Teléi, kde byly zméfeny turbulentni charakteristiky ve vzdalenosti
0,36 m za vystupem z dyzy. Rozlozeni rychlosti ve sledovaném priifezu je definovano bezrozmérnym
koeficientem, ktery je dan pomérem skute¢né hodnoty rychlosti k jeji sttedni hodnoté. Jednotlivé
snimaci body experimentu jsou od sebe vzdaleny 20 mm ve vodorovném i svislém sméru. Hlavnim
divodem zavedeni planované kontrakce (Obr. 1) je ziskani kvalitniho variabilniho testovaciho useku
pro modelové zkousky v plném rozsahu méfitek. Rozdil vstupniho a vystupniho prifezu v poméru
2,01 umoznuje provadéni modelovych zkousek s rychlosti proudu od 3 m/s do 55 m/s. Dulezitym
parametrem pro konstrukéni tvar dyzy je sniZzeni nejednotnosti rychlostniho pole ve vstupnim prifezu
pod hodnotu 0,3 % a snizZeni intenzity turbulence. Nemén¢ dulezitym pozadavkem je kratka délka
kontrakce.

[]
8 2
o | =
(\f‘v e
W
- |
o~
F{
\'\ \
Obr. 1: Schéma dyzy (délkové rozméry v mm) Obr. 2: Podélny fez vypoctovou oblasti

3 NUMERICKE MODELOVANI

Vhodné numerické modely pro popis proudového pole ve vnitinim prostoru byly vybrany
na zéklad¢ vysledkd na vystupu z dyzy z pohledu rozloZeni rychlosti a intenzity turbulence [6].
Ty byly vyhodnoceny a porovnany s fyzikalnim experimentem. Jedna se o RSM model, ktery fesi
turbulence anizotropné piimym vypoctem Reynoldsovych napéti. Z RANS modelt zalozenych
na modelovani izotropni turbulence vykazaly uspokojivy vysledek modely Realizable k-¢ a SST k-w.
Otestované numerické modely mohou byt nasledné pouzity také pro jiné typy uloh [7;8;9].

Vypoctova oblast je dlouha 4,9 m, pficemz 0,5 m tvoii nabéh, 1,4 je délka dyzy a za ni je
prostor dlouhy 3 m. Vypodtova sit’ vyuzivd 9-10° hexa bun&k. V misté vystupu z dyzy je cilend
vytvoteno silné zahusténi v okoli napojeni obou prostord pro presnéjsi pfenos dat na rozhrani.
Za Gcelem spravného vypoctu u stény je zajistén rovnomérny narust velikosti bun¢k dale od krajnich
ploch dyzy. Podélny fez vypoctovou oblasti je na Obr. 2.

U vSech vypocti byly nastavené shodné typy okrajovych podminek, podrobnéji rozebrané
v [6]. Na vstupu se jednad o tzv. velocity-inlet, na vystupu je tlakova podminka pressure-outlet.
Okrajové podminky na obou bocich a spodni i horni plose vypoctové oblasti byly definovany wall,
aby odpovidaly ohrani¢enému prostoru [10]. Pouzité modely umoznuji fesit lohu stacionarné, ale
z divodu Spatné konvergence musely byt vypoéty provedeny nestacionarné. U RSM modelu byl
nastaven ¢asovy krok 0.001 sekundy a probéhlo 5.1-10° iteraci.
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4 VYSLEDKY
Na Obr. 3 jsou izolinie koeficientu rychlosti v pfiénych fezech ve vzdalenosti 0,36 m
za vystupem z dyzy definované z fyzikalniho experimentu i numerického modelovani. Vypoctena
rychlostni pole pfi prutoku dyzou jsou patrna na Obr. 4.

Experiment RSM model
800 A 3 800
400
0
-400
-800
800  -400 0 400 800
Realizable model
800+

400 SD

4001

=

-400¢+

-400 i}

-800+

-800+

800 -400 0 400 800

Obr. 3: Izolinie koeficientu rychlosti 0,36 m za dyzou

22.0 m/s RSM model SST k- model Realizable model

14.5 m/s

7.0 m/s

Obr. 4: Rychlostni pole vnitiniho prostoru dyzy ve svislém podélném fezu

Rychlostni profil ve tiech oznacenych pficnych fezech znazoriuje Obr. 5. Grafy na Obr. 6 a
Obr. 7 popisuji pribéhy rychlosti a intenzity v podélné ose sledované oblasti. Na Obr. 8 jsou izolinie
intenzity turbulence v priénych fezech ve vzdalenosti 0,36 m za vystupem z dyzy definované
z fyzikélniho experimentu i numerického modelovani. Rozlozeni intenzity turbulence pii prutoku
dyzou je patrné na Obr. 9.
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Obr. 5: Rychlostni pole v pfi¢nych fezech ve vnitinim prostoru dyzy
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Obr. 6: Prabeh rychlosti Obr. 7: Pribeh intenzity turbulence
v podélné ose sledované oblasti v podélné ose sledované oblasti
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Obr. 8: Izolinie intenzity turbulence 0,36 m za dyzou [%]
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Obr. 9: Intenzita turbulence vnitiniho prostoru dyzy ve svislém podélném fezu
5 ZAVER

Z uvedenych vypoctl i experimentu bylo potvrzeno pozadované urychleni proudového pole
(Obr. 4). Numerické modely popisuji tvar rychlostnitho pole s velice uspokojivym vysledkem. U
vSech modelil jsou témét shodné tvary proudového pole ve sledované oblasti dyzy (Obr. 4 a Obr. 5) a
je patrna téméi dvojnasobna rychlost oproti vstupnim parametrim. Z vysledkd rovnéz vyplyva malé
navySeni rychlosti na sténach po obvodu dyzy (Obr. 3 a Obr. 4). Ve vzdalenosti 0,4 m od vstupu
do oblasti je tvar proudového pole zatim nezménén, prvni urychleni v blizkosti stén se projevilo
v 0,5 metrech. V blizkosti vystupu (1,36 m) je zrychleni v oblasti stén zfetelné, cca 18 %. Hodnoty
rychlosti v celé vypoctové oblasti se u vSech vypocti témét shoduji, nepatrné odliSeni se projevi
azcca 1,5m za vystupem z dyzy (Obr.6). V popisu problematické intenzity turbulence bylo
potvrzeno jeji pozadované snizeni (Obr. 8 a Obr. 9). Projevuji se ale rozdily v jejich hodnotach
na vystupu z dyzy a hlavné pak v pribéhu v podélné ose sledované oblasti (Obr. 7). Predmétem
dalsiho zkoumani bude detailn&jsi vyhodnoceni intensity turbulence ve spolupréci s pfipravovanym
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fyzikalnim méfenim proudového pole uvnitt dyzy i ve vétsi vzdalenosti za vystupem. Na jeho
zaklad¢ bude mozné stanovit nejvhodnéj$i model, ktery by mél slouzit k podrobnéjsimu popisu
modelovaného déje a navrzeni optimalniho tvaru dyzy z pohledu co mozna nejrovnomérnéjsiho
rychlostniho pole i dosazeni minimalni turbulence na vystupu, zvlast¢ pak v predpokladaném misté
modelu.
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Abstrakt

Prispévek se zabyva analyzou taZené¢ho ocelového spoje dievéné kulatiny, pro ktery je
navrzeno nékolik typl zesileni. Navrzené typy zesileni jsou laboratorné testovany na celkovou
unosnost. Soubézné s laboratornimi zkouskami je provedeno numerické modelovani, které se
zamefilo zejména na tuhost spoje v pribehu zatézovani s vlivem fyzikalni a geometrické nelinearity.
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The paper analyses a drawn steel joint in round logs for which several types of reinforcements
have been proposed. The load-carrying capacity of the reinforcements has been tested in laboratories.
At the same time, numerical modelling has been performed - it has focused, in particular, on rigidity
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1 UVOD

Dievostavby nebo konstrukéni prvky ze dieva patii k modernim prvkim architektury.
Soucasné je jim také vénovana velka pozornost ve vyzkumu [10]. Dievo se také ¢asto kombinuje
s dal§imi materialy [1] a [4]. Pfi navrhu dfevénych konstrukci je zejména vhodné vénovat pozornost
feSeni konstrukénim detailim [6] a [9]. Podstatné je také urceni materidlovych vlastnosti dfeva [5].
Navrh drevénych konstrukci se fidi normovymi postupy [2] a [3]. Existuje vSak také cela fada
publikaci, které uvadéji podrobné&jsi postupy navrhu a posudkil dfevénych konstrukei [7], [8] a [15].
V nékterych ptipadech je také vhodné pouzit pravdépodobnostniho pfistupu, napt. [11]. Pro vypocet
vnitinich sil prutovych prvk a konstrukei se vyuziva nejCastéji softwaru zalozeného na metodé
kone¢nych prvkl. Mezi bézn€ pouzivané standardni software patii SCIA Engineer [14] nebo pro
pokrocilé analyzy ANSYS [13]. Pro technickou praxi neni ANSYS vzhledem k obecnosti, kterou
nabizi, prili§ efektivni. Tento software nebyl vytvoren pro standardni normové navrhové postupy.

Pro analyzu a optimalizaci je zvolen ocelovy spoj dievéné kulatiny. K uvedenému spoji jsou
publikovany vysledky z laboratorniho testovani v [12]. Spoj je pouzivan u srubovych staveb a
vyskytuje se také casto na konstrukcich v lesnim hospodaistvi, u rozhleden nebo piihradovych mosti
a lavek. Pouziti tohoto typu spoje v mostnim stavitelstvi a rozhlednach vede k jeho dynamickému
namahani, které je nutné také vhodné zohlednit pfi navrhu. Mezi dalsi podstatné vlivy na Ginosnost a
chovani spoje patfi pusobeni pfirodnich vlivii a kvalita drzby. Z téchto diivodi bylo pro optimalizaci
chovani a tinosnosti spoje navrzeno nékolik typt zesileni. Jednotlivé typy zesileni byly nasledné
testovany v laboratofi, numericky modelovany a navzajem porovnavany. Ptedlozeny ¢lanek shrnuje
dosazené vysledky. Numerické modelovani se zaméfilo na tuhost spoje v pribéhu zatézovani
s vlivem fyzikalni a geometrické nelinearity. Dosazené vysledky z numerického modelovani mohou
byt dale pouzity pro navrh prilehlych segmenti tvoricich konstrukéni celek spoje.

2 RESENI DETAILU SPOJE

Detail spoje bez zesileni je vidét na Obr. 1. Jedna se o spojeni dievéné kulatiny s vnitinim
ocelovym plechem, kde spoj je tvofen ocelovymi svorniky. Dievo je tfidy feziva C24 a ocel tvofi
ocelova plotna o sile 8§ mm tfidy S235. Svorniky jsou priméru 20 mm tfidy oceli 8.8. Dfevéna ¢ast je
tvofena pfirodni kulatinou priméru 120 mm se suky a pfirodnimi imperfekcemi a vysuSnymi
trhlinami. Ocel je bez povrchové upravy.

K testovacimu zatizeni byl spoj pfichycen pomoci dvou svorniki praiméru 20 mm tfidy oceli
8.8, nebo pies ocelovou plotnu na tieci spoj do Celisti lisu. Spoj byl testovan na vice pracovistich
(CVUT PRAHA, VSB-TU OSTRAVA FAST, VUD ZILINA). Spoje byly dotazeny. Vyvrt ve dievé
byl priméru 20 mm a v oceli 22 mm. Srouby byly priméru 20 mm t¥idy 8.8.

Spoj byl u zkousky v laboratofi zatizen posunem hlavy lisu. V numerickém modelu byl spoj
zatézovan pouze deformacéné a staticky. Dynamicky zatiZzeny spoj v realném testu nebyl numericky
modelovan. V numerickém modelu bylo zatizeni vnaseno jako deformaéni na draze 4 mm. Okrajové
podminky jsou nastaveny tak, aby odpovidaly co nejvice redlnému upnuti v lisu. Jeden konec ocelové
vnitini desky je na svém okraji fixovan ve vSech tfech smérech pohybu a druhy konec je fixovan
pouze v kolmych smérech na ocelovy vnitini plat. Smér rovnobézny s osou kulatiny a ocelové plotny
je ponechan volné predepsanému posunu 4 mm (posun vyvozuje tahové namahani spoje).

Na Obr. 1 je vidét technicky nakres a popis spoje kulatiny tak, jak byl proveden pro
laboratorni zkousky a numericky model. Na tomto schématu je spoj bez zesileni prvky pro smér
kolmo na vladkna dfeva. Zakladni déleni vyrobenych a modelovanych spoji kulatiny se déli na tii
typy:

1) typ TSK 1 - jde o nezesileny spoj, viz Obr. 1
Jedna se o nezesileny spoj (Obr. 1), kdy mtize volné dochézet k rozstipani difeva kolmo na vlakna.
Tento spoj je snadno proveditelny, ale v oblastech blizkych k plné tnosnosti se miize v poruseni
chovat kiehce — vykazuje malou duktilitu. Dochazi zde pfi statickém zatizeni k ndhlému poruseni
vzorku bez velkych plastickych deformaci spoje.
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2) typ TSK_2 - jde o zesileny spoj pomoci vrutli se zavitem po celé délce diiku, viz Obr. 2

Jedna se o zesileny spoj vruty bez predvrtani se zavitem po celé délce diiku zapusténymi kolmo na
vlakna, viz schéma na Obr. 2. Tento spoj je také pro provedeni rychly a dostupny. Pomoci tohoto
zesileni je mozné zvysit duktilitu spoje a zvysit tnosnost spoje. Sice zde také dojde pro extrémni
zatizeni k rozpraskani kolmo na vlakna, ale spoj neni zcela rozstipan, protoze ho drzi vruty a mize
dale prenaset zatizeni. Tento spoj muze mit ¢tyfi zakladni typy poruseni: a) vytrzeni vruti a poté
rozstipani dfeva b) blokovy smyk c) pietrZzeni dievéného prvku d) zplastizovani ocelovych prvki
nebo otlaceni stény dieva v oblasti spoje.

3) typ TSK_3 - jde o typ zesileny pomoci ocelového pasu viz Obr. 3

Jedna se o zesileny spoj s ocelovou objimkou kolem kulatiny Obr. 3. Tento spoj je také snadno
proveditelny a dostupny. Pomoci tohoto zesileni je mozné zvysit duktilitu spoje a zvysit inosnost
spoje. Tento spoj muze mit ¢tyfi zakladni typy poruseni a) zplastizovani a pretrzeni objimky b)
blokovy smyk c) pretrzeni dievéného prvku d) zplastizovani ocelovych prvkli nebo stény dreva
v oblasti spoje. Ocelové objimky jsou u spoje dotazeny pied zkouskami v laboratori, ale
nepredpoklada u nich predepnuti.

45000 $
7 7 &(‘9
o] (el | -l ¢
8) 220
& 07 7% @
Ffﬁ 80—290 (S
/ / ®L2
’,/ i ae: | L ee
T { ! 650.00 b
L 290.00 ,L ) ”L 140.00 ”Lmo.ool
50.00 Obr. 2: Geometrie spoje kulatiny TSK 2
Pudorys S
. , 45000 , é@.
10000, 450,00 10000] \ /
Obr. 1: Geometrie spoje kulatiny T T
bez zesileni TSK 1 " ‘
» 650.00 »

Obr. 3: Geometrie spoje kulatiny TSK 3

3 VYHODNOCENI LABORATORNICH ZKOUSEK A NUMERICKYCH
MODELU

Celkova unosnost tazeného spoje s jednim svornikem se vypocte ze vztaht (1) az (3), kdy pro
analyzovany svornik je tnosnost pro dva stfihy pfiblizné 46,5 kN a tuhost pfiblizné 15,4 MNm'!
podle DIN 1052 [2]. Pti vypoctu tuhosti se vychdzelo z normovych charakteristickych hodnot hustoty
dieva, ktera byla dale upravena s ohledem na modelovany spoj na hodnotu 390 kgm™. Tyto hodnoty
jsou charakteristické a dale se snizuji podle vlivu délky trvani zatizeni a typu prostiedi, ve kterém
bude spoj umistén. Navrhové hodnoty by byly pro kratkodobé zatizeni a 3 tfidu prostfedi cca
Ri=25kN a K4 = 7,40 MNm'' pro dva stfihy na jeden svornik. Pro hustotu dieva vzorku
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0520= 520 kgm™ je charakteristicka normova tuhost v prokluzu pro dva stfihy Ks; = 23,702 MNm.
Realné spoje maji prvotni tuhost po aktivaci mechanického spojovaciho prostfedku ve dieve 2 — 2,5-
krat vys$si v prokluzu nez normou dana hodnota. Proto je nutné k tomuto faktu ptihlédnout pti
porovnavani numericky ziskanych hodnot s testovanymi daty vyrobenych spoji. Schéma prokluzu
spoje pro celou kulatinu je na Obr. 4.

Ku (Mhm-1] Kp [MNm-1]

OO ONN-O

Kz = Kui*Ke/(Ku+Ke)mnm-1]
Obr. 4: Vysledna tuhost celého spoje

F=K, *A, (1
K, =p"* 43905420 _ 7701,88 N/mm, 2
20 20 ———
0.5
M, 3
R = fia*tixd*||2+4%——=— 1 —11=2325kN, ©)
fh,l,k *d * 4
F — sila zavisla na tuhosti spoje [N]
Keer — tuhost jednostfizného spoje [Nmm™]
A — posun spoje v misté napojeni [m]
Yo, — hustota dieva 390 kgm [kgm™]
d — pramér spojovaciho prostfedku [m]
Ry — charakteristicka unosnost jednostiizného spoje [kN]
Sk — charakteristicka pevnost v otlaceni dfeva [Nmm2]
t — délka otlaceni na jeden stiih svorniku [m]
My — plasticky moment tinosnosti spojovaciho prostfedku [Nmm)]

Na Obr. 5 je grafické znazornéni ztestovani spoje dievéné kulatiny na tah. Celkovée se
zkougely &étyfi vzorky. Zkousky byly provedeny na Fakulté stavebni VSB-TU Ostrava. Obr. 6 a 7
zachycuji pfipravené vzorky na laboratorni zkousky. Podle pribéhu jednotlivych ktivek z testovaciho
zafizeni je vidét znatelny prokluz, nez dojde k aktivaci svorniku a tim ke zvySeni tuhosti spoje.

Pasky Il

70,00

y

60,00 = 12A Nezesileny

Sila kN

—128B
50,00

12C
40,00

—12D
30,00
20,00
10,00

0,00
0,00 500 10,00 1500 20,00 2500 3000 3500 40,00 4500 5000 5500 60,00 65,00
Deformace mm

Obr. 5: Kulatina 9 vlhkost: 12 %, hustota cca 530 kg/m® test, (znadeni A-D oznacuje jednotlivé
laboratorni zkousky daného typu spoje)
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Grafy kon¢i kiehkym poruseni ve dfevé. Je to zplsobeno povahou dfeva jako ptirodniho
materidlu a také skutecnosti, ze dievo na tah rovnobézn¢ a kolmo na vldkna ma pii vyCerpani
unosnosti povahu kiehkého poruseni. Také ve smyku se dfevo chova pii poruseni kichce. Ocelovy
pasek podle provedenych zkouSek neni schopen zvysit tinosnost spoje, ale je schopen, nez dojde
k fatalnimu poruseni vzorku, jest¢ urcitou dobu udrzet zatizeni, které je na mezi porusSeni
nevyztuzené kulatiny.

Obr. 6: Zkouska - Kulatina 9 vlhkost: 12 %, Obr. 7: Zkouska - Kulatina 11 vlhkost: 12 %,
hustota cca 520 kg/m? hustota cca 530 kg/m?

Na Obr. 8 jsou zobrazeny vysledky laboratornich zkousek spoje kulatiny. Celkové se zkousely
Ctyfi vzorky. Na zakladé provedenych laboratornich zkousek byl proveden vypocet numerickych
modeld s riznym materidlovym nastavenim. Ortotropni model dieva prepokladal bilinearni pracovni
diagramy. Ocel ve spojich méla také bilinearni pracovni diagram.

Na Obr. 9 az 12 jsou grafické vystupy z numerického modelu TSK 1. Jedn4d se o model
nevyztuzeného spoje. Tento model mél za tkol naladit vlastnosti materidlu do dal$ich numerickych
modelt TSK 2 a TSK 3. Jak je vidét na Obr. 8, vruty jsou schopny zvysit tnosnost spoje a také zvysit
jeho duktilni chovani.

Vruty |

140.00

120.00

100.00 m
V \/l\“——l:’—:_’g ——9A Nezesileny

80.00 /
4 S
60.00 71% ——ocC
40.00 —9D
20.00 #
O-OO T T T T T T T T T T 1

0.00 4.00 8.00 12.00 16.00 20.00 24.00 28.00 32.00 36.00 40.00
Deformace mm

Sila kN

Obr. 8: Kulatina 9 vlhkost: 12 %, hustota 520 kg/m® test, (znaceni A-D oznacuje jednotlivé
laboratorni zkousky daného typu spoje)
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Obr. 9: Napéti rovnobézné s vldkny -77 a Obr. 10: Napéti kolmo na vlakna -7,597 a
+74,528 MPa model TSK 1 (F=81,620 kN) +3,009 MPa model TSK 1 (F=81,620 kN)

Obr. 11: Vodorovna deformace modelu Obr. 12: Napéti von Misses 648,34 MPa TSK 1
1,256 mm TSK 1 (F=81,620 kN) (F=81,620 kN)

Na Obr. 13 az 16 jsou grafické vystupy z numerického modelu TSK 2. Jde o model spoje
vyztuzeného vruty kolmo na vlakna. Zde bylo dosazeno nejlepsiho vysledného vyztuzeni. Tento
zpusob vyztuzeni je nejvhodnéjsi a to z divodu jeho G¢innosti a proveditelnosti. Vruty pfimo sepnou
dievo a prechazi do nich ¢ast tahu kolmo na vlakna. Vruty jsou duktilni a mohou pienaset velké
tahové sily a casteCné také ohybové ucinky. Vruty je snadné instalovat a jsou chranény pied
klimatickymi zménami a neoslabuji prifez (pokud nejsou predvrtané a jejich primér neni vétsi jak 6
mm). Toto vyztuzeni je pozarné odolné a neni v pohledové ¢asti, takZze nema ruSivy charakter.
Sepnuti vruty je jedno z uc¢innych standardnich vyztuzeni pro tah kolmo na vlakna.

Obr. 13: Napéti ve smyku 9,7 MPa model TSK 2 Obr. 14: Napéti kolmo na vlakna -18,887 a
(F=115,942 kN) +3,676 MPa model TSK 2 (F=115,942 kN)
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Obr. 15: Napéti von Misses 703 MPa model Obr. 16: Napéti v tlaku rovnobézné s vldkny -
TSK 2 (F=115,942 kN) 89,57 a +80,26 MPa model TSK 2
(F=115,942 kN)

Na Obr. 17 a 18 je vidét kone¢né prvkova sit’ numerickych modeld. Na obrazku 19 je napéti
ve smyku po objemu dieva. Napéti kolmo na vlédkna je zobrazeno na Obr. 20. Na modelu TSK 3
nebylo znatelné zlepSeni tinosnosti vlivem bandaze ocelovym péaskem. Vzhledem k povaze poruSeni
dieva rozstipnutim vlivem tahu kolmo na vladkna neni toto ztuzeni vyhodné. Poruseni se déje po
objemu dfeva a pasek neni schopen napéti kolmo na vldkna zachytit a i€inné vyztuzit spoj. Aby
pasky byly Gc¢inné, je nutné je jesté aktivovat do tahu a to neni pro bézné pouziti mozné. Divodem je
samotné vymizeni predpéti vlivem popusténi v kotveni, dale zména teplot a vyznamné zmény
v objemu dieva vlivem vlhkosti. Proto tento zplisob vyztuzeni spoje neni dostatec¢né G¢inny.

Obr. 17: Detail deformace spoje Obr. 18: Numericky model TSK 3

Obr. 19: Napéti ve smyku 7 MPa model Obr. 20: Napéti kolmo na vlakna -4 a
TSK 3 (F=113,21 kN) +2 MPa model TSK 3 (F=113,21 kN)
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Obr. 21: Testovany vyztuzeny vzorek s paskem a numericky model s vrutem

Na sledu Obr. 21 je vidét poruseni rozstipanim pro test s ocelovymi pasky TSK 3. Dale jsou
zde numerické modely se siti kone¢nych prvkl a vnitini pohled na deformované vruty + celkova
globalni deformace celého spoje.

Numerické modely byly pocitany geometricky a fyzikaln€ nelinearné s uvazenim ortotropnich
vlastnosti dieva a kontaktni povahy spoji. Numericky vysledky pro testované modely kulatiny jsou
na obr. 22. Vypocet je proveden ve variantnim oznaceni SG, BV, SB a SGN pro doporuc¢ované
parametry anizotropniho zpevnéni zvoleného materidlového modelu. Podle dosazenych vysledkd na
numerickych modelech byla konstatovana dobra shoda s laboratornimi zkouskami. Maximalni
dosazena inosnost v numerickém modelu nevyztuzeného spoje TSK 1 byla 82 kN a pro vyztuzeny
numericky model vruty TSK 2 a numericky model s ocelovym paskem TSK 3 piiblizné 112 kN. Tyto
numericky dosazené hodnoty koresponduji s realnymi testy spoju kulatiny.

Numericky model se chova stabilné do dosazeni predepsané deformace cca 4,0 mm. Pfi vysSich
deformacich plastizuje ocelovy svornik a dochazi k otlaceni vyvrtu pro svornik a rozstipani dieva
vlivem tahu kolmo na vlékna.
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Numerické modely je tfeba dale verifikovat laboratornimi zkouskami jak spoju,
tak i materiald.

140.0 Zatézovaci zkouska spoje

120.0 4

100.0 ~

80.0 -

force [kN]

60.0 -

SG2 —+-SG3
—©-BV.1 —BV.2

40.0 -

—SB1 —--SB.3

20.0

0.0 T T T T T T T T T T T

0 0.5 1 15 2 25 3 35 4 45 5 5.5 6 6.5
displacement [mm]

Obr. 22: Numericky testované modely kulatiny ANSYS (oznaceni SG, BV, SB, SGN je pro
doporucované parametry anizotropniho zpevnéni zvoleného materidlového modelu)

4 ZAVER

Po analyze experimentalné a numericky ziskanych vysledkt se da konstatovat, Ze matematické
modely se shoduji s experimentalné ziskanymi daty v maximu dosazené unosnosti pro jednotlivé
druhy zesileni. V pocatecni tuhosti je shoda také dobra, ale je tteba vzit v ivahu rizny prokluz u
zkuSebnich modeld spojii. Tento prokluz nebyl u numerickych modelti uvazovan z divodu jeho
ruznorodosti a velkého rozptylu materidlovych vlastnosti a vyrobnich toleranci pro jednotlivé kusy
spoju dievéné casti kulatiny.

Porovnani bylo provadéno jen u staticky zatizenych spoju. Celkova deformace u zkusebnich
testll je vyS$$i nez u numericky ziskanych dat. Je to predev§im kviili zminénym prokluztim, které zde
mohou byt vyrazného charakteru z diivodu provadéni vyvrti, a také proto, Ze jde o rostlé dievo.

Na zavér lze konstatovat, ze vysledky znumerického modelovani se blizi k hodnotam
ziskanych z laboratornich testd. Diky numerickym modelim je mozna piesnéjsi predbézna
optimalizace zesileni a urCeni kritickych oblasti kumulujici vysoka napéti, pfedevsim v tahu kolmo na
vlakna a smykova napéti.
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STANOVENI DILCICH SOUCINITELU PRO HODNOCENI ZATIZITELNOSTI
EXISTUJICICH MOSTU

PARTIAL FACTORS FOR THE ASSESSMENT OF LOAD-BEARING CAPACITY
OF EXISTING BRIDGES

Abstrakt

Rostouci zatizeni dopravou, starnuti existujicich mostl a nakladnost jejich modernizaci
zvySuji vyznam metod hodnoceni spolehlivosti, které umozni pfihlédnout k riznym faktorim
specifickym pro existujici most. Clanek vysvétluje postupy uprav diléich souginiteldi v zavislosti na
znalostech o materidlech a zatizeni, zvolené¢ smérné urovni spolehlivosti a planované zbytkové
zivotnosti mostu. Prakticky ptiklad ilustruje aplikaci teoretickych postupi.

Kli¢ova slova
Dil¢i soucinitele, zatizitelnost, hodnoceni spolehlivosti, existujici mosty, Zelezobeton.
Abstract

Ever-increasing traffic actions, degradation of bridges and immense costs of their
rehabilitations imply needs for the methods of reliability assessment that allow accounting for
specific conditions of an existing bridge. The study clarifies the procedures of modifications of partial
factors considering knowledge and uncertainties in materials and actions, selected target reliability
and required remaining working life of the bridge. A case study indicates the applications of
theoretical procedures.

Keywords

Partial factors, load-bearing capacity, reliability assessment, existing bridges, reinforced
concrete.

1 UVOD

Rostouci zatizeni dopravou, starnuti existujicich mostd a nakladnost jejich modernizaci
zvySuji vyznam metod hodnoceni spolehlivosti, které umozni piihlédnout k riznym faktorim
specifickym pro existujici most. Soucasné platné piedpisy pro navrhovani a posuzovani stavebnich
konstrukci (CSN EN a CSN ISO) jsou zaloZeny na pravdépodobnostnim pfistupu jak ke
stanoveni zatizeni, tak k odolnosti. Tento postup umoznuje zohlednit znalosti i nejistoty souvisejici
s pusobenim existujici konstrukce [1].

I Ing. Miroslav Sykvora, Ph.D., Odd¢leni spolehlivosti konstrukei, Kloknertiv tstav, Ceské vysoké uéeni
technické v Praze, Solinova 7, 16608 Praha, e-mail: miroslav.sykora@klok.cvut.cz.

2 Ing. Michal Drahorad, Ph.D., Katedra betonovych a zdénych konstrukci, Fakulta stavebni, Ceské vysoké uceni
technické v Praze, Thakurova 7/2077, 166 29 Praha, e-mail: michal.drahorad@fsv.cvut.cz.
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2 ZASADY METODY DILCIiCH SOUCINITELU

Zakladnim parametrem pro hodnoceni stavebnich konstrukci je pravdépodobnost poruchy
konstrukce béhem referenéni doby, zpravidla Zivotnosti konstrukce. Pro bézné konstrukce se
pozaduje pravdépodobnost poruchy konstrukce piiblizné 10 za rok. Zakladnim prostifedkem
pouzivanym v soustavé platnych norem pro stanoveni spolehlivost konstrukce je potom index
spolehlivosti # odvozeny z pravdépodobnosti poruchy konstrukce v zavislosti na nejistotach
v zatizeni, odolnosti konstrukce a pouzitych modelech. Smérnad uroven spolehlivosti vychazi
z rozsahu (t¥idy) nasledkt poruchy dané konstrukce a je definovana v CSN EN 1990:2011 pro zésady
navrhovéani konstrukci a CSN ISO 13822:2005 pro hodnoceni existujicich konstrukci. Dopliujici
pokyny pro mosty lze nalézt v TP 224:2010 pro ovéfovani existujicich betonovych mosti pozemnich
komunikaci. Podrobny rozbor postupt pro stanoveni smérnych urovni spolehlivosti pro existujici
konstrukce 1ze nalézt v [2-5]. Index spolehlivosti § pak ptimo ovliviiuje hodnotu dil¢ich souciniteld.

Zakladni metodou pouzivanou pro oveéfovani spolehlivosti stavebnich konstrukci je metoda
dilgich souginitelti implementovana v soustavé norem CSN EN. Predpoklada se, Ze diléi soudinitele
uvazované v této studii se pouziji ve vhodné zvolené podmince spolehlivosti. Ptikladem je
kombinaéni pravidlo (6.10a,b) podle CSN EN 1990; pokud nepiisobi sila od predpéti, rozhoduje méné
ptiznivy z nasledujicich vztaht:

Ra>Eq=Yy6; Gx;j “t” Y0 wo,i Oxis j=1,i>1
Ra= Ea= 3¢ 76 Gy “+ por Ot “+7 Yiyoiwoi Ok j=1,i>1 (1)

kde R zna¢i odolnost, FE G¢inek zatizeni, y dil¢i soulinitel, G ucinek stalého zatizeni, Q uc¢inek
proménného zatizeni, ¢ redukeni soucinitel pro nepfiznivé Ucinky stalych zatizeni a yo kombinacni
soucinitel pro proménna zatizeni. Indexy “d” and “k” oznacuji navrhové a charakteristické hodnoty.
Symbol “+” znamena “v kombinaci s” a ), “kombinovany ucinek”. Poznamename, Ze pfiznivé u€inky
proménnych zatizeni se pfi oveétovani spolehlivosti metodou dil¢ich soucinitelli neuvazuji.

V zavislosti na smérné urovni spolehlivosti jsou hodnoty dil¢ich souciniteld zatizeni yr a
soudinitelli kombinace y specifikovany v CSN EN 1990, hodnoty dil¢ich souginitelti materiala jsou
potom uvedeny v jednotlivych ndvrhovych norméch pro piisluiné stavebni materidly CSN EN 1992
az 1999. Charakteristické hodnoty Xi jsou definovany v CSN EN 1990 a mély by vychazet ze
skute¢nych materidlovych vlastnosti a ucinkG zatiZeni. Jejich odvozeni je mimo ramec tohoto
prispévku, stanoveni charakteristické hodnoty pevnosti betonu u existujici konstrukce se popisuje
napt. v [6]. Hodnoty soudiniteli £a y se pfevezmou z piislusnych norem (napt. z CSN EN 1990).

Je nutné si uvédomit, Ze hodnoty dil¢ich souciniteli (zatizeni i odolnosti) uvedené
v CSN EN 1990 jsou stanoveny pro nové konstrukce s predpokladanou Zivotnosti 50 az 100 let (podle
typu konstrukce), navic se stfednimi nasledky poruchy (CC2). Pfi posuzovani existujicich konstrukei
(napf. pfi stanoveni zatizitelnosti) je proto vhodné aktualizovat hodnoty vSech dilé¢ich soucinitelti
zavadénych do vypoctu na zaklade:

e skuteéné geometrie mostu,

e skute¢nych vlastnosti pouzitych stavebnich materiald,
e planované zbytkové zivotnosti mostu,

e pozadované smérné urovni spolehlivosti.

Aktualizaci hodnot dil¢ich souéinitelti 1ze provadét podle zasad uvedenych v CSN ISO 13822
a TP 224. CSNISO 13822 obsahuje navic vlastnosti dfive pouZivanych stavebnich materialti pro
ovétovani existujicich konstrukci. Poznamename, ze v souCasné dobé se pfipravuje revize
CSN ISO 13822 a vydani zbytkové normy CSN 73 0038, do které po revizi prejdou narodni piilohy
z normy ISO. Detailni informace pro hodnoceni existujicich konstrukci jsou uvedeny v piirucce [7].
Poznamename, Ze pfispévek se zaméiuje ovérovani meznich stavii unosnosti. Hodnoceni meznich
stavl pouzitelnosti (napft. z hlediska $iiky trhlin nebo prihybt) je mimo ramec této studie.
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3 AKTUALIZACE DIiLCICH SOUCINITELU

Aktualizaci hodnot se pro ucely tohoto ¢lanku rozumi stanoveni hodnot dil¢ich soucinitelt
zatizeni yr a materialu ym s ohledem na skuteény stav, pozadovanou zbytkovou Zivotnost mostu a
zvolenou smérnou troven spolehlivosti. Moznosti aktualizace dil¢ich souciniteli vychéazeji zejména
z miry znalosti konstrukce mostu, tedy zejména z rozsahu diagnostického prizkumu nebo prohlidky.

w7

Pokud nejsou o mostu znamy zadné podrobngjsi udaje kromé geometrie (napi. z prohlidky
mostu) a doby vystavby (napt. z BMS), doporucuje se zatizitelnost stanovit kombinovanym
statickym vypocétem podle CSN 73 6222:2013 s hodnotami dil¢ich sou¢initeld materidlu a stalych
zatizeni uvedenych v pfedpisech pro navrhovani konstrukei. Dil¢i souéinitele proménnych zatizeni
lze v tomto ptipadé aktualizovat podle pozadované nebo predpokladané zbytkové Zivotnosti mostu N
(viz dalsi text — pfedpoklada se, ze referencni doba pro hodnoceni spolehlivosti se rovna zbytkové
zivotnosti).

Na zéaklad¢ realného projektu zelezobetonového mostu s piedpokladanou zbytkovou Zivotnosti
N =20 let se dale ukazuje aktualizace hodnot dil¢ich soucinitelll y pro materialy a zatizeni.

3.1 Dilci soucinitele materialu

Pro materialové vlastnosti a odolnost konstrukce se obvykle predpoklada dvouparametrické
lognormalni rozdéleni s pocatkem v nule (viz CSN ISO 13822 a TP 224). Pro stanoveni dil¢iho
soucinitele materialu se pouzije vztah:

= fi/ fa=fi! [urexp(-or B V)], (2)
kde:

e f« je charakteristickd hodnota odolnosti materidlu (obvykle 5% kvantil) stanovena napf.
podle ¢lanku 4.3 v TP 224: fi = urexp(-ki V)],

e urje prumérnd hodnota pevnosti materialu,

e Lk, je soulinitel pro stanoveni pozadovaného kvantilu charakteristické odolnosti
zavisly na poctu zkousek n — podrobnosti jsou uvedeny v CSN EN 1990,

® ap je soucinitel citlivosti, pro odolnost materialti uvazovany zpravidla hodnotou az = 0,8
(CSN EN 1990),

e S je pozadovany smémy index spolehlivosti (napt. podle CSN EN 1990, CSN ISO 13822
nebo TP 224),

e V& je variacni koeficient odolnosti, ktery v sobé zahrnuje nejen variacni koeficient
materialu ¥}, ale i nejistotu v geometrickych vlastnostech Ve, a nejistotu modelovych

nejistot Vy. Vyslednou hodnotu V; lze stanovit napt. ze vztahu (7P 224):
Vr= \/( V/Z + Vg002 + VHZ) (3)
Pro stanoveni hodnoty dil¢itho soulinitele materialu lze vyuzit rizné zpisoby, vzdy
v zavislosti na charakteru a podrobnostech vstupnich informaci. Obvykle se vychazi bud’ z hodnot
normovych vlastnosti materialu (pevnost, apod.) a ovéfenych rozmérd mostu, nebo z vlastnosti
materiali stanovenych diagnostickym prizkumem. Tomu odpovidaji rizné zplsoby stanoveni dil¢ich
souciniteld materialu, resp. charakteristickych vlastnosti pouzitych materiald a jejich variacnich

koeficientl vstupujicich do vztaht pro jejich stanoveni.

Pokud jsou pro stanoveni navrhové pevnosti materidlu pouzity charakteristické hodnoty podle
norem, doporucuje se pouzit variacni koeficienty podle tab. 1 pievzaté z TP 224. V piipad¢ stanoveni
charakteristik materialu a geometrie pfimym méfenim se variacni koeficient stanovi klasickymi
statistickymi metodami.
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Tab. 1: Informativni hodnoty variacnich koeficientii pro stavebni materialy
existujicich konstrukci podle 7P 224

Material Vx Veaco 2 Vg

Beton 0,15 0,05 0,05 0,166
Betonatska vyztuz | 0,05 0,05 0,05 0,087
Konstrukéni ocel | 0,05 0,01 0,05 0,071

Poznamename, ze pii stanoveni dil¢iho soucinitele materialu pro konstrukéni ocel ys je
potiebné uvazit, ze hodnota dil¢iho soucinitele bude obvykle vétsi nez 1,0, tj. nez hodnota uvadéna
v pfedpisech pro navrhovani. To je dusledek materidlovych ptedpokladt pfijatych v soucasné
platnych CSN EN pro navrhovani ocelovych konstrukei a jejich neplatnosti pro existujici konstrukce.

Betonarska a konstruké¢ni ocel

V piipadé betonarské nebo konstrukéni oceli je obvykle téeba aktualizovat soucinitel materialu
pro stanoveni navrhové meze kluzu ys. Pro ilustraci jsou uvedeny dva piiklady stanoveni dil¢iho
soucinitele pro betonaiskou vyztuz v zavislosti na mife znalosti o konstrukci.

a) Materidlové charakteristiky vyztuie stanoveny podle CSN ISO 13822. V piikladu se
uvaZuje Zelezobetonovy tramovy most z roku 1940. Je znama poloha hlavni nosné vyztuze a jeji
mnozstvi. Na zakladé téchto udajd, tvaru vyztuze a ovéfovaciho vypoctu s vyuzitim predpist
platnych v dobé vystavby mostu se predpoklada trida (kvalita) vyztuze C52. Pro tuto vyztuz se podle
CSN ISO 13822 uvazuje charakteristicka hodnota meze kluzu f;x = 340 MPa.

Aktualizovany soucinitel ys lze stanovit ze vztahu (4.22) v TP 224 s vyuzitim upfesnéného
variatniho koeficientu Vz podle tab. 1. Pfitom lze sohledem na realizovand méfeni polohy
betonaiské vyztuze a ovéfeni skutecné plochy vyztuze predpokladat, ze variacni koeficient Ve, je
roven hodnoté 0,025:

Ve =(0,05% + 0,025% + 0,052 = 0,075

ys = exp(-kn Vy) / exp(-ar f Vr) = exp(-1,645 x 0,05) / exp(-0,8 x 3,8 x 0,075) = 1,16

Poznamename, ze soulinitel k, se uvazuje podle tabulky A.2 TP 224 pro nekone¢ny pocet
vzorki. Divodem je piedpoklad stanoveni hodnoty fi v CSN ISO 13822 na zéakladé dostatecné
Sirokého statistického souboru.

b) Materidlové charakteristiky vyztuie ziskiany méienim. Uvazujme nyni, Ze v ramci
diagnostického prizkumu byly na mostni konstrukci provedeny materidlové zkousky betonarské
vyztuze tvrdomérem s nasledujicimi vysledky (souéinitel konverze jiz uplatnén):

fi= {370, 391, 402, 396, 409} (v MPa); pocet méfeni n =5

Statistickym vyhodnocenim souboru vysledkti byly ziskany charakteristiky uvedené v tab. 2
(pti stanoveni souéinitele &, = 2,33 se uvazuje neznama smérodatna odchylka oy a postupuje se podle
tab. A.2 v TP 224).

Aktualizovany soucinitel ps se potom stanovi ze vztahu (4.21) v TP 224 svyuzitim
upfesnéného variaéniho koeficientu Vz. Takto stanoveny souéinitel ys se vztahuje k vySe uvedené
charakteristické hodnoté¢ meze kluzu fix.

Ve =(0,0382 + 0,025 + 0,05%) = 0,068
ys = fu / [ug exp(-ar f Vr)] = 360 / [394 exp(-0,8 x 3,8 x 0,068)] = 1,12
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Tab. 2: Statistické charakteristiky meze kluzu vyztuze

Charakteristika Symbol Hodnota Poznamka
Primérna hodnota UFy 394 MPa -
Smeérodatna odchylka Sty 14,8 MPa -
Variacni koeficient Vi 0,038 -

_ exp( sy) = kde my=2(In f;) / n =15,975;
Charakteristicka hodnota Sk P rgg(-) 1\’;1S1§a sy =2[(nfyi—my)?/(n-1)=
0,03812

Tab. 3: Statistické charakteristiky pevnosti betonu v tlaku

Charakteristika Symbol Hodnota Poznamka
Primérna hodnota s 35,1 MPa -
Smérodatna odchylka Sfe 1,58 MPa -
Varia¢ni koeficient Ve 0,045 -

— exp( kusy) = kde my=%(In f;) / n = 3,557;
Charakteristickd hodnota | fi xp a3 Mbn s7 = S[(Info —my)?]/ (n - 1) =
’ 0,04402

Beton

Aktualizace soucinitele materidlu yc je v tomto ¢lanku uvedena pouze pro pripad vyhodnoceni
zkouSek materidlu. Pokud by byla znama pouze geometrie konstrukce a materialové zkousky by
nebyly provedeny, postupuje se obdobné jako v pfipadé a) u betonarské vyztuze a vychazi yc = 1,27.
U existujicich monolitickych konstrukci se vSak doporucuje vzdy ovéfit pevnost betonu alespon
pomoci nedestruktivnich zkousek.

b) Materidlové charakteristiky betonu ziskany méienim. V ramci diagnostického prizkumu
byly provedeny materidlové zkousky betonu Schmidtovym kladivkem. Kalibrace konverznich
souciniteli pouzité metody byla provedena na zékladé tfi destruktivnich zkousek na valcovych
vyvrtech. Méfenim byly ziskany nasledujici hodnoty pevnosti:

fei= {35,5; 35.4; 33,8; 33,9; 33,2; 35,9; 35,0; 34,5; 39,4; 34,3; 34,9; 33,2; 36,9; 35,9;
34,5} (v MPa); pocet méteni n = 15
Statistickym vyhodnocenim souboru byly ziskany charakteristiky uvedené v tab.3 (pfi

stanoveni souclinitele k, = 1,84 se uvazuje neznama smérodatna odchylka ox a postupuje se podle
Tab. A.2 v TP 224).

Aktualizovany soucinitel yc se potom stanovi ze vztahu (4.21) v TP 224 svyuzitim
upfesnéného variacniho koeficientu V. Pfi jeho stanoveni se uvazuje nejistota méteni V= 0,1 pro
stanoveni pevnosti Schmidtovym kladivkem a nizka hodnota V., uvazovana pro rozmeéry existujici
konstrukce stanovené na zakladé méteni.

Ve =(0,0452+ 0,12 + 0,025 + 0,052) = 0,12
ye = fox ! [t exp(-ar f Vr)] = 32,3 /[35,1 exp(-0,8 x 3,8 x 0,12)] = 1,32

Zdtraznime, ze hodnotu V.= 0,1 lze uvazovat pouze pro méfeni Schmidtovym kladivkem

kalibrovana s vyuzitim jadrovych vyvrtl na sledované konstrukcei a pro homogenni betony [8].
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Tab. 4: Pravdépodobnostni rozdéleni a obvyklé hodnoty varia¢nich souéiniteld a souéiniteli
modelovych nejistot pro nejcastéjsi typy zatizeni

Druh zatizent Obvyklé pravdepvodojbnostm Soucinitel .c1thvo’st1 o pro Vv -
rozd¢€leni dominantni zatizeni
Vlastni tiha 0,05
Normaélni 1,05
Ostatni stalé 0,10
-0,7
Teplota - tiinek Gumbelovo 007 | 1,10
ro¢niho maxima

3.2 Dil¢i soucinitele zatiZeni
Pro popis zatizeni se pouzivaji riizna pravdépodobnostni rozdéleni podle charakteru zatizeni
(viz napt. TP 224). Pro stala zatiZeni se zpravidla pouziva normalni rozdéleni, pro zatizeni proménna
potom rozdéleni Gumbelovo nebo Weibullovo (viz napt. TP 224). Obvykld pravdépodobnostni
rozdéleni pro nejcastéjsi druhy zatizeni jsou uvedeny v tab. 4.

Pro stanoveni dil¢iho soucinitele zatiZzeni se pouZije vztah:

YF= F. d / F k (4)
kde:
Fs — jenavrhova hodnota zatiZzeni nebo jeho tcinku,
F — je charakteristickd hodnota zatizeni nebo jeho ucinku.

Pokud jsou pfi ovéfeni odolnosti konstrukce pouzity hodnoty zatiZzeni z norem (napf. pievzaté
z navrhovych predpisit), doporucuje se pouzit variacni koeficienty podle tab. 4 sestavené na zaklade
TP 224 a dalsich podkladovych materiald. V piipadé stanoveni zatizeni pfimym meéfenim (napf.
vlastni tiha materialtl) se variacni koeficient stanovi klasickymi statistickymi metodami. Vliv
nejistoty pii stanoveni UCinkd zatizeni lze zjednoduSené vyjadiit soucinitelem modelovych
nejistot ysq.

Stala zatiZeni

Charakteristickou hodnotu stalého zatizeni Ize obvykle uvazit jako hodnotu stanovenou na
zakladé primérné objemové tihy pouzitého materidlu a primérnych rozmeért konstrukce, tedy
Gk = ug. Za predpokladu normalniho rozdéleni se dil¢i soucinitel zatizeni y; stanovi ze vztahu (4.4)
v TP 224:

yG=Gd/Gk=lfocEﬁVc (5)

Pfi stanoveni souciniteli pro stalé zatizeni je tfeba rozliSovat, zda je zatizeni stalé dominantni
(vztah 6.10a) nebo vedlejsi (vztah 6.10b) podle CSN EN 1990 — viz také vztah (1). V zavislosti na
tom se pak mohou uvazit rozdilné soucinitele citlivosti ag (viz CSN EN 1990). Pro zjednoduseni se

v dal$im textu uvazuje vzdy az= -0,7. Odvozeny soucinitel se pak u vedlejSich zatizeni pfenasobi
redukénim soucinitelem (& u stalych, wo u proménnych zatizeni).

Hodnota variacniho koeficientu V¢ je zavisld na vstupnich parametrech a je ji mozno stanovit
bud’ odhadem (tab. 4) nebo vypoctem, tedy obdobné jako pii stanoveni dil¢ich soucinitelti materialu.
Nize uvedené piiklady pro stanoveni hodnot stalych zatizeni jsou zpracovany pouze pro vlastni tihu
nosné konstrukce, v ptipadé ostatniho stalého zatizeni se postupuje obdobné s uvazenim ptislusnych
vstupnich udaji podle tab. 4.

114



Tab. 5: Statistické charakteristiky vlastni tihy

Charakteristika Symbol | Hodnota
Primérna hodnota (= charakteristickd) | g 23,0 kN/m?
Smérodatna odchylka Sge 0,43 kKN/m?
Variaéni koeficient Vee 10,43/23,0=0,02

a) Geometrie konstrukce zndma, objemovd tiha stanovena podle CSN EN 1991-1-1:2004.
Na konstrukci bylo provedeno zameéfeni geometrie, rozméry se uvazi prumérnymi hodnotami a
objemova hmotnost tabulkovou hodnotou (g = 25 kN/m®). Pro vypod&et soudinitele zatiZeni vlastni
tithou se uvazi variacni koeficient objemové tihy Vg = 0,05 vychézejici z tab. 4. Soucinitele zatiZeni
jsou:

ve=1—0gfVeg=1-(-0,7) x 3,8 x0,05=1,13

Pti uvazeni soucinitele modelovych nejistot ysq: y¢ = 1,13 x 1,05 =1,19.

b) Geometrie konstrukce zndma, objemovd tiha stanovena zkouSkami. Objemova hmotnost
betonu byla stanovena zkouskami s témito vysledky:

2o = 123,5; 23,1; 22,9; 23,2; 23; 22.5; 22,6; 23,6; 22,3; 23,3} v kKN/m’, n = 10

Statistickym vyhodnocenim souboru vysledkt zkousek byly za pfedpokladu normalniho
rozdéleni ziskany charakteristiky uvedené v tab. 5. Soucinitele zatizeni pro vlastni tihu jsou:

Ye=1—0gf Vee=1—-(=0,7)x 3,8 x0,02=1,05
Piiuvazeni ysq: y6 = 1,05 x 1,05 = 1,10.

Zatizeni dopravou

Charakteristické hodnoty zatizeni dopravou stanovuje CSN 73 6222 jako nominalni hodnoty
tihy (zatizitelnosti) vozidel pfislusného schématu zatizitelnosti (normalni, vyhradni, vyjimeéna)
s uvazenim vlivu dynamickych G¢inkd. Pfi vypoctu zatizitelnosti se uvazuje, Ze béhem zbytkové
zivotnosti mostu muze bézné dochdzet k prejezdu vozidel stanovené tihy (zatizitelnosti). Oproti
schématu zatizeni dopravou (LMI) definovaném v CSN EN 1991-2:2005 (s dobou navratu
charakteristického zatizeni 1000 let) se tedy jedna o ,,skutecné* zatizeni, u kterého se ocekava doba
navratu kratsi nez referencni doba pro ovéteni spolehlivosti.

S ohledem na vyse uvedené skutecnosti lze konstatovat, Ze soucinitel zatizeni dopravou yo
zavisi zejména na vystiznosti stanoveni modelu zatizeni a skutecnych hmotnostech vozidel
pohybujicich se na mosté. Protoze soucasné ptedpisy prozatim neposkytuji navod pro stanoveni
soucinitele zatizeni dopravou, je pouzito zavérd clanku [9]. V uvedeném c¢lanku jsou odvozeny
soucinitele zatizeni pro dobfe definovana zatizeni dopravou (zatizeni vojenskymi vozidly), které lze
s jistou mirou obezfetnosti pfevzit i do vypoctu zatizitelnosti.

Na obr. 1 je uvedena zavislost hodnot soucinitele zatizeni dopravou yo v zavislosti na indexu
spolehlivosti  pro dobfe definovana zatizeni s riznymi variacnimi koeficienty modelovych nejistot
Vg a pro variacni koeficient dynamického soucinitele 0,05 [9]. Dilezitym pfedpokladem odvozeni je,
ze povolend hmotnost vozidla nebude na mosté nikdy piekro¢ena. Zvlast¢ pro nizs§i hodnoty
zatizitelnosti (zejména ¥, < 16 t) 1ze vSak ocekavat, ze tento predpoklad nebude splnén.
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Obr. 1: Hodnota soucinitele zatizeni dopravou yp v zavislosti na indexu spolehlivosti
a variaénim koeficientu zatizeni Vpg podle [9]

Pro hodnotu soucinitele zatizeni yo 1ze tedy bezpe¢né doporucit hodnoty vychazejici z hodnoty
Voe = 0,1. Pro pozadovany index spolehlivosti f = 3,8 vychazi podle obr. 1 hodnota yp = 1,38, tedy
téméf shodna s hodnotou yo = 1,35 uvadénou v CSN EN 1990. Zdiiraznime, e pii navrhovani se diléi
soucinitel pouziva v kombinaci s ,,bezpecnou‘ charakteristickou hodnotou (~1000-leta doba névratu),
zatimco pii vypoctu zatizitelnosti odpovida charakteristicka hodnota ptiblizné priméru.

ZatiZeni teplotou

TP 224 doporuCuje pro stanoveni ucinkti teploty vyuzit statisticky vyhodnocené
meteorologické udaje. Pokud nejsou k dispozici, uvazuji se hodnoty zatizeni teplotou podle
CSN EN 1991-1-5:2005. Aktualizace soucinitele zatiZzeni teplotou je potom zaloZena na zohlednéni
pozadované doby Zivotnosti mostu, v uvazovaném piipadé N = 20 let.

Pro ro¢ni maxima zatiZeni teplotou se zjednodusené uvazuje Gumbelovo rozdéleni, navic s
apriornim pomérem ur/ Ti= 0,9 (viz [10]) a variacnim koeficientem Vr= 0,07 (viz tab. 4).
Aktualizovany dil¢i soucinitel yr 1ze potom stanovit na zakladé vztahu (4.9) v TP 224 (® je
distribu¢ni funkce normovaného normalniho rozdéleni):

yio="Tal Te=0,9T4/ ur=0,9{1 — V0,45 — 0,78InN + 0,78In(~In(®(-az8)]} =
= 0,941 — 0,07[0,45 — 0,781n(20) + 0,78In(~In(®(-(-0,7) * 3,8))]} = 1,29

Pfi uvazeni soucinitele ysq: yr=1,29 x 1,1 =1,42

4 APLIKACE ZISKANYCH VYSLEDKU

Aktualizované soucinitele materialu a zatizeni byly vyuZzity pro stanoveni zatiZitelnosti
uvazovaného zelezobetonového trdmového mostu o dvou polich s rozpétim 2 x 18,5 m (obr. 2).
Pro piehlednost jsou vysledky stanoveni zatizitelnosti v zavislosti na vstupnich parametrech
usporadany do tab. 6.
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Obr. 2: Schéma konstrukce a pricného fezu, véetné vyztuzeni

Tab. 6: Porovnani vlivu aktualizace dil¢ich soucinitelii podle miry znalosti o konstrukci

Charakteristika Dil¢&i soucinitel Zatizitelnost [t]
vstupnich dat ys |ye e Y0 yr Va Vi Ve
Odolnost i zatizeni podle CSN

EN pro navrhovani, geometrie 1,15 1,50 1,35 1,35 1,5 12 26 97
podle projektu

Upfesnéni podle zbytkové

o S . 1,16 | 1,27 | 1,19 | 1,35% | 1,42 16 34 130
zivotnosti a mereni geometrie

Vlastnosti materialt ziskany

experimentalnimi zkouskami LI2} 1,32 ) 110 1,38 | 142 21 4 169

* Nebylo stanoveno, piejima se z CSN EN 1990

Pozn.: Vysledné zatizitelnosti jsou ziskany na zakladé jiz neplatné CSN 73 6222:2009, ktera byla
nahrazena CSN 73 6222:2013. Zasadni zménou mezi ptedpisy je Giprava schémat zatizeni pro
stanoveni vyhradni a vyjimeéné zatizitelnosti. Podle CSN 73 6222:2013 budou hodnoty
vyhradni zazitelnosti vys$i, zatimco vyjimecnd zatizitelnost mirné poklesne.

Pokud je zatizitelnost mostu nedostate¢na, miiZe investor zvazit snizeni pozadované zbytkové
zivotnosti mostu nebo snizeni pozadované spolehlivosti (soucinitel £). Snizeni zbytkové Zivotnosti na
N =5 let ptitom ovlivni pouze dil¢i soucinitel pro zatiZeni teplotou. Pro N =5 dostaneme yr= 1,22 a
s uvazenim modelovych nejistot potom yr = 1,1 x 1,22 =1,34.

Naproti tomu volba nizsi pozadované spolehlivosti vyjadiené pomoci indexu spolehlivosti f
ovlivni hodnoty vSech dil¢ich souciniteld. Pokud naptiklad uvazime f = 3,1 (pro CClb, mosty
malych rozpéti na silnicich II. a III. tf. podle 7P 224), klesnou dil¢i soucinitele v primeéru piiblizné
05 %. To lze povazovat za dobrou shodu s doporu¢enimi uvedenymi v CSN EN 1990, ktera pii
snizeni spolehlivosti o jednu tfidu (v nasem pfipadé z CC2 na CClb) doporucuje redukovat
soucinitele nepfiznivé plsobicich zatizeni o 10 % a ptivodni hodnoty dil¢ich souciniteld materialu
ponechat.

5 ZAVER

V ¢lanku byly popsany a na piikladech vysvétleny soucasné moznosti uprav dil¢ich
soucinitelt materialu a zatizeni pii ovefeni existujicich konstrukci (vypoctu zatizitelnosti), vcetné
moznosti zavedeni skutecnych vlastnosti pouzitych materialti a geometrie zjisténych diagnostickym
prizkumem. Z vysledk aplikace aktualizovanych dil¢ich souciniteld je patrny vyznamny vliv
znalosti vstupnich parametri na hodnoty dil¢ich soucinitel, a to pfedevSim u materidlovych
vlastnosti a stalych zatizeni. Vyssi mira znalosti konstrukce je vSak vyvazena vysSim rozsahem a
cenou diagnostického prizkumu. Tim se ale jen potvrzuje zasadni vyznam vhodn€ navrzeného,
spravné provedené¢ho a kompetentné vyhodnoceného diagnostického prizkumu na zatizitelnost
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konstrukce. Na =zaklad¢ ziskanych vysledkt Ize pifedpokladat, Zze néklady investované do
diagnostického prizkumu se vyznamné promitnou do stanovené zatizitelnosti mostu.
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UNCERTAINTY IN RESISTANCE MODELS FOR STEEL MEMBERS
Abstract

Resistance of steel structures is primarily dependent on material properties, geometry and
uncertainties related to an applied model. While materials and geometry can be relatively well
described, the uncertainties in resistance models are not yet well understood. In many cases
significant efforts are spent to improve resistance models and reduce uncertainty associated with
outcomes of the model. However, these achievements are then inadequately reflected in the values of
partial factors. That is why the present paper clarifies a model uncertainty and its quantification.
Initially a general concept of the model uncertainty is proposed. Influences affecting results obtained
by tests and models and influences of actual structural conditions are overviewed. Statistical
characteristics of the uncertainties in resistance of steel members are then provided. Simple
engineering formulas, mostly based on the EN 1993-1-1 models, are taken into account. To facilitate
practical applications, the partial factors for the model uncertainties are derived using a semi-
probabilistic approach.

Keywords

Model uncertainty, steel structures, partial factor, reliability, resistance.

1 INTRODUCTION

It is recognised that structural resistances can be predicted by appropriate modelling of
material properties, geometric variables and uncertainties related to a model under consideration. The
effects of variability of materials and geometry on reliability of steel structures are relatively well
understood. However, better description of model uncertainties is desired as they significantly affect
reliability of most steel structures. Improved information on the model uncertainties can be utilised in
both structural design and assessment of existing structures. In the latter relative importance of the
model uncertainties may increase since tests may reduce the uncertainties in basic variables.

The submitted study provides a general concept of the model uncertainty. Statistical data and
available probabilistic models for the uncertainty in resistance of steel members are overviewed.
Simple engineering formulas mostly based on the models provided in EN 1993-1-1 [1] (hereafter
“Eurocode 3”) are taken into account. Generally applicable models for the model uncertainties are
then proposed. To facilitate practical applications the partial factors for the model uncertainties are
derived using a semi-probabilistic approach. Outcomes of this study can be utilised not only in civil
engineering, but also in mechanical engineering, power engineering and other industries where steel
structures are used.
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2 GENERAL CONCEPT OF MODEL UNCERTAINTY

The model uncertainty can be represented by a random variable accounting for simplifications
of considered models [2]. Model uncertainties can be associated with:

- Resistance models (based on simplified relationships or complex numerical models),
- Models for action effects (assessment of load effects and their combinations).

The model uncertainty can be obtained from comparisons of physical tests and model results.
Obviously the model uncertainty should be always associated with a computational model under
consideration. Moreover, actual structure-specific conditions need to be taken into account when they
significantly deviate from test conditions. The significance of influences affecting tests, model results
and actual structural conditions depends substantially on an analysed structural member or load
effect. A general concept of the model uncertainty indicated in Fig. 1 is applicable to both resistance
and load effect models.

Test results Model results
. . - Model simplifications
- Tests setting-up > Comparison €7 - Devcriptioﬁ ({]; input data
- Identification of resistance ) Co;npu tational options
\ 4
v Observed uncertainty
Test uncertainty ¢
| - MODEL
UNCERTAINTY

f

Structure-specific conditions

Fig. 1: General concept of the model uncertainty

The uncertainties in resistance models are hereafter discussed only. Examples of the
influences affecting test and model results for resistance variables are given in Tab. 1. A similar list
could be provided for load effect models.

In general the following aspects should be considered in the assessment of the model
uncertainty:

- Test conditions should be correctly defined and test results properly evaluated.

- The uncertainty of a resistance model is dependent on the failure definition (maximum load,
strain, deflection etc.). Here it is assumed that the maximum load and corresponding resistance is to
be estimated by a model. Greater variability of the model uncertainty is anticipated for the other
failure criteria, however.
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Tab. 1: Examples of the influences affecting test and model results (resistances)

under consideration

Categories | Influences Explanation Examples
TEST Test setup Uncertainties related to - accuracy of test method
RESULTS test procedure (accuracy of gauges, friction,
assembly stiffness)
- deviations of individual tests
(variability of particular
conditions)
- boundary conditions (supports
of specimens)
- loading conditions (transfer,
speed)
Identification of | Vagueness in failure - ultimate strength, strain,
resistance indicator deflection
MODEL Model Simplifications and - boundary conditions
RESULTS | simplification approximations of model

- idealized stress-strain diagram
of steel

- geometrical imperfections such
as lack of verticality, straightness
or flatness

- steel hardening

- lack of knowledge

Description of

Assumptions concerning

- internal dimensions, residual

setup of model

input data variables with unknown stresses, yield and ultimate
actual values strength, plastic strain

Computational | Choices (simplifications) | - discretisation, type of finite

options to be made by analysts in | elements, boundary conditions

It should always be assured that a specimen fails in an investigated failure mode; e.g. when the

model uncertainty in shear is analysed, beams failed in bending should not be considered.

The following circumstances often yield differences between structure and test specimens and

should then be considered in the assessment of model uncertainty:

- Quality control of execution (particularly for in-situ assembled structures),

- Boundary conditions (supports, joints),

- Loading conditions (transfer, combination of shear and bending moments),

- Degradation aspects etc.

A care should be taken to avoid double considerations of some effects given above; for
instance the quality control can be reflected separately from the model uncertainty. If needed,
appropriate modifications of the model uncertainty, such as increasing variability and/or adjustments
of the mean value, should be accepted. In most cases expert judgement is necessary to account for the
effects of actual structural conditions. Their general quantification is hardly possible and thus these
effects are not discussed hereafter.
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3 ASSESSMENT

The uncertainties in resistance models should be estimated considering the following
aspects [3]:

- The database of observations or test results, including all test parameters required for
repeating of the tests and calculating the resistance by the model under investigation forms the basis
of model uncertainty assessment.

- The range of parameters for the dataset (such as material strength classes or slenderness)
defines the range of applicability of the model uncertainty derived for a given failure mode and
resistance model.

- Statistical treatment of model uncertainty observations includes proof of unbiased sampling,
goodness of fit tests and tests of outliers.

The multiplicative relationship is accepted here [2]:

R(X,Y) = 6 Rinodel(X) (1)
where:
R — isresponse of a structure - actual resistance estimated from test results,
Rimodel— 18 model resistance - estimate of the resistance based on the model results,
¢  — model uncertainty due to factors affecting test and model results (Tab. 1),
X - vector of basic variables included in the resistance model and
Y - vector of variables neglected in the model, but possibly affecting the resistance.

In general the model uncertainty can be viewed as an auxiliary variable selected to provide the
best estimates of test results on the basis of the considered model. The mean value of § should be
determined in such a way that, on average, the calculation model predicts correctly the test results.

For model uncertainties a lognormal distribution with the origin at zero (hereafter “lognormal
distribution”) is commonly accepted [2]. For a given database of test and model outcomes,
characteristics of & can be assessed using the procedure for the statistical determination of a
resistance parameter according to EN 1990 [4].

The model uncertainty § in general depends on basic variables X. Influence of individual
variables on 6 can be assessed by a regression analysis. It is also indicated that the model describes
well the essential dependency of R on X only if the model uncertainty:

- Has either a suitably small coefficient of variation (how small is the question of the practical
importance of the accuracy of the model) or

- Is statistically independent of the basic variables.

It may also be important to define ranges of the input parameters X for which the accepted
model uncertainty is valid. Such intervals should be established on the basis of:

- Admissible ranges of X for the model (for instance limits on steel strength) and

- Simplifications in modelling of & (for instance when € can be considered independent of the
basic variable in a specified interval).

Detailed discussion concerning model uncertainties is provided elsewhere [12, 13].
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Tab. 2: Statistical characteristics of the model uncertainty accepted in various studies for the
calibration of partial factors in Eurocode 3

Type of model Mean py C\f;ergtcii)?tsz Reference
1.15 0.05 [5, 6]
Resistance model for generic steel member 1.00 0.05 [7]
1.10 0.07 [8]
Bending resistance 1.0 0.05 2]
1.10 0.07 [9, 10]
Shear resistance 1.0 0.05 [2]
Deflection of beams 1.10 0.07 [9]
1.00 0.05 [11]
Resistance of a column 1.30 0.10 [9]
Welded joints 1.15 0.15 [2]
1.20 0.2 [9]
Bolted joints 1.25 0.15 [2]
Bolted joints - failure of flange 1.07 0.11 [9]
Bolted joints — bolt failure 1.11 0.05 [9]
Bolted joints — bolt failure/ yielding of flange 1.05 0.06 [9]

4 AVAILABLE PROBABILISTIC MODELS

4.1 Models accepted in calibrations of codified models

Available publications concerning calibrations of partial factors indicate that approximations
for the uncertainties in resistance models of steel members are often adopted. This is illustrated in
Tab. 2 that shows statistical characteristics of the model uncertainty accepted for the calibration of
partial factors in Eurocodes.

Except for effects of the loss of local stability, the resistance models for verifications of cross-
sections of steel members (bending moment, axial force and shear) are nearly identical in various
normative documents. Therefore, it seems that the same characteristics of # can be accepted for these
models in a first approximation.

The comparison [14] of the provisions adopted in AISC-360 [15] and Eurocode 3 revealed a
minor difference in the calculation of buckling resistance of members in compression or bending. The
study [16], focused on the models provided in SNIP II-23 [17] and Eurocode 3, indicated that the
models for buckling resistances are slightly different. An important difference is that buckling curves
in Eurocode 3 correspond to a 5% fractile while the curves accepted in the Canadian and American
standards were obtained as mean values (50% fractiles).
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Tab. 3: Statistical parameters of 8 for bending resistance (cross-section)

Description Lo Vo Ref.
Partly restrained - Aot < 0.4

i 1.14 0.032 [19]
(Class 1 or 2 cross-sections)
Fully restrained - Act = 0

) 1.19 0.023 [19]
(Class 1 or 2 cross-sections)
Deyelopment of plastic deformation (Class 1 or 2 cross- 1.10 011 120]
sections)
Yielding (Class 3 cross-sections) 1.07 0.06 [20]
Statically determinate bpams with uniform moment 1.02 0.06 21]
(Class 1 or 2 cross-sections)
Statically determinate beams with gradient moment 104 0.10 [21]
(Class 1 or 2 cross-sections)
Stat%cally indeterminate beams (for Class 1 or 2 cross- 1.06 0.07 21]
sections)

In some cases the resistance models significantly differ; this is particularly the case of models
taking into account the loss of local stability [16, 18]. Therefore, a crude approximation may be
gained when the uncertainty in a particular model for buckling or lateral torsional buckling is inferred
on the basis of results obtained for another model.

4.2 Available statistical data

In the following statistical data for the uncertainty in resistance of steel members are
overviewed.

Bending resistance of the cross-section

Statistical information concerning the bending resistance model according to Eurocode 3
(rolled I-sections of Class 1 and 2) provided in [19] (Tab. 3) is based on test outcomes of:

- 20 specimens that were partly restrained from the loss of stability (non-dimensional
slenderness ALt < 0.4) and

- 12 specimens fully restrained from the loss of stability (continuous restraints of member,
ﬂLT = 0)

The test resistance was obtained as a minimum of the ultimate resistance and the resistance for
which the angle of rotation at the support was 6°. It should be noted that one of the main objectives of
the study [19] was to minimise the factors affecting test results (Tab. 1). This likely reduced
variability of the test results and a very small coefficient of variation Vy was achieved.

Statistical data for bending resistances obtained during 80 years in Canada [20] are given
Tab. 3. Rolled and welded sections were not distinguished which, in general, is incorrect particularly
in the case of stability verifications (due to different effects of residual stresses on imperfections). In
addition Tab. 3 shows the statistical parameters of 8 for the bending resistance with the development
of plastic deformations provided in [21] for

- Statically determinate beams exposed to a uniform bending moment (33 tests),
- Statically determinate beams with a gradient bending moments (43 tests) and
- Statically indeterminate beams (41 tests).
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Tab. 4: Statistical parameters of 8 for bending resistance with the loss of stability (Eurocode 3
model) [22]

Description Lo Vo
rolled profiles
orr=0.21 1.18 0.085
general case
ot =0.34 1.29 0.103
. ot =0.34 1.11 0.070
"special" case
ort = 0.49 1.19 0.093
welded profiles
ort = 0.49 1.19 0.168
general case
ot =0.76 1.31 0.213
" . orr = 0.49 1.06 0.119
special" case
arr = 0.76 1.14 0.159

Tab. 5: Statistical parameters of 8 for bending resistance with the loss of stability (AISC-360
model) [23]

Description 7 Vo
Uniform moment, welded section , n =117 1.00 0.08
Uniform moment, rolled section, n =112 0.99 0.06
Gradient moment, welded section, n = 28 1.13 0.11
Gradient moment, rolled section, n =27 1.16 0.12

For a non-uniform (gradient) bending moment, the bias of resistance models xy is greater
(above unity) than for a uniform bending moment that could be attributed to underestimating the
development of plastic deformation along a structural member.

Bending resistance of the member with the loss of stability (lateral-torsional buckling)

The model for bending resistance adopted in Eurocode 3, accounting for the loss of stability
during bending of rolled and welded I-sections (lateral-torsional buckling), was verified in [22].
Statistical evaluation was made for 144 rolled profiles and 71 welded profiles. The two methods
presented in Eurocode 3 were considered: general case (Section 6.3.2.2) and "special" case used for
rolled sections or welded sections of similar dimensions (Section 6.3.2.3). The specimens complied
mostly with assumptions made for the latter method. A non-dimensional slenderness, computed in
accordance with Eurocode 3, varied within 0.4-1.5 for most of the specimens. The statistical
parameters of 8 are presented in Tab. 4 (art = imperfection factor). It is observed that both the bias of
the models (uy) and coefficient of variation Vy increase with the imperfection factor. Statistical
parameters of the model uncertainty are significantly affected by the slenderness of a member. The
largest variation of results was observed in the area of elastic-plastic buckling [22].

A recent study by Galambos [23] analysed the accuracy of the resistance models accepted in
AISC-360 [15]. The statistical characteristics of 8 provided in Tab. 5 considerably differ from those
given in Tab. 4 for the Eurocode 3 model. The main reason is attributed to the different definitions of
the buckling curves.
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Tab. 6: Recommended statistical parameters of the uncertainties in the resistance models provided in
Eurocode 3

Description o Vo

Plastic resistance, uniform bending moment 1.00 0.05
Plastic resistance, gradient bending moment 1.15 0.10
Yielding resistance for bending 1.10 0.05
Bending resistance with the loss of stability (rolled or equivalent

welded profiles) 110 0.08
Bending resistance with the loss of stability (general case) 1.15 0.10
Axial compression with the loss of stability 1.15 0.10

Axial compression with the loss of stability (buckling)

For this failure mode the greatest number of experimental results seems to be available. It is
estimated that at least 1700 experiments were reported in literature, covering a variety of cross-
sectional shapes, manufacturing processes, steel grades and other aspects affecting structural
resistance [24]. Statistical parameters of € for members exposed to axial compression with the loss of
stability are provided in [24, 25]. It appears that the bias of the model uncertainty varies between
o= 1.1-1.2 and the coefficient of variation between Vp =~ 0.1-0.2.

Shear resistance

An important study of uncertainties in the model of shear resistance adopted in Eurocode 3
was performed by Hoglund [26]. That study provided estimates 110~ 1.17 and Vs~ 0.11 on the basis
of a large number of test results under different conditions (presence of ribs and their orientation,
etc.). Another study by Galambos [23] was focused on the shear resistance according to
AISC-360 [15]; uo~=1.05 and Vp=0.12 were derived.

Based on the provided overview, recommended statistical parameters of the uncertainties in
the resistance models provided in Eurocode 3 are given Tab. 6. Likewise in Section 4.2 the effect of
test uncertainty is not taken into account. It is assumed to be small for tests of steel members.

5 MODEL UNCERTAINTY FACTOR FOR DETERMINISTIC
VERIFICATIONS

In many cases significant efforts are spent to improve resistance models and reduce the
uncertainty in a model outcome. However, these achievements are barely reflected in partial factors.
That is why this study provides model uncertainty factors for deterministic verifications utilising the
probabilistic models proposed in the previous section.

The design value of structural resistance Ry, irrespective of construction material, is commonly
defined as (EN 1990 [4]):

Rd = Rk/ ™M (2)
where:

R — is characteristic value of the resistance determined using characteristic or nominal values of
material properties and dimensions and

ym — global partial factor for resistance.

The global partial factor yu is the product of the following factors [30, 31]:
YM = Ym YRd1YRdA2 (3)
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where:

ym — Is partial factor accounting uncertainty in material properties,
yrat — 1s partial factor accounting for model uncertainty and
yra2 — partial factor accounting for geometrical uncertainties.

Alternatively, the partial factor ym can be obtained from a probabilistic distribution of
resistance (assuming a lognormal distribution [19, 27]):

ym=Rx/Rqa=1/[ur exp(-orf Vr)] 4)
where:
ur — is the mean value of the ratio of actual (experimental, measured) resistance to the
characteristic resistance,
Ve — is coefficient of variation of the resistance,
or — FORM sensitivity factor (az = 0.8 recommended for resistance in EN 1990 [4]) and
[ — target reliability index that can be selected e.g. according to EN 1990 [4].
The mean value ug is estimated as follows:

pr = o (| fyi) (=1 2) e
where:
4y — 1s mean value of material properties (yield stress),
fix — is characteristic value of material properties (yield stress),
4 — mean value of geometrical properties (area, moment of inertia) and
Z  — characteristic value of geometrical properties.

For statistically independent variables, the coefficient of variation of the resistance is obtained

as:

Ve=NVi + V2 +V7) (6)
where:
V. — 1is coefficient of variation of material strength and
Vy — coefficient of variation of geometrical properties.

Tab. 7: Statistical parameters of the resistance models

- Recommended
Description ™M

value
Plastic resistance, uniform bending moment 0.97-1.21 1.1
Plastic resistance, gradient bending moment 0.95-1.17 1.05
Yielding resistance for bending 0.88-1.10 1.0
Ben.dmg resistance with the loss of stability (rolled or 094-1.17 1.05
equivalent welded profiles)
Bending resistance with the loss of stability (general case) 0.95-1.17 1.05
Axial compression with the loss of stability 0.95-1.17 1.05
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The statistical parameters of material and geometrical characteristics considerably vary for
different steel grades, profiles and production processes accepted by different producers [28, 29]. For
common cases g / fixk = 1.10-1.25, V5= 0.05-0.07 and u./ Z=0.99-1.03 and V.= 0.01-0.03 may be
accepted. For these ranges and the statistical characteristics of the model uncertainty given in Tab. 6,
variation of the partial factor yum obtained from Eq. (4) is indicated in Tab. 7 (considering oz = 0.8 and
p=13.9).

It is emphasised that improved estimates of the partial factors could be derived from the fully
probabilistic approach. Note that partial factors for the ultimate limit states are discussed in this
section only. The same procedure could be essentially accepted for the serviceability limit states with
appropriate modifications of the target reliability level.

6 CONCLUSIONS

Description of model uncertainties can be a crucial problem in reliability verifications of steel
structures. That is why the present study is focused on the model uncertainties in resistance of steel
members. The following concluding remarks are drawn:

e Model uncertainties should be always related to test uncertainties, actual structural
conditions and computational model under consideration.

e In common cases actual resistance can be expressed as a product of the model uncertainty
and resistance obtained by the model.

e Uncertainties related to the EN 1993-1-1 models can be described by the following
statistical characteristics and partial factors:
- Uniform bending moment (plastic resistance): mean ug~ 1.00; coefficient of variation
Ve = 0.05; model uncertainty factor ym ~ 1.1,
- Gradient bending moment (plastic resistance), bending resistance with the loss of
stability (general case), axial compression with the loss of stability: ug~= 1.15; Vy= 0.10
and ym = 1.05,
- Yielding resistance for bending: ug~ 1.10; Vp~ 0.05 and ym ~ 1.0,
- Bending resistance with the loss of stability (rolled or equivalent welded profiles): ug~
1.10; V5= 0.08 and ym = 1.05.

Further research should be focused on uncertainties in resistance of structural systems (e.g.
frames) and uncertainties in resistances based on advanced numerical models (such as those using the
Finite Element Methods).
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