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Omar Ameir!

VYUZITI OPTIMALIZACNIHO NASTROJE TEORIE OMEZENI PRI PLANOVANT{
A RIZENi VYSTAVBY

UTILISATION OF OPTIMIZATION TOOL OF THEORY OF CONSTRAINTS
BY PLANNING AND MANAGEMENT OF CONSTRUCTION

Abstrakt

Prispévek se zabyva planovanim a fizenim vystavby. Konkrétné castym nedokoncovanim
realizace vystavby ve stanoveném terminu v sektoru vefejnych stavebnich investic. Diivodem, proc¢
byla tato problematika rozpracovana, je jeji aktudlnost.

Vyse uvedeny problém je v ptispévku fesen pomoci modifikovaného optimaliza¢niho nastroje
Teorie omezeni. K ovéfeni funkénosti a aplikovatelnosti optimalizaéniho nastroje bude pouzita
Metoda kritické cesty. Pro ti¢ely hodnoceni ekonomickych ptinosii feseni pro stavebni firmu dojde ke
stanoveni ucelové funkce. Poté, na zakladé ovéfovaci Casti ptispévku a pouziti ucelové funkce, mize
byt ur€ena casova a financni Uispora vystavby.

Principy tohoto feseni budou mit pfinos pro oblast planovani a fizeni stavebniho projektu.
Klicova slova

Planovani a fizeni vystavby, fizeni stavebniho projektu, Teorie omezeni, nejuzs$i misto,
kriticka cesta.

Abstract

The article deals with planning and management of building. Tangibly deals with finalize of
realization of building on public sector construction investment in the late deadlines. The reason for
this article is the topicality of this issue.

The above mentioned matter is solved in this article by using a modified optimization tool of
Theory of Constraints. For verified the functionality and applicability of optimization tool will be
used critical path method. To the purpose of assessment the economic benefits of a solution for the
construction company will formulate the objective function. Then, based on the verification of the
article and the application of the objective function, will establish time and financial saving of
building.

The principles of this solution will benefit for the management of the civil engineering
contract.

Keywords

Planning and Management of Building, Management of Civil Engineering Contract, Theory of
Constraints, Weakest Link, Critical Path.
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1



1 UVOD

Vychozim bodem tohoto pfispévku je Casté nedokoncovéni realizace stavebnich projekta
vetejného sektoru ve stanovenych terminech. Ve vefejném sektoru jsou posuny stanovenych termind
dokonceni vystavby vyznamnym problémem. K t€émto posuniim terminu dochazi i pfes skutecnost, ze
jsou ¢asové rezervy prifazovany na mnoho mist. Dochazi tedy ve velké mife k neefektivni tvorbé
Casovych rezerv a k neefektivnimu pfifazovani ¢asovych rezerv, tedy k jejich plytvani. Toto plytvani
je omezenim, neboli uzkym mistem firem [6].

Duvodi tohoto neefektivniho pfifazovani Casovych rezerv je vice. Jednd se naptiklad o
$patnou koordinaci zdroju, multitasking, Studentsky syndrom nebo Parkinsontiv zakon.

Odborné publikace [4, 5, 9] i zkuSenosti z praxe nabizi pro eliminaci téchto divoda
neefektivniho pfifazovani Casovych rezerv rizné nastroje a metody. Tato opatfeni maji casto
psychologické aspekty, jako spravnou motivaci pracovniki, nesdéleni skute¢né délky rezerv atd. S
velice zajimavym opatfenim ptichazi Teorie omezeni, dale jen TOC. Jde o princip zmény zptisobu
pfifazovani ¢asovych plani projektu, tedy o vyjimani rezerv jednotlivym ¢innostem a jejich vkladani
na konec soustavy ¢innosti jako jednoho velkého narazniku.

Je tfeba poznamenat, ze jsou v soucasné praxi nastroje TOC aplikovany predevsim pfi fizeni
projektd vyrobnich firem. Ve firmach stavebnich tento pfistup neni aplikovan prakticky vibec. Tato
skute¢nost vyplyva zrelerSe odborné literatury [1, 2, 3, 6], vysledki prizkumu® [10], ktery se
zabyval systemati¢nosti fizeni rizik ve stfedné velkych stavebnich firmach v Ceské republice a ze
zku$enosti stavebnich inzenyrd.

Z dtivodu tohoto malého povédomi o nédstroji TOC a aktudlnosti problému se moznost
aplikace tohoto nastroje pii casovém planovani vystavby jevi jako vhodna.

Otazka tedy zni, je-li nastroj TOC pro fizeni ¢asovych planti projektu, pfi jeho modifikaci pro
potieby planovani a fizeni projektu stavebniho, aplikovatelny pfi realizaci vystavby.

Cilem ptispévku je tedy modifikace optimalizaéniho nastroje TOC pro potieby planovani a
fizeni stavebniho projektu a nasledné ovéteni moznosti jeho aplikace pro zvyseni pravdépodobnosti
dokonceni stavebni zakazky ve stanoveném terminu a dosazeni tak Casové a financni uspory
vystavby.

Ovétovani aplikovatelnosti nastroje bude probihat pomoci Metody kritické cesty, tedy jedné
z metod sitové analyzy.

2 PRINCIP OPTIMALIZACNIHO NASTROJE TEORIE OMEZENI{

Princip navrhovaného nastroje pro optimalizaci ¢asovych plani stavebniho projektu spociva
ve zménach délek ¢asovych plant ¢innosti projektu, tedy stavebni zakazky. Konkrétné jde o vyjimani
rezerv jednotlivym ¢innostem projektu a jejich nasledné vkladani na konec soustavy ¢innosti jako
jedné velké rezervy neboli jednoho velkého narazniku. Na zakladé zjisténi z reserSe [1, 2, 3, 6] je
doporuc¢eny pomér kraceni ¢asovych plant jednotlivych ¢innosti ke vkladani do narazniku na zaveér
soustavy ¢innosti takovy, pfi kterém se odebira kazdé Cinnosti polovina jejiho ¢asového planu a na
konec soustavy ¢innosti se pfidava polovina souctu odebraného ¢asu. Z toho vyplyva, Ze tspora je
vzdy minimalné ¢tvrtina ptivodniho ¢asu trvani projektu.

Pti projektovém fizeni stavebniho projektu je proto zapotiebi:

e zjistit hodnotu A, ktera je rovna souctu vSech hodnot, které budou jednotlivym ¢innostem
odebirany, viz rovnice (1);

A=0P, + 0P, +OP; + 40P, &A= 0P, + P, +P;++PB) ©A=0-Q ()

2 Priizkum se v roce 2014 zabyval systemati¢nosti fizeni rizik ve sttedné velkych stavebnich firmach v Ceské
republice. Hodnoceni stupné systemati¢nosti fizeni rizik probihalo na zakladé nékolika kritérii. Jednim z nich
byla aplikace optimaliza¢niho nastroje TOC. Vysledky prizkumu byly publikovany v ¢lanku [10], ktery byl
soucasti sborniku konference CER - International Scientific Conference for Ph.D. students of EU countries.
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e odecist kazdé ¢innosti 50% Easového planu, tedy odebrat zjisténou hodnotu A od souctu
casovych pland vSech ¢innosti projektu, viz matematicky zapis (2);

0 0
T =P, — OP;; P, — OP;; P — OPy;..; P, — 0B, & T\” =Q-4 )
e pfic¢ist hodnotu iQ na konec soustavy ¢innosti, viz matematicky zapis (3).

T™ =P, — OP;; P, — OPy; Py — OPy;..; P — 0P, +RQ & TV =T +RQ  (3)

kde

7}(0) je novy nejdiive mozny termin aktivace koncového uzlu projektu,

7}(1) — novy nejpozdéji ptipustny termin aktivace koncového uzlu projektu,

P — Cinnost fetézce s danym ¢asovym planem,

P, — Ccinnost fetézce projektového grafu,

A — soucet hodnot odebraného ¢asu vSech ¢innosti,

0 - zlomek, ktery uruje pomér hodnoty P, ktery se ¢innosti P odebira (na zakladé doporuceni
TOC se jedna o hodnotu %),

Q - soucet ¢asovych plani vSech ¢innosti projektu (O =P; + P, + P; + -+ B),

R - zlomek, ktery uréuje pomér hodnoty Q pfifazené na konec projektu, (na zakladé doporuceni

TOC se jedna o hodnotu ).

V tvodni kapitole ptispévku bylo uvedeno, zZe je nutné nastroj TOC pro fizeni ¢asovych plant
projektu modifikovat tak, aby byl aplikovatelny pfi fizeni stavebniho projektu. Jeho modifikace
spoc¢iva predevsim v téchto tfech bodech:

e zjisténi dvou forem aplikace optimalizacniho nastroje TOC a jejich nasledné ovéreni,

e stanoveni Géelové funkce pro ur¢ovani ekonomického dopadu nastroje TOC,

e vymezeni podminek jeho aplikace souvisejicich s realizaci vystavby.

Pro potieby piispévku budou popsany pouze prvni dva z vyse uvedenych bodu. Pfi aplikaci

optimaliza¢niho nastroje bude ovéfovana pouze ta forma, ktera vyjde pro feSeni konkrétniho piikladu
jako vhodna.

3 DVE FORMY APLIKACE OPTIMALIZACNIHO NASTROJE TEORIE
OMEZENI

V této casti prispévku dojde k vysvétleni dvou navrZzenych forem, neboli zpisobt, jak
aplikovat nastroj pro optimalizaci ¢asovych pland projektu. Pfi ovéfovani funkénosti modelu totiz
doslo ke zjisténi, ze jej lze skutecné aplikovat dvéma formami. Prvni je zalozena na principu, kdy
jsou Casové plany o polovinu snizeny pouze tém Cinnostem, které jsou soucasti kritické cesty
projektu. Druha spociva v tom, Ze jsou ¢asové plany o polovinu sniZzeny v§em ¢innostem projektu.

Rozdilem téchto dvou forem aplikace nastroje pro optimalizaci Casovych planti projektu je
tedy skutecnost, ze prvni z nich méné zasahuje do zadani projektu, nicméné vice zmensuje hodnoty
celkovych rezerv Cinnosti lezicich na nekritické cesté. K tomuto zmensSeni dochazi vzdy, protoze na
jejich tikor vznikaji celkové rezervy u ¢innosti lezicich na kritické cesté, a tedy k odkriti¢néni kritické
cesty. Dulezitym momentem ovSem je, jak moc k tomuto zmenseni hodnot celkovych rezerv
nekritickych ¢innosti dojde.

Obecné teceno, dojde-li k takovému sniZeni, Ze se z ptivodné nekritickych ¢innosti nestavaji
¢innosti kritické, miize se povaZovat tato situace za nosnou, a optimaliza¢ni nastroj mtize byt tedy
aplikovan prvni formou. Pokud se ovSem hodnoty celkovych ¢asovych rezerv snizi natolik, Ze se z



nekritickych ¢innosti stanou ¢innosti kritické, bude zapotfebi aplikovat nastroj pro optimalizaci
¢asovych plant projektu pomoci druhé formy.

Jestlize je pozadovan co nejmensi zasah do zadavaci tabulky projektu, je tieba poznamenat, ze
je tato snaha hlavnim divodem, pro¢ vznikla prvni forma aplikace nastroje. Tim, Ze odebira polovinu
hodnot ¢asového planu pouze Cinnostem lezicim na kritické cesté a ostatnim c¢innostem ne,
predstavuje nutnost mensich zmén.

Pokud by dochazelo k aplikaci optimaliza¢niho nastroje pouze druhou formou, byl by cely
postup snadnéjsi, protoze by se zamezilo kroku, pii kterém se zjist'uje, jestli ma prvni formu aplikace
nastroje smysl realizovat. Nicméné by dochazelo k vétsim zménam v zadani projektti pokazdé, i kdyz
by to nebylo nezbytné nutné.

To, zdali se pfi odebrani poloviny hodnot ¢asovych planti pouze u ¢innosti lezicich na kritické
cesté projevi tak, ze se celkové rezervy ostatnich Cinnosti zméni na nulové, je dano mnoha
okolnostmi souvisejicimi s priibéhem ¢innosti stavebniho projektu. Vysvétleni téchto faktort a jejich
souvislosti nemtize byt z kapacitnich diivodt pfedmétem tohoto ptispévku.

Tato situace, tedy zda nekritickym ¢innostem po odebrani poloviny ¢asovych plant jiz hrozi
zkritinéni, je dana konkrétnim momentem, hodnotou, neboli jakymsi ,,bodem zvratu. Pi aplikaci
tohoto optimalizacniho nastroje pro efektivni pfifazovani Casovych planti projektu je proto vzdy
nutné nalézt hodnotu tohoto ,,bodu zvratu®.

Takto vymezenou hodnotu miiZzeme interpretovat jako neznamou X, pricemz vypocet hodnoty
neznamé X je uveden ve vzorci (4), viz nize.

X=C-(A-D) 4
kde:
C - jehodnota nejmensi nenulové celkové rezervy v grafu (kliCova hodnota),
A — hodnota odebranych ¢asovych plani ¢innosti kritické cesty (50% ptavodniho ¢asového planu
kazdé ¢innosti),
D —  je hodnota odebranych ¢asovych pland Cinnosti, které jsou pro ob¢ cesty, tedy pro kritickou

cestu i cestu nekritickou, na niz se vyskytuje nejmensi nenulova celkova rezerva, spolecné.

Jestlize je hodnota neznamé X kladné ¢islo, znamena to, ze je mozné aplikovat optimalizacni
nastroj prvni formou. Pokud neni hodnota neznamé X kladné ¢islo, neznamend to automaticky, ze je
optimaliza¢ni nastroj nutno aplikovat druhou formou, ale mize k této skutecnosti dojit. Takovy
ptipad, tedy nekladny vysledek neznamé X, totiz vznikl proto, Ze nejmensi nenulova celkova rezerva
nebyla natolik velka, aby zabranila tomu, Ze cesta, na niz ¢innosti s touto nejmensi celkovou rezervou
lezi, neméli hodnotu nejdiive mozného terminu konce pozdé&jsi, nez kriticka cesta, jejimz ¢innostem
byla odebrana polovina ¢asovych plant, a byla tim tedy odkritiénéna.

Pokud k vySe uvedené situaci dojde (nezndma X neni kladnym Ccislem), je nutné nalézt
hodnotu, ktera udava, jestli je hodnota nejmensi celkové rezervy natolik mald, ze nejdiive mozné
terminy konct ¢innosti, které tuto nejmensi celkovou rezervu maji, jsou vétsi, nez hodnota nejpozdéji
pripustného terminu konce projektud. Takto definovanou hodnotu interpretujeme jako neznamou Y,
pri¢emz jeji vypocet je popsan nize ve vzorci (5).

Y=X+ RQ+B (5)
kde:
R — je zlomek, ktery urcuje pomér hodnoty Q piifazené na konec projektu, pfesnéji feceno
hodnotu pfidanou k ¢asu nejpozd€ji piipustného terminu konce projektu jako naraznik (na zakladé
doporuceni TOC, ve vztahu ke @, se jedna o hodnotu i),

3 Pokud by k této situaci doslo, bylo by skute¢n& nutné aplikovat optimaliza¢ni nastroj druhou formou.
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B — hodnota odebranych predchozich spolecnych ¢asovych plant, tedy Cas, ktery byl odebran,
neZ se kriticka cesta a cesta s nejmensi nenulovou hodnotou celkové Casové rezervy oddélily.

Matematicky lze tedy postup zjisténi, zdali je mozné aplikovat optimaliza¢ni nastroj prvni
formou, nebo je nutné jej aplikovat formou druhou, popsat takto:

X=C—-(A-D) (6)
aplikace prvni formou & X>0 @)
Y=X+RA+B & X<0 ®)
aplikace prvni formou & Y>0 ©)
aplikace druhou formou & Y < 0 (10)

Na zaveér kapitoly je tfeba poznamenat, ze veskeré rovnice v ni uvedené jsou puvodni, tedy
vlastni tvorbou autora.

4 STANOVENI UCELOVE FUNKCE

Jadrem ucelové funkce, tedy ekonomického zhodnoceni piinosi, bude ocenéni nakladovych
faktorti stavebniho projektu. Nejprve bude nutné tyto nakladové faktory definovat. Divodem, proc¢
pro ekonomické zhodnoceni nestaci kalkulovat pouze s naklady jednotlivych ¢innosti, ale je zapotiebi
vyspecifikovat vybrané prifezové nakladové faktory, je samotny princip nastroje pro optimalizaci
Casovych plant. Ten je totiz schopen zrealizovat ¢asovou Usporu projektu jako celku, tedy ne
jednotlivych Cinnosti*. Presnéji feceno je zalozen na zkracovani nikoli jednotlivych Cinnosti, ale
jejich Gasovych plani. Jestli se dana ¢innost skuteéné zkrati, neni jisté. Cinnost byt zkracena aplikaci
optimaliza¢niho nastroje mize, a nemusi. Pfed samotnou realizaci stavebniho projektu ale neni vzdy
v silach managementu odhadnout, které ¢innosti se zkrati, a které ne. Navic je dulezité poznamenat,
7e neexistuje pfima umérnost mezi zkradcenim dané Cinnosti a snizenim ndkladl na jeji realizaci.
Néklady na realizaci Cinnosti, jejiz ¢asovy prubeh se zkratil, se mohou snizit, zistat stejné, nebo
naopak dokonce zvysit. Navic, pokud se skuteéné zkrati, tak pokazdé v jiném pomeéru. Z téchto vySe
popsanych duvodi neni mozné pfi ekonomickém hodnoceni optimalizaéniho opatfeni vychazet
z nakladovych polozek vazanych na jednotlivé Cinnosti stavebniho projektu, ale je nutné
vyspecifikovat prufezové nakladové faktory, které nebudou spjaty pouze s jednotlivymi konkrétnimi
¢innostmi.

Pfi samotné specifikaci stavebnich projektovych nakladt, které byly pfi ekonomickém
hodnoceni ptinosi optimaliza¢niho nastroje brany v potaz, bylo tieba respektovat zakladni podminku,
nebo spiSe omezeni, kterym byla skuteCnost, ze smérodatné byly pouze ty naklady, které byly
ovlivnitelné posunem casu.

Takové omezeni pro vybér nakladovych faktori se tyka skutecnosti, ze nékterych nakladovych
polozek se zména terminu konce projektu nedotkne, ¢ili jsou vici této zmeéné rezistentni.

Ptikladem mize byt mnozstvi cementu potfebného pro vystavbu budovy. Jestli bude samotna
vystavba trvat 100 dni, nebo pouze 85 dni, bude jej na vytvoreni zakladli a betonové obalové
konstrukce budovy zapotifebi stejné mnozstvi. Takovéto nakladové polozky nemtizou byt pii
hodnoceni ekonomickych pfinosti nastroje brany v potaz.

Nakladové faktory stavebnich faktort 1ze rozdélit nasledovné [8]:

e projektové naklady fadné (ptimé a nepiimé),

4 Cely koncept nastroje pro optimalizaci ¢asovych pland projektu je zaloZen na myslence, Ze ptivodni rozdéleni
Casovych rezerv ¢innostem neni odpovidajici a predevsim, Ze v ptipade, Ze je rezerva vyssi, nez je potieba, stejné
ji pracovnici vyuziji bezezbytku. Vyuzity ¢as téchto nadbytecnych rezerv tvoii ¢asovou usporu projektu. Proto
plati, ze ¢asové prib¢hy téch Cinnosti, které mély casové rezervy mensi, nez bylo zapotfebi, se realné nezkrati.
Casové pribéhy téch &innosti, jejichz piivodni hodnoty &asovych rezerv byly vétsi, nez bylo potieba, se zkratit
budou muset.
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e projektové naklady mimoiradné neboli claimové naklady (dodateéné pozadované platby za
posunuti terminu konce projektu).

Pro potieby vymezeni nakladovych faktorGi ovlivnitelnych nastrojem pro optimalizaci
Casovych pland projektu jsou dulezité piedevsim fadné projektové naklady piimé. Nepiimé naklady
nejsou ze své podstaty, kdy se jedné o spole¢né naklady vSech projektd jedné organizace, a nelze je
tedy prifadit jednomu konkrétnimu projektu, pro potieby ekonomického zhodnoceni piinost
optimaliza¢niho nastroje smérodatné. Mimotadné, nékdy se taktéz uziva termin claimové, naklady
jsou naopak s optimalizacnim nastrojem spjaty vyrazné, protoze se jedna o néaklady, které jsou po
organizaci pozadovany za dodatecn¢ odvedenou praci, ktera nebyla v pivodni smlouvé dohodnuta,
respektive za dodatecnou praci zpisobenou prodlouzenim doby realizace projektu.

Na zaklad¢ reserSe [7, 8] s prihlédnutim k vySe uvedenym omezujicim podminkadm, mize byt
sestaven seznam nakladovych faktorl stavebnich projekti ovlivnitelnych néstrojem pro optimalizaci
Casovych plant projektu®, které jsou proto vhodné pro ekonomické zhodnoceni pfinost tohoto
nastroje. Jsou jimi naklady na:

e pracovniky, pfedev§im osobni naklady (mzdy, zdravotni a socialni zabezpeceni),

e cestovné pracovnikl (jizdné zlstava stejné®, snizuji se ale naklady na stravné, ubytovani
atd.),

e zafizeni staveniS$té,

e prondjem sluzeb, které jsou potiebné pro celou dobu realizace projektu,

e pronajem hmotného majetku, ktery je potiebny pro celou dobu realizace projektu,

e pronajem nehmotného majetku, ktery je potiebny pro celou dobu realizace projektu.

Obecné lze finanéni usporu (FU) dosazenou pomoci aplikace nastroje pro optimalizaci
¢asovych plant projektu popsat pomoci vzorce (11):

FU=U(E —0,1E) (11)

kde:
U - je Casova uGspora (vzhledem k pfedpokladu uplného vycerpani narazniku, bude ocekavana
hodnota této uspory 25%, tedy i), kterou je mozno popsat pomoci vzorce (12):

(
Q_Tj
1t
U= 100 (12)
E — mnozina nakladovych polozek, které jsou ovlivnitelné ¢asovym posunem terminu dokonceni

projektu, a které odpovidaji danému projektu.

Od vymezenych nakladovych faktort je tieba odecist neptimé, rezijni naklady, jejichz hodnota
byva v priméru rovna ptiblizn¢ 10 % [9]. Celou vyslednou hodnotu je zapotiebi vynasobit ¢asovou
usporou U, tedy 25% neboli hodnotou 0,25, coz je teoreticky stanovena, pesimisticka, ale nejvice
pravdépodobna hodnota casové uspory realizace projektu pii aplikaci nastroje pro optimalizaci
¢asovych plant projektu.

Vyse uvedeny matematicky zapis finanéni uspory piedstavuje tcelovou funkci néstroje pro
optimalizaci ¢asovych pland projektu.

Na zaveér kapitoly je opét vhodné uvést, ze veskeré v ni popsané rovnice jsou pivodni, tedy
vlastni tvorbou autora.

> Nékladové faktory ovlivnitelné optimalizaénim néastrojem jsou timto automaticky ovlivnitelné Easovym
posunem terminu dokonceni projektu.

¢ Piipadné zkraceni doby realizace projektu neznamena, Ze by se musel nutné sniZit pocet sluZebnich a
pracovnich cest.
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5 APLIKACE OPTIMALIZACNIHO NASTROJE TEORIE OMEZENI
Ovéfeni funkénosti nastroje pro optimalizaci ¢asovych plant projektu bude probihat pomoci
metody sitové analyzy. Konkrétné bude pouzita metoda CPM, tedy metoda kritické cesty.
5.1 Zadani prikladu

Resenym stavebnim projektem bude vystavba rodinného domu v pfiblizné cené 3 500 000 K¢&.
Projekt je dan zadavaci tabulkou, viz nize tabulka 1.

Tab. 1: Zadavaci tabulka feseného piikladu

Oznaceni Nazev ¢innosti Bezprostiedni | Casové
&innosti nasledovnik naroky
(den)
A Rozhodnuti o vystavbé B,C,E,F 10
B Administrativni ukony D 20
C Vyroba stiesni krytiny L 20
D Zaklady ILN 4
E Zajisténi vodovodnich a energetickych inzenyrskych siti M 5
F Ptiprava materialu na obvodové a nosné zdivo G 30
G Hydroizolace spodni stavby, zasypy, izolacni ptizdivka H 20
H Dokonceni spodni stavby Q 30
I Obvodové a nosné zdivo 1PP J 70
J Strop 1PP + vénce K 40
K Obvodové a nosné zdivo INP L 20
L Strop INP + vénce (v€etn€ dokonceni zastieseni) Q 30
M Elektroinstalace a vodoinstalace Q 30
N Osazovani oken a zarubni + klempiiské prace o 10
o Vnitini omitky P 10
P Vnéjsi omitky - 5
Q Uklidové a dokon&ovaci prace - 10

5.2 ReSeni klasickym piistupem

Uréeni Casové naro¢nosti projektu, tedy zjisténi nejdiive moznych a nejpozdéji piipustnych
termint projektu, probéhlo na zakladé dosazeni casovych narokt, viz tabulka 1, do sitového grafu a
naslednymi vypocty aplikovanymi pomoci metody CPM.

Na zaklad¢ aplikace metody CPM byly tedy ureny nejdiive mozné a nejpozdéji ptipustné
dil¢i terminy vystavby. Ty pro potfeby tohoto pfispévku nejsou dulezité, a proto zde nebudou
uvedeny. Vyznamny je nejdiive mozny termin ukonceni celé vystavby, ktery je roven hodnoté 204

dna.




5.3 Zjisténi formy aplikace optimaliza¢niho nastroje

V této fazi ovéfovani aplikovatelnosti navrzeného optimalizacniho nastroje dojde nejprve
k aplikaci rovnic (1), (2) a (3). Dle doporu¢eni TOC bude O = i a R= i. Jak bylo uvedeno
v predchozim odstavci, jako nejdiive mozny termin ukonceni celé vystavby bude do rovnic dosazena
hodnota 204.

Hodnota T].(O), tedy novy nejdfive mozny termin konce projektu, je rovna 102 dni. Hodnota

Tj(l), tedy novy nejpozd¢ji ptipustny termin konce projektu, je rovna 153 dni.

Vzhledem ke skutecnosti, ze hodnota Tj(o) je mens$i, nez hodnota Tj(l), je evidentni, Ze druhou
formu aplikace optimalizaéniho nastroje nebude zapotiebi pouzit, Cili ze prvni forma aplikace je
realizovatelna.

Pro praktické vyuziti je vypocet hodnot X a Y nepotfebny. Pro vysvétleni principu
navrhovaného optimalizacniho nastroje a odiivodnéni volby prvni formy jeho aplikace vSak hodnoty
X a'Y vypocitany budou.

Nez ktomu dojde, bude dobré piipomenout si dvé tvrzeni, ktera byla v souvislosti
s podminkami hodnot X a Y vyicena. Jsou jimi vztahy (7) a (9).

Vzhledem ke skute¢nosti, Ze v ovéfovacim stavebnim projektu vysla podminka Tl.(l) > Tj(o) je
evidentni, ze mize byt optimalizacni nastroj aplikovan prvni formou. Z vyse uvedenych podminek
tedy vyplyva, ze hodnoty neznamych X i Y musi vyjit >0. Pfi vypoétu hodnot X a Y, bude
postupovano tak, jak bylo uvedeno v kapitole 3. Prvnim krokem je tedy urceni neznamé X, ktera se
vypocita dle rovnice (6),

kde:
C - nejmensi nenulova hodnota celkové rezervy v grafu, je rovna 104;
A — hodnota odebranych ¢asovych plant ¢innosti kritické cesty, je rovna 102 (stejné jako T].(O),

coz je potvrzeni principu uvedeného v kapitole 3);

D — hodnota odebranych ¢asovych pland Cinnosti, které jsou pro obé€ cesty, tedy pro kritickou
cestu i pro cestu nekritickou s nejmensi nenulovou celkovou rezervou, spolecné, je rovna 10.

Po dosazeni do rovnice (6):
X =104 - (102 — 10)
X=104-92
X =12dni

ProtozZe je X>0, nemusi dojit na druhou formu aplikace optimaliza¢niho nastroje.

Pro dalsi ovéfovaci zaméry bude ovSem vypocitana i hodnota Y. Pouzit bude dfive uvedeny
vzorec pro vypocet této neznamé, viz (5). B, tedy hodnota odebranych piedchozich spole¢nych
Casovych plant, tedy odebrany Cas, nez se kritickd cesta a cesta s nejmensi nenulovou celkovou
Casovou rezervou oddélily, je rovno 5 (odebrana hodnota ¢innosti A). Po dosazeni do vyse uvedeného
vzorce (5):

1
Y=12+§ 102 +5

Y=12+51+5
Y = 68 dni (Y>0)

Dochazi tedy k potvrzeni vSech vySe vyt¢enych tvrzeni.



5.4 Realizace pomoci zjisténé formy aplikace optimaliza¢niho nastroje
Na zakladé skutecCnosti, ze jsou hodnoty X i Y kladné je mozné stanovit, ze bude feSeni
probihat na zaklad¢ prvni formy. Casové plany budou tedy o polovinu sniZzeny pouze tém ¢innostem,

vvvvvv

e hodnota Tj(o): 102 dni;
e hodnota Tj(l): 153 dni.

5.5 Kalkulace ekonomickych piinosi
Zjisténi financni Uspory ma pouze predbézny charakter, protoZze se jedna o hodnoceni pred
zahajenim realizace projektu.

Pro urceni hodnoty proménné E je zapotiebi vybrané nakladové faktory pfiblizn€ ocenit. Toto
ocenéni je vidét nize, viz tabulka 2.

Tab. 2: Ocenéné nakladové faktory, které jsou ovlivnitelné ¢asovym posunem

Nazev nakladového faktoru Ptiblizn4 hodnota nakladového faktoru (v tis. K¢)
Pracovni sila 900
Zatizeni staveni$té 200
Pronajem hmotného majetku 400
Pronajem nehmotného majetku 100
Celkem 1 600

Po dosazeni do vyse uvedeného vzorce (11) pro vypodet finanéni tspory (FU) dosazené
pomoci aplikace néstroje pro optimalizaci ¢asovych planii projektu dostaneme nasledujici rovnici:

1
FU = (1600 000 — 160 000)

FU = 360 000 K¢

Pokud by teoreticky nedoslo k vycerpani ani jednoho dne z narazniku, mohla by byt ¢asova
uspora 50%. Potom by rovnice (11) vypadala nasledovné:

1
FU =2 (E — 0,1E)

1
FU =5 (1600000 — 160 000)

FU = 720 000 K¢

Nicméné¢ je uspora 50%, tedy situace, ze by nebyl vycerpan ani jeden den z narazniku, velmi
malo pravdépodobna. Lze proto na zakladé subjektivni pravdépodobnosti konstatovat, ze je aplikaci
nastroje pro optimalizaci ¢asovych plant projektu dosazeno finan¢ni uspory v pfiblizné hodnoté
360 000 K¢.

Pro ilustraci bude pfiblizna finan¢ni Uspora srovnana s ptibliznou hodnotou celé vystavby
rodinného domu. Pro stanoveni hodnoty celé vystavby bude zapotiebi ocenit v§echny ¢innosti, které
byly definovany v zadavaci tabulce projektu. Toto ocenéni je zobrazeno nize, viz tabulka 3.



Tab. 3: Ocenéné Cinnosti feseného stavebniho projektu

Oznaceni Nazev ¢innosti Ptiblizna cena
ginnosti (tis. K&)'
A Rozhodnuti o vystavbé 100
B Administrativni ukony 40
C Vyroba stfesni krytiny 120
D Zaklady 750
E Zajisténi vodovodnich a energetickych inzenyrskych siti 70
F Pfiprava materialu na obvodové a nosné zdivo 40
G Hydroizolace spodni stavby, zasypy, izola¢ni ptizdivka 80
H Dokonceni spodni stavby 40
I Obvodové a nosné zdivo 1PP 630
J Strop 1PP + vénce 270
K Obvodové a nosné zdivo INP 650
L Strop INP + vénce (véetné dokonceni zastfeSeni) 380
M Elektroinstalace a vodoinstalace 90
N Osazovani oken a zarubni + klempifské prace 110
(0] Vnitini omitky 40
P Vnéjsi omitky 70
Q Uklidové a dokon&ovaci prace 30

Priblizna celkova cena 3510

Priblizna hodnota celé vystavby rodinného domu je 3 510 000 K¢&. Financni Gspora, ktera byla
aplikaci navrhovaného nastroje pro optimalizaci ¢asovych plant projektu dosazena, tedy 360 000 K¢,
je proto rovna cca 10,26% celkové hodnoty vystavby.

6 SROVNANI VYSLEDKU

Prehledné srovnani vysledkl na zakladé exaktné hodnotitelnych kritérii je uvedeno nize, viz
tabulka 4.

Tab. 4: Srovnani vysledki klasického a alternativniho feSeni

Regeni Nejdiive mozZné a nejpozdéji Uspora Finan¢ni Uspora
pripustné ukonéeni projektu Casova [%] naklady [tis. finanéni [tis.
[dny] K¢] K¢]
Klasické 204; 204 0 3510 0
Alternativni 102; 153 25-50 3150-2790 360 — 720

7 Cenovy odhad kazdé polozky zahrnuje jednak cenu jejiho materidlu, jednak naklady vynalozené na jeji

realizaci.
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Jak jiz bylo naznadeno, kazda Casova Uspora muze byt aplikaci optimalizaéniho nastroje
dosazena s jinou pravdépodobnosti. Pro ilustraci pravdépodobnosti jednotlivym usporam pfifazeny
byly. Proces pfifazovani pravdépodobnosti byl realizovan pomoci jedné z metod skupinového
rozhodovani spadajici do kategorie expertnich odhadfi. Konkrétné §lo o metodu Delphi®.

Nize je uveden graf, ktery zobrazuje rozd€leni pravdépodobnosti vysledkt vzeslych z
alternativniho feSeni, viz obrazek 1.

1
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Obr. 1: Rozdéleni pravdépodobnosti vysledkl vzeslych z alternativniho feSeni

Na obrazku 1 je vidét, ze rozdéleni pravdépodobnosti vysledkti vzeslych z alternativniho
feSeni ma tvar exponencialniho rozdéleni. Toto rozdé€leni pravdépodobnosti odpovida hodnotam,
které vzesly z expertniho odhadovani. Jedna se o hodnoty pravdépodobnosti pfifazené jednotlivym
usporam dosazenym pomoci alternativniho feseni, viz tabulka 5.

Tab. 5: Pravdépodobnosti pfifazené jednotlivym tisporam dosazenym alternativnim fesenim

Dosazena €asova uspora Dosazena finan¢ni Gspora [tis. Ptifazena pravdépodobnost
[%] K¢] realizace
25 360 0,76
37,5 540 0,21
50 720 0,03

Je zapotiebi poznamenat, ze hodnota financni Gspory odpovidajici stfedni variant€ uspory
Casové, tedy 37,5 %, byla dosazena opét dosazenim do rovnice (11).

Z vysledkil vyplyva, ze je vysledna financni uspora zavisla na piedpokladané uspofe casové.
Hodnota ¢asové uspory U, tedy koeficient, na kterém je hodnota financni uspory zavisla, se bude

vzdy pohybovat v intervalu [R, O]. Pfi standartnim zvoleni hodnot O a R, dle doporuceni TOC, se
jedna o interval [i, %]. Vzhledem k pravdépodobnosti casového prubéhu realizace stavebniho projektu
Ize oc¢ekévat, Ze bude hodnota uspory U vzdy sméfovat k hodnoté %.

8 Z kapacitniho diivodu ¢lanku nemiize byt proces piifazovani pravdépodobnosti jednotlivym tsporam, ktery byl
realizovan expertnimi odhady, popsan podrobngji.

11




7 ZAVER
Cilem pfispévku bylo ovéfeni moznosti aplikace modifikovaného optimaliza¢niho nastroje
TOC pro zvyseni pravdépodobnosti dokonéeni stavebni zakazky ve stanoveném terminu a dosazeni
tak ¢asové a finan¢ni Gspory vystavby. Hlavni vysledky a vystupy, které jsou v ptispévku uvedeny,
koresponduji se stanovenym cilem. Zakladnim vystupem a ptinosem piispévku je tedy modifikace
optimalizacniho nastroje TOC pro potieby planovani a fizeni stavebniho projektu a nasledné ovéreni
jeho aplikovatelnosti. Byly stanoveny tfi zékladni body modifikace néstroje. Jsou jimi:

e zjisténi a popsani dvou forem aplikace nastroje,

e stanoveni ucelové funkce pro urcovani ekonomického dopadu néstroje,

e vymezeni podminek jeho aplikace souvisejicich s realizaci vystavby.

V piispévku byly posléze prvni dva body rozpracovany. Byly tedy popsany dvé objevené
formy aplikace nastroje a stanovena ucelova funkce. Nové uvedené souvislosti byly ovéfeny pfi
aplikaci optimalizacniho nastroje TOC na konkrétnim ptikladu.

Vyznam piispévku v kontextu budouciho vyvoje spocivd predevSim ve vytvoreni vychozi
pozice pro dalsi zkoumani aplikovatelnosti nastroje TOC pro optimalizaci ¢asovych plant pfi fizeni
stavebniho projektu, a jeho nasledné ovéfovani v praxi.
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MODELOVANIE DYNAMICKEHO ZATAZENIA VALCOVYCH NADRZ{

MODELING OF THE DYNAMIC LOAD OF CYLINDRICAL TANKS
Abstrakt

Tento prispevok sa zaobera vypo¢tom vnutornych sil a deformacii valcovej nadrze od ucinkov
dynamického namahania, ktoré je reprezentované seizmickym zatazenim. ZataZenie bolo
modelované dvomi metddami a to pomocou spektra odozvy - model M1 a v druhom pripade podla
normy STN EN 1998-4 -model M2.

KPucové slova

valcova nadrz, seizmické zat'azenie, metdda konecnych prvkov, vnutorné sily, deformacie

Abstract

In this paper two types of calculating methods of internal forces and deformations of
cylindrical tank due to seismic load are presented. The loading was modelled by two different
methods: either by means the seismic response spectrum (Model M1), or according to the standard
STN EN 1998-4 (Model M2).

Keywords

Cylindrical tank, seismic load, finite element method, internal forces, deformation.

1 SEIZMICKE ZATAZENIE

Seizmické ucinky na stavebné konstrukcie si vyvolané kmitanim podlozia a tym aj zékladov
danej konstrukcie. Dynamickym zatazenim, resp. seizmickym zatazenim kruhovych nadrzi sa
zaoberaju vo svojich pracach viaceri autori: [1, 3, 4, 6, 7].

2 ZAKLADNE A NAVRHOVE SEIZMICKE ZRYCHLENIE

Jednou z prvoradych charakteristik, ktorou je definované seizmické zat'azenie je hodnota tzv.
zakladného seizmického zrychlenia agr, C€o je zrychlenie na povrchu skalného podlozia, ktoré
zodpoveda zemetraseniu s periddou navratnosti 475 rokov so sucinitelom délezitosti objektu y = 1,0.
Zakladné seizmické zrychlenie je urcené pre konstrukcie s priemernou dobou Zivotnosti 50 rokov.

I Prof. Ing. Norbert JendZelovsky, PhD., Slovenska technick4 univerzita, Stavebna fakulta, Katedra stavebnej
mechaniky, Radlinského 11, 813 68 Bratislava, Slovenska republika, e-mail: norbert.jendzelovsky@stuba.sk

2 Ing. LCubomir Baldz, Slovenska technickd univerzita, Stavebna fakulta, Katedra stavebnej mechaniky,
Radlinského 11, 813 68 Bratislava, Slovenska republika, e-mail: lubomir.balaz@stuba.sk.
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Pravdepodobnost’ jeho prekroéenia za 50 rokov je 10%. Toto seizmické zrychlenie je dané v mape
oblasti seizmického rizika pre tzemie Slovenska, ktora je uvedend v narodnej prilohe seizmicke;j
normy [10]. Hodnoty zrychlenia pre tzemie Slovenska su dane pre 4 uzemné oblasti hodnotami 0.40 ,
0.65, 0.80, 1.10 ms2.

V préci prezentujeme valcovli nadrz, ktorej napliiou bola voda s mernou tiaZou y = 10 kNm.
Podobne sme analyzovali aj valcové nadrze na vyrobu bioplynu, kde sa biomasa uvazovala s mernou
tiazou y = 8.5 a2 9.0 kNm.

T isth nadrz sme analyzovali v dvoch vypoctovych modeloch. Tieto dva modely sa odliSovali
sposobom zat'azenia pri seizmickom vypocte. Prvy model (M1) mal hmotu naplne rovnomerne
rozdelenti do hmotnych bodov konstrukcie. Celkova hmota naplne bola rozdelena rovnomerne do 264
bodov na stene nadrze. Druhy model (M2) riesil ulohu pomocou kvazi statického zataZenia.
Zatazovacie obrazce hydrodynamickych tlakov boli vypocitané na zaklade vztahov uvedenych
v norme [11]. Boli pouzité vzt'ahy pre impulznu ¢ast’ kmitajicej hmoty.

Samotnd konstrukcia valcovej nadrze bola pre oba modely zhodna. Konstrukcia bola
modelovana pomocou metédy koneénych prvkov. Spodna kruhova doska nadrze bola riesena ako 24
uholnik. Typ kone¢ného prvku bol taky isty ako pre steny nadrze. Koneény prvok pre valcové steny
nadrze bol Stvoruzlovy Skrupinovy prvok so Siestimi stupfiami vol'nosti v jednotlivych uzloch.

3 VYPOCTOVY MODEL VALCOVEJ NADRZE

Ako podklad pre vypoctovy model bola pouzita redlna valcova nadrz s vnutornym priemerom
8,23m. Hrubka steny je konStantnd po vyske t= 400 mm. Celkova vyska steny 6,0 m. Kruhové dno
nadrze s konstantnou hrubkou h = 400 mm (obr. 2). Material nadrze bol uvazovany betéon C25/30,
¢omu odpovedali materidlové vlastnosti betonu zadané do vypoctového modelu. Okrajové
podmienky ulozenia dna nadrze boli dvojaké: pevné podopretie alebo pruzné podopretie -
modelované Winklerovskymi pruzinami. V prispevku st uvedené vysledky pre pevné podopretie dna
nadrze. Vypoctovy model konstrukcie bol urobeny pomocou MKP vo vypoctovom prostredi Ansys.
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MRY 4 2015
11:10:39
PLOT NO. 2

ELEMENTS

*
o
.
="
-
-+

Obr.1: Model valcovej nadrze
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3.1 Model M1

V tomto modeli i§lo o hmotu naplne rozdelent do steny nadrze. Postupovali sme klasickou
metddou. Najprv modalna analyza, kde bola pouzita Lanczos-ova metéda na vypocet vlastnych
tvarov a vlastnych frekvencii. Nasledne bola pouzita spektralna analyza.

V spektralnej analyze bola valcova nadrz zatazena pomocou spektra odozvy (obr.2). Metéda
seizmického vypoctu zo spektra odozvy je jedna z moznych metdd vypoctu.

Spektrum pouzité vo vypolte je definované pre navrhové zrychlenie a, = 1,0 m/s? a

kategoriu podlozia B. Podrobny popis zadefinovania spektra odozvy je uvedeny v literature [10].

2,5 4
- 2
= 1,5
Z. N—
Y
T 1 Ty
O
e
a4
N5
0
20 30 40 50 60 70 80
FREKVENCIA [Hz]

Obr.2: Pouzité navrhové spektrum odozvy

3.2 Model M2

Pohyb kvapalnej naplne v tuhom wvalci mozno vyjadrit ako sucet dvoch oddelenych
prispevkov — ,,tuhého impulzu“ a ,,konvekcie“. Pre vypocet kvazi statického zat'’aZzenia od zatazenia
kvapalinou pri urcitom zrychleni sa pre nadrze valcového tvaru pouziva cylindricky stiradnicovy
systém r, z, 8 so zaCiatkom v strede dna nadrze a vertikalnou osou z. Vyska nadrze po volny povrch
kvapaliny je oznacena ako H, polomer nadrze je R, p je objemova hmotnost’ kvapaliny a E=r /R, ¢ =
z /H st bezrozmerné suradnice.

Pre model M2 bolo hydrodynamické zatazenie vypocitané podl'a postupu, ktory je blizsie
uvedeny v norme STN EN 1998-4, priloha A — Postupy seizmického vypoctu nadrzi [11].

Samotny vypocet bol jednoduchy a rychly. ISlo o statické rieSenie konstrukcie od zatazenia

popiseného vyssie.

3.3 Vysledky vypoc¢tu deformacii a vautornych sil
Z mnozstva vysledkov, ktoré sme ziskali, uvadzeme na nasledujucich obrazkoch deformacie a
napitia, resp. ich prepocet na vnutorné sily. Jednotlivé rieSenia pre model M1 a M2 su vykreslené
vedla seba pre ich vzdjomné lepSie porovnanie.
Na obr.3 je porovnana deformacia konstrukcie. Ide o posunutia v smere osi X. Hodnoty su
0,02mm pre model M1 a 0,039mm pre model M2. V pripade M2 doslo k vécSiemu pretvoreniu
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povodného kruhu pri hornom povrchu na uZzsiu elipsu ako pri modeli M1. Tym aj porovnavané
maximalne vodorovné posunutia st skoro dvojnasobné.

AN AN
NCDAL SCLUTICN MRY 4 2015 TR MAY 4 2015
STEP=3 11:04:59 gt'%?l 113‘522:4%
SUB =1 - 3
ux ELCTY, o TIME=1
UxX
DM =.222F- RSYS=0
SMK =.207E-0 DMX =.398E-04
SMX =
v 230805 " 460‘:_05, BI0E-05 e L115E-04" bl L161E-04 i . 20TE-0: v .4398-05" i .1328-04" iy .2198-04" A .307E-04" . .395e-04
. L. C 8
Obr. 3: Deformacia (m) steny valcovej nadrze — model M1 vlavo a model M2 vpravo
AVG ELEMENT SCLUTIQN EILEMENT SCILX
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Obr. 4: Obvodové t'ahy v stene valcovej nadrze — model M1 vlavo a model M2 vpravo

Na obr. 4 st graficky vyhodnotené obvodové tahy. V modeli M1 je maximum pri hornom
okraji s hodnotou 34,5 kN/bm av modeli M2 dochadza k maximalnym tahom v strednej Casti
s hodnotou 22,8 kN/bm.

Na obr. 5 a6 su postupne vykreslené merné ohybové momenty po vyske steny nadrze
a nasledovne merné priecne sily po vyske steny nadrze.

Pri porovnani vysledkov nam dava vacsie hodnoty porovnavanych veli¢in model M2, ktory je
jednoduchsi, menej naroény na vypocet a s vys$imi hodnotami sktimanych veli¢in je aj na strane
bezpecne;.
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Obr. 5: Ohybové momenty (kNm/bm) v stene nadrze — model M1 vlavo a model M2 vpravo
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Obr. 6: Prie¢ne sily (kN/bm) v stene nadrze — model M1 vlavo a model M2 vpravo
4 ZAVER

Pri porovnédvani vysledkov je potrebné si uvedomit, ze skimané zatazenie nie je 0sovo
symetrické a preto aj vysledky nie st osovo symetrické ako pri statickom rieSeni kruhovej nadrze.
Z predlozenych vysledkov mdézeme usudit, Ze minimalne a maximalne hodnoty vnutornych sil
a deformaécii st celkom vyrovnané. Model M2 je konzervativnéjsi, preto st aj hodnoty vnuatornych sil
vacsie oproti modelu M1.
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NUMERICAL SIMULATIONS OF SETTLEMENT OF JET GROUTING COLUMNS

Abstract

The paper presents the comparison of results of numerical analyses of interaction between
group of jet grouting columns and subsoil. The analyses were conducted for single column and
groups of three, seven and nine columns. The simulations are based on experimental research in real
scale which were carried out by authors. The final goal for the research is an estimation of an
influence of interaction between columns working in a group.

Keywords

Geoengineering, foundation columns, jet grouting method, jet grouting columns, numerical
analysis in geotechnics

1 RESEARCH CHARACTERISTICS

The jet grouting method is one of the most popular technique for strengthening weak subsoil.
Jet grouting columns allow for transferring substantial loads through the strengthened subsoil and
reduce the structure's settlement [4]. The performance of jet grouting columns consists of a high-
pressure injection of a cement grout stream into the subsoil, which cuts and disintegrates the soil
massif, after that mixes with the soil particles and finally after cement binding forms cement-soil
solid structure. In real condition columns always strength the subsoil interacting within the group [6],
so authors carried out the comparative studies for single jet grouting column and groups of columns.

The wide spectrum of experimental tests and numerical analyses were carried out in order to
explain and estimate the real conditions of the interaction between jet grouting columns and subsoil.
At the site, the trial load tests - in the real scale - of a single column and group of three jet grouting
columns were carried out [2]. All works were conducted by PPI Chrobok S.A. — the leading
Geoengineering Company in Poland. The results of the research were also presented at the
International Conferences in Ostrava [2, 5]

The main idea of the research is preparation of computational models, built on the base of the
in situ load tests, which can be useful for engineering practice. Due to different material’s parameters
and a large number of variables factors, it was necessary to apply sophisticated numerical methods to
describe the interaction between columns and subsoil.

The numerical analyses were carried out with the use of the finite element method (FEM) and
ZSoil.PC computational program. For all numerical simulations the elastic—perfectly plastic material
model with Coulomb—Mohr boundary condition and non—associated flow rule was used. The three-
dimensional numerical model was built to solve the problem. The rectangular block was cut from the

1 PhD., CEng. Anna Juzwa, PPI CHROBOK S.A., Kowola 11, 43-220 Bojszowy Nowe, Poland, phone: (+48)
32 218 9888, e-mail: anna.juzwa@chrobok.com.pl.

2 DSc., PhD., CEng., Associate Prof. Joanna BZOWKA, The Silesian University of Technology, Faculty of
Civil Engineering, Department of Geotechnics and Roads, Akademicka 5, 44-100 Gliwice, Poland, phone:
(+48) 32 237 2873, e-mail: joanna.bzowka@polsl.pl.

19



half-space of soil massif. It contained cylindrical elements, that reflected jet grouting columns. The
boundary conditions were as follows:

e on the side surfaces: support hinged-sliding, allowing vertical displacement,
e on the basis: prop shafts — without possibility of movements in all directions.

The applied finite elements were 8-node cuboid elements, each node assumed 3 degrees of
freedom - displacement in the x, y and z directions.

The model was divided into three zones which represent: soil massif, columns material and
contact layer. A very important issue was the selection of appropriate values of the geometrical and
material parameters for zones. The soil parameters were introduced based on the laboratory and in
situ geological tests (like data from boreholes, CPTU tests etc.). The layers were as follows:

e fine & medium sand /5=0.44,
e clay with organic particles /c=0.62,
e coarse sand /p=0.78.

For the jet grouting material — acc. to [3] — an analogy to the soil — constitutive model was
applied. The columns material parameters were determined based on the results of uniaxial and
triaxial compressive tests, checked on the samples taken from the core of jet grouting columns. The
jet grouting columns have a large non-uniformity shape and variable diameters. The shaft surface of
the column can be more or less expanded and can have different shapes. In order to determine the
geometry of the column the real diameters were measured at various depths at excavation site.

The contact layer was introduced between columns and soil massif to reflect the interaction
with soil around shaft surfaces. This zone — acc. to Bzoéwka research [1] — was also described by
constitutive model, the same as for the subsoil. Parameters selection for the contact zone was part of
the model calibration.

The calibration of the numerical model was made based on the results of the load tests.
The columns were loaded by applying a vertical surface load to the column caps. Load was applied in
steps equal 1/10 of the maximum force, applied to the column during in situ tests. The maximum load
was equal to 1800 kN. Columns diameters, thickness of contact layer and material parameters of
contact layer were changed during the numerical analyses.

The calibration of the numerical model allowed to construct theoretical curves of relation
“load — settlement” which highly correspond to the values obtained during in situ load test. The

parameters used in these numerical simulations were introduced to further numerical analyses for
larger group of jet grouting columns.

2 COMPARISON OF RESULTS OF NUMERICAL ANALYSES

To describe the interaction of jet grouting columns with subsoil the following models were
built:

o the single jet grouting column (Fig. la) — model creates a rectangular block with
dimensions 0f 9.0 x 9.0 x 10.0 m; built with 39 520 finite elements,

e the group of 3 jet grouting columns (Fig. 1b) — model creates a rectangular block with
dimensions of 11.0 x 10.75 x 10.0 m; built with 55 784 finite elements,

e the group of 7 jet grouting columns (Fig. 1c) — model creates a rectangular block with
dimensions of 12.0 x 12.0 x 10.0 m; built with 98 040 finite elements,

e the group of 9 jet grouting columns (Fig. 1d) — model creates a rectangular block with
dimensions of 12.0 x 12.0 x 10.0 m; built with 116 280 finite elements.

The analyzed columns have variable diameters equal to 0.6 m and 0.8 m, length equals to 6.0

m — according to the shape of the real columns formed at the experimental plot. The homogeneous

materials of columns and soil layers, are divided by contact zone. The contact layer has thickness
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t =10 cm and the material parameters are constant for the length and equal to 1/3 of the parameters of
jet grouting material.

Table 1 contains results of settlements of central columns under some values of vertical loads.
The maps of vertical displacements are shown in the Fig. 2, when the values increase, displacements
of group of jet grouting columns are higher than displacements for a single column. There are some
similarities to piles behaviour.

/// i !

b

R T R N Y Y

P
P
Fy

d)

Fig. 1: The analyzed numerical models of jet grouting columns:
a) single column, b) group of 3 columns, ¢) group of 7 columns, b) group of 9 columns

Tab. 1. Settlements of columns from models under vertical load

column’s settlement [mm]
load on column
[kN] sinole column column from column from column from
& group of 3 group of 7 group of 9
900 5.99 8.79 12.21 13.08
1 440 13.35 17.47 21.87 23.02
1 800 18.86 23.67 28.53 29.84

21




a) Spmax = 18.86 mm b) Smax = 23.67 mm -3,0006-002
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-7 500e-003
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Fig. 2: The settlements [m] of jet grouting columns under the maximum load equal to
1800 kN acc. to numerical models of:
a) single column, b) group of 3 columns, c¢) group of 7 columns, b) group of 9 columns [5]

The calibration of the numerical model was made based on the comparison between shape of
a theoretical curve of relation “load — settlement” and results of the load tests. The parameters of
contact layer which best corresponded to real curves were applied to numerical analyses. The
comparison of in situ and theoretical relations “load — settlement” are shown in the Fig. 3.

The curves of relation “load — settlement” obtained as the results of numerical analyses are
shown in the Fig. 4. There are some higher values of displacement for columns which are in the
center of a group.

3 SUMMARY

The main idea of the presented part of the research was preparation of computational models
which describe an interaction of jet grouting columns with subsoil in real conditions. Presented model
will reflect the essence of jet grouting technology, because it is based on in situ tests.

22



settlement [mm]

settlement [mm)]

o load [kN]_

1000 1500 2000

iy COlUumin from group of 3

100 = == == column from in situ group

Fig. 3: Comparison between real and theoretical curves of relation “load — settlement”
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Fig. 4: Comparison of numerical curves of relation “load — settlement” [5]

23



The presented results show that the highest displacement characterised columns from the
centre of group and if the group are larger (more columns in the group) than the values of settlements
are increasing. It can be assumed that this phenomenon — similar to co-worked foundations piles - is
related to an influence of an interaction between columns and increased settlement of upper layers of
subsoil due to greater load values applied to the top of columns.

Authors are going to conduct in sifu load tests of groups of jet grouting columns with another
diameters and spacing between columns and for different subsoil condition. The numerical
simulations, carried out in the future, based on the in situ results will help to build the model of jet
grouting columns interacted with subsoil. The results of such experimental and computational
analyses will allow to introduce numerical techniques into engineering practice. The application of
the numerical techniques will help to optimize engineering methods for jet grouting columns
dimensioning.
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THE ANALYSIS OF THE TUNNEL WITH THE MIDDLE SOIL-BASED WALL
Abstract

The methods for analysis of the ferroconcrete construction for a particular case are proposed in
the present work. The underground construction is considered and analyzed as a double-drift frame
situated on linearly-deformed basis. The formulas of analysis are given herein.
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1 INTRODUCTION

The underground constructions like tunnels are commonly used in construction practice.
They may be intended for different types of transport as well as for laying gas, petrol and water
pipelines. Many of these constructions serve the purposes of the frame constructions while vary
sufficiently in outline and complexity. The purpose of this paper is to consider joint action of the
frame’s lower girder and the soil basis, the analysis of a beam separately on the basis of the linearly-
deformed basis (lower girder) and the frame regardless of this and thereafter the consideration of joint
deformation of the lower girder and the frame’s upper part.

Let us first consider the transverse section of a double-drift tunnel in the form of
a ferroconcrete frame (Figure 1a).

Let us analyze mentioned frame in two versions (Figure 1b). The analysis shall be made per
unit of the tunnel’s length, i.e. b=1 m.

The tunnel is affected by equally distributed over ground load and the soil’s specific weight
from above and by soil’s pressure from the side surfaces.

2 THE FIRST VERSION OF THE ANALYSIS

We divide the frame (tunnel) cutout per unit of the frame (tunnel)’s length in separate parts
and consider each of them separately (Figure 1).

From conditions of statics, in the result of symmetry and load of the construction:

IMc| = Mp| Ye =Yp =0.5(qP) - L — Yg) (1)

I Temuri T. Kikava, Professor, MSc, PhD., Engineering and Construction Department, Faculty of Technologies,
Batumi Shota Rustaveli State University, 35 Ninoshvili, 6010 Batumi, Georgia, phone: +995 (422) 271 780,
e-mail: temurikikava@yahoo.com.

25



al . b) 7
| NN
7| T
Wz PP P P Z
ALl Pl g
//////7_1////7_4/////17_%7_4//////7_1 % Z%/::///WZ//{Z”//ZM//?L/"?

DMH
> . Xo
> 1o i P ~ %D
ve Y, S_Yf Yo 12 € Y
L L
Y[' M’ Y,
I b
Qitah) T X Xo — 10— T1an)
h h
X Xo
> A B ry
92(24) Ai‘ 7 s ‘PB’ 9 2(a)
Ya Ys
Ya |Pr |Pz |YF | P3 |Ps |Ye Ya |P1 |Pz |YF | Pz |Ps |Ya

Figure 1

By using universal formula of the beam’s elastic curve we find turning angle (pECD) of the
upper girder CD in C node point:

cD ML L2 Y (D).,
D) = Me —'(—E—q—), (2)

C - 2E2'12 8E2'12 2 3

where Yp - independent longtitutional force in the middle wall EF;

q“P _ equally distributed load on the upper girder (own mass of land and over ground load).
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(AC) (AQ)

We find turning angles @ and @,

land’s side pressure.

of the left hand column being under action of the

We receive the side pressure of the land in the form of trapezium (Figure 1) and by using the
universal formula of the beam’s elastic curve we receive:

AC 1 [h ' ' h3
oy = =5 [g (2Mp + Mc) — - (80za + 7q1a)]
3)

AC
e = =B [—‘ (Ma + 2Mg) + (7q2a + 8(ha)]

By using the universal formula of the beam’s elastic curve we find bilge of the upper girder
CD in point E:

(€CD) _ (CD) .72
fi 384E2 C (48M. + 8Yg - L — 5q 12). 4)

We find turning curve of the lower girder AB:

(aB) _ _ 1 &) A) ) A) —(A)
A —m{ (pz MA+(p *Mp +L[(P3 YA+(p YF+(P3(B) Yg +
+235 -n|} - )

It is supposed that the forces P;= P,= P3= P,=P and they are placed symmetrically on the lower

girder.
We find deflection flgAB) in the middle of the lower girder:
} - (6)

F F _(F
(OB 1) o® +y(F) Mo + L ygA) YA"‘Y() YF+y§B)'YB+
=— A B

F TEg-b-L 2A +Zy(F) P

For the case under review:
IMc| = [Mp|; [Ma| = [Mg|; Ya =Yg Yg=Ys Y= Yp;

, Mh-M!
Xp = A MaMc b (Q1a+ZQZa)
@)
MA

M}
Xc €+ - (qua + 42a)
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From conditions (p(CD) (p(AC) . (pgAC) _ ngB) and

equation for defining the unknown quantities My, M, Y, and Yg :

féCD) = flgAB) we receive

Mc'L

(3% — 20 1) = - [~ E (M + 2MQ) + 555 (Taza + 8a1a)] ®)

1 A A .
TE, bLz{ (pgA)MA+(pr)MB+L((p3) Yp+ o Yp + O5 Y + X - P)}

o[£ @M+ MO) — 55 (8azn + 7a10)) )

(CD) , 12 v(F) | v(® |
384E2 I, (48MC +8Yg-L - 5Q L ) M-E, BL{ YZA Mj + YZB Mg +

v (F F F F
L{TR  Ya + V5P - Ye + Vg Y + Y5 - B} (10)

We solve these equations together with the equations of statics, find unknown M,, M,
Y, and Yg. After defining the unknown quantities for the given frame according to table (3) it shall
be possible to construct the epures of reactive pressure of soil p, intersecting forces Q and bending
moments, M.

3 THE SECOND VERSION OF THE ANALYSIS

Let us consider the closed frame allocated to transverse direction (Figure 1b) and the same
frame divided into separate elements (Figure 1d).

(CD)

Formulas (2) and (4) are true for defining the turning angle of the upper girder ¢ in node

point C and deflection féCD) in the middle of the upper girder CD in section E.

By accepting approximately module of soil’s deformation by depth as constant, we consider
the side walls AC and BD as the beams on the linearly-deformed basis relied on the rigid bearers at
the same time (wall AC relies on the points A and C and wall BD — on the points B and D) (Kikava,
T.2007.)

We use the following formulas for defining the turning angles (p(c and (p(AC) :

(AC) _ 1 © © —(C) —(C)
Pc = n-EOth{ ®2¢ "Mct+ @5 "Math [‘P3c X¢ + @34 'XA]} (1

(ac) _ 1 —(A) (A) (A (A
G) _W{ ®yc "Mc + @y4 MA+h[<p “Xc + P34 XA]} (12)

The lower girder works as a beam on the linearly-deformed basis (Simvulidi, 1. Kikava, T.

Bulatov, V. 1986.) and formulas (5) and (6) are true for defining the turning angle (p( ) and
(AB)

deflection fz ™" .

Therefore, by using conditions:

CD AC AC AB CD AB
el = 8 @Y = o (P = (AP
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as well the conditions of statics (1) and by solving the received equations related to the unknown
quantities M, M¢, Y5 and Yg jointly, we receive possibility to construct the epures p, Q and M for
the whole frame (Simvulidi, I. 1987).

Let us consider concrete example for the beam calculation (lower cross bar) on the linearly-
deformed basis loaded with the concentrated forces (Fig. 2).

It is required to determinate values of curving moments M and reaction pressures of the
ground p, if : P;=P,=P3=P,=100kN; Pr=200kN; Ms=14kNm; the width b=2m; the index of flexibility
a=200 the module of deformation E¢=320-102kN/m?>.

M, ¢YA ¢P1 ¢P2 *PF ¢P3 ¢P4 V%MB

C y
Lii=2m |,
(32=4m
lr=6m
(33=8m
y
{43=10m
A&
L=12m
Y

Figure 2

Solution. According to the condition of the problem:

B = 13T1 =0.17;
B, = 1372 =0.33;
Br = l% = 0.5;
Bs = 1373 = 0.67;
By = 1473 =0.83;
According to conditions of symmetry |Ma |= | Mg |

According to conditions of statics: Ya=Ys=Yc=Yp=0
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For the determination of ordinate pi; p2; pr; p3; pa; from force Py; Py; Pr; P3 and P4; we use the
values of py; P2; P1; PR P3; Pa; corresponding a=200 and $; = 0.17; 3, = 0.33; B = 0.5; B13 =
0.67; B, = 0.83; for all values p;; P2; P1; Pr; P3; and py; from E=0 till &=1, where & is considered
cross-section (Simvulidi, 1.1987). Having multiplied each ordinate according to the formula:

p=p-P/b-L (13)
where P/bL =100/2-12 =4.2kN/m? Pg/bL = 200/24 = 8.4 kN/m?we’ll get values p in
various points.

Then we’ll get values py, and Py, for a=200; B,; =0 and B,, = 1.0 multiplied each
ordinate to Ma/bL?= 14/2-12% = 0.05 kN/m? and Mp/bL?= 0.05 kN/m?

Table 1:

& 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

P1 3.845 2.793 1.988 1.388 0.956 0.648 0.424 0.246 0.068 -0.145 -0.437

P1 16.149 | 11.731 8.35 5.83 4.02 2.72 1.781 1.033 0.29 -0.61 -1.84

P2 2.386 2.05 1.736 1.434 1.157 0.901 0.669 0.464 0.28 0.132 0.01

P2 10.02 8.61 7.29 6.023 4.86 3.784 2.81 1.95 1.18 0.55 0.04

Pr 0.666 0.846 0.987 1.087 1.147 1.167 1.147 1.087 0.987 0.846 0.666

PF 5.594 7.106 8.29 9.13 9.64 9.802 9.64 9.13 8.29 7.106 5.594

Ps3 0.01 0.132 0.28 0.464 0.669 0.901 1.157 1.434 1.736 2.05 2.386

P3 0.04 0.55 1.18 1.95 2.81 3.784 4.86 6.023 7.29 8.61 10.02

Pa -0.437 | -0.145 0.068 0.246 0.424 0.648 0.956 1.388 1.988 2.793 3.845

P4 -1.84 -0.61 0.29 1.033 1.781 2.723 4.02 5.83 8.35 11.731 16.149

Pmy 15.323 7.758 2.572 -0.655 | -2.343 | -2911 -2.781 -2.373 | -2.106 | -2.402 -3.679

ﬁMB -3.679 | -2.402 | -2.106 | -2.373 | -2.781 -2.911 -2.343 | -0.655 | -2.572 | -7.758 | -15.323

[-)I-Mf 11.644 5.356 0.466 -3.028 -5.124 -5.822 -5.124 -3.028 0.466 5.356 11.644
pMB

pMA
t Pump

0.582 0.268 0.023 -0.151 -0.256 | -0.291 -0.256 | -0.151 0.023 0.268 0.582

p 30.545 | 27.655 | 25.423 | 23.815 | 22.355 | 22.519 | 22.355 | 23.815 | 25.423 | 27.655 30.545

The values p give in kN/m?, M-kN-m. Using the independence principle of force activity for
getting values p we take algebraic sum: p= pi+ pa+ pr+ P3+ Pa+ PMA+ PMB
For the determination of ordinates curving moment M from the forces Pi; P»; Pr; P3; Ps; and
from moments Ma and Mg , we use the values of My; My; Mg; M3; My; My, and My, for =200 and
B =017;B,=033;Br=0.5;P3=0.67;B, =083; By, =0and By, = 1.0 for all values M
from &=0 till &=1 (Simvulidi, 1.1987). Having multiplied each ordinate to:
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where P-L=100-12=1200 kN'm ; Pr-L=200-112=2400 kN'm

(14)

(15)

Using the independence principle of force activity for getting values M we take algebraic sum:

M=MP1+MP2+MPF+MP3+MP4+MA+MB

Table 2:

S 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
1\71131 0 0.018 | 0.063 | 0.029 | 0.008 | -0.003 | -0.007 | -0.007 | -0.005 | -0.001 0
Mp1 0 21.6 75.6 34.8 9.6 -3.6 -8.4 -8.4 -6 -1.2 0
1\7Ip2 0 0.012 | 0.044 | 0.093 | 0.057 | 0.032 | 0.016 | 0.007 | 0.003 | 0.001 0
MPz 0 14.4 52.8 111.6 68.4 38.4 19.2 8.4 3.6 1.2 0
MPF 0 0.004 | 0.015 | 0.037 0.07 0.114 0.07 0.037 | 0.015 | 0.004 0
MPF 0 9.6 36 88.8 168 273.6 168 88.8 36 9.6 0
1\7IP3 0 0.001 0.003 | 0.007 | 0.016 | 0.032 | 0.057 | 0.093 | 0.044 | 0.012 0
Mp3 0 1.2 3.6 8.4 19.2 38.4 68.4 111.6 52.8 14.4 0
1\71194 0 -0.001 | -0.005 | -0.007 | -0.007 | -0.003 | 0.008 | 0.029 | 0.063 | 0.018 0
M};.4 0 1.2 -6 -8.4 -8.4 3.6 9.6 34.8 75.6 21.6 0
1\7IA -1 -0.937 | -0.796 | -0.625 | -0.460 | -0.318 | -0.204 | -0.119 | -0.054 | -0.015 0
1\713 0 -0.015 | -0.054 | -0.119 | -0.204 | -0.318 | -0.460 | -0.625 | -0.796 | -0.937 -1

TAI%MB 1| <0952 | -0.85 | -0.744 | -0.664 | -0.636 | -0.664 | -0.744 | -0.85 | -0.952 | -1
A:A;;;MB -14 -13.33 | -119 | -10.42 93 -8.9 93 -10.42 | -11.9 | -13.33 -14
M -14 -34.67 | -150.1 | 224.8 | 2475 | 341.5 | 247.5 | 2248 | -150.1 | -34.67 -14
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4 CONCLUSIONS

The methods for analysis of the ferroconcrete construction for a particular case are proposed in
the present work. The underground construction is considered and analyzed as a double-drift frame
situated on linearly-deformed basis. The formulas of analysis are given herein. Example of
calculation is given.
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SEISMIC RESPONSE OF LIQUID STORAGE GROUND SUPPORTED TANKS
FOR DIFFERENT SLENDERNESS RATIO

Abstract

Ground-supported cylindrical tanks are used to store a variety of liquids. This paper provides
the theoretical background for takes into account impulsive and convective (sloshing) actions of the
fluid in concrete containers fixed to rigid foundations; it has been adopted in Eurocode 8. Seismic
responses — base shears, the bending and overturning moments — are calculated by using the response
spectra of the earthquake in Loma Prieta, California (18.10.1989). As the examples is analyzed the
ground supported cylindrical concrete tanks, fluid filling is H =2 m and R are depended from tank
slenderness ratio = H/R. For considered tank slenderness ratios y= 0.3, 0.5, 0.7, 1, 2, 3 R are given
6.667m,4m,2.857m,2m, 1 mand 0.667 m.

Keywords
Fluid, earthquake, tank.

1 INTRODUCTION

Ground-supported cylindrical tanks are strategically very important structures, since they have
vital uses in industries, nuclear power plants and are connected to public life. Liquid storage tanks are
used to store a variety of liquids, e.g. water for drinking and fire fighting, petroleum, oil, liquefied
natural gas, chemical fluids, chemical and radioactive wastes. Seismic safely of liquid tanks is of
considerable importance [1-8]. Water storage tanks should remain functional in the post earthquake
period to ensure potable water supply to earthquake-affected regions and to cater the need for fighting
demand. Industrial liquid tanks containing highly toxic and inflammable liquids and these tanks should
not lose their contents during the earthquake. Satisfactory performance of tanks during strong ground
shaking is crucial for their modern facilities. The seismic behavior of liquid storage tanks is highly
complex problem due to liquid-structure interaction. Tanks that were inadequately designed or detailed
have suffered extensive damage during past earthquakes [9—12].

2 MECHANICAL MODEL

The dynamic analysis of a liquid-filled tank may be carried out using the concept of generalized
single-degree-of freedom (SDOF) systems representing the impulsive and convective modes of
vibration of the tank-liquid system (Fig. 1). The impulsive mass of liquid m; (near the base of the tank
moves with the tank wall) is rigidly attached to tank wall at height 4 or p’. Similarly convective

masses m., (near the top experiences free-surface sloshing motion) are attached to the tank wall at
height p or p’ by a spring of stiffness k.. The impulsive mass m; and the convective masses m. are

of fraction of the total liquid mass m. For practical applications, only the first convective mode of
vibration needs to be considered in the analysis of mechanical model. The natural period of vibration
of the impulsive mass is from 0.1 s to 0.3 s and that of the convective mass from 2 s to 6 s.

! doc. Ing. Kamila Kotrasovd, Ph.D., Department of Structural Mechanics, Faculty of Civil Engineering,
Technical University of KoSice, Vysokoskolska 4, 042 00 Kosice, Slovac Republic, phone: (+421) 559 602
4294, e-mail: kamila.kotrasova@tuke.sk.
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The mass, height and natural period of each SDOF system are obtained by the methods

described in Eurocode 8 [11].

h cn

I 2R I
| |
Fig. 1: liquid-filled tank modeled by generalized single degree of freedom systems

Values mi > hi 4 ht* > My, hcn
foundation in Eurocode 8 - 4 [13] are shown in Fig. 2 — 4.

and h, for rigid vertical circular tanks on ground, fixed to the

Fig. 2: Ratios m, /m, h,/ H and hl.* / H as functions of the tank slendersness
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In which 7, (), I 1 () denote the modified Bessel Function of order 1 and its derivate. The
derivate can be expressed in terms of the modified Bessel functions of order 0 and 1 as

Ii(x)zc”al,)(cx)=lo(x)—11)(cx).

— —mc4 —¥—mc3 —8—mc2 —r—mcl

0.05

0.04
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——he3/H — — hed/H " \peit/y —f—hcl*/H —e—hc2*/H
—%—he3*H — — hed*/H

3.5

|
|
|
4
|
|
|
]
|
|

Fig. 4: Ratios h,/H and h; / H as functions of the tank slenderness ratio

2tanh(4, H/R)

G, R )

@)

B 1-cosh(4, - H/R)
he, _H[1+ (4,-H/R)-sinh(4, ‘H/R)J’

. 2 —cosh(4, H/R)
R, _H(1+ (4, H/R)-sinh(4, H/R)}

where A, are the Bessel function of first order, 4,=1.8412; 1,=5.3314; 13=8.5363, 1.=11.71, A5=14.66
and As+; = Ast51(i=1,2,...); H is the height of fluid filling; 4 and j are the level where the oscillators

of convective masses; h, and h: are the heights of impulsive mass; R is the inner radius of cylindrical

container; m is the total mass of the fluid. For practical applications, only the first few modes of
vibration need to be considered in the analysis, (z = 1). Tank’s slenderness ratio is given by the relation
y = HJ/R.
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3 NUMERICAL RESULTS

In this study is analyzed fluids filling of ground supported cylindrical rigid tank. The
characteristics of fluid filling for H =2 m, where R - inner radiuses of cylindrical tanks are depended
from tank slenderness ratios ¥ = H/R. For tank slenderness ratio = 0.3, the inner radius of tank R is
given 6.667 m, for y=0.5 = Ris 4 m, for y=0.7 = R=2.857m, for y=1 = R=2m, for y= 2 =
R =1 m, and for y= 3, R is given 0.667 m. The material characteristics of fluid filling (H»O) are: bulk
modulus B =2.1-10° N/m?, density p,, = 1 000 kg/m®. As the excitation input we consider horizontal
earthquake load given by the accelerogram of the earthquake in Loma Prieta, California (18.10.1989),
Fig. 5a. Seismic responses of tanks are calculated by using the response spectrums for the Loma Prieta
accelerogram, California (18.10.1989), Fig. 5b.

Absolute Acceleration (g)

t [s]

30 35 40 45

T
|
|
|
R e | e e ===~ —05%
|
| — 2%
| |
10 | | — 4%
| |
— 5%

—T7%

0 25 5 75 10 125 15 17.5 f[Hz] 20

Figure 5b: Response spectrums for the Loma Prieta accelerogram from Figure 5a

The elastic response spectrums of the Loma Prieta accelerogram (Figure 5b) were used for simulation
of earthquake. The impulsive spectral accelerations are obtained from a 5% damped elastic response
spectrum (for concrete tanks) and the convective spectral accelerations are obtained from a 0.5%
damped elastic response spectrum.

300
oo Lo AL ] —
—O—ml.
100 -
—k—m,
0 R

0 0.5 1 L.5 2 2.5 3

Fig. 6: Impulsive and convective masses in [t] as fractions of the total liquid mass in the tank
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Fig. 7: Impulsive and convective heights in [m], as fractions of the height of the liquid in the
tank

The Fig. 6 and 7 are shown the values m , m;, m_, h, h; h, and j_, as functions of the tank
slenderness ratios, The Fig. 6 m, m,, m_, and Fig. 7 ., h h . Comparison of the total base shears

V, the bending moments M and overturning moments M" of fluid as functions of the tank slenderness
ratios for diameters D = 2R are shown in Tab. 1.

Tab.1: Comparison of the total base shears, the bending and overturning moments of fluid as
functions of the tank slenderness ratios

=03 =05 y=0.7 =1 y=2 y=3
D [m] 13.333 8 5.7142 4 2 1.333
V [kN] 7643.55 | 7751.87 | 2153.03 1744.58 | 179.517 46.86

M [kKNm] 7780.72 | 8284.86 | 2349.75 2065.91 224.97 50.42

M [kNm] 51013.9 | 234633 | 4352.12 | 2711.89 235.39 51.79

4 CONCLUSIONS

The ground supported cylindrical tank was excited by ground motion of Loma Prieta in
California. Basic responses of the interest were: the total base shears, the bending and overturning
moments of fluid as functions of the tank slenderness pressure in the fluid.
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UPDATING MATERIAL FACTORS FOR ASSESSMENT OF HISTORIC REINFORCED
CONCRETE BRIDGE

Abstract

This paper is focused on the reliability analysis of an existing reinforced concrete bridge from
1908. The load bearing capacity is assessed in accordance with valid standards using updated partial
factors and the partial factors for structural design. Load bearing capacities obtained by these
methods are critically compared. The application of the updated partial factors leads to 15 % higher
load bearing capacity than the ordinary partial factor method used for structural design.

Keywords
Concrete bridge, load bearing capacity, partial factors and target reliability.

1 INTRODUCTION

More than 50 % of investments in construction are related to existing structures. This ratio is
even greater in bridge engineering due to continuous degradation, ever increasing traffic intensities
and general lack of financial resources for rehabilitations of bridges. That is why effective assessment
of the load bearing capacity of existing bridges is becoming a crucial issue. In regard to this the
present study is aimed at the assessment of historic reinforced concrete bridge and at the comparison
results obtained by the partial factor method used for structural design and updated partial factor
method.

Final report COST Action [1] estimates that more than million bridges exist in the 27
European countries and it represents approximately 400 billion Euros of replacement costs.
Therefore, even small improvements in the methodology of assessment could lead to substantial
savings. The qualified decisions about replacement or upgrade of bridges should be based on the
available information and actual state of the bridge, unfavourable effects of environment and
potential consequences due to malfunction of the bridge.

The case study is focused on the bridge built in 1908. The bridge is chosen on the basis of
complexity of available information about geometry and material properties. A simple structural
system - the reinforced concrete girder bridge with a single span —makes it possible to show clearly
application and critical comparison of load bearing capacities obtained by applied methods.

The assessment is based on verification of bending moments as information concerning shear
reinforcement is missing. However, the benefit of using updated partial factors is foreseen to be
similar as in the case of bending moments.

! Ing. Jan Krejsa, Department of Structural Reliability, Klokner Institute, CTU in Prague, Solinova 7, Prague 6,
166 08, Czech Republic, phone: (+420) 224 353 504, e-mail: jan.krejsa@cvut.cz
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2 ASSESSMENT OF EXISTING BRIDGES

At present existing bridges are mostly assessed by the partial factor method for structural
design that can hardly reflect bridge-specific conditions in reliability analysis. Assessments of
existing bridges are then often conservative and lead to expensive costs for reconstruction. The
assessment of existing road bridge in the Czech Republic is based on determining load bearing
capacity V; (the greatest actual weight of each vehicle given by conditions of crossing) in accordance
with CSN 73 6222 [2].

CSN 73 6222 [2] assumes three different conditions of crossing for the assessment of load
bearing capacities Vi
e Vi is determined for the crossing of a defined two-axle vehicle with a uniform loading
representing normal traffic,

e J/ is determined for the crossing of a single three-axle or six-axle vehicle with restricted
access of other vehicles. Vehicle with more unfavourable effect is taken into account and

e 3 is determined for the crossing of a nine-axle vehicle with controlled position on a bridge
and described speed.

The most unfavourable transversal position of the vehicles for V; and 7> and of the uniform
load for ¥ is taken into account.

3 PARTIAL FACTOR METHOD

Partial factor method generally accounts for uncertainties in material and geometry properties
and action effects; load bearing capacity V; is estimated as follows:

Vi= ki Mg; min[(Mra — yG.sup Max) / (0x wo.0 70); (Mra— & y6.5up Max) / (02 y0)] (1)
where:
ki — 1is a coefficient dependent on the type of load bearing capacity V; derived from
CSN 73 6222 [2],
Mp: — bending moment from vehicle and uniform loading defined for the different conditions of
crossing (V] to V3) according to CSN 73 6222 [2],
Mpq — design value of flexural resistance in accordance to EN 1992-2 [3], using partial factor for yc

for concrete and ys for reinforcing steel,
Y6.up = 1.35 — partial factor for permanent actions,
Mgk — characteristic bending moment given by permanent actions,
J; — dynamic factor in accordance with CSN 73 6222 [2],
wo,0 = 0.75 — combination factor for traffic load,
yo = 1.35 — partial factor for traffic load and
&= 0.85 — reduction factor.

3.1 Partial factors for structural design

Application of partial factors for structural design is great disadvantage of this method.
Conservative values of these factors have been intentionally proposed to cover most situations in
design when information about real material properties or structural geometry is unavailable.
Therefore, they may be inappropriate, often overly conservative for assessing a specific existing
bridge. Partial factors of material properties for structural design are yc = 1.5 for concrete
compressive strength and ys = 1.15 for yield strength of reinforcement.

3.2 Updating of partial factors

Partial factors can be updated in accordance with EN 1990 [4], ISO 2394 [5], CSN 73 0038
[6] and with scientific publications [7, 8]. Fully probabilistic approach to reliability analysis of
existing bridges is then described in [9, 10]. These prescriptive documents allow for updating partial
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factors for material properties yu and for action effects y; and yo due to wind, snow, thermal or traffic
actions. However this study is focused only on updating of partial factors for material properties:

= fi/ fa=exp(= ki Vx+ ar f Vi) (2
where:
S« — isthe characteristic value,
fa  — design value,
k., — coefficient of 5% lower fractile provided in EN 1990 [4] for n experimental results and
known or unknown coefficient of variation Vx (Tab. 1),
Vx — coefficient of variation for the material strength,
or — sensitivity factor according to EN 1990 [4] a ISO 13 822 [11],
f  — reliability index [4] and
Ve — coefficient of variation for resistance.

Tab.1: Values of k, for 5% lower fractile of material property in accordance with EN 1990 [4].

n 1 2 3 4 5 6 8 10 20 30 0
Vx known 231201 |18 | 1.83 | 1.80 | 1.77 | 1.74 | 1.72 | 1.68 | 1.67 | 1.64
Vx unknown - - 337 | 2.63 | 233 | 2.18 | 2.00 | 1.92 | 1.76 | 1.73 | 1.64

Sensitivity factor ar indicating effect of the variable on reliability can be estimated by FORM
(First Order Reliability Method). Approximate values of ar are provided in Tab. 2.

Tab.2: Reliability factors a in accordance ISO 13 822 [11].

Basic variable Sensitivity factor o
Dominant resistance parameter 0.8
Non-dominant resistance parameter 0.4x0.8=0.32
Leading actions -0.7
Accompanying actions -04x0.7=-0.28

Index f is an indicator of structural reliability derived from failure probability Ps (Tab. 3). EN
1990 [4] differentiates target reliability with respect to consequence classes CC1, CC2, CC3 for
small, middle and great failure consequences (Tab. 4). ISO 13 822 [11] provides a similar, somewhat
more detailed reliability differentiation (Tab. 4).

Tab.3: Corresponding reliability indices and failure probabilities.
P 107! 102 107 10 107 10 107
p 1.28 2.32 3.09 3.72 4.27 4.75 5.20

Tab.4: Target reliability indices for different failure consequences and reference period of 50 years.

Failure consequences

Standard Very small Small Middle Great
EN 1990 - 33 3.8 43
ISO 13 822 23 3.1 3.8 43
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Coefficient of variation for resistance Vx is estimated on the basis of coefficients of variation
of material strength, geometrical properties and model uncertainty (Vx, Veeo and Vi, respectively):

Ve =\[Vi + Veeo> + Vi?] 3)
Tab. 5 indicates informative coefficients of variation according to CSN 73 0038 [6].

Tab.5: Informative values of coefficients of variation according to CSN 73 0038 [6].

Material Vx Veeo Vo
Concrete 0.15 0.05 0.05
Reinforcement 0.05 0.05 0.05

4 INFORMATION ABOUT THE BRIDGE

4.1 Load bearing structure
The single span bridge consists of four main longitudinal reinforced concrete girders stiffened
by several transversal beams, reinforced concrete slab and stone masonry abutment. Scheme of the
structural system is shown in Fig. 1.
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Fig.1: Schematic longitudinal section and cross section in the mid-span of the bridge (dimensions in
mm)
4.2 Inspection outcomes
Inspection of the bridge revealed:

e Concrete degradation at the bottom part of both outer longitudinal girders caused by
deicing salts and chloride ingress,

e Insignificant corrosion of longitudinal and shear reinforcement and

e Damage of road pavement at about 20 % of the total area, mainly in the area of bridge
expansion joints.

No visible degradation and damage was observed at remaining parts of the bridge.

4.3 Load effects and structural model

In addition to the traffic loads described above, the bridge is exposed to permanent actions
including layers of the road pavement and self-weight of the structural model. According to CSN 73
6222 [2] thermal and wind effects are neglected.

Load effects (internal forces) are estimated using a slab-wall model developed in Scia
Engineer 2012, considering the following simplifications:

e The slab is not inclined,
e The transversal beams are replaced by increasing slab depth by 1 cm,
o Reinforcement of concrete and the effect of a vehicle restraint system are neglected and

e Influence of cracks on stiffness is not considered.
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4.4 Results of tests and measurements

18 measurements of yield strength of reinforcement f; include three destructive tests and
fifteen non-destructive tests by hardness tester. Eight measurements of concrete compressive
strength /. include two destructive tests and six non-destructive tests by Schmidt hammer. Concrete
cover ¢ was measured at 59 locations. Statistical characteristics of fy, f;, and ¢ obtained from the
measurements are provided in Tab. 6.

Tab.6: Characteristics obtained from measurements.

Variable Units | Mean Coefficient of variation | Characteristic value
Yield strength of | yp | 569 0.025 257
reinforcement
Concrete compressive MPa 6.9 0.1 216
strength
Concrete cover mm 47 0.45 47

5 ASSESSMENT OF LOAD BEARING CAPACITIES V;

5.1 Basic variables and partial factors
Values of basic variables and partial factors applied in the assessment are given in Tab. 7 and
Tab. 8. In addition dynamic factor d dependent on the type of load bearing capacity V; and first
natural frequency is considered according to CSN 73 6222 [2]. In this study the following values of
dynamic factor are accepted: o(V1) = 1.35, 6(V2) = 1.35 and 6(V3) = 1.05.

Tab.7: Basic variables.

Variable Symbol Value
Longitudinal reinforcement As 12214 mm?
Yield strength 1 257 MPa
oot |4 | et ondsaes s fom s
Concrete cover c 47 mm
Width of the beam b 350 mm
Depth of the slab d 150 mm
Axial distance of beams a 1.35m
Length of the beam L 23.5m
Concrete compressive strength fe 21.6 MPa
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Tab.8: Applied partial factors.

Updated partial factors
Partial factors Symbol | For new structures
p=23 | p=31 | =38 | =43

For permanent actions |  yG,sup 1.35 - - - -

For traffic load Y0 1.35 - - - -
For concrete strength yc 1.5 1.01 1.09 1.17 1.23
For yield strength of | 1.15 1.06 1.10 1.13 1.16

reinforcement

The updated partial factors in Tab. 8 are assessed by approach in section 3.2. The coefficients
of variation Vy are obtained from Tab. 6. In the assessment the informative values of V., and Vy are
considered (Tab. 5).

5.2 Assessment and comparison of the load bearing capacities

Load bearing capacities V; are estimated for all cross sections of each longitudinal girder. Due
to the symmetry of the bridge load bearing capacities V; are same for the pairs of the inner and outer
girders. The inner girders have smaller load bearing capacities V; and consequently load bearing
capacities of the inner girders are discussed hereafter only.

Self-weight of the load bearing structure is estimated on the basis cross-section characteristics
and concrete volume density of 24 kNm™. Other permanent actions are described by a uniform
loading with the characteristic value of 0.65 kNm™.Vehicles are defined by crossing of axle loads
with respect to the considered crossing conditions described in above.
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Fig.2: Variability of load bearing capacity V; with the distance from supports for partial factors for
structural design

Fig. 2 (partial factors for structural design) and Fig. 3 (updated partial factors) show the
variability of load bearing capacity V; given in tons with the distance from support. In addition the
figures illustrate identification of the critical cross section where V7 is minimised. Similar trends are
observed for the load bearing capacities V> and V3. Moreover Fig. 3 provides results of V; for
different target reliability levels.

Load bearing capacities V; are different in each cross section, since load bearing capacity of
the bridge is the smallest value in critical cross section. Critical cross section is not in the mid-span
due to crossing of axle loads and geometry of the girders. Load bearing capacity V; is the smallest
while V3 attains the highest values.
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Fig.3: Variability of load bearing capacity V; with the distance from supports for updated partial
factors and different target reliability levels

most common target reliability index f = 3.8.

Tab. 9 gives load bearing capacities V; assessed by the considered methods and the distance of
a critical cross section from the support. The location of the critical cross section depends on a type of
crossing. Load bearing capacities V; assessed by updated partial factors are about 15 % higher for the

Tab.9: Load bearing capacities Vi obtained by the considered methods and the distance of a critical
cross section from the support.

Load bearing capacity [t]

Critical cross :
section [m] Partial factors for Updated partial factors
structural design B=23 | p=3.1 B=38 | p=43
2 10 40 51 48 45 43
Vs 10 56 72 68 64 61
V3 9.5 106 136 128 121 115
it
55
50 —&—structural
design
—&—updated
45 \
40 @ ——— ¢ ¢
2.3 2.8 3.3 3.8 43 B[

Fig.4: Comparison of load bearing capacities V; assessed by different partial factors
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Tab. 9 and Fig. 4 indicate that the target reliability index is not reflected in the assessment by

partial factors for structural design. For updated partial factors, the reliability index f significantly
influences the load bearing capacities V; that decrease with increasing /.

Note that the presented study is focused on the Ultimate limit state related to bending moment

failure mode. With respect to other common failure modes, it is foreseen that the benefit of using
updated partial factors would be similar as in the case of bending moments.

6 CONCLUSIONS

Numerical study indicates that:
e Partial factors for structural design are unnecessarily conservative,

e Updated partial factors can readily incorporate a required target reliability level and can
better reflect real structural conditions AND

e Load bearing capacities V; assessed by updated partial factors are about 15 % higher for
the most common target reliability index = 3.8.
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Jana LABUDKOVA!, Radim CAJKA?
NUMERICKA ANALYZA INTERAKCE ZELEZOBETONOVEHO ZAKLADU S PODLOZIM

NUMERICAL ANALYSIS OF REINFORCED CONCRETE FOUNDATION WITH SUBSOIL
Abstrakt

Vystiznost feseni interakce zakladovych konstrukei s podlozim je znaéné ovlivnéna fyzikalné-
nelinearnim chovanim konstrukce, spoluptisobenim horni stavby se zakladovou konstrukci i volbou
interakéniho modelu. Pro =ziskani spolehlivych vysledkli je optimalni vyuziti kombinace
experimentalniho méfeni, laboratornich zkouSek i zkouSek in-situ a modelovani numerickymi
metodami. S vyuzitim metody konecnych prvki byla provedena analyza vzajemné interakce podlozi
a zelezobetonové desky, ktera byla zatézovana béhem experimentu. Zemina je latka nestejnoroda. Pro
analyzu byl vyuzit nehomogenni poloprostor, ve kterém je koncentrace svislého napéti jind nez v
homogennim poloprostoru, coz umoznuje lepsi vystizeni napét'ové-deformacnich vztaht zatézované
zeminy. Vysledky analyz jsou rovnéz srovnany s hodnotami naméfenymi b&hem experimentalni
zatézovaci zkousky Zelezobetonové desky.

Klic¢ova slova
3D konecéné prvky MKP, interakéni modely, interakce zaklad-podlozi, zakladové konstrukce.
Abstract

The influence of the physically-nonlinear behavior of the structure and interaction between the
upper structure and foundation are the aspects which influence the results of the subsoil-structure
interaction analysis. The aim of the application of computational model is to determine the most
apposite distribution of stress and deformation due the contact stress in the footing bottom. This
contact stress is especially dependent to the load. It also depends on the subsoil stiffness, upper
structure stiffness and foundation stiffness too. Numerical analyses of contact task were made with
FEM. The test sample for the task was a reinforced concrete foundation slab model loaded during
experimental loading test. The subsoil is heterogeneous. Its properties are different from the idealized
behavior of the linear elastic isotropic homogeneous material. Application of inhomogeneous half-
space allows better capture the subsoil behavior because of increasing modulus of deformability with
increasing depth of subsoil model. Results of FEM analyses were also confronted with the values
measured during the experiment.

Keywords

3D finite elements FEM, soil — structure interaction, interaction models, foundation structure.

1 UVOD

V minulosti 1 soucasnosti je v souvislosti s interakci zakladovych konstrukei a podlozi
vénovana pozornost vyvoji interakénich modell a jejich aplikaci. Rada odbornikl navrhla nékolik
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ruznych vypocetnich postuptl, teoretickych i numerickych model a vypocetnich systémi, které se
zdokonaluji tak, aby se ziskané vysledky blizily skutecnym hodnotam sedani zaklada [8, 10, 12].
Zminéné problematice se veénuji celé tymy pracovnikli z pracovist zakladniho i aplikovaného
vyzkumu a vysokych Skol. Vysledky a zavéry dlouhodobych vyzkumtl jsou publikovany autory
z celého svéta, napt. Ruska, Ukrajiny, Ciny [13], Velké Britanie [1, 2], Kanady, Ceské republiky [3,
4,7, 9], Polska, Némecka a Jihoafrické republiky.

2 EXPERIMENTALNI ZATEZOVACI ZKOUSKY

Za UCelem zptesnovani vypocetnich postupti se dodnes provadi experimentdlni méfeni
zaméiend na sedani zakladové pudy pod stavbami, deformace zékladovych desek a zavislost napéti v
téchto deskach na charakteristikach podlozi. Vzajemnou interakci zékladovych konstrukei s podlozim
se jiz fadu let zabyvaji na univerzit¢ v Greenwich ve Velké Britanii. V roce 2012 uvetejnili prof.
Alani a Aboutalebi ¢lanek [1] o pozorovani vlivu tuhosti nosného podkladu na mechanické chovani
zakladovych desek. Zminéna analyza probihala na modelu desky o rozmérech 3,0 x 3,0 x 0,2 m.
Dalsi experimentalni méfeni jsou popsana v [3, 4, 7, 9]. V roce 2010 byla v arealu Fakulty stavebni
VSB-TU Ostrava provedena vystavba zkuSebniho zafizeni, tzv. standu [15]. Testovaci zafizeni
umoznuje provadét experimentalni méfeni pretvoreni i napjatosti. Pii vzéjemné interakci zakladovych
konstrukci s podlozim lze sledovat napétoveé-deformacni vztahy. Na zkuSebnim zafizeni probihaji
zatézovaci zkousky rtuznych typtu zakladovy desek, které se lisi naptiklad pouzitou smési betonu,
vyztuzenim, rozméry, velikosti zatézované plochy atd.

2.1 Experimentalni zatéZovaci zkouska Zelezobetonové desky

V ramci jednoho z experimentl byla zatézovana zelezobetonova deska ulozend na podlozi.
Horni vrstva podlozi je tvofena sprasovymi hlinami s konzistenci tiidy F4 a jeji mocnost je cca 5 m.
Zemina byla popsdna témito vlastnostmi - objemova ttha y = 18,5 kN.m?, Poissonliv soudinitel
v = 0,35. Pred zatézovaci zkouskou Zelezobetonové desky bylo odebrano 10 cm plvodni zeminy.
Zakladova spéra byla zasypana $térkem frakce 0 - 4 mm po okraj okolniho terénu. Stérkové loze bylo
rovnomérmé zhutnéno vibraéni deskou. Zelezobetonova deska méla rozméry 2000 x 2000 x 120 mm.
Ttida pevnosti betonu byla vyrobcem garantovana jako C 16/20. Pro ovéfeni pevnosti betonu byla
provedena destruktivni tlakova zkouska na vzorku tii krychli 150 x 150 x 150 mm, aby bylo mozné
1épe stanovit pevnost betonu. Pevnostni tfida betonu byla na zakladé laboratorniho méfeni stanovena
C 25/30, tzn. vy$si nez deklarovana vyrobcem. Z 38 ocelovych prutd délky 1,9 m a priméru 8 mm
byla svazana sit’ o velikosti ok 100x100 mm. Pomoci betonovych distan¢nikii bylo dosazeno kryti 20
mm u spodnich prutt (Obr. 1).

Obr. 1: Betonaz a zatézovaci zkouska zelezobetonové desky
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Betonova deska byla centricky zatéZovana svislou silou na plose 200 x 200 mm (Obr. 1). Sila
byla v pravidelnych intervalech zvétSovana. Po predchozich zkuSenostech byla deska pfitézovana v
pulhodinovych intervalech a to o svislou silu 50 kN. Pfi zvétSovani zatézovani, nebyl zohlednén
pokles napéti, vzdy tedy bylo zatézovano po 50 kN - tj. 50, 100, 150... atd. az do porusSeni vzorku. Na
Obr. 1 je zachyceno vyztuzeni desky, betonaz desky a jeji zatéZzovani. Deska se pii tomto zptisobu
zatézovani porusSila pfi zatizeni 350 kN. Deska se porusSila protlacenim, podobné jako je popsano v
[11]. Na Obr. 2 jsou zobrazeny trhliny na dolnim povrchu porusené desky po jejim nadzdvizeni.

3 L =

3

Obr. 2: Trhliny na dolnim povrchu desky po poruseni desky

3 MKP ANALYZA

Pro analyzu interakéni Glohy modelu zakladové zelezobetonové desky s podlozim byla pouzita
metoda konecnych prvki (MKP). Numericky model této interakéni tlohy byl vytvofen v systému
ANSYS 15. Pro vytvotfeni numerického modelu desky i modelu podlozi byly vyuzity 3D konecné
prvky. Velikost prvki sité byla odlisna pro feSenou oblast podlozi a desky, u které je pouZzita hustsi
sit. Velikost prvka konecnoprvkové sité¢ desky byla 0,10 x 0,10 m (pudorysny rozmér prostorovych
prvki). Jednalo se o Sestisténné prostorové prvky, jejichz tieti rozmér se lisil v souvislosti s tloustkou
jednotlivych vrstev popsanych v kap. 3.3. Prostorovy model podlozi tvorily Sestisténné konecné
prvky o velikosti 0,20 x 0,20 x 0,20 m

3D numericky model podlozi byl vytvofen jako pruzny poloprostor, ktery byl modelovany
jako kontinuum. V tomto ¢lanku je sledovan vliv homogenity poloprostoru na vysledné deformace.
Poloprostor byl tedy modelovan ve dvou variantach. V prvni varianté bylo podlozi modelovano jako
linedrni izotropni homogenni pruzny poloprostor. Ve druhé varianté bylo podlozi modelovano jako
linearni izotropni nehomogenni pruzny poloprostor. V MKP analyze byly rovnéz zohlednény
nelinearity — konstruk¢éni nelinearita a fyzikalni nelinearita. Konstrukéni nelinearita je zptisobena
kontaktni ulohou, resp. jednostrannou vazbou, jez plisobi pouze v tlaku. Kontakt mezi modelem
desky a modelem podlozi byl zprostfedkovan kontaktnim parem kone¢nych prvkt typu TARGE 170
— CONTA 173. Vliv tfeni na kontaktu desky a podlozi byl zanedban, soucinitel tfeni byl tedy nulovy.
Fyzikalni nelinearita je spojena s vlastnostmi materiald. Nelinearni materialovy model je v numerické
analyze proveden s vyuzitim modelu Drucker — Prager, diky kterému je mozné 1épe vystihnout
chovani zeminy. Model Drucker — Prager pouZzivany pro soudrzné materidly s vnitinim tfenim je
odvozen z podminky plasticity dle von Misese. Drucker — Pragerova podminka se svou povahou blizi
Mohr — Coulombové podmince plasticity, protoze je mozné s jeho vyuzitim popsat rozdil mezi
tahovou a tlakovou pevnosti. Na rozdil od Mohr — Coulombovy podminky je Drucker — Pragerova
plocha plasticity hladka, coz je z numerického hlediska vyhodné;jsi.

3.1 Izotropni homogenni pruzny poloprostor

Podlozi je tvofeno pruznym nekonec¢né velkym télesem ohranicenym shora rovinou.
Nejjednodussi idealizaci poloprostoru je pruzné, homogenni a izotropni téleso tvotené latkou, pro
kterou plati Hookliv zdkon a je zavisla na dvou materidlovych parametrech. Témi jsou modul
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pruznosti a Poissoniv souéinitel. Pii tvorbé prostorového modelu s vyuzitim 3D prvkl je ovSem
problematické zejména spravné stanovit velikosti modelované oblasti piedstavujici podlozi, zvolit
okrajové podminky a velikost sit¢ konecnych prvkd. Vzhledem ktomu, Zze zemina je latka
nestejnoroda a jeji vlastnosti se 1isi od idealizace linearné pruzné, izotropni a homogenni latky,
vypoctené hodnoty sedani nekoresponduji s hodnotami skutecnymi, naméfenymi u konkrétnich
staveb, nebo béhem experimentii. Bylo vytvofeno né¢kolik riznych numerickych modeld, které se
lisily okrajovymi podminkami, velikosti feSené oblasti a velikosti kone¢no-prvkové sité, coz jsou
parametry, které maji vyznamny vliv na vyslednou deformaci, vnitini sily i kontaktni napéti. Pro
vyhodnoceni zavislosti deformaci na zminénych parametrech byla provedena parametricka studie [5,
6], ktera dokazala ptevladajici vliv hloubky modelu podlozi na vysledné deformace. Pro linearni
homogenni izotropni kontinuum plati, Zze zvétSuje-1i se hloubka namodelovaného podlozi, zveétSuji se
i deformace. Cim je vétsi hloubka modelu podloZi, tim je vétsi rozdil mezi deformacemi vypoétenymi
pro jednotlivé varianty okrajovych podminek. S rostouci hloubkou se tedy stava volba okrajovych
podminek rozhodujicim kritériem ovliviiujicim vysledné svislé deformace [5, 6]. V takovychto
modelech vsak neni zohlednéna strukturni pevnost zeminy.

HOMOGENNI _
POLOPROSTOR NEHOMOGENNI
POLOPROSTOR

Obr. 3: Izotropni homogenni a nehomogenni pruzny poloprostor

3.2 Izotropni nehomogenni pruzny poloprostor

vvvvvv

materidlti (jako je zemina) nez je tomu pfi aplikaci homogenniho poloprostoru. V nehomogennim
poloprostoru je jind koncentrace svislého napéti v ose zékladu nez v poloprostoru homogennim.
Modul pietvarnosti se méni plynule s hloubkou. Nehomogenni poloprostor byl vyuzit i pro MKP
analyzu interakéni Ulohy modelu zakladové Zzelezobetonové desky s podlozim. Podlozi bylo
modelovano s vyuzitim prostorového prvku SOLID 45. Vlastnosti numerického modelu podlozi byly
definovany prostfednictvim modulu pruznosti £ a Poissonova soucinitele g Pfi feSeni ulohy byla
zanedbavana vlastni tiha zemniho masivu i Zelezobetonové desky. Model podlozi byla rozdélen do 30
vrstev s riznymi materidlovymi vlastnostmi dle rovnic (1), (2). Nehomogenita modelu podlozi byla
zohlednéna uplatnénim zvysujiciho se modulu pretvarnosti Eqer>. Modul pietvarnosti za¢ina hodnotou
Eqr2 = 33,1 MPa na povrchu modelu podlozi. Vypocet vertikalni slozky napéti byl odvozen pro
poloprostor zatizeny na povrchu silou (Boussinesqova uloha). Modul pfetvarnosti roste s hloubkou
podle vzorci (1), (2) detailnéji popsanych v [14]:

Ea,ef’2 =E,z" (1)
1

m=—-—2 2)
Y7,

50



kde

Ey — modul ptetvarnosti na povrchu modelu podlozi,
z  — z-ovasoutadnice (hloubka),
m  — koeficient zavisly na Poissonové souciniteli z.

Pro MKP analyzu interakce zakladu s podlozim byly vytvofeny a pouzity tfi varianty
okrajovych podminek zobrazenych na obr. 4. Okrajovymi podminkami varianty A bylo branéno
vertikalnim 1 horizontalnim posuntim v dolni podstavé modelu podlozi (na obr. 4 oznaceno ¢. 6).
Zadnymi okrajovymi podminkami nebylo branéno posuntim uzlti obvodovych stén modelu podlozi
(na obr. 4 jsou tyto stény oznaceny €. 2, 3, 4, 5) ani posuntim uzl@i v trovni horni podstavy modelu
podlozi, ktera reprezentovala terén (na obr. 4 oznaceno €. 1). Okrajovymi podminkami varianty B
bylo branéno horizontalnim posuniim uzlt vnéjsich stén modelu podlozi (na obr. 4 oznaceno ¢. 2, 3,
4, 5) a vertikdlnim posuniim uzli v dolni podstavé modelu podlozi (na obr. 4 oznaceno &. 6).
Zadnymi okrajovymi podminkami nebylo branéno posuntim uzlii v trovni horni podstavy modelu
podlozi, ktera reprezentovala terén (na obr. 4 oznaceno €. 1). Okrajovymi podminkami varianty C
bylo branéno horizontalnim i vertikalnim posuntim uzli vnéjsich stén modelu podlozi dolni podstavy
modelu podlozi (na obr. 4 oznageno ¢&. 2, 3, 4, 5, 6). Zadnymi okrajovymi podminkami nebylo
branéno posunim uzli v urovni horni podstavy modelu podlozi, ktera reprezentovala terén (na obr. 4
oznaceno €. 1).

VARIANTA VAR!gNTA VARIANTA

OKRAJOVE PODMINKY V REZECH MODELU PODLOZ{

1: u,v,Ww#0 1:u,v, w0 1:u,v,w#£0

[ < DZ ]

2, 2, DZ.‘ | ng féz.| |2.jJ

35  uwv,w#0 3, o 3, u,v=0 = = 15 3 | yv,w=0 3'4<]
4, 4, 4, ‘ ‘ 4, 14, | | 4,

5, 5, Ds, 51<] l>25, 5'4ﬂ

' B < B S
< R

fwin Y LYy /) LA A AA A

6:u,v,w=0 6:u,v,w=0 6:u,v,w=0

Obr. 4: Varianty okrajovych podminek

3.3 3D numericky model

Vypocétovy model byl vytvofen jako prostorovy model s vyuzitim 3D koneénych prvki.
Model Zelezobetonové desky i model podlozi byl tvofen koneénymi prvky SOLID 45. V
prostorovém modelu zelezobetonové desky byla zohlednéna také vyztuz. Model desky byl rozdélen
na 4 vrstvy (obr. 5).

Obr. 5: 3D numericky model Zelezobetonové desky
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Nejnizsi vrstva reprezentovala prosty beton a jeji tloustka je rovna kryti vyztuze. Nad touto
spodni vrstvou je vrstva odlisSnych materidlovych vlastnosti, kterd reprezentuje betonarskou vyztuz.
Modul pruznosti oceli byl E; = 210 GPa, a Poissontiv souéinitel 1~0,3. Tloustka vrstvy vyztuze byla
stanovena tak, aby byla plocha této vrstvy reprezentujici vyztuz, shodna se skutecnou plochou
vyztuze ocelovych ty¢i pouzitych pii betonazi modelu desky. Pro numericky model Zelezobetonové
desky byly vytvofeny dvé varianty, které byly vzajemné porovnany. V prvni varianté byl model
desky neporusen trhlinami. Modul pruznosti betonu ve vSech tfech vrstvach reprezentujicich beton
neporuseny trhlinami byl E. = 27,5 GPa, a Poissonliv soucinitel £=0,2. Ve druhé variant¢ byl model
desky naruseny trhlinami, pficemz byl sledovan vliv oslabeni prifezu trhlinami na celkové
deformace. Modul pruznosti betonu poruseného trhlinami byl pouzit v nizsich vrstvach, resp. v tazené
vyztuzi). Zminéné dolni vrstvy predstavuji Cast betonu s trhlinami. Poissonlv soucinitel v téchto
vrstvach je p =0 dle [16].

Pro variantu prifezu s trhlinami byla vypocitana ¢ast prifezu neporuseného trhlinami, x:

0,5bx> +a,A4,x—a,(4,.d)=0 3)
kde
b  — sitka prifezu,
a. — pomér modulti pruznosti betonaiské vyztuze a betonu: Ey/E.,
As; — prafezova plocha betonatské vyztuze u tazeného okraje prufezu,
d — 0cinna vyska prifezu.

Po vyfteseni kvadratické rovnice (3) byla ziskana hodnota x = 0,04 m. Poté byla vyuzitim
rovnice (4) vypo¢itana idealni plocha priiezu s trhlinami:
AI.I = Af +a,4, 4)
kde
A. — plocha ¢asti betonového prifezu neporuseného trhlinami.

v

Vzdalenost tézisté idealniho prafezu s trhlinami od tlaceného okraje ag (pro vysku prufezu
neporuseného trhlinami, x) byla stanovena vyuzitim rovnice (5), a, = 0,04 m.

Aa,+a,(4,d)
agl. = 1

1

)

kde

a. — 1¢zisté Casti betonového prifezu neporuseného trhlinami.

Po vypoctu tezisteé prufezu porusené¢ho trhlinami ag, byl dle rovnice (6) vypocitan moment
setrvagnosti idealniho prifezu ;7 zohledfiujici kromé vlivu vyztuze také vliv trhlin:

=1 +Af(agl. —ac)2 +ae.Asl.(agi —d) (6)

kde
17— moment setrvaénosti ¢asti betonového priifezu neporuseného trhlinami.

Dle Eurokodu 2 [16] Ize prvky, u nichz se neoéekava zatizeni, které by vyvodilo v prvku
napéti prekracujici v kterémkoliv prifezu pevnost betonu v tahu, povazovat za prvky bez trhlin.
Chovani prvkl, u nichz se ocekavaji trhliny, ale nedojde k jejich plnému rozvoji, odpovida dle
Eurokédu 2 [16] mezilehlému stavu mezi stavem bez trhlin a stavem s pln€ rozvinutymi trhlinami.

Ohybova tuhost desky se po vzniku trhlin snizuje. Vypocet byl proveden na zakladé vypoctu
ohybové tuhosti prifezu bez trhlin C; a ohybové tuhosti priifezu s trhlinami Cy. Ohybova tuhost
prifezu bez trhlin C; byla vypoctena pomoci rovnice (7):
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1

=g T ™
ceff i
Ohybova tuhost prifezu s trhlinami Cy; byla vypoctena pomoci rovnice (8):
1
o= ®
ceff i
kde
E.o — uCinny modul pruznosti betonu,
(Pro vypocet deformace pii kratkodobé pusobicim zatizeni E.y = Ecn. Béhem
experimentalni zatézovaci zkousky je zatizeni uvazovano jako kratkodobé, tzn. Ecoy = Ecm.)
I,/ — moment setrvaénosti priifezu neporuseného trhlinami pro o = Es / Ec efr,
I — moment setrvaénosti pritfezu poruseného trhlinami pro o, = Eg / Ec efr.

Pro prvky namahané pievazné ohybem je odpovidajici piedpoklad chovani mezilehlého
stavu mezi stavem bez trhlin a stavem s pIné rozvinutymi trhlinami vyjadien vztahem (9) - aplikaci
rozdélovaciho soucinitele, kterym se umoziuje zohlednit tahové zpevnéni prifezu:

£=1-p [1‘;] ©)

kde

p — soucinitel, kterym se zohlediiuje vliv doby trvani nebo opakovani zatizeni na primérnou
hodnotu pomérného pretvoteni. f = 1,0 pfi jednorazovém kratkodobé plsobicim zatizeni.
Béhem experimentalni zatézovaci zkousky je zatiZzeni uvazovano jako kratkodobé, tzn. f = 1,0.
— ohybovy moment vypocitany numerickou analyzou pro variantu modelu desky bez trhlin,
M = 22,06 kNm/m’,

M, — ohybovy moment vypoéteny pro prafez s trhlinami pii zatizeni zptisobujicim vznik prvnich
trhlin dle rovnice (10):

Mo h-a,)< f0 — M,=622 kNm/m (10)
¢
kde
h  — vyska prifezu neporusena trhlinami,
1! — moment setrvaénosti ¢asti priifezu neporusené trhlinami,
ag — t¢zisté Casti prafezu neporusené trhlinami,
fem — prumérna hodnota pevnosti betonu v dostifedném tahu.

Vyse uvedené rovnice a vypocty slouzily ke stanoveni kfivosti (//r,,) od pfimého zatizeni
zpusobujiciho ohybovy moment M. Kfivost byla vypoctena s vyuzitim rovnice (11).

FLZM'[(I_Q/)'CI"'é/'CI]] (1

m
Z nasledujici rovnice (12) je tedy mozné pro feSeny piipad vyjadtit modul pruznosti betonu s
trhlinami E.7.

M1
E'IT v 12

m
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Modul pruznosti betonu s trhlinami £/ = 7,3 GPa byl pouzit v niz§ich vrstvach, resp. v tazené

v

vyztuzi). Zminéné dolni vrstvy pfedstavuji ¢ast betonu s trhlinami.

4 SROVNANI HOMOGENNIHO A NEHOMOGENNIHO POLOPROSTORU

Parametrické studie popsané v [5, 6] pfinesly nékolik zavérd, které byly ovéfeny také pro
pfipad interakce Zelezobetonové desky s podlozim analyzované v tomto ¢lanku. Parametrické studie
popsané v [5, 6] dokazaly ptevladajici vliv hloubky modelu podlozi na vysledné deformace. Jako
hlavni ménici se parametr nové parametrické studie zaméfené na sledovani vlivu velikosti
nehomogenniho modelu podlozi na celkové svislé deformace byla zvolena hloubka modelu podlozi,
kterd byla parametrickou studii homogenniho modelu podlozi vyhodnocena jako parametr
nejvyznamnéji ovlivitujici velikost svislych deformaci. V parametrické studii bylo vytvoreno devét
3D numerickych modeld homogenniho poloprostoru a devét 3D numerickych modela
nehomogenniho poloprostoru. Nova parametrickd studie potvrdila vSechny zavéry pramenici
z predchozich parametrickych studii uvedenych v [5, 6], véetné toho, Ze hloubka modelu podloZi je
parametr nejvyznamnéji ovliviujici velikost svislych deformaci.

Svislé deformace homogenniho a nehomogenniho poloprostoru
pro ruzné varianty okrajovych podminek
Hloubka modelu podlozi [m]
2,0 4,0 6,0
9,5
& 9,217
3,0
E 85
£ @
2 g0 %
[
o
L
E 75 "
° =
§
T 7,246
o 7.0
o
o=
A 65
6,0
6,061
5,5 o - o -
@+« Homogenni poloprostor, varianta A ++#++ Nehomogenni poloprostor, varianta A
@= Homogenni poloprostor, varianta B =—@=— Nehomogenni poloprostor, varianta B
Homogenni poloprostor, varianta C —3&=— Nehomogenni poloprostor, varianta C

Obr. 6: Srovnani homogenniho a nehomogenniho poloprostoru

Na obr. 6 je znazornéna zavislost deformaci desky na proménné hloubce namodelovaného
homogenniho podlozi (svétlé kiivky a nehomogenni podlozi (tmavé kiivky) pro riizné varianty
okrajovych podminek a pfi zachovani stejné ptidorysné plochy podlozi.

Rozdil mezi nejmensi a nejvétsi vyslednou svislou deformaci ve stfedu desky na homogennim
modelu podlozi je 1,971 mm, zatimco na nehomogennim modelu podlozi je mezi maximalni a
minimalni svislou deformaci rozdil pouze 0,604 mm, coZ je o 326% mensi rozdil hodnot geometricky
shodnych modeld lisicich se pouze v homogenité resp. nehomogenité podlozi.

Deformace zelezobetonové desky ziskané numerickou analyzou jsou vykresleny v pfi¢ném
fezu vedeném stfedem desky pro variantu okrajovych podminek B. Na nasledujicim grafu (Obr. 7) je
provedeno srovnani deformaci vypocitanych 3D numerickym modelem Zelezobetonové desky
s trhlinami (tmavé kiivky) a bez trhlin (svétlé kiivky). TeCkovanymi kfivkami jsou vykresleny
deformace modelu podlozi s hloubkou 2,0 m. Cérkovanymi kiivkami jsou vykresleny deformace
modelu podlozi s hloubkou 4,0 m a plnymi kiivkami jsou vykresleny deformace modelu podlozi

54



s hloubkou 6,0 m. Cernou plnou &arou jsou vykresleny deformace naméfené b&hem experimentu.
Vlivem trhlin dohazi ke snizeni tuhosti a zaroven narustu deformaci. To je zfejmé i v grafu na obr. 7,
ve kterém jsou deformace modelu desky s trhlinami téméf dvojnasobné ve srovnani s deformacemi
modelu desky bez trhlin. Z grafu je rovnéz ziejmy vétsi rozdil mezi deformacemi na okraji desky
porusené trhlinami a v jejim stfedu, nez je tomu u trhlinami neporusené desky.

Srovnani deformaci desky porusené trhlinami a neporusené trhlinami

=g Experiment

== Deska porusena
trhlinami, h{s)=6m

=fe= Deska porusena
trhlinami, h{s)=4m

+=if+ Deska porusena
trhlinami, h{s}=2m

@+ Deska neporutens
trhlinami, h{s}=6m

Svislé deformace desky w [mm]

@ Deska neporuiens
trhlinami, h{s}=4m

@~ Deska neporutens

0,00 0,25 0,50 0,75 1,00 1,25 1,50 1,75 2,00
trhlinami, h{s}=2m

Pfiény fez deskou [m]

Obr. 7: Srovnani deformaci desky porusené trhlinami a neporusené trhlinami, experiment

5 ZAVER

Z grafu na obr. 7 je zfejmé, Ze model nehomogenniho kontinua poskytuje mensi svislé
deformace nez model homogenniho kontinua. To je disledkem rostouciho modulu pfetvarnosti
s hloubkou. Z grafu je také patrné, Ze ve srovnani s modelem homogenniho kontinua neni model
nehomogenniho kontinua tak silné zavisly na nahodné volenych geometrickych parametrech modelu
podlozi, kterym byla pro tento ptipad rostouci hloubka. Jako hlavni ménici se parametr parametrické
studie zaméfené na sledovani vlivu velikosti nehomogenniho modelu podlozi na celkové svislé
deformace byla zvolena hloubka modelu podlozi, kterd byla parametrickou studii homogenniho
modelu podlozi vyhodnocena jako parametr nejvyznamnéji ovlivijici velikost svislych deformaci.
V 3D numerické analyze interakce Zelezobetonové desky s podlozim byl zohlednén také vliv
betonaiské vyztuze a vliv trhlin v tazenych ¢astech betonového prifezu. Pro zohlednéni vlivu trhlin v
tazenych Castech betonového prifezu byl v ¢lanku odvozen modul pruznosti betonu s trhlinami.
V disledku aplikace modulu pruznosti betonu s trhlinami mohl byt v grafech ¢lanku sledovan vliv
trhlin v betonovém priifezu na celkové deformace desky. Grafy vychazejici z vysledkii numerické
analyzy potvrdily pocatecni predikce sniZzeni ohybové tuhosti betonu po vzniku trhlin a zavislost
zvétSujicich se deformaci se snizujici se ohybovou pevnosti betonu. Vypocitané deformace desky
porusené trhlinami byly témét dvakrat vétsi nez vypocitané deformace desky neporusené trhlinami.
Také rozdil mezi deformacemi na okraji desky a v jejim stiedu byl vétsi u desky porusené trhlinami
nez u desky neporusené trhlinami. Vypocitané deformace ve stiedu desky neporusené trhlinami byly
témét tiikrat vétsi nez deformace na okraji desky. Vypocitané deformace ve stfedu desky porusené
trhlinami byly témét osmkrat vétsi nez deformace na okraji desky. Diivodem zminéného rozdilu je
prave pokles ohybové tuhosti po vzniku trhlin v betonu.
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STATIC LOAD

Abstract

In the paper the mathematical model has been proposed according of which the rock is
considered as an orthotropic half-plane. On the boundary of this half-plane the loads, moving at a
constant velocity, exert a pressure. The problem was solved by means of the theory of analytical
functions.
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1 INTRODUCTION

The rock failure is a highly complex problem, accompanied by its sides, which among the
mechanical destruction is one of the most important problem. Solution of fracture mechanics
problems often enables to explain many phenomena and predict failure of bodies of various shapes.

2 THE MAIN PART

The type of distribution of the load, acting on the surface, is of great importance in the course
of the research of the processes of mechanical failure of the rocks. We will study the elastic-stressed
state of petrean rocks whereas the load, moving by constant velocity C and disturbed by definite

regularity ¢,(x),(i = 1,2...,n) , acts on the boundary.

Taking into the consideration the fact that the failure of petrean rock proceeds at relatively
small deformations, then we can use the methods of classical theory of elasticity. Also the fact should
be taken into account that the effect of acting load on the rock surface is gradually reduced with
increase of the rock thickness (z) and in the long run completely disappears. For reasonably large z
the weight of upper layers of the rock effects on the stress field. So that the attack of the load, acting
on the rock surface, is considerable for the layer of small thickness (in comparison with other
dimensions). Hence it may be thought to a definite approximation that the rock presents the
orthotropic half-plane. The directions of its principal axes are coincident with the directions of the
coordinate axes. From all above-mentioned the given problem may be formulated in the following

manner: the orthotropic half-plane is given (i = 0) in the segment (ai,bl. ); on its boundary OX

the loads, disturbed by regularity g;(x) (i =1,2.....n), move by constant velocity C is on Fig. 1.

Ing. Marine Losaberidze, Ph.D., Faculty of Civil Engineering, Georgian Technical University, M. Kopstava
str. 77, Thilisi, 0175, Georgia. e-mail: marinalosaberidze@rambler.ru.

Prof. Mamuka Vazagashvili, Ph.D, Faculty of Civil Engineering, Georgian Technical University, M. Kopstava
str. 77, Thilisi, 0175, Georgia. e-mail: mamuka_vazagashvili@mail.ru.

3 Assoc. Prof. Ing. Mikheil Tutberidze, Ph.D.,Faculty of Natural Sciences and Engineering Illia State
University, Kakutsa Cholokashvili Ave 3/5, Tbilisi 0162, Georgia, phone: (+420) 597 321 313, e-mail:
mikheil.tutberidze@iliauni.edu.ge.

57



Al

o

T, TII, Tnz aanzz aaai2

Fig.1. The loads moving by constant velocity C on the segment (&, ,b,) of the boundary OX of
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As well as zero initial conditions and the following boundary ones:

(0,),-0 =0 at free surface of the boundary
(74),0=0, —0<x<©

(0,),20=q,(x), xe(a;b,),i=12,..n.

where:

E, and E, - areYoung’s modulus in principal directions,
0, and 0, - Poisson’s ratios,

U - shear modulus,

UandV -

of the stress tensors by the following relationship:

ou 1

a__E(Gx_O-IGy)5
1

aa_z:Ei(O-} _Gzo-v)a
2
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As it well-known there are the following concepts for the components of the stress tensor:

o, ==2mRe[(B, + m)F,(z,) + (B, + m)F,(z,)],
o, =2nRe[F (z)) + Fy(z,)].
7, =J,[aF(z,) +bF,(z,)],

)
where:
F(z,) and F,(z,) - are the analytic functions in lower half-plane,
(y <0), moreoverz, =& +if3n, z, =& +iff,n
1 1
2\2 2\2
C (4
E=x—ct,n=y, B =[1-|, B =|1-5
G )
¢, and ¢, - are the velocities of the propagation of longitudinal and cross transverse waves;

m,n,a,b - are the constants characterizing an orthotropy.

Considering the relationship (3) in (5) one can obtain:
J, [aF(&) +bE)(E)]=0, —0 < £ <0 (6)

(6) will be satisfied if we can consider that

" a
F)(2) :_;E(Z)

(7
This latter allows to express the stress components by means of one analytic function. Moreover
b
ReF(£)=0 and ReF(f)— b-a) -q,(&), Eelab],i=1.2,--,n atthe free segment
2n

of the boundary.

From the last expression it is evident that the set problem is the Dirichlet’s one. It may be solved by
means of Schwartz’s integral

)= e an(f)dé

®)
2n (b a) 2ri W 2T & .

From the type of the loads ¢,(X), x = 1,..,n we can establish the law of stress distribution in the

body by formulae (5 — 8). In Fig.2 the graphs of normal and tangent stresses are presented in the case
of the various loads.
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Fig.2. Dependence normal and tangent stresses on the various loads

CONCLUSIONS
On the basis of analysis of obtained results we may drawn the following conclusions:

e Boundary problem for the orthotropic body as well as for isotropic one is reduced to the
search of two analytic functions with the boundary conditions of mixed type. The
difference lies in the characteristic coefficients of anisotropy.

e Derived formulae allow to determine those sectors were the stresses attain the maximum
values. Exactly these sectors are the weakest places from the viewpoint of the strength.

e Individually and in combination, normal stresses attenuate the separate sectors of the rock
and in the long run together with the tangent stresses create the beneficial conditions for
failure. In the course of this process the tangent stresses play a crucial role since the cracks
appear at the maximum points of the tangent stresses.
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Abstract

Moisture inside the construction of road pavements is the problem for road engineers all
around the world. This issue is mentioned in many European or the US papers and studies, but still it
needs to be developed. From the road engineers’ point of view, very important for solving above
problems are the studies on the influence of water and moisture inside the construction of road
pavement during deflection measurements using Falling Weight Deflectometer (FWD). The paper
raises this issue by showing a short review of Polish and foreign literature and presenting the first
step of research work at the test site on Voivodeship Road 933 in Poland.

Keywords

Falling Weight Deflectometer (FWD), non-destructive testing, water, moisture, deflection,
pavement, road construction.

1 INTRODUCTION

One of the main objectives at the design stage as well as at the execution stage is not lead up
to the occurrence of excess water in a pavement structure. Frequently the movement
of water into pavement construction is observed. Presence of excessive moisture in pavements is
primarily due to melting of ice lenses during spring thaw, capillary actions and infiltration through
pavement surface, shoulders and various kinds of existing damages. Following numerously
investigations on the behaviour of pavement structure it is proved that excess water accelerates the
deterioration of the structure causing i.e. frost heave, rutting or reduction of unbound aggregate
courses strength and stiffness. Particularly sensitive to impact of water is silty or clayey subgrade as
well as subbase and base with high content of fine particles or dense-graded unbound aggregate
layers. High sensitivity of mentioned granular and unbound materials is due to reduction of mutual
reaction among each particles and increase of pore water pressure. It is especially shown in decrease
of the resilient modulus value which is greatly affected by moisture.

In recent years many research on water impact on performance of flexible pavements were
carried out using Falling Weight Deflectometer. In this purpose FWD tests help to investigate
variations in moisture content and changes in resilient modulus value. In this paper introductory
experiences with FWD tests at the test site in Poland on Voivodeship Road 933 near Jastrzgbie-Zdrdj
and Pawlowice were carried out with reference to similar observations reported in the literature.
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2 PAVEMENT DIAGNOSIS METHODS

Examinations of road pavement structure damages can be made using numerous methods with
different specialized equipment. Pavement diagnosis methods can be divided into three groups:

e destructive methods,
e semi-destructive methods,
e non-destructive methods.

In research aimed at water impact on performance of pavement structures by far the most
examinations are executed using non-destructive testing such as deflection measurements, radar-
technique examinations or surface parameters rating. In this group of methods deflection
measurements using Falling Weight Deflectometer are primarily used.

2.1 Falling Weight Deflectometer (FWD)

Principle of operation of Falling Weight Deflectometer is similar to Light Weight
Deflectometer, but allows to apply higher values of impact to imitate actual conditions of traffic load.
FWD device measures vertical deflection of road pavement structure caused by falling of
a fixed mass load from set height. Mass falls naturally and hits the damping arrangement which
transfers impulse to plate bearing device. Vertical deflection induced by the plate is registered by
group of geophones which are placed in different distance from the load axis. The load impulse value
ranges from 7 to even 300 kN depending on the type of pavement structure. In FWD measurements
on road pavements an impact load equal to 50 — 57.5 kN is mainly used [1]. FWD test operation
scheme is shown in the Figure 1.

M— l\io
AT
PLATE BEARING GEOPHONE ROAD PAVEMENT
DEVICE  C——— / " SURFACE

Nmmmmnon d 00 ] i

DEFLECTION BOWL

Fig.1: Falling Weight Deflectometer operation scheme [1]

3 FWD TESTS WITH PRESENCE OF EXCESS WATER - INTERNATIONAL
EXPERIENCES

Many studies have been carried out to analyze the impact of excess water on pavement
structure using Falling Weight Deflectometer tests. Great majority underlines the problem
of excess water during the spring thaw because of seasonal variation of unbound layers stiffness. For
subgrade, base and subbase decrease of stiffness can occur during winter short thawing periods and
spring thaw. Winter fall of stiffness is usually less noticeable and is a short-term variation, while
decrease of stiffness during spring thaw is more evident. After the spring thaw period is over,
unbound pavement layers regain bearing capacity relatively quickly. However if the subgrade is fine-
graded, recovery might last definitely longer [2]. The characteristic of unbound layers stiffness
variation is shown in Figure 2.
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Fig.2: Schematic diagram of seasonal variation of unbound layers stiffness [2]

Freeze thaw phenomena, frost heave, high moisture content and decrease of stiffness and
bearing capacity are problems which concern susceptible soils in cold climates. Canadian field
studies carried out in Quebec raised this issue. In a full-scale experiment on an existing road
deflection and water content measurements were performed. The pavement structure consisted of 18
cm of bituminous layers, 40 cm granular base and a 40 cm thick sand frost-protection layer over a
silty subgrade. Large moisture content variation was caused by deep frost penetration (up to 1.5
meters) and greatly affected pavement deflections (Figure 3). The period of decreased pavement
structure stiffness lasts about 2 months — generally between February and April [2].

Deflections
80

___ Thaw periods
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3 #\
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Fig.3: Deflections as a function of time during tests in Quebec. Gray — thawing periods [2]

Accelerated deterioration of pavement construction impacted by excess water was also the
subject of Saevarsdottir and Erlingsson studies (2005, 2009) [3]. At the VTI full-scale indoor
pavement test facility two road pavement structures (2005 — SE10, 2009 — SE11) were constructed in
a 3.0 m deep, 5.0 m wide and 15.0 m long test pit. Both constructions were very similar and consisted
of hot-mix asphalt (~3 c¢m), bituminous road base (7-8 cm), granular base course (7-9 cm), granular
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subbase (44-46 cm) and fine-graded sandy subgrade. Both road pavement constructions were

equipped with:
o ¢MU coils (vertical strain measurements),

e Soil pressure cells (vertical stress measurements),

e Linear variable differential transducers (vertical deflection measurements),

e Asphalt strain gauges (horizontal strain),

e Moisture content sensors (volumetric water content measurements).

The pavement structure and instrumentation mounted on different depth is shown in Figure 4.

SE11
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g‘ﬁ 926 Y f--Fmmmmmmmmnne- Voo o
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Depth [cm] Depth [cm]
£ MU coils — vertical strain ,U_ LVDT's — vertical deflection
3 SpC - pressure cell = ® ASG — horizontal ﬂll‘&l{l‘l;
v Ground water table after longitudinal & transversal
486,750/487,500 passings ¥ Moisture content sensors

Fig.4: Cross-section of pavement structures SE10 and SE11 with mounted measuring equipment [3]

Tests performed on shown pavement structures using Heavy Vehicles Simulator were divided

into three phases:
e Pre-loading phase (20 000 load repetitions),

e Response phase (20 000 — 100 000 load repetitions, various loadings),

e Main phase — accelerated loading test (around 1 million load cycles).
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The first phase was performed with a 30 kN single-wheel load with a tire pressure of 700 kPa.
In this step main objective was to achieve even compaction in the wheel path. In second phase the
response of pavements structure was tested using single-wheel and dual-wheel configuration and
different tyre pressures and axle loads. In the main phase development of permanent deformations
was monitored using a dual-wheel with 120 kN axle load and 800 kPa tyre pressure. After about
487 000 repetitions test was stopped, water was pumped into the pavement construction pit until it
stabilized at level of 30 cm below the top of subgrade layer and then tests were continued. After
about 1.2 million repetitions tests were ended.

Erlingsson and Saevarsdottir concluded that raised water level had a great effect on pavement
structure. When water was pumped into the construction more vertical strain and less vertical stress
were observed in unbound layers and more tensile strain at bottom of the bituminous base was
recorded. Water in pavement structure caused a reduced value of resilient stiffness in unbound layers
as well as increased permanent deformation were obtained.

4 INTRODUCTORY EXPERIENCES — FIELD TEST ON VOIVODESHIP
ROAD 933 (POLAND)

Present investigation objective carried out the response of road pavement construction
to an applied variable load in FWD test in different moisture conditions. Research was based on
FWD data registered in June 2010 on Voivodeship Road 933 near Jastrzebie-Zdrdj
in Upper Silesia region. The road has one carriageway with two traffic lanes — each lane in one
direction (width of 3.5 m), hard shoulders (width of 1.5 m) and trapezoidal ditches on both sides.
Road pavement structure consists of 25 cm AC layers and 35 cm dolomite base course with subgrade
classified as silt. Testing site was located in mining activity area of coal mine KWK Pniéwek. During
the FWD test part of the road surface was permanently deluged, excess water occurred on the road
surface, in ditches and on the adjacent area (Figure 5).

Fig.5: Deluged pavement surface of Voivodeship Road 933 in June 2010

The basic measurements performed at the site were FWD tests placed in fifteen reference
points on the outer wheel path — seven on lane in direction to Pawlowice (right lane) and eight in
direction to Jastrzgbie-Zdrgj (left lane). Reference points on right lane were located on 155.10 m long
section as the points on left lane were arranged on 3.0 m long section. Only five out of fifteen
reference points were situated on deluged area, as remaining ten FWD tests were performed on dry
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road surface (Figure 6). Deflection of pavement surface was registered by nine geophones placed
with increasing distance from the centre of bearing plate. Loading plate was a circular disc with
a radius of 15 cm. On the right lane in each reference point an impact load of 50 kN was executed,
whereas on the left lane a variable impact loads were dropped. The impact load values in particular
points are shown in the Table 1.
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Fig.6: Reference points location on test site

Tab.1: FWD impact load values in particular reference points

Right lane (Pawlowice direction) Left lane (Jastrzebie-Zdr6j direction)
Reference - JP: -7
eren P20 | spigp | 7pgp | 0 | 2331 | axsy | OB
point no. 3p 8J
Load value [kN] 50 50 50 50 57(1;, 5871 57(1;, 5871 57(1;, 5871

In the article [4] authors divided back calculation methods into three groups (static, adaptive,
dynamic) and then distinguished different approaches (i.e. empirical), behaviour of materials (linear,
nonlinear) and different optimization procedures (i.e. genetic algorithm). The back calculation
procedure was based on the overview of back calculation methods which is shown in Figure 7. FWD
data registered on test site were back calculated using path: back calculation methods - static -
conventional - linear - parameter identification. Moduli values were obtained using iterative
optimization procedures unless the variation of approximation between measured and theoretical
vertical deflections was acceptably low. Acceptable value of variation of approximation was
described by functions [5]:

JF/k

A= 1
o ()
k
In which:
F = Z;czl(W] — uj)z (2)
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where:

displacement calculated in the model; w = AE;, vi, hi, n, a, q, 1}, z;) [mm]

displacement measured at the surface of pavement at the distance 7; from the load [mm],
number of points on deflection bowl [-],

number of layers, k>n,

moduli value of each pavement layer [MPa],

Poisson’s ratio of each pavement layer [-],

thickness of each pavement layer [mm].

Registered FWD data were used in a back calculation procedure to obtain layer moduli values.
Back calculation analysis was made using Bisar 3.0. In pavement modelling an multilayered elastic
half-space model was used corresponding to a non-linear behaviour of subgrade.

Pavement surface model was divided into four model layers:

Bituminous layer (consists of all bituminous courses),
Base course,

Subgrade,

Elastic half-space (infinite thickness).

As results, decreasing tendency for backcalculated values of subgrade moduli in the surface-

deluged

direction was obtained. Similar results were observed for unbound dolomite base course

(Figure 8 & 9).
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Fig. 7: Overview of back calculation methods [4]
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Moduli E value of subgrade,
Direction: Pawlowice, load value 50 kN
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Fig.8: Backcalculated moduli value of subgrade on right lane (direction: Pawlowice)
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Fig.9: Value of backcalculated moduli subgrade on left lane (Jastrzebie-Zdroj direction)
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Furthermore a comparison of field test and backcalculated deflection values based on
deflection bowls was carried out. Average dissimilarity was compared using the coefficient of
variation. Value of the coefficient alternates between 0.5% to 1.9% what is an acceptable result.

Finally the influence of variable load applied to a pavement structure was considered. This
issue was analyzed only on the left lane (Jastrzgbie-Zdroj direction) in seven reference points where
various loads were applied. Three different parameters were taken into consideration: moduli value,
average moduli value and standardized deflection value. Obtained values of moduli reached
maximum when load equal to 71 kN was used (subgrade and AC layers) and for unbound base course
using impact equal to 50 kN. Similar conclusions were made after analysis of average moduli. The
greatest values of average moduli for subgrade and AC layers acquired applying load equal to 71 kN
(Figure 10). Maximum value for dolomite base course was observed when the impact equal to 81 kN
was applied. Considering standardized deflection values (standardization equal to 50 kN) conclusions
were obvious — the highest values were obtained for the applied load equal to 81 kN.

Average moduli E value of subgrade
Direction: Jastrzebie-Zdroj, various impact load values
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Fig.10: Average moduli E of subgrade obtained on left lane with various load impact values
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5 CONCLUSIONS

To sum up, a different response of pavement structure was observed when variable value of

load in FWD test was applied. Load value influenced the deflection measurements and hence
standardized deflection, and as a result — the moduli value of particular pavement layers. Moreover,
the backcalculated moduli values of subgrade show decreasing tendency in permanently deluged road
surface direction. Introductory experiences underlined in this paper will be the groundwork for
further research.
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ARCHITEKTURA BARBARU NA MORAVE V PRVNICH STALETICH NASEHO
LETOPOCTU - STAVEBNI MATERIALY, KONSTRUKCE A PUDORYSNE DISPOZICE

Abstract

The article presents buildings representing architecture of the barbarian populations, which
during the 1%-3™ century AD inhabited area of Moravia (Czech Republic) lying north of the Roman
border on the Middle Danube. During archaeological excavations there were documented structures
founded at the ground level, with pillars digged into the ground. There were used wooden structures
with supporting elements in the form of stakes staffed in the ground, the walls were built using
wicker and clay. There are known forms of large dimensions, but also small utility constructions. The
surprising finding is fact, that when assessing the seemingly primitive recessed structures there were
implemented measuring procedures requiring good knowledge of geometry and abillity to stake of
right angles can be expected.

Keywords

Moravia, Roman period, Barbarians structures, building foundations, geometry

1 INTRODUCTION

The architecture of the first century AD is represented by buildings that were built on the
territories controlled by Rome. The world of barbarians living on the northern borders of the Roman
Empire in ancient times is considered quite primitive, and the creators of the reliefs on the column of
Marcus Aurelius (Fig. 1), in the framework of depictions illustrating recent fightings of
Marcomannic wars, not looking for details about the realities of the countries located on the north of
the Danube used the shelters of shepherds from the mountain areas of the Apennine peninsula as a
model for demonstrating the homes of local residents, see e.g. [19].

The architecture of barbarians inhabiting the territory of Western and Central Europe beyond
the Roman borders is based on the older, prehistoric traditions and did not know the walling on
mortar. As basic building materials wood and clay were used. The terrain archaeological excavations
only on a small scale provide information about technological and construction aspects of buildings
of that time. There are preserved only small remnants of those buildings in terrain. In the framework
of archaeological research an interest is usually reduced to solving problems of typology relevant to
time classifing features, or the details are studied which can provide support for the determination of
the former functions.

Mgr. Ondrej Sedo, PhD., Archaeological Prospecting Department, Institute of Archeology of the Czech
Academy of Science, Brno, Cechyiiskd 363/19, 602 00 Brno, phone: (+420) 515911 131, E-mail:
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Fig. 1: The building destroyed by Roman soldiers attack against a barbarian village during the
Marcomannic wars. The scene from a column of Marcus Aurelius on Piazza Colonna in Rome [13].

Knowledge about settlements and settlement complexes can be used in the analysis of
contemporary social structures, the intensity of settlement in the context of the natural conditions of
the period is usually also monitored. Attempts on reconstruction, either mass or drawing, are often
prepared as an illustration approaching the appearance of creations of studied time period, generally
only with intuitive consideration of technical problems. There are rarely observed aspects of building
structures usually in situations where there is significant theoretical training important for
construction works at the archaeological parks (for Roman period e.g. Elsarn in Austria [10].
Technical details of construction or statics issues are solved only in exceptional cases [8], [15].

2 DATA ACQUIRED DURING THE FIELDWORKS

The crucial part of the settlement features from the Roman period researched in Moravia
belongs to a period that includes the period of the second half of the 1st century AD, the 2nd century
AD and also the beginning of the 3rd century. Then there were used mainly areas situated in the
Moravian ravines, with a concentration of population along major rivers Morava and Thaya.
Settlements were situated explicitly in places with good microclimate, preference was given to south-
facing slopes. At first river terraces during archaeological surveys can identify traces of human
settlements in areas in a distance of only 2 - 6 km. Also valleys of minor rivers and exceptionally
headwater basin were used; to the hills and uplands within the border mountains settlement did not
arrive. Our area of interest at that time constituted an integral part of an extensive ecumene including
lowland areas in the Ceska kotlina, Danube part of Lower Austria and southwestern Slovakia;
according to historical reports it can be expected that the local population belonged to Germanic
tribes of Markomanni and Quadi.

In the sites of settlements on the loess or gravel-sand subgrade, during archaeological
fieldworks there are traces revealed of building activities in the form of countersinks, other
manifestations of construction are postholes. They are an indication of the former above-ground
wooden structures. The wooden posts, usually from carpenter unworked logs (with diameters of
about 15 cm) were placed within slightly larger cylindrical pits, the free space around the foot of the
wooden element was then tamped by clay.

Leaving aside the technical facilities and more often closer indefinable features (for example,
storage pits, food ovens, pottery ovens, various settlement pits, clay pits or iron devices) clumps and
whole systems of postholes appear in the researched areas. They indicate the points where the so
called aboveground constructions with floors at the level of the former field were found. The entire
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plans can be watched only in exceptional cases, and usually there are not any signs available of
internal division or equipment in the form of fire pits, also missing even the so called cultural layers -
clay horizons and runoff mingled with waste materials produced during the people’s stay in the
settled areas.

The part of the housing consists of sunken features, mostly represented by the so-called huts
(see below). Even in these buildings, we can watch the layout of vertical support elements according
to the layout of the postholes. Positive evidence of exterior walls or partitions in situ is available only
very rarely. In the places where there were wooden constructions destroyed byr fire, ash, embers and
burned clay appear, lumps of daub are frequent and clay blocks of erasures with bold imprints
wooden elements, too.

The arrangement of settlements is not sufficiently known, except for an unsystematic layout of
features creating free parallel rows with a watercourse, traces of the existence of smaller clusters
appear. Good defensible positions were not used and we miss clear traces of the fence. Small units,
such as courts, can be expected only in younger Roman period, according to the situations known in
other regions [4]. We have no information available that would allow us to distinguish the residence
of members of the nobility. Grave findings demonstrate that in the areas used by them products made
from precious metals, sumptuous gifts received during diplomatic efforts with representatives of the
Roman Empire, or features used at social events organized by representatives of the barbarian
communities, e.g. services of bronze boilers, iron tripods or large trestles intended to cook large
pieces of meat were stored often probably even for several generations [12].

3 ABOVEGROUND BUILDINGS

Sufficiently readable plans of aboveground structures in Moravia are preserved only in
exceptional cases, and only rarely we are able to watch their relations to other types of features in the
populated area. Only during the research in Vyskov (1989-1991, head PhDr. Martin Geisler) it could
be managed to watch an important part of a large complex - there was an investigated slope with
settlements forming a band with a length of 500 m, and only the rest of the area 300 m long remains
unknown. Therefore, to characterize Barbarian architecture in the role of pars pro toto we will
primarily use examples from this site. Research actions in other parts of the Moravian territory (e.g.
Bluc¢ina, Komortany, Kiepice, Musov, Rajhrad [3] [17]; allow to study relatively small snippets of the
settled areas. In the western part of the barbarian Europe the aboveground structures are extremely
numerous. The condition noted in Moravia corresponds to the situation in the southwestern Slovakia
and in Bohemia (primarily [4], [6], [20].

In Vyskov we have a significant part of the the ground plan of a big construction available
which is additionally interesting because it had its shorter side adjusted to an apse (Fig. 2: 2). The part
of the built-up area has not been maintained, because we lack the data needed for comparison to
features from areas where numerous potential analogies are available. The most significant exhibit
houses (ie. ,,Wohnstallhauses®), which were key buildings in settlements, are situated along the banks
of the North Sea. The common roof covered the living area equipped with a fireplace, in the middle
there was a space for the storage of things and operation of production activities, the rest was used to
house animals - there was found a special space for each cattle. The freestanding farm buildings were
also usually of a large size. Similar structures are known from throughout the western barbaricum [2],
(51, [18], [22].

When constructing the building with an apse from VysSkov it was necessary to cover the space
with a span of about 6 m, while the roof truss was supported evidently by the inner row of stakes;
they took place near the outer rows, and so we cannot label the known torso as the rest of the aisled
disposition. Total length is unknown, in case of missing one third or even one half the longitudinal
dimension could be 17 or maybe 22 m. It can be surmised that during the construction of this building
challenging construction techniques were used, including carpentry of structural joints (eg. linkage of
pins, plateful); they are supported by findings of treated wood fetched from humid environment at the
site Feddersen Wierde in northern Germany [9].
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Fig. 2: Aboveground constructions from Vyskov. 1. Granary (feature 209) with 3 pairs of vertical
supports. 2. Building with an apse. 3. Rectangular ground plan (complex near feature 219) with
shallow postholes. 4. Plan of the building (feature 124) characterized by deep postholes.
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For the determination of the former function of the building we observed in Vyskov we have
no supports, putting into the space of recessed huts could possibly allow to consider that the interior
was used for dwelling, the economic function which is not precisely known cannot be excluded as
well. Rounding of the shorter side, this time in the form of a segmented closure is documented for the
building investigated in the Austrian Bernhadsthal. Building area there could be watched in its
entirety, there were dimensions 10,70 x 5,80 m identified. Considered is the possibility that one part
was used for housing and in other parts there was a space found for stabling of cattle — it could
probably belong to the category of "Wohnstallhaus" [10].

Other groups of postholes (feature 209) illustrated the existence of a granary in Vyskov (Fig.
2: 1). An area with dimensions of 380 x 320 cm is defined by three pairs of postholes which are on
one of the short sides doubled. Granaries with floor plans (usually) of small dimensions in the
western part of the territory inhabited by Germanic tribes existed in the local Iron Age. The
popularity was given by natural conditions with a high state of groundwater in inhabited landscape -
the elevated floors allowed to keep stocks dry. Numerous examples of these buildings were reported
at other locations in Moravia, in VI¢nov - Dolni Ném¢i or in a late Roman period settlement Zlechov
(3], [21].

The system of postholes (complex near feature 219) allows to reconstruct ground plan of
another aboveground feature that had a rectangular shape (Fig. 2: 3), with dimensions of 720 x 340
cm. Lines formed by postholes are not arranged in alignment, it seems that the top of stakes have not
linked a single wall plate with a direct course. The stake in the middle of one of the parties could
keep the end of the ridge purlin of the gabled roof. Doubling of some vertical elements allows the
considerations that they were incorporated during the construction of the walls, during their
establishment wooden poles and clay were used, but we miss more detailed evidence for such a
proposal.

Another structure (feature 124) with dimensions of 640 x 340 cm is characterized by the fact
that in both long sides and partly at one shorter side postholes arranged in pairs appeared (Fig. 2: 4).
They intervened to great depths (some up to 60 cm above the level of detection). Similar distribution
of postholes was not already repeated in Vyskov and at the settlements north of the middle Danube it
appears exceptionally; doubling of stakes is observed in the building from Bernhardsthal (see above).

Both these elongated buildings from VysSkov (Fig. 2: 3, 4) are showing signs according to
which for measuring of their long and short walls there was used knowledge necessary for the
determination of right angles. Deliberate layout of the right angle was clearly documented for Celtic
architecture during detailed analyzes of buildings from oppidum Manching in southern Germany;
there was also used a local furlong (foot). The side lengths of underground structures were also
projected in standardized ratios in this area (1: 2, 3: 4, 3: 6, 4: 6, 7: 8, 7: 12, etc.) [14]. We can expect
predetermined intention of the builders from the Roman period in our monitored cases. Despite the
fact that the presented plans show different ways of establishing the supporting elements, for both is
true that a built-up area created a rectangle with aspect ratios of 2: 1.

3.1 Daub

In the case of our analyzed aboveground structures from VySkov we have not evidence for the
reconstruction of the former appearance of the exterior walls. We can only expect in a general level
that the techniques of clay deletion applied to the mesh from bars and twigs were utilized; The
armature from such materials could also firm up a strong clay wall, which sometimes was built of a
material mixed with organic filler material (probably straw, chaff or hay). Daub fragments analysis
from the sites which were destroyed by fire, demonstrate such procedures, in some cases (Slatinice in
the Central Moravia) with the connection of the analyzed burned fragments to the concrete
construction [6]. In the form of imprints also different ways of adjustments of wooden support and
construction elements are recorded. Round timber of various diameters was used, burning and
stinging of trunks or carpentry processing into prisms is also documented.

For building with a pair of postholes around the perimeter of the ground plan (feature 124;
Fig. 2: 4) there is an obvious effort of builders to perform a solid foundation of the feet of the stakes
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in the ground - they encroached up to depths approximately 60 cm from the level of detection. It is
possible to assume that the construction was chosen in order to be able to carry a higher load. An
interest to place the pairs of stakes in a line of longer walls at regular intervals is obvious. So their
tops could be linked with the aid of horizontal beams running across the feature. One can assume that
these beams created a grid allowing to make ceiling of the inside. In the case that the wooden
supporting elements were overlaid by deletion or by a layer of clay, they could create a barrier
increasing heat insulation properties of such a construction and at the same time the interior of the
building would have been better protected against the effects of fire in case of fire.

4 COUNTERSINK HUTS

For Moravia and the adjacent area (southwest Slovakia, Danubian part of Lower Austria,
Bohemia) countersink huts with quadratic ground plans are characteristic for the Roman period, with
stakes distributed at the vertices of a hexagon. Other types of buildings with floors under the ground
level are represented in insignificant numbers. There has not been possible still to decide whether
they were intended for habitation or for the performance of economic activities. There was no
installation of any fireplace or other heating equipment in them. The question is also why the scheme
with six stakes, without supporting elements mounted in the corners was used; this solution has not
any analogy in the prehistoric times and remains totally unique. In the specialist literature typology is
monitored and details observed during fieldworks are documented circumstantially [3], [7].

The adequate feature are usually shallowly recessed or their floors are lying in depths about 60
cm above the level of detection. The entry is often characterized by a special niche for which the so
called the input dent is usually found in the floor. As a representative example we can mention basic
information for the sunken hut from Vyskov, feature no. 50 (Fig. 3) [16].

0 1m

Fig. 3: Ground plan showing the scheme, which was used for the measurement of the positions for
individual postholes at the beginning of construction works. Vyskov, sunken hut, feature no. 50.

The recessed part occupied an area with dimensions 340 x 410 cm (Fig. 3), the floor was
found at a depth of 40 cm. One of the postholes located in the middle of the short northeast side
reached up to 70 cm depth, we expect that together with the shaft in the opposite wall it carried the
ridge pole. The interior with a flat, hard (apparently trampled) floor was accessible through an
entrance alcove with a slightly increased floor, a shallow dimple was found near. In one of the
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corners a ,,shallow cellar” was modelled. The total area reached 14 m?, while on the settlement also a
hut is noted with an area of just 10 m?, the largest acreage reaches up to 30 m?.

There are certain indications for monitoring of digging the hut. In Miroslav narrow strips were
detected created probably by a hoe with a flat blade, from VySkov we know traces of clay extracting
with a tool, which can be reconstructed as a stake with its forehead truncated into a narrow strip with
a blade in the form of a widely flared wedge. Loose clay then was carried away in baskets. The tool
in the form of a stake was suitable for digging of relatively narrow postholes.

The quantity of mass fetched from the space of the building 50 in Vyskov reached about 5,5
m?, due to the fact that during the fieldworks overburders of higher levels occurred it could have been
slightly more of excavated material. Ditched clay (loess) was probably used for the construction of a
massive exterior wall. Such an assumption is supported by the situation documented in the area of
another hut from Vyskov (feature 217). Around the countersink proper a strip of small postholes was
conducted in places 60 cm wide; the rods in the holes created an outline for a weave, which featured a
support for a clay wall.

The material obtained by mining in the area of the hut (feature 50) could have been sufficient
for the construction of a wall with a height about 120 cm, and with a thickness at least 35 cm. The
reason for the construction of such mighty walls can be found in the fact that the part of weight of the
roof structure consisted on the wall. The wall, as well as the countersink below ground level were
important for reducing of heat losses in winter. This was achieved also for better accumulation of
heat in the interior. Conversely, thermal inertia in the summer, together with the evaporation of soil
moisture caused that there was no excessive heating.

Recurring elements in ground plans led the authors of this text to try to verify whether a
unified plan was applied during the construction of huts. In the first instance, on the example of the
feature 50 from Vyskov (Fig. 3) it was found that all the six postholes were located quite accurately
on a circle with the center on the axis of the feature, between the postholes in the short sides. Places
for the stakes are located at intersections formed during dividing the circle into six equal parts
(Mistakes can be explained by the fact that during the excavation of the specific posthole a deviation
of the shaft from the vertical direction occurred; in addition, surveying was carried out in the uneven
terrain on the slope.). We can also say that an abscissa defined by centers of postholes in the shorter
walls can be divided into 12 parts. Measuring of points in the terrain hypothetically was carried out so
that the builders used a rope marked with multiples or parts of some standard line measure. Then in
individual steps they measured points in a predetermined scheme with its help.

It is not clear why they created so complicated ground plan. All the appropriate steps could
have been important for planning of individual working procedures - with high probability it was
possible to predict other measures of the intended construction, including lengths of wooden
structural elements. Extraction of adequate trees had yet to take place out of the growing season, in
the winter, and therefore, before the time suitable to the digging. Statics and strength of structures,
did not constitute a problem. We think that according to ancient ideas it was not enough to work only
within the economically determined limits, just reflecting the will of the implementer, randomly,
depending on the instantaneous decision.

The real motivation of the builders has to be looked for elsewhere. The newly established
feature had the importance for the another life, perhaps of one generation of users, it was therefore
necessary to proceed so that all the steps, including the determination of dimensions, were executed
in accordance with the rules applicable in the microworld of people at that time. The area layout
using geometric measurements had a special meaning — to ensure compatibility of the new work with
objectively existing, higher order valid in the natural world, which had been encoded in geometric
patterns. The interest in the "ritual treatment” of the beginning of construction is demonstrated by
building sacrifices, and the Moravian environment also has provided evidences of specific acts
accompanying the end of the function of features [11]. One can assume that buildings, (or better to
say their existence) occupied in the understanding of those people the same status as a person,
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animals, plants, or selected movable properties. Therefore, the beginning and the end of their
existence was accompanied by similar, improfan steps dictated by former rituals.

The existence of intentional use of measurements was in order to avoid of randomness verified
on the example from another locality. The hut XIV uncovered during the research in Kiepice [3] is
characterized by an elongated ground plan and in this case a previously prepared scheme was
successfully identified (Fig. 4). Preliminary analyzes performed on other ground plans of huts
showed, that (except in situations for now without success) usage of various apparently distinct
concepts can be identified. The huts with application of alternative processes occur more frequently
than those where there was an application of the rules known to us. Generally shared principle was
obviously varied by location, time, and with respect to yet unknown circumstances.

Fig. 4: The scheme used during stakeout points for the placement of postholes. Hut Kiepice XIV.

In regions where people's lives continued genetically connected with the Germanic
environment, there were documented building foundations where measurements were used - the
houses at the settlement of Merovingian time in Bavarian Kirchheim (dated to the 7" century AD),
had the lengths of the walls measured in feet with approximately rectangular crossing lines of vertical
support stakes [1].

5 CONCLUSION

Material and spiritual culture of barbarians who were the creators of architecture studied by
us, persisted farther during the Roman period. Its signs, however, are being lost at the beginning of
the Migration period; so we cannot expect continuity of the former architecture. It could seem that
from the perspective of the present the former architecture is meaningless. Application of such
materials as wood or clay is not even today fully anachronic. We can also say that the countersink of
some interiors to greater depths was important in terms of energy savings and allowed to achieve a
comfortable microclimate, especially the optimum humidity and temperature, whether by us referred
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huts served as the residential buildings or in them there were found the economic areas intended e.g.
for storage of selected foods (eg. milk, dairy products, grain, the products modified from cereals
through the fermentation process, or from vegetables with using the fermentation — e.g. fermented
cabbage).

Nowadays in ensuring the appropriate parameters of buildings usually other materials are
applied and in order to create good usable properties, architects prefer advanced technologies. This
trend is ideologically conformist with approaches of architecture operated under the ancient and
Roman world. The degree of complexity of local communities was significantly greater as compared
to the situation which existed in barbaricum, in the Mediterranean region, except for technical and
technological aspects, rational approach for planning and implementation of the construction work
dominated. Thanks to the wide application of stone walling and bricks and due to the use of burnt
roof covering significantly increased life expectancy of structures - it greatly exceeded the timeframe
for the use of barbarian creations. Local, barbarian populations, however, they had another advantage
- they were established with low technical, technological, material and energetical costs.

What is new is the discovery that with foundation of buildings of the barbarians in Moravia a
particular importance had acts using quite complicated geometrical measurements. We can finally
say, that people of that time had interest in quality working of projected buildings, chose appropriate
venues for them, so that they served well to users, ensured the appropriate heat insulation and used
the thermal inertia of building structures, in order to ensure a favourable climate in the interiors, and
also applied the materials belonging to the category of renewable sources. The achievement of these
goals is certainly not indifferent in the planning and implementation of structures in modern times.
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