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ASPECT OF RETAINING WALLS

Jovan B. PAPIC
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Ljup¢o DIMITRIEVSKI
Dragan LUKIC

Zoran BONIC

1 UVOD

Evrokod 7 (EK 7) sacinjavaju dva dela: u prvom delu
obraduju se ops$ta pravila u geotehniCkom dimenzio-
niranju, dok su u drugom obuhvacena laboratorijska i te-
renska ispitivanja. Oba sadrze podatke koji su ostavljeni
na izbor drzavama, tzv. Nacionalno odredene parametre
(NOP), ¢iji izbor zavisi od dosada$njih ,lokalnih” pro-
raCunskih tradicija, ispitivanja, sigurnosti, trajnosti i
ekonomicnosti objekata, kao i od preporuc¢enih vrednosti
koje Evropska unija trazi da budu primenjene. Osim
toga, usled razli¢itih geoloskih, geomehanickih, geo-
grafskih, klimatskih i drugih uslova koji su doveli do
razvijanja razli¢itih geotehnic¢kih metoda, modela, istrazi-
vanja i drugog na teritoriji Evrope, a koji su usporili
razvoj i prihvatanje EK 7, u prvom delu ponudena su i tri
postupka dimenzioniranja geotehniCkih konstrukcija.
Time je svakoj drzavi omoguceno da izabere najadekvat-
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1 INTRODUCTION

Eurocode 7 (EC 7) consists of two parts: the first part
elaborates general rules in geotechnical design, while
the second includes laboratory and field testing. Both
parts include data which are left to the choice of
particular countries - so called nationally determined
parameters (NDP), whose selection depends on present
"local" designing traditions, testing, safety, durability and
cost-effectiveness of structures, as well on the values
recommended by EU. Besides, due to various
geological, geomechanical, geographical, climatic and
other conditions that led to the development of different
geotechnical methods, models, investigations etc. in
Europe, which slowed down the development and
adoption of the EC7, the first part introduces three
designing approaches for geotechnical structures. Thus,
every country is free to select the most appropriate design
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niji proracunski postupak (PP) i da delimi€no promeni
navedene parametre, medu kojima su i parcijalni koefici-
jenti (PK) koji se dodeljuju karakteristicnim vrednostima
parametara, usled Cijeg se rasporeda PP medusobno
razlikuju. To se Cini izradom Nacionalnih aneksa (NA),
koje svaka zemlja, saglasno svojim zahtevima, priprema
nakon objavljivanja EK. Pre donosenja kona¢ne odluke o
odgovaraju¢im PP i NOP, neophodno je uraditi analize,
proraCune i verifikacije. Metodologija je opisana u
slede¢im redovima.

Prilikom odredivanja odgovaraju¢eg PP, doti¢nu
geotehniCku konstrukciju treba uporedno analizirati s
postojeé¢im i s ponudenim metodama, iz Cega ¢e se usta-
noviti koji je postupak najblizi dosadasnjem stilu”
proraCuna. Kompatibilnost ,starog” i novog metoda
proracuna vodi ka odabiru PP koji ée omoguditi inZenjeri-
ma da nastave proracune na nacin sli¢an aktuelnom.
Nakon toga, sledi odredivanje iznosa PK koji se utvrduje
iz uslova dobijanja priblizno istih dimenzija konstrukcija,
preko dosadaSnjeg i gore predlozenog PP. Ovaj
preduslov je opravdan jer je dosadasnja praksa
pokazala uspesnost primenjivanih ,zastarelih” postupaka
i koeficijenata i dokazala ih viSedecenijskom
upotrebljivoSéu objekata, a time bi se paralelno
stabilnost i sigurnost objekata zadrzala i obezbedila - i
fiziCki i pravno - jer ostaje u nadleznosti drzave. Ujedno,
predlozeni PP i PK bi¢e prihvatljivi i iz aspekta
naknadnog proracuna postojecih konstrukcija prilikom
bilo kakve dogradnje/nadgradnje, sanacije ili
rekonstrukcije. Zahvaljujuéi tome Sto ¢e se nakon sli¢nih
prora¢una (po kojima je objekat nekada projektovan i iz-
graden, i po kojima se na objektu trenutno rade
intervencije), dobiti priblizno iste dimenzije. U
suprotnom, usvajanje neodgovarajuc¢ih PP i PK prouzro-
kovalo bi disperziju izmedu dimenzija, ugrozilo sigurnost
i realizaciju objekata, a i stvorilo bi konfuziju medu
projektantima i izvodacima. Pritom, treba imati u vidu da
razli¢iti PP sa odgovarajuéim PK ne dovode uvek do
istog ili slicnog stepena sigurnosti i dimenzija koji su
dosad bili obezbedeni (npr. globalnim faktorom) [16], pa
ukoliko se odredene konstrukcije realizuju prema njima,
izvesno je da bi bile nesigurne, zbog ¢ega je neophodan
oprez prilikom izbora PP i odredivanja PK.

Medutim, Ccinjenica da su evrokodovi trenutno
aktuelni proracunski normativi u Evropskoj uniji, ne
svrstava ih neminovno u kategoriju savrSenih, sto se
odnosi i na EK 7. Narocito zbog toga S$to je njegova
priprema trajala nekoliko decenija, pa je jasno da je
morao da ostane ,imun” na uno3enje u meduvremenu
postignutih nau€nih dostignu¢a. Takode, na neke
nedostatke i ograni€enja stidljivo je ukazano u samom
njegovom tekstu, pa su upravo zato propisane ,revizije”
na nekoliko godina kako bi se ,evolucija” dirigovala.
Tokom njih ¢e moci da se dodaju poglavlja koja trenutno
nedostaju, a koja jesu potrebna, pa ¢e pojedine prisutne
oblasti detaljnije moc¢i da se opiSu, te da se predloZi
prihvatanje odredenog metoda za proracun sleganja i
sli¢no. 1z vizure ovde obradivanih potpornih konstrukcija,
to se dominantno odnosi na odredivanje parametara
smiCu¢e otpornosti, definisanje merodavnih i za
proracun koeficijenata zemljanih pritisaka. Deo njih je
delimi¢no obuhvaéen u EK 7-1, a i u njegovim aneksima,
o kojima se u NA takode treba izneti stav. Imajuci u vidu
da su ostali aneksi informativnog karaktera, sa
izuzetkom dodatka A koji je obavezan, moguce je uvesti

approach (DA) and partially change parameters,
including partial factors (PF) assigned to the
characteristic values of parameters, and whose order
causes differences between design approaches. This is
done with preparation of National annexes (NA) which
every country develops after publishing the EC,
according to its own demands. Before making final
decision on appropriate DA and NDP, it is necessary to
perform analyses, calculations and verifications, whose
methodology is described in the following part.

When determining appropriate DA, a geotechnical
structure should be comparatively analyzed using
current and proposed methods, which determines the
closest approaches to the actual designing "style". The
compatibility between "old" and new method leads to the
selection of DA that shall provide engineers to continue
with design in a manner that is similar to the current one.
This is followed by determination of the PF, based on the
conditions for gaining approximately similar dimensions
of the structures using actual and proposed DA. This
prerequisite is valid because present practice has shown
efficacy of "outdated" approaches and factors, proved
with serviceability of the structures; besides that, the
stability and safety shall be provided and sustained both
physically and legally, because it remains in state
competence. Moreover, the proposed DA and PF shall
also be acceptable for any additional design of existing
structures due to upgrade, rehabilitation or
reconstruction. This comes from the fact that similar
designs (once used for designing and building purposes
and now to perform interventions) will obtain similar
dimensions. On the contrary, the adoption of
inappropriate DA and PF causes dispersion among
designs and threatens the safety and implementation of
a structure, but also causes confusion between
designers and contractors. It should be emphasized that
different DA with corresponding PF do not always lead to
the same or similar degree of safety and dimensions
provided thus far (e.g., with global factor) [16], so if
particular structures are built according to them, they
could become unstable. Thus, the selection of DA and
PF should be performed with great caution.

However, the fact that eurocodes are recent
standards in designing within EU does not make them
perfect, and that also stands for EC7. This is particularly
because of the fact that several decades took for their
preparation, so it is clear that EC7 had to stay "immune"
to any possible introduction into the scientific
attainments achieved thus far. Besides that, some
shortcomings and limitations were suggested in the
original version of paper, which demanded some
"revisions" to guide its "evolution". Thus, it would be
allowed to incorporate chapters that are currently
missing but required, to describe in greater extent some
of the topics, propose acceptance of particular method
for calculation of settlement, etc. From the point of view
of retaining structures elaborated in this paper, it is
mostly related to determination of shearing strength
parameters, definition of relevant values and calculation
of coefficients for earth pressures. Some of them are
explained in EC7-1 and its annexes, but they should also
be commented in NA. Having in mind that all annexes
are informative (except the mandatory annex A), it is
possible to introduce enhanced methods for calculation
of required parameters (e.g., non-linear instead of Mohr-
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i poboljSane metode odredivanja ili prorauna potrebnih
parametara (npr. nelinearnu umesto Mor-Kulombovu
anvelopu loma).

U radu su tretirani opisani geotehniCki aspekti
dimenzioniranja potpornih konstrukcija, na koje se
nadovezuju oni armirano-betonski, koji su detaljnije
obuhvaéeni Evrokodom 2, a medusobno sinhronizovani
putem EKOi EK 1.

2 OPIS PRORACUNSKIH POSTUPAKA

U proradunskom postupku 1 (PP1) potrebno je
ispitati dve kombinacije PK:

Coulomb failure envelope).

This paper presents the described geotechnical
aspects for design of retaining structures and reinforced
concrete elements (covered in more depth within
Eurocode 2), which are synchronized under ECO and
EC1.

2 DESCRIPTIONS OF DESIGN APPROACHES

Design approach 1 (DA1) requires testing of two
combinations of PF:

Al+ M1+ R1 (1)
A2+ M2+ R1 (2)

gde Ai, Mi i Ri redosledno oznaavaju skupove PK
kojima se mnoZe ili dele karakteristicne vrednosti akcija
(dejstva), materijala i otpora, pretvarajuéi ih u proraéun-
ske. Njihove izvorne vrednosti su date u [3] i [4] i iznose:

Where, Ai, Mi and Ri indicate sets of PF to multiply or
divide characteristic values of actions (impacts),
materials and resistance, turning them into design
values. Their original values are shown in [3] and [4]:

Tabela 1. Parcijalni koeficijenti za dejstva (ye) ili efekte od dejstva (ye)
Table 1. Partial factors for actions (yg) or effects of actions (Ye)

Dejstvo Oznaka Skup
Action Symbol ———Set
A1 A2
Nepovoljno
Trajno Unfavourable 1.35 1.0
Permanent Povolino Yo
1.0 1.0
Favourable
Nepovoljno 15 13
Povremeno Unfavourable
Variable Povolino Ya
0 0
Favourable

Tabela 2. Parcijalni koeficijenti za parametre tla (ym)
Table 2. Partial factors for ground parameters (yum)

Parametar tla Oznaka Skup
Soil parameter Symbol Set

M1 M2
Efektivni ugao otpornosti na smicanje® ' 10 125
Effective angle of shearing resistance® Ve ’ )
Efektivha kohezija
Effective cohesion ve 1.0 1.25
Nedrenirana otpornost na smicanje 10 14
Undrained shear strength Veu ) )
Jednoaksijalna pritisna ¢vrsto¢a 10 14
Unconfined strength Vau : :
Jedini¢na tezina
Weight density Vv 10 1.0

@ Ovaj koeficijenat se primenjuje na tan ¢’
? This factor is applied to tan ¢’
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Tabela 3. Parcijalni koeficijenti za otpore (yr)
Table 3. Partial factors for resistance (yr)

Otpor Oznaka Skup
Resistance Symbol Set

y R1 R2 R3
Slom u podtlu
Bearing capacity YRyv 1.0 1.4 1.0
Klizanje
Sliding resistance YRih 1.0 1.1 1.0

Kombinacija 1 (PP1 K1) tretira nepovoljno
odstupanje dejstava od njihovih  karakteristi¢nih
vrednosti, dok se kombinacijom 2 (PP1 K2) obezbeduje
sigurnost od nepovoljnog odstupanja parametara
smicucée otpornosti (PSO) tla od njihovih karakteristi¢nih
vrednosti i od nesavrSenosti u proratunskom modelu.
Kako bi proracun bio u skladu sa EK 7, potrebno je
napraviti analize za obe kombinacije PK, $to znadi da se
ista konstrukcija mora dva puta raCunati, mada je
neretko o€igledno koja je od njih merodavna. Ovo
predstavlja nedostatak sa inzenjerske tacke gledista, Sto
se naroCito odnosi na na$ region (Srbija, Makedonija,
Crna Gora, BiH itd.), gde apsolutno nema tradiciju
primene, jer se uvek realizuje samo jedan proracun,
zbog €ega se on i ne treba razmatrati kao potencijalan -
PP.

U postupku 2 (PP2) primenjuju se slede¢i kompleti

Combination 1 (DA1 C1) treats unfavourable
deviation of actions from their characteristic values,
while combination 2 (DA1 C2) precludes unfavourable
deviations of parameters of shearing resistance (PSR) of
the ground from their characteristic values and
imperfections in the design model. To bring calculations
in line with the EC7, it is necessary to perform both
analyses for PF and that implies that a single structure
has to be calculated two times, even when it is obvious
which calculation is valid. This poses disadvantage from
engineering point of view, especially in our region
(Serbia, Macedonia, Montenegro, Bosnia and
Herzegovina etc.) where there is no tradition of its
application, because it is common to perform only one
calculation, so it should not be concerned as a possible
DA.

DA2 uses following sets

A1+ M1+ R2, (3)

pa se PK zadaju i spoljadnjim silama ili efektima od njih i
otporu tla. U PP2, PK vezani za geotehnicka dejstva i
njihove efekte isti su sa onima koji se nanose dejstvima
na konstrukcije ili s konstrukcije u PP1 K1.
KarakteristiCne vrednosti PSO ujedno su i proracunske,
dok se otpornost tla u vertikalnom i horizontalnom prav-
cu smanjuje za 40 %, odnosno 10 %. Ovde postoje dva
naCina sprovodenja proracuna. Naime, u izvornom
postupku 2, PK se nanose dejstvima ve¢ na pocetku,
zbog €ega se i analiza vrSi s proraéunskim vrednostima,
Sto, medutim, vodi u odredenu nelogi¢nost u pogledu
nosivosti [20], pa je pripremljena alternativa u vidu PP2*,
gde se najveci deo proracuna sprovodi s karakteristi¢nim
vrednostima jer se PK priklju€uju tek u zavrsnici analize.
Ovaj postupak ujedno odgovara i jednom delu nasih
dosadasnjih projektantskih navika s obzirom na to Sto
nanoSenje PK na kraju proracuna nalikuje konceptu
globalnog faktora.

Postupak 3 (PP3) zadrzava principe iz PP1, ali
prevazilazi njegov nedostatak, posto je potreban samo
jedan proracun

so PF are assigned to external forces and their effects
as well to soil resistance. In DA2, the partial factors
related to geotechnical actions and their effects are
equal to those caused by actions on the structure or
from the structure in DA1 C1. The characteristic values
for PSR are also design values, while the soil resistance
in vertical and horizontal direction is decreased by 40%
and 10%. But, there are two different modes to perform
calculation. Namely, the PF in original DA2 are assigned
to actions in the very beginning, so the analysis is
performed with design values; yet, this leads to a certain
inconsistency for bearing capacity [20], which implied the
preparation of DA2* as an alternative solution; the most
of calculation in DA2* is performed with characteristic
values, because PF are incorporated at the final stage of
analysis. In part, this approach is also suitable to our
actual designing habits, because the assignment of PF
at the end of calculation resembles the concept of a
global factor.

DA3 employs principles form DA1, but also
overcomes its shortcoming since only one design is
required

Alor A2+M2+R3 (4)

u kom se PK nanose i silama ili efektima i PSO ve¢ na
pocetku proracuna.

3 ODREDIVANJE ODGOVARAJUCEG
PRORACUNSKOG POSTUPKA

Potporni zidovi su tipi€an primer ispunjavanja
globalnih faktora sigurnosti, ¢ije se dimenzioniranje svodi

where PF are assigned to forces and effects or PSR at
the beginning of calculation.

3 FINDING APPROPRIATE DESIGN APPROACH

Retaining walls are typical examples for meeting the
requirements of global factors of safety whose design is
conducted by controlling contact and section stresses
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na kontrolu kontaktnih i prese¢nih napona i provere
stabilnosti klizanja, preturanja i one globalne. Novitet EK
7 predstavlja i isklju€ivanje provere na prevrtanje iz GEO
proraCuna, jer se uslov za nju ispuni ukoliko je pitanje
nosivosti podloge zadovolijeno [12]. Tacnije, ona se
prebacuje u tzv. EQU probleme: pojava gubitka
ravnoteZe konstrukcije ili tla, gde su njihove €vrstoée ne-
znacajne u obezbedivanju otpora. S prakti¢ne strane, to
bi znalilo da ¢e se dimenzioniranje potpornih zidova
ubrzati zbog smanjenja broja analiza.

Proracuni stabilnosti zidova prema globalnom faktoru
sigurnosti daju odredene smernice koje su od krucijalnog
znacaja za izbor prihvatljivog PP, saglasno dosadasnjoj
praksi inZzenjera. Pritom, imajuéi u vidu opise, izbor se
ograni¢ava na postupke 2 i 3. Medutim, oba imaju
karakteristike koje ih i favorizuju, ali i ograni€avaju kada
je u pitanju usvajanje.

Prema klasi€nom proradunskom modelu, prilikom
analize stabilnosti na klizanje vrsi se deljenje sila trenja
na kontaktu osnove zida i tla i horizontalnih sila, i
poredenje sa odredenim globalnim faktorom sigurnosti.
Visedecenijske navike, ste€ene njihovim kori§¢enjem,
diriguju da iz kruga potencijalnih kandidata za izbor
odgovaraju¢eg PP, pored PP1, treba iskljuciti i PP3 u
kom se redukuju PSO, to se do sada nije radilo kod nas
prilikom dimenzioniranja zidova.

U postupku 2 primenjuju se faktori na otpore, $to ga
¢ini primamljivim za usvajanje. Ali, glavno opterecenje
koje stalno deluje na potporne zidove jeste zemljani pri-
tisak koji je, izmedu ostalog, u funkciji od &vrstoce tla, a
ona zavisi od optere¢enja [11], pa je zato vazno da se
kod njegovog odredivanja ne vr§i mnozZenje opterecenja
s PK. U suprotnom, rezultiralo bi modifikacijom pritiska
bez moguénosti njegove dalje kontrole, narocito prilikom
analiza u MKE, Sto zahteva da se proracuni sprovode s
njihovim karakteristicnim vrednostima, ¢ime se iz izbora
izbacuje PP2, ali ne i PP2*, jer upravo on omogucéava
takav proracun. Ovo nalikuje aktuelnoj praksi, a polozaj
PK u jednaCinama ionako podse¢a na globalni faktor
sigurnosti. Dakle, kako bi bili dosledni tradiciji kada se
koriste izvorne veli€ine sila i na kraju uporeduju otpori,
pozeljni PP locira se u onom sa oznakom 2*, kod koga
se PK nanose na sile i otpore, ali tek na kraju proracuna,
tako da se on, u najveéem delu, odvija primenom
karakteristicnih vrednosti, kao $to je kod nas bilo i do
sada. Ono $to takode ohrabruje jeste to $to je najvise
zemalja za dimenzioniranje potpornih zidova preporucilo
upravo navedeni pristup. To je pristup Kkoji je predloZila
Nemacka, a koji se zasniva na iskustvu od 80 godina
projektovanja bez lomova, pa je stoga blizak korisnicima,
Sto vazi i za nas$ region.

Na osnovu navedenih razloga, PP 2* pozitivho je
ocenjen i preporu¢en za analitiCki proracun zidova
prema EK 7. Medutim, on ima ogranienu primenu u
MKE programima koji imaju gotovo rutinsku primenu u
geotehnici, ali ne tolko i kod samostalnog
dimenzioniranja potpornih zidova. |z aspekta MKE,
kritika je generalno usmerena ka pristupu 2, a ne samo
2*, posto su — i pored primene karakteristicnih vrednosti
- neophodne intervencije u proracunu ili nakon njega,
usled potrebe redukcije otpora jer je jedna od silaiona s
pasivne strane, koja se u MKE automatski generiSe i
predstavlja usputnu proracunsku, a ne ulaznu veli€inu.
Naime, u tim softverima ne postoji mogucnost
redukovanja otpora, pa se to treba ru€no uraditi. Tako bi

and checking the sliding, overturning and overall
stability. Novelty in EC7 is also the exclusion of checking
of overturning from GEO design, since its requirement is
fulfilled if requirements for sub grade bearing capacity
are met [12]. Namely, it is transferred into so called EQU
problems - instances of loss of structure or ground
equilibrium, when their strength values are
inconsiderable to provide resistance. From practical
point of view the design of retaining walls should be
performed much faster, due to the reduction of number
of analysis.

Designs of wall stability according to the global factor
of safety provide certain guidelines critical for selection
of acceptable DA according to actual engineering
practice. Thereby, having in mind descriptions, the
selection is limited to DA2 and DA3. However, both
approaches show some positive and negative features
that affect their adoption.

Within classic design approach, the analysis of
sliding stability involves division between forces of
friction at the contact area between wall and ground with
horizontal forces and comparison with particular global
factor of safety. Traditional habits imply that selection of
appropriate DA should exclude both DA1 and DAS3 (in
which PSR are reduced), that has never been the
practice for wall designing in our region.

DA2 applies partial factors on resistance, which
makes it favourable for acceptance. In addition, the earth
pressure is main loading that constantly affects retaining
walls. Among the others, it is a function of ground
strength which depends on loadings [11]; thus it is
important not to multiply loading by PF when determining
its value. Otherwise, it would result with modification of
pressure without possibility to control it, especially during
analysis in FEM. Thus it is required to perform the
calculations with their characteristic values, so the
selection excludes DA2, but not DA2* as it is the
approach which enables such design. This is similar to
actual practice, and the location of PF in equations
resembles the global factor of safety. Thus, in order to
be consistent with tradition when using original values of
forces and comparing resistances at final stage, DA2* is
set as favourable; PF in this approach are set for forces
and resistances, but only at the final stage of designing,
so it is mostly conducted with application of
characteristic vales, as it has been our common practice.
Yet another encouraging fact is that most countries also
recommend this approach for design of retaining wall.
Germany has proposed this approach based on 80
years of design practice without any instance of failure,
so it is also familiar to our region.

These are the reasons for positive assessment of
DA2* and its recommendation for analytic design of
walls according to EC7. However, its application is
limited within FEM programs which are commonly used
in geotechnics, but not that much when only retaining
walls are designed. From FEM aspect, the criticism is
generally directed towards DA2 (not only DA2*); besides
application of characteristic values it is necessary to
make some intervention during the design or afterwards
due to the need to reduce the resistance as one of the
forces from the passive side is automatically generated
within FEM (result of calculation process, but not input
value). Namely, these kinds of software prevent
reduction of resistance, so it has to be done manually.
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mogao da se dobije odnos izmedu dejstva i otpora, kada
je potrebno vrsiti integrisanje reakcije tla na pasivnoj
strani [1]. Medutim, kako za otpor i ne postoji dovoljno
iskustva, potrebno je vremena i uporednih proracuna
kako bi se ocenila pouzdanost usled zavisnosti od defor-
macija. Zato je preporucljivo da se oni paralelno provere
i tradicionalnim nacinom, jer ovi softveri prekidaju pro-
raCun kada se postigne numeric¢ko graniéno stanje koje
ne znacCi da je to i grani¢no stanje tla [6]. Takode, zbog
nelinearnog ponasanja tla, ovaj PP u pojedinim sluc¢aje-
vima moze dovesti do drasticnog odstupanja pasivhog
pritiska od tacnih reSenja, a time i od rezultata
postignutih sa ostalim PP [17].

Generalno, primena koncepta PK sigurnosti,
saglasno novim standardima [2], veoma je vaZna za
interakciju tlo—konstrukcija, jer je tlo prisutno kako na
strani dejstva, tako i na strani otpora. Ali, treba podsetiti
na to da se upravo prema evrokodovima zahteva jasno i
nedvosmisleno razdvajanje dejstva i otpora, mada treba
imati u vidu i to da se za dejstva moze zapaziti princip
.istog porekla sila”. U tom smislu, olak§avajucu okolnost
u nasem regionu predstavlja to Sto se u dosadasnjim
proraCunima potpornih zidova pasivni pritisak najéeS¢e
nije uzimao u obzir. U EK 7-1, preko tacke 9.3.2.2, omo-
gucava se nastavak takvih nasih obi¢aja, Sto se i prepo-
ruCuje da se usvoji, Cime se izbegavaju i pojedine zamke
koje se mogu javiti u kompjuterskim programima
zasnovanim na MKE, a na koje je, medutim, PP 3 imun.
Ovo je i jedan od razloga sto se predlaze kao alternativa
PP 2* prilikom prora¢una zidova u MKE, jer su postupci
u kojima se PK nanosi trajnim nepovoljnim dejstvima
problemati¢ni za numeriCke analize. Medu ostalim
,plusevima”, jeste i to 8to se u PP 3 geotehnicka dejstva
ne menjaju, pa je on identi¢an PP 1 K 2, koja je najéeS¢e
merodavna u PP 1. Usled opisanog, predlaze se da se
prilikom eventualnih numeri¢kih analiza potpornih zidova
sa MKE primenjuje PP 3, koji je veoma zahvalan za
takve proraCune, te ga je kao reSenje ve¢ ponudila i
Austrija [13].

lako su obrazloZeni razlozi usvajanja PP 2* za
potporne zidove, neophodno ih je potkrepiti i opravdati,
Sto se i &ini u nastavku teksta, gde se ujedno daju i
izvodi iz analitiCkih proraCuna putem kojih su utvrdene
vrednosti PK, potrebne da obezbede dosadasnje di-
menzije, nosivost i stabilnost zidova.

4 ODREDIVANJE VREDNOSTI PARCIJALNIH
KOEFICIJENATA

Dosadasnji brojni proracuni, a i praksa, pokazali su
da je kod potpornih zidova najéeS¢e kriticna stabilnost
na klizanje koja se proracunava kao

V-t
77:2 ang¢

Thus, the relation between action and resistance can be
gained, when integration of reactions of the ground on a
passive side is required [1]. However, since there is
insufficient experience considering the resistance, it
would take time and comparative -calculations to
estimate reliability due to dependence on deformations.
So it is also recommended to perform traditional
comparative check, because the software stops the
calculation after obtaining numerical limit state, which is
unlikely the limit state of the ground [6]. Due to non
linear behaviour of the ground, this DA may also lead to
extreme deviation of the passive pressure from accurate
results, and thus, from the results gained in other DA
[17].

Generally, the application of the concept of PF of
safety according to new standards [2] is very important
for the ground-structure interaction, because the ground
is present both on the side of action and resistance. But,
it should be emphasised that eurocodes require clear
distinction between action and resistance, although the
principle of the "same origin of forces" can stand for the
actions. In this regard, retaining wall design practice in
our region thus far failed to take passive pressure into
consideration. EC7-1 (9.3.2.2) allows continuation of
such common practice and it is recommended for
adoption as it avoids some flaws that may occur in
computer software based on FEM. This is one of the
reasons to recommend this approach as an alternative
to DA2* for wall design in FEM, because procedures in
which PF is set to permanent unfavourable actions pose
problems for numerical analysis. Yet another advantage
is that geotechnical actions in DA3 sustain, thus making
it identical to DA1 C2, which is commonly relevant in
DA1. All stated suggest application of DA3 for numerical
analyses of retaining walls with FEM, as it is very
suitable for this type of designs. Austria has already
proposed such solution [13].

Although the reasons for adoption of DA2* for
retaining walls are explained, it is also necessary to offer
some further justification with excerpts from analytic
calculations used to define values of PF required to
obtain dimensions, bearing capacity and stability of the
walls.

4 DETERMINATIONS OF VALUES OF PARTIAL
FACTORS

Until now, numerous designs and practices have
shown that the most critical part concerning retaining
walls is sliding stability, calculated as:

>150 bez uzimanja pasivnog pritiska (otpora) u obzir (u suprotnom - 2,00) (5)

Z H without considering passive pressure (in contrary - 2,00)

Buduéi da zbog izvodackih, rekonstrukcijskih ili
hidroloSkih razloga prisustvo pasivnog pritiska nije
,Zagarantovano” sve vreme, u analizi ¢e se pasivni otpor
zanemariti. Ovo se preporucuje i u EK7, gde se ukazuje
na to da treba uzeti u obzir moguce uklanjanje tla ispred
zida zbog iskopa ili erozije, kao i na to da se visina na
kojoj se javlja pasivni pritisak treba smanijiti za 50 cm.
Prikazana jednacina, primenom usvojenog PP2* i onih

Considering that the presence of passive pressure is
not "guaranteed" all the time (due to building, recon-
struction or hydrological reasons), the passive pressure
will be omitted. This is also recommended in EC7, with
suggestion to take into consideration eventual removal
of ground in front of the wall (because of excavation or
erosion); it is also suggested that the height of
occurrence of the passive pressure should be decreased
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PK za dejstva predlozenih u EK 7, za Ceste slu€ajeve u
praksi imala bi sledeci oblik (pri Eemu je tan gpd=tan @):

by 50 cm. After application of accepted DA2* and PF for
actions proposed in EC7, the above equation is as

follows (where tan gy=tan @):

Zvd .tan¢d _ Z}/G,favvltan¢ _ 21,0\/ 'tan¢
VRh " ZyG,unfavH VRh Z1,35H

VYRh 'ZHd

odakle se izvodi da je
1!357R,h -

Izjednac¢avanjem nove i ,poCetne” jednacine [(7) i (5)]
po M dobija se
> H

13574, = 1,50
iz koje sledi da je
_150
VRh 135

zbog €ega se preporuCuje da se za PK za klizanje yrn
usvoji vrednost od 1,10. Ovaj iznos verifikovan je na jo$
dva nacina [14].

InaCe, u analizama je neophodno izabrati
najnepovoljniji mogudéi slu¢aj optereéenja, a to je kada su
vertikalna i horizontalna promenljiva sila nezavisne me-
dusobno, Sto omoguc¢ava da se vertikalna - kao
povoljna za stabilnost, iskljuci iz proraduna [15]. Takode,
u nasim proracunima pasivni pritisak nije uziman u obzir,
Sto se mozZe uzeti kao nastavak negovanja dosadasnje
pozitivne tradicije i 5to je, svakako, na strani sigurnosti.

Ali, navedeni pristup odredivanja PK ne mozZe se
primeniti prilikom odredivanja iznosa PK za normalni
otpor yr,. Razlog je to $to se za proracun nosivosti pre-
ma ,Pravilniku o tehni¢kim normativima za temeljenje
gradevina” koristi jednacina u kojoj su prisutni parcijalni,
a ne globalni faktori i gde ugao trenja figuriSe u razli€itim
delovima jednacdine. Zbog pomenutih razloga, odlu¢eno
je da se proracuni sprovedu u namenskom softveru za
dimenzioniranje  potpornih  konstrukcija. Neki od
komercijalnih ve¢ poseduju opciju proratuna prema
evrokodovima, Medu njima je i GEO5 koji, takode,
omogucava i to da se proracun sprovede i po drugim
standardima, ali i da se prilagodi zahtevima korisnika.
Ove prednosti su i primenjene u sledecoj analizi. U

domenu najéesce prisutnin PSO tla @=15-25-35°, ¢=0-
10-20-30 kPa, razmatrana su dva tipa potpornih zidova:
gravitacioni betonski i konzolni armiranobetonski.
Pretpostavljeno je da su oni visine 4 m, a analizirani su u
uslovima bez spoljaSnjeg opterecenja i sa spoljasnjim
opterecenjem intenziteta q=20 kN/m?. Dimenzije preseka
odredivane su iz uslova ispunjenja minimalnih globalnih
faktora sigurnosti na prevrtanje, klizanje i nosivost €ije su
vrednosti zadate saglasno dosadasnjim standardima:
1,50, dok je nosivost temelja odredivana prema
,Pravilniku”. Stabilnost ovako dimenzioniranih kon-
strukcija proveravana je prema PP 2%, gde su uneti
proracunati potrebni PK za horizontalni otpor yrn (dakle,
za proveru stabilnosti na klizanje) u iznosu od 1,10 i
predlozeni PK u EK7 za proveru nosivosti, odnosno
redukovanje vertikalnog otpora u iznosu od 1,40. Na

_D.V-tang
> H

=1(1)

=100 (6)

deriving

(7)

Equalization of new and "starting" equation [(7) and
(5)] by 2V tang , gains
H

(8)

which implies

9)

Thus, it is recommended to adopt the value 1.10 for PF
for sliding yrn. This value is also additionally verified
[14].

It is also necessary to select the most unfavourable
possible case of loading in analysis, i.e. - when the
vertical and horizontal forces are independent - which
allows excluding vertical force from the design, as it is
favourable for stability [15]. Moreover, our design did not
take passive pressure into account, which can be seen
as maintaining of our positive tradition and contribution
to stability.

Still, the above described way of determination of PF
may not be used when determining the amount of PF for
normal resistance yr,. The reason for this is that design
of bearing capacity according to "Rulebook on Technical
Standards for Building Foundations” uses equation with
partial (not global) factors, and where angle of friction is
present in different parts of equation. Those were the
reasons to perform the design in appropriate software for
designing of retaining structures. Some of commercial
software packages (like GEOS5) already have an option
for calculation according to eurocodes. This software
also allows designing according to other standards and
customization for particular user needs and demands.
These advantages are used in following analysis. Within

the most common ranges of PSR for the ground (p=15-
25-35°, ¢=0-10-20-30 kPa), two types of retaining walls
were considered: concrete gravity wall and cantilever
reinforced wall. Their height was assumed as 4m, and
they were analysed for conditions without and with
surcharge of g=20 kN/m®. Section dimensions were
determined after meeting conditions for minimal global
factors of safety for overturning, sliding and bearing
capacity, whose values were set according to actual
standards (1.50); the bearing capacity of foundation was
determined according to "Rulebook”. Stability of such
designed structures was tested according to DA2*, with
calculation required for PF for horizontal resistance yrn
(for testing of sliding stability) with value of 1.10 and with
proposed PF in EC7 for testing bearing capacity, i.e.,
reduction of vertical resistance by 1.40. This kind of
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ovakav nacin, odnosno kontrolom usvojenih dimenzija
prema novom postupku, dobijane su rezerve”
sigurnosti. Izvodi iz proracuna i rezultati prikazani su na
slikama 1-2 i u tabelama 4-7, pri ¢emu su:

— u vertikali sa FSy zapisane vrednosti obezbedenih
koeficijenata sigurnosti na klizanje prema dosadasnjem
postupku, gde minimalni koeficijenat iznosi 1,50;

— u vertikali oznagenoj sa FSpos unoseni postignuti
rezultati iz ispunjenja uslova o nosivosti, pri ¢emu je
sadasnji zahtev za R,=1,40;

— u zadnjoj vertikali R, zapisane obezbedene
vrednosti u novim uslovima za proracun stabilnosti na
klizanje (min 1,10).

checking of adopted dimensions according to the new
approach gained "extra" safety. Parts of the design and
results are given in Figures 1-2 and Tables 4-7, where:

— in the vertical marked with FSy are specified
values of gained factors of safety for sliding according to
actual approach, with minimal factor of 1.50;

— in the vertical marked with FS,,. are entered
results gained from meeting the condition of bearing
capacity, with actual requirement R,=1,40;
in the last vertical Ry, are entered gained values in new
conditions for designing the sliding (min 1.10).

8} Geo 5 - Gravity wall (demoversion) [CAProgram Files\Fine\PhD\G P1 20 q.gtz]
File Edit Input Analysis Pictures Options Help
DEeE L E-B QG $ 00 #*®

Stage of construction: =~ 3% || [1]

22 project

[3? Analysis methods
{T Geometry

7 Material

B erofile

£ Soils

BT assign

& Terrain

& Water

8 surcharge
o FF resistance
% Applied forces
L Earthquake
2 settings

B verification
] Bearing cap.
2] pimensioning

MNo. Force Fx

[knijm]

Fz
k]

Rmcets || <& S0y
| v Verification pr—
“Applcation point | Coef. OVERTURNING : SATISFACTORY  (8,2%) ||| .
SLIP: SATISFACTORY  (96,1%) || Yermeaton :
xml | zml O — e

List of pictures

Slika 1. Izgled dela modula programa GEQOb5 za proracun gravitacionih zidova
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Tabela 4. Rezultati iz analize gravitacionog betonskog zida
Table 4. Results from analysis of gravity wall

c=0 c=10 kPa ¢c=20 kPa ¢=30 kPa
0 FSuoc, _ FSuoc, _ FSuoc, _ FSuoc, _
FSkn Rv= 1Rqa FSkn Rv= 1Rr1]6 FSkn Rv= 1Rt116 FSkn Rv= 1Rqa
1,40 ’ 1,40 ’ 1,40 ’ 1,40 ’
15 1,91 1,53 1,43 1,62 1,54 1,19 1,82 1,54 1,26 >>1,50 2,44 >>1,10
25 1,54 1,67 1,17 1,92 1,65 1,42 7,38 4 55 >>1,50 3,62 >>1,10
35 | 2,07 2,24 1,61 3,36 4,05 2,51 13,05 5,48 13,05 / / /
Tabela 5. Rezultati iz analize gravitacionog zida sa opterecenjem q=20 kN/m?
Table 5. Results from analysis of gravity wall with surcharge q=20 kN/m?
c=0 c=10 kPa ¢c=20 kPa ¢c=30 kPa
0 FStoc, _ FSuoc, _ FStoc, _ FSoc, -
Fsen Rv= 1Rq(_) Fsen Rv= 1qu) Fsen Rv= ??6 Fsen Rv= ??6
1,40 ’ 1,40 ’ 1,40 ’ 1,40 ’
15 1,5 1,54 1,13 1,55 1,79 1,1 1,72 1,9 1,14 2,5 1,92 1,66
25 | 1,52 1,72 1,12 1,65 1,52 1,17 2,6 1,83 1,79 >>1,50 1,61 >>1,50
35 | 1,79 | 242 1,37 2,8 4,34 2,02 4,79 3,99 3,56 / / /
Tabela 6. Rezultati iz analize armiranobetonskog konzolnog zida
Table 6. Results from analysis of cantilever wall
c=0 c=10 kPa c=20 kPa c=30 kPa
O FSoc, _ FSuoc, _ FStoc, _ FSoc, _
Fswn | Rv= 1Rr1]6 FSkn Rv= 1R:'6 FSkn Rv= 1Rr116 FSkn Rv= 1Rr116
1,40 ’ 1,40 ’ 1,40 ’ 1,40 ’
15 1,52 1,56 1,19 1,53 2,32 1,21 1,55 2,93 1,21 2,01 2,58 1,51
25 1,58 1,52 1,32 1,66 1,52 1,37 23 2,12 1,83 3,9 2,97 2,97
35 | 2,25 1,6 1,92 2,96 2,08 2,44 4,76 2,48 3,81 / / /
Tabela 7. Rezultati iz analize konzolnog zida sa optere¢enjem q=20 kN/m”
Table 7. Results from analysis of cantilever wall with surcharge q=20 KkN/m?
c=0 c=10 kPa ¢c=20 kPa ¢=30 kPa
O FSuoc, _ FStoc, _ FSuoc, _ FSuoc, _
Fswn | Rv= 1Rqa FSkn Rv= 1Rr1]6 FSkn Rv= 1Rt116 FSkn Rv= 1Rt116
1,40 ’ 1,40 ’ 1,40 ’ 1,40 ’
15 1,52 1,54 1,19 1,52 2,24 1,2 1,54 2,24 1,22 1,56 29 1,22
25 | 1,64 1,53 1,35 1,62 1,53 1,32 1,78 1,52 1,43 2,58 2,07 1,99
35 | 2,08 1,72 1,81 2,5 1,71 2,14 3,2 1,82 2,68 / / /

lako su proraCuni vreni s minimalnim predloZenim
koeficijentima, Cini se da su pojedini zidovi predimenzio-
nirani. Medutim, mora se ista¢i to da su njihove
dimenzije ipak minimalne i da ispunjavaju i preostale
kriterijume, od kojih neki nisu dati ovde jer nisu znacajni
za istrazivanje: ekscentricitet rezultantne sile, uslov
stabilnosti na prevrtanje i sli¢no. 1z prikazanih rezultata
vidi se da nema nikakvih ugrozavanja i odstupanja u

Although the calculations were performed with
minimal proposed factors, it seems that some walls are
over designed. Yet, it should be emphasised that those
are minimal dimensions that also meet other
requirements (some of them are not shown here as they
are not relevant for the investigation), such as
eccentricity of resultant force, condition for overturning
stability etc. Results suggest that there are no risks and

GRABEVINSKI MATERIJALI | KONSTRUKCIJE 56 (2013) 4 (3-17)
BUILDING MATERIALS AND STRUCTURES 56 (2013) 4 (3-17)

11



stabilnosti zidova dimenzioniranih prema tradicionalnim
pristupima, a kontrolisanim prema novim koeficijentima
preporu¢enim u EK 7. Imajuéi to u vidu, kao i dosa-
dasnje bogato pozitivno iskustvo, predlaze se da se u
NA za R, i Ry usvoje PK u iznosu od 1,10 i 1,40, sto je
identi¢no izvorno predlozenim u Aneksu A EK 7-1, a
kojima se zadrZavaju postojeéa sigurnost i stabilnost
potpornih zidova.

5 ZNACENJE PRAVILNOG IZBORA PP | PK

U produzetku je dat jednostavan prora¢unski primer
na kom se moze videti znaCaj pravilnog izbora
odgovaraju¢eg PP i PK, gde je na slici 3 prikazan
potporni zid sa opterecenjem, za koji je potrebno
proveriti sigurnost na klizanje prema aktuelnim propisima
(globalni faktori sigurnosti) i uporediti je s proraCunima
prema EC7 (parcijalni koeficijenti sigurnosti). Rezultati
su dati u tabeli 8.

2,0

0,8

| 3014; | 50‘65 qe=7 kN/m?
(R

deviations in stability of the walls designed with
traditional approaches and controlled using new factors
recommended under EC7. This fact and actual positive
practice suggest adoption of PF of 1.10 and 1.40 in NA
for Ry and Ry, which is equal to originally proposed
values in Annex A of EC 7-1 and which ensures safety
and stability of retaining walls.

5 IMPORTANCE OF SELECTING APPROPRIATE DA
AND PF

Below is a simple example of design for illustration of
importance of selecting appropriate DA and PF. Figure 3
shows surcharged retaining wall. The task is to check
sliding safety according to actual regulation (global
factors of safety) and compare it with designs according
to EC7 (partial factors of safety). Results are given in
Table 8.

Slika 3. Skica analiziranog potpornog zida
Figure 3. Sketch view of analyzed retaining wall

Tabela 8. Tabelarni prikaz rezultata iz analize potpornog zida sa razli¢itim PP
Table 8. Tabular view of results from analysis of retaining wall with different DA

Parametar Dosadasnji
Parameter proracun PP2* PP3
Actual calculation
G [KN/m®/m] 57.6 57.6 57.6
tan20°
@4l 20 20 atan(wj =16°14"'
c 8
Cdq [kPa] 8 8 7/— = E = 6,4 kPa
c y
y [kN/m?] 18 18 18
k, =tan?(45-¢,/2) 0.49 0.49 0.563
E,= %ka;/f-lz 34.6 34.6 39.73
E, =2c \k,H 31.4 31.4 26.89
E, =qk,H 9.6 9.6 11.03
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Rva = 1.0-57.6-tan20° 1.0.57.6-tan20° 1.0-57.6-tan16°14'
 Vom -G tans 1.0 B 1.1 - 1.0 -
T ~20.96 =19.06 =16.77
Ryq = 1.0- 1.35. 1.00-
= Y Gunfav * (346-31.4+96)= | (346-314+96)= | -(39.73-26.89+11.03)=
-(Ea —E, +Eq) =12.8 =17.28 =23.87
Ryg!Ryyq 1.64 1.10 0.703
(Rv,d /RH,d )min 1.5 1.0 1.0
Ocena
2?7
Rosult OK OK 277

S obzirom na to $to se prema dosadasnjim propisima
i PP2* dobijaju sliéni rezultati, odnosno S$to im se
dimenzije i stabilnost potpornog zida podudaraju, moze
se jo§ jednom potvrditi da su PP2* i predlozeni PK
odgovarajuci za primenu uopS$te u regionu ranije SFRJ.
Nasuprot tome, rezultati prema PP3 drasti¢no odstupaju,
a dodatne kalkulacije pokazale su da je, uz zadrzavanje
ostalih dimenzija, potrebna Sirina krune zida od b=1.0 m
da bi zid bio stabilan. U kredibilitet i tanost ovih
proraCuna zida posumnjace, nezavisno, i projektant i
izvoda€ na osnhovu njihovih dosadasnjih iskustava, iz
Cega se lako uocava vaznost pravilnog izbora PP i PK.
Sa ovakvim neprijatnim situacijama ve¢ su pocele da se
suoCavaju kolege iz Hrvatske gde je PP3 izabran za
proracun zidova.

6 IZJASNJAVANJE O ANEKSU S | KOMENTARI O
KOEFICIJENTIMA

U dodatku Evrokoda 7-1 nalazi se nekoliko aneksa,
od kojih je Aneks A obavezan i u njega se unose ili
zadrzavaju vrednosti PK. U NA, zemlje iznose svoj stav
0 njima, a tako je i sa Aneksom C, gde su dati predlozi
za odredivanje koeficijenata aktivnih i pasivnih zemljanih
pritisaka i to putem gotovih dijagrama i preko numeri¢-
kog postupka. Medutim, time je ucinjen korak nazad za
analize, jer je navedena faza nepotrebno
iskomplikovana, a narocito za na$ region gde nemaju
tradiciju primene. Naime, u vreme visoke tehnologije,
koriS¢enje grafickih dijagrama je deplasirano. Taj
postupak svakako treba izbegavati, jer je slozen,
ograni€en i ne pruza mogucnost tacnog odredivanja
koeficijenata. Dalje, na dijagramima su date zavisnosti
za nekoliko slu€aja, dok se za ostale, a sasvim izvesne
opste uslove, treba raditi interpolacija, €ija je ispravnost
ponovo diskutabilna. Navedene nedostatke ispravlja
drugi ponudeni postupak koji se zasniva na linijjama
loma u tlu, ali je njegova prakti€na primena otezana jer
se primenjuju parametri koji su veoma strani inzZenje-
rima. Ipak, i prilikom njene primene treba biti pazljiv, jer
se za pojedine Clanove napominje da su ,na strani
sigurnosti”, $to se uobi¢ajeno tumaci dobijanjem nesto
vecih koeficijenata. Medutim, ukoliko se tako prora-
¢unaju zemljani pritisci, veoma je vazno, ali ponekad i
neostvarljivo, da oni budu nepovoljni [19]. U suprotnom,
pri njihovom nanoSenju na sile koje povoljno deluju na

Having in mind that actual regulations and DA2* gain
similar results, i.e., that dimensions and stability of
retaining wall coincide, we can assert that DA2* and
proposed PF are appropriate for general application in
the region of former Yugoslavia. Unlike that, the results
under DA3 deviate in great extent, and additional
calculations have shown that wall crest (while marinating
other dimensions) should be b=1.0 m to maintain wall
stability. Based on their own experience, both designer
and contractor would (independently) question the
credibility and accuracy of these designs, which makes
the importance of selection of appropriate DA and PF so
evident. Engineers in Croatia already have negative
experience with DA3 as approach selected for designing
walls.

6 RESPONDS TO ANNEX C AND COMMENTS ON
FACTORS

Eurocode 7-1 includes several annexes. Annex A is
mandatory and it serves to input or retain values of
partial factor. Single countries in their own National
annexes express their opinion; Annex C, for example,
offers propositions for determination of coefficients of
active and passive earth pressures (via diagrams and
numeric operation). However, it posed a "set-back" for
analysis, because the mentioned stage was made too
complicated, especially for our region with no tradition in
application. Namely, graphic diagrams seem outdated in
hi tech era; moreover, this approach should be avoided
as too complex and limited and it does not ensure exact
determination of factors. Additionally, graphs indicate
dependencies only for few cases, so it is necessary to
perform interpolation for other general conditions, which
makes resulting correctness disputable. Fore mentioned
shortcomings may be avoided with other approach
offered, based on lines of failure in the ground, but its
application is difficult due to usage of factors that seem
quite unfamiliar to engineers. However, it should be
employed with a great caution, because particular
elements are assumed as "on safe side", which is
commonly interpreted with gaining a bit greater
coefficients. Yet, if such approaches are used to
calculate earth pressures, it is very important (although
sometimes impossible) for them to be unfavourable [19].
On the contrary, their applying on the forces that
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konstrukciju, onemoguéava se njeno korektno
dimenzioniranje. S druge strane, ukoliko se ova dva
postupka medusobno uporede, identi¢ni rezultati ce se
posti¢i samo u slu€aju kada ne postoji trenje izmedu tla i
zida [19], Sto je idealizovan slu€aj, a razlika ¢e bivati
izrazenija Sto je veci ugao trenja tla.

Imajuéi u vidu navedeno, buduéim Kkorisnicima se
mozZe ostaviti mogucnost njihove primene, ali ipak
koncetraciju treba usmeriti ka postojeCem postupku -
Kulombovom metodu. Njegovu viSevekovnu uspesSnu
primenu ne samo kod nas, ve¢ i u svetu, treba isticati
kao jak argumenat za zadrzavanje. UspeSna primena
duguje se neograni¢enosti i nesputanosti jer obuhvata
sve uticaje na intenzitet koeficijenata zemljanih pritisaka.
Uostalom, predlozeni dijagrami u informativnom Aneksu
S za oftéitavanja koeficijenata veoma su sliéni sa
izlazima iz jednacine po Kulombu. Ipak, bez obzira na to
da li se primenjuje Kulombov pristup ili predlog u Aneksu
S, ostaje nemoguc¢nost da se koeficijenat zemljanog
pritiska proracuna u uslovima kada je naklon terena veci
od ugla trenja. U takvim slu€ajevima, ali ne i samo tada,
u Kulombovoj jednacini moze se primeniti opis smicuce
otpornosti nelinearnom anvelopom loma hiperboli€hog
tipa. Njome se smiCuéa otpornost izrazava samo preko
ugla, koji nije konstantan [10], i menja vrednosti u
dijapazonu do onog koji je po iznosu u rangu ugla
unutraSnjeg trenja, a moze da pocinje od viSe od
njegovog dvojnog iznosa. S obzirom na to $to se u PP 2*
ne vrsi redukcija PSO, njihove karakteristi¢ne vrednosti
su ujedno i proracdunske. Nelinearna anvelopa je
poZeljna i zato Sto se kod tla bez kohezije, kao Sto se
moze videti iz gornjih tabela, postize veca bliskost
postignutih koeficijenata sigurnosti s ciljanim.

Vrednost i nalin proraduna koeficijenata zemljanih
pritisaka jesu vazni, jer je za odredene potporne
konstrukcije ustanovljeno da nacin njihovog proracuna
utiCe na rezultate, a razlika moze biti u domenu razlika
koje se javljaju izmedu razli¢itih PP [18]. Osim njihovog
prorauna, diskutabilna je i vrsta primenjenih koe-
ficijenata. Naime, ukoliko se dimenzioniSe objekat
visokog znacaja ili se analiziraju dugotrajni uslovi, onda
je neophodno da se zemljani pritisci proraCunavaju kao u
stanju mirovanja, jer aktivni i pasivni zemljani pritisci su
krajnji, minimalni i maksimalni, a povoljni i pozeljni
sluCajevi pritisaka. Uz to, oni su i vremenski nestabilni,
Sto ne znadi da ¢e se pojaviti na takav nacin i u tom in-
tenzitetu usled, na primer, prisustva ankera, podupiraca i
sliénih  konstruktivnin elemenata koji ograni¢avaju
pomeranja [7]. Poveéanje pomeranja uti€e na smanjenje
zemljanih pritisaka, ali dok se ne postignu ta pomeranja,
kao i da bi se ona postigla, prethodno ée konstrukcija
primiti one u stanju mirovanja. Ovo je realan, nepovoljan
i najverovatnije kriti€an slu€aj opterecenja. Jo$ vise,
moze se ocCekivati da ¢e se pomeranja zida smanjivati
tokom vremena, pa c¢e pritisci imati tendenciju da
postignu vrednosti u stanju mirovanja. U obratnom
sluaju, ukoliko pomeranja rastu, smicu¢a otpornost
moze dosti¢i rezidualne vrednosti.

Na neke od ovih dilema ukazivano je i ranije s ciljem
poboljSanja predloga, ali do sada nisu ozbiljnije tretirane.
Odredene sugestije su jo$S uvek otvorene, poput
(ne)pravilnosti usvajanja konstantnih vrednosti
koeficijenata zemljanih pritisaka po celoj visini, potrebe
razmatranja intervala zemljanog pritiska u mirovanju, a
ne samo jedinacne vrednosti, ¢ime bi se uvideo domen

favourably affect the structure prevents correct
designing. But, when these two approaches are
compared, identical results will be gained only if there is
no friction between ground and the wall (which is ideal
case) [19] and the difference is getting higher as the
values of friction angle of the ground are increasing.

Having in mind all above mentioned, new users are
free to decide on application, although it is
recommended to focus on the Coulomb’s method. Its
long lasting world-wide application is strong argument.
This method has no limitations or constraints, because it
includes all effects on intensity of coefficient of earth
pressures. Moreover, diagrams proposed in informative
Annex C are very similar to outputs from the equation
according to Coulomb. But, whether Coulomb approach
or suggestion in Annex C is used, there still is impossible
to calculate the coefficient of earth pressure if the ground
slope is higher than the angle of friction. In such case
(but not restricted to that particular instance), the
Coulomb equation allows description of shearing
resistance by non linear failure envelope of hyperbolic
type. Thus, shearing resistance is expressed only by
angle that is unbalanced [10] but changes its values up
to the value of the angle of internal friction, while it can
start from the twice higher amount than that. Knowing
that the PSR is not reduced in DA2*, their characteristic
values are also design values. Non linear envelope is
favourable because the ground free of cohesion (as can
be seen in tables) gains greater similarity of factors of
safety with targeted ones.

Values and method of calculation of coefficients of
earth pressures are important because it is found that
the method of calculation for some retaining structures
affects the results, and that difference may derive from
differences between various DA [18]. Besides the
design, the type of applied coefficients is also a dispute.
Namely, when designing a structure of great importance,
or when analyzing long lasting conditions, it is necessary
to calculate at-rest earth pressures, because active and
passive earth pressures are limit, minimal and maximal
states, and favourable ones. Besides that, they are time-
dependabile, i.e., they will not occur in exactly the same
manner and intensity when anchors, shores or similar
structure elements for limitation of displacement are
present [7]. Increase in displacement affects the
decrease of earth pressures, but before those
displacements are achieved (as well as in order to
achieve them) the structure will receive those at at-rest
state. This is real, unfavourable and probably critical
case of loading. Besides that, it may be expected that
wall displacements will decrease with time, so the
pressures will tend to reach at-rest values. Otherwise,
increase in displacements may cause shear resistance
to reach residual values.

Some of these arguments have already been
suggested as a means for improving of proposition, but
they have not been treated in detail thus far. Some
suggestions are still open, like (i)rregular adoption of
constant values for earth pressure factors along entire
height and the need to consider the interval of at-rest
earth pressure, and not only as a single value, which
allows insight into the domain of values of structure
dimensions, and possible decrease of peak shear
strength to its residual value [9]. Same are the reasons
to suggest that temporary structures or sheet pile walls
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vrednosti dimenzija konstrukcije, kao i moguceg
opadanja vrSne smiCu¢e ¢&vrstoce ka rezidualnoj
vrednosti [9]. Zbog sli¢nih razloga, moze se predloziti da
se privremene konstrukcije ili podgrade, zbog ocekivanih
pomeranja, dimenzioniSu prema grani¢nim stanjima
aktivnog i pasivnog pritiska, dok bi se trajne konstrukcije
proraCunavale prema zemljanom pritisku u mirovanju [7].
Ovo je donekle ponudeno i Evrokodom 7-1, taCkom
9.5.4, gde se ostavlja moguc¢nost da se proracun zida
koji se ne moze dovoljno pomeriti, kako bi se mobilisale
grani¢ne vrednosti zemljanih pritisaka, vrSi prema
srednjim vrednostima izmedu grani¢nih i u mirovanju.

Sporna je i kohezija. lako je standardna praksa
ravnopravno tretira sa uglom trenja, pojedinim
istraZzivanjima pokazano je da njen navodni uticaj opada
s povecanjem dubine, odnosno visine zida, pa ono $to
se uzima u proraéunu odgovara samo zidovima s malom
i srednjom visinom [8]. Kako bi se izbegle ove opasnosti,
pozeljno je primenjivati nelinearan opis smicuée
otpornosti, Sto po definiciji isklju€uje koheziju, a tretira
samo promenljiv ugao trenja. U okviru ovih malih i
srednjih visina, javljaju se mali normalni naponi (i
eventualno negativni porni pritisci ukoliko tlo nije
zasi¢eno). U ovoj zoni je ugao smicuce otpornosti
najviSi, Sto odgovara i smanjenom zemljanom pritisku
koji se najceSée tumaci prisustvom kohezije. Poznato je
da s povecanjem napona dolazi do snizenja ugla, Sto se
neopravdano pripisuje smanjenom uticaju kohezije.
Navedeno je u smeru ravnopravnog tretiranja svih
konstrukcija, bez obzira na visinu ili vrste tla, a
zahvaljuju¢i prihvatanju nelinearne anvelope loma
hiperboli€énog tipa koja usled razli¢itih normalnih napona
po visini konstrukcije definiSe razliite uglove odakle
proizlaze razli¢iti koeficijenti zemljanih pritisaka.

Iz aspekta primene MKE, treba istaéi da na intenzitet
zemljanih pritisaka u numerickim analizama utice i
veli€¢ina pomeranja zida [5], pa se aktivno i pasivno sta-
nje, prakticno, ne moze uvek posti¢i. To isto vazi i za
pomeranja zida prema predlozima datim u Aneksu S,
odakle i proizlazi neSto manja pouzdanost vrednosti
zemljanih pritisaka prilikom proracuna s MKE.

7 ZAKLJUCAK

Za proracun potpornih zidova do sada je kori§¢en
postupak koji zahteva zadovoljavanje nekoliko globalnih
faktora sigurnosti. Isti postupak primenjivan je i u
evropskim zemljama, pa se najve¢i deo njih, kako je
napomenuto, odlu¢io da se za proracun prema EK 7
usvoji PP2*. Razlog za to je sliénost dosadasnjem stilu
proracuna, a nakon provera dimenzioniranja, usvojeni su
akcioni i PK za otpor koji su izvorno predlozeni u Aneksu
A, Cime se daje i prilog buduéoj harmonizaciji. Zbog
odredenih  ograni¢enja numeriCke primene PP2%
predlaze se da se prilikom eventualne analize s MKE
koristi PP 3.

U NA, iznose se i stavovi o ponudenim aneksima,
medu kojima je i Aneks C koji je zanimljiv iz aspekta
potpornih zidova, jer iznosi predloge o koeficijentima ak-
tivnih i pasivnih zemljanih pritisaka. Imajuci u vidu ranije
navedeno, predlaze se zadrzavanje aktuelnog
Kulombovog metoda koji omogucava i primenu
nelinearne anvelope loma hiperboli€nog tipa, a koja,
opet, nudi brojne prednosti.

Ovakve komparativne studije, prilikom izrade NA,

should be designed according to limit states of active
and passive pressure, while permanent structures would
be designed after at-rest earth pressure [7]. This is
somewhat also offered within Eurocode 7-1 (9.5.4), with
a possibility for the walls that may not be displaced
enough (to mobilize limit values of earth pressures) to be
designed according to the mean values between limit
values and at-rest values.

Cohesion is disputable, too. Although the standard
practice considerers it equally as the angle of friction,
some research have shown that the supposed impact of
cohesion decreases along with increase of depth, i.e.,
height of the wall, so the values adopted in design relate
only to walls of small or medium height [8]. To avoid
such risks, it is recommended to employ non linear
description of shear resistance, which, by definition,
excludes cohesion and considers only changeable angle
of shearing resistance. Within these small or medium
heights only small normal stresses occur (and possible
negative pore pressures, if the ground is not saturated).
This zone is characterised with highest angle of shearing
resistance, resulting with decreased active earth
pressure which is unduly correlated to cohesion. It is well
known that the increase in stress results in decrease of
angle, even though it is sometimes considered as an
effect of decreased impact of cohesion. Above
mentioned is aimed at equal consideration of all
structures, without any special regards to the height of
wall or type of the ground, due to adoption of non linear
failure envelope of hyperbolic type which (because of
different normal stresses along height of the structure)
serves to define different angles from which different
coefficients of earth pressures derive.

Concerning the application of FEM, it should be
emphasised that intensity of earth pressures in numeric
analyses is also affected by the amount of wall
displacement [5], so the active and passive states
cannot always be achieved. The same is with wall
displacement according to suggestions in Annex C,
which results with somehow smaller reliability of earth
pressures while designing with FEM.

7 CONCLUSIONS

Until now, the design of retaining walls has used
approach that requires meeting of several global factors
of safety. This approach was also used in European
countries, so most of them have decided to employ DA2*
as an approach to be used under EC7. This decision is
caused by similarities with actual designing style. After
evaluation of designing, action PF and PF for resistance
were adopted (originally suggested in Annex A), thus
contributing the future harmonization. Due to particular
limitations of numerical application of DA2*, application
of DA3 is suggested when performing analysis with
FEM.

National annexes also contain opinions about
suggested annexes, including Annex C which is
interesting from the aspect of retaining walls, because it
makes suggestions about coefficients of active and
passive earth pressures. Having in mind above
mentioned, it is suggested to maintain the actual
Coulomb method that also allows application of non
linear failure envelope of hyperbolic type, because of its
many advantages.

GRABEVINSKI MATERIJALI | KONSTRUKCIJE 56 (2013) 4 (3-17)

BUILDING MATERIALS AND STRUCTURES 56 (2013) 4 (3-17)

15



trebalo bi realizovati za sve geotehnitke konstrukcije u

Evrokodu 7-1.

Dosada$nje aktivnosti na tom polju

ukazale su i na odredene konstrukcije gde je utvrdivanje
iznosa PK mnogo komplikovanije nego ovo koje je u
ovom radu izneto, na $ta treba posebno obratiti paznju.
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REZIME

PRILOG IZRADI NACIONALNOG ANEKSA
EVROKODU 7 - IZ ASPEKTA POTPORNIH ZIDOVA

Jovan B. PAPIC
Verka PROLOVIC
Ljup¢o DIMITRIEVSKI
Dragan LUKIC

Zoran BONIC

Za razlku od ostalih evrokodova, gde je
dimenzioniranje konstrukcija prili€éno jasno, u Evrokodu 7
ponudena su tri razli¢ita postupka za proracun, kao i
kompleti parcijalnih koeficijenata koje treba primeniti u
njima. Nakon prihvatanja Evrokoda 7, u okviru pripreme
Nacionalnog aneksa, svaka zemlja treba da donese jo$
dve veoma vazne odluke o izboru proradunskog
postupka prema kome bi se vrSilo dimenzioniranje
geotehni¢kih  konstrukcija, i definisanju njemu
odgovaraju¢ih  parcijalnih  koeficijenata.  Prilikom
odredivanja odgovaraju¢eg proradunskog postupka,
potrebno je da se odredeni geotehnic¢ki problem
uporedno analizira s postojeéim i s predlozenim
metodama, tokom &ega ¢e se ustanoviti koji je postupak
najblizi dosadasnjem ,stilu” proracuna. Kompatibilnost
,starog” i novog metoda prora¢una omogucice da se
odabere odgovarajuci proraéunski postupak, a dalje i da
se dobiju priblizno iste dimenzije konstrukcija, jer ¢e
sli¢nost projekata dati predlog o iznosu parcijalnih
koeficijenata. U ovom radu prikazane su analize i
verifikacije uradene za potrebe takvih odluka za
potporne zidove, koje su dovele do izbora koji se moze
primenjivati i u regionu.

Kljuéne reéi: Evrokod 7, proracunski postupak,
parcijalni koeficijenti, potporni zidovi

SUMMARY

TOWARDS PREPARATION OF NATIONAL ANNEX
TO EUROCODE 7 - FROM ASPECT OF RETAINING
WALLS MIHA TOMAZEVIC

Jovan B. PAPIC
Verka PROLOVIC
Ljupéo DIMITRIEVSKI
Dragan LUKIC

Zoran BONIC

Unlike the other eurocodes where structure
designing is fairly clear, there are three design
approaches offered in Eurocode 7 and sets of applied
partial factors. After accepting Eurocode 7, each country
has to decide on two very important decisions related to
the selection of appropriate design approach according
to which designing of geotechnical structures is going to
be performed and define adequate partial factors.
Selection of appropriate design approach is based on
analyses of certain geotechnical problem both with
actual and proposed methods. Therefore, it should be
find out which approach is the closest to hitherto
calculation “style”, which compatibility of “old” and new
method will serve as a base for selecting appropriate
design approach. Moreover, it will be tested with
different partial factors in order to obtain approximately
the same size of structural elements or construction,
which similarity will suggest the value of partial factors.
Analyses and verifications are performed for such
purposes for retaining walls, which conclusions,
presented below, lead to solution that can be used in the
region.

Key words: Eurocode 7, design approach, partial
factors, retaining walls
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TIPOLOGIJA NSPA PUSHOVER KRIVIH | POVRSI ZA 3D SEIZMICKI ODGOVOR
KONSTRUKCIJA PREMA PERFORMANSAMA

TYPOLOGY OF NSPA PUSHOVER CURVES AND SURFACES FOR 3D
PERFORMANCE-BASED SEISMIC RESPONSE OF STRUCTURES

Miaden COSIC
Stanko BRCIC

1 UVOD

Metodologija analize konstrukcija za uslove dejstva
zemljotresa, kada su u pitanju prakti¢ni inzenjerski
problem, bazira se na primeni spektralno-modalne
analize ili ekvivalentne staticke metode, dok se znatno
manje primenjuje dinami¢ka analiza [15]. Pored
postoje¢ih metoda, razvijene su i unapreduju se nove
metode koje se baziraju na nelinearnom ponasanju
konstrukcija u uslovima dejstva zemljotresa [16].
Integracija novih metoda sprovedena je u metodologiji
analize konstrukcija prema seizmi¢kim performansama
(PBEE - Performance-Based Earthquake Engineering),
a koja se sprovodi za jednu komponentu ili veci broj
komponenti seizmi¢kog dejstva, kao Sto su dve horizon-
talne i jedna vertikalna. Kada se primenjuje jedna kom-
ponenta seizmi¢kog dejstva, tada su numeric¢ki modeli
konstrukcija 2D ravanski, 3D prostorni ili dekomponovani
3D modeli, a ukoliko se primenjuju dve ili tri komponente
seizmickog dejstva, tada su numeri¢ki modeli konstruk-
cija 3D prostorni modeli. Seizmicki odgovor konstrukcija
prema performansama u nelinearnom domenu moguée
je prezentovati primenom pushover krivih za slucaj
razmatranja jedne ili dve komponente seizmitkog
dejstva. Primena pushover krivih kod 2D modela kon-
strukcija predstavlja standard za prezentaciju odgovora
sistema u kapacitativnom domenu. U svim dosadasnjim
istrazivanjima nelinearnog ponasanja 3D modela
konstrukcija u uslovima dejstva zemljotresa, prikazivanje
odgovora sistema, u kapacitativnom domenu, sprovedeno
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1 INTRODUCTION

Methodology of the earthquake structural analysis,
used in the everyday and routine engineering work, is
based upon the multimodal spectral analysis or the
equivalent static analysis, while the full dynamic
earthquake analysis is applied in a smaller amount [15].
Besides these existing methods, various new ones are
being developed and improved, based upon the
nonlinear behaviour of structures when exposed to
earthquake actions [16]. Integration of new methods has
been achieved in the methodology of structural analysis
according to seismic performance (PBEE - Performance-
Based Earthquake Engineering), which is conducted for
one or more components of the seismic action, such as
the two horizontal and one vertical. When one
component of the seismic action is applied, then the
numerical models of structures are 2D planar, 3D spatial
or decomposed 3D models, and if two or three
components of the seismic action are applied, then the
numerical models of structures are 3D spatial models.
Performance-based seismic response of the structure in
the nonlinear domain may be presented by a pushover
curve when taking into consideration one or two
components of the seismic action. The application of the
pushover curves in 2D models of structures represents a
standard for the presentation of the system response in
the capacity domain. In all previous studies of the non-
linear behaviour of the 3D structural models during the
earthquake, the presentation of system response, within
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je analogno, kao i kod 2D modela - preko pushover
krivih. Dodatno su kod 3D modela konstrukcija razma-
trani i inkorporirani u analizu efekti bidirekcionog dejstva
zemljotresa, torzije, neregularnosti u osnovi i po visini
konstrukcije. U radovima [14] i [19] sprovedene su
numeri¢ke analize odgovora 3D modela zgrada, s tim
8to je odgovor sistema u kapacitativnom domenu
razmatran za dva ortogonalna pravca i po dva smera za
svaki pravac, kao $to je prikazano i u [11], [12] i [13]. U
radovima [21], [22] i [23] prikazana je modalna pushover
analiza bazirana na proracunu skaliranjem dvokompo-
nentalnih akcelerograma 3D modela zgrada, a kao
odgovor prikazane su pushover krive za dva ortogonalna
pravca. Pushover kriva dobija se iz NSPA analize koja
se bazira na inkrementalno-iterativnoj proceduri, pri
¢emu se prati odgovor sistema sve do kolapsa [26], [27].
Seizmicki odgovor konstrukcija prema performan-
sama u nelinearnom domenu moguce je prikazati i
primenom pushover povrSi za slu€aj razmatranja dve
komponente seizmickog dejstva. Konstrukcija i
generisanje pushover povrsSi sprovodi se integracijom
nelinearnih odgovora datih preko individualnih pushover
krivih za razli¢ite uglove i za multikomponentalno dejstvo
zemljotresa [4]. Prethodno je potrebno generisati
multikomponentalne akcelerograme i spektre odgovora
za razli¢ite uglove u odnosu na komponentu upravno na
pravac pruzanja raseda (fault normal) i komponentu
paralelno pravcu pruzanja raseda (fault parallel) [24],
[25]. Posto je primena pushover povrsSi u prezentaciji i
razmatranju perfomansi konstrukcija jo$ u inicijalnoj fazi,
otvorena su brojna pitanja, kao Sto su: detaljnija
matematicka formulacija, tipologija, aspekti primene na
realnim modelima konstrukcija, specijalni slucajevi
pushover povrsi, prednosti i nedostaci u prikazivanju
performansi primenom pushover povrsi, itd. Predmet
istrazivanja u ovom radu jeste matematicka formulacija i
tipologija pushover krivih i povrSi za opSte modele
konstrukcija zgrada. Sistematizacija tipova pushover
krivin i povrsi izvrSena je na osnovu obimnih iskustava
autora na veéem broju seizmiCkih analiza numeri¢kih
modela konstrukcija. Primenom pushover povrsi kod
NSPA analize moguce je razmatrati i analizirati uticaje
glavnih pravaca kod nesimetri¢nih zgrada, dok se kod
dinamic¢ke analize vremenskog odgovora, u zavisnosti
od dominantnog pravca delovanja zemljotresa,
razmatranje obi¢no sprovodi preko akcelerograma [28].
Razmatranje nelinearnog odgovora sistema za multi-
komponentalno dejstvo zemljotresa moguce je jo$ u fazi
konceptualnog projektovanja vrednovanja projektnih
reSenja [5]. Dinamitke analize moguéeg sudara
susednih nesimetriénih  viSespratnih zgrada usled
zemljotresa [29], kao i analize odgovora sistema s
polukrutim ekscentri€énim vezama u slu€aju zemljotresa
[7], ili analize efekta dejstva viSestrukih zemljotresa [1] i
dr., imaju¢i u vidu da takve analize jo$ nisu ugradene u
komercijalni softver, za sada nisu deo rutinskih
inZenjerskih aktivnosti u analizi uticaja zemljotresa.

the capacity domain, was done using the analogy with
the 2D model — using a pushover curve. Additionally,
bidirectional earthquake actions of the 3D models of a
structure have been considered and incorporated in the
analysis, as well as the torsion, irregularities in plan and
along the height of the structure. In papers [14] and [19]
numerical analyses of the responses of 3D building
models are given, where the response of the system in
the capacity domain has been considered for two
orthogonal directions and two senses of each direction,
as also shown in [11], [12] and [13]. In the papers [21],
[22] and [23] the modal pushover analysis is given,
based on calculation where scaling of two-component
accelerograms of 3D building models was done, while
the response is presented as the pushover curves for
the two orthogonal directions. Pushover curve is
obtained from the NSPA analysis which is based upon
the incremental-iterative procedure, where the system
response is followed all the way until the collapse [26],
[27].

Seismic response of structures according to their
performance in the nonlinear domain can be presented
using the pushover surface by considering the two
components of the seismic action. Construction and
generation of the pushover surface is implemented by
integrating the nonlinear responses given by individual
pushover curves for different angles and multicomponent
earthquake actions [4]. First, it is necessary to generate
multicomponent accelerograms and response spectra
for different angles relative to the component perpen-
dicular to direction of the fault (fault normal) and a
component in parallel to direction of the fault (fault
parallel) [24], [25]. Since the application of the pushover
surface in the presentation and consideration of
structural performance is still at the initial stage, there
are a number of questions which should be answered,
such as: a more detailed mathematical formulation,
typology, aspects of the application on real models of
structures, special cases of pushover surfaces, advan-
tages and disadvantages of using the pushover surface
for presentation of seismic response, etc. The subject of
research in this paper is the mathematical formulation
and typology of pushover curves and surfaces for the
general building structural models. Systematization of
the types of pushover curves and surfaces is made
according to the authors’ valuable experience in a
number of seismic analyses of numerical structural
models. By considering the pushover surface using the
NSPA analysis it is possible to consider and analyze the
influence of the main directions of the non-symmetric
buildings, while in dynamic analysis applying the time
response and considering effects of the dominant
earthquake direction, the analysis is normally conducted
utilizing the accelerograms [28]. Consideration of the
non-linear system response due to multicomponent
earthquake action is possible even in the preliminary
analysis [5]. Dynamic analysis of pounding of adjacent
non-symmetric multi-story buildings during earthquakes
[29], analysis of the seismic response of the system with
semi rigid and eccentric connections [7], or analysis of
the effects of multiple seismic actions [1] etc., are not a
part of the routine engineering activities in earthquake
analysis, since it is still unlikely that they are
incorporated into the commercial software.
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2 TIPOLOGIJA NSPA PUSHOVER KRIVIH

Analiza  odgovora  konstrukcia za  dejstvo
zemljotresa, pored vremenskog i frekventnog domena,
razmatra se i u kapacitativnom domenu (CD), odnosno
domenu analize kapaciteta nosivosti i deformacija
konstrukcije. Odgovor 2D modela zgrada u

kapacitativnom domenu prema nelinearnoj statickoj
pushover analizi, u opStem slu€aju, definisan je
granicama [ (slika 1):
I':DR e [0,+0)
I,: DR=0
CD:
T, :DR e [0,+o)
1—‘4 DR = DR.&'up

gde je "1 globalni drift, ili horizontalni ugib, u oznaci DR
(donja granica ili abscisa), "2 relativha vrednost ukupne
smicuce sile u osnovi objekta V/W (leva granica ili
ordinata), '3 gornja granica za supremum (V/W)syp, T4
desna granica za supremum DRsy. Sa V oznacena je
ukupna smicuca sila u osnovi objekta, a sa W ukupna
tezina. U slu€aju odgovora zgrada u kapacitativnom
domenu CDnspa, primenom NSPA analize, za skup
diskretnih uredenih parova DR;i (V/W); moZe se pisati:

2 TYPOLOGY OF NSPA PUSHOVER CURVES

Analysis of the structural response to earthquake
action, in addition to analysis in the time and frequency
domains, is considered in the capacity domain (CD), i.e.
the domain of the strength and deformation capacities of
structures. Response of 2D building models in the
capacity domain according to the nonlinear static
pushover analysis is, in general, defined by boundaries
I (Figure 1):

V/W=0
V /W el0,+w)
vIiw=/w),
V /W el040)

: (1)

where Ty is a global drift, or horizontal deflection,
denoted as DR (lower border or abscissa), I'» the relative
value of the total shear force in the base of structure
V/W (left border or ordinate), I's upper border for the
supremum (V/W)syp, T4 right border for the supremum
DRsyp, V represents the total shear force in the base of
the structure, while W is the total weight. In the case of
the response of buildings in the capacity domain CDnspa,
by applying NSPA analysis, for the set of discrete and
ordered pairs DR; and (V/W); it could be written:

CDyeps : U(DR,(V/W),).  Y(DR.(V/W),)eR". @)
i=1
V/W]
. I
V“Tsup
I, T,
CD :
T DR.. DR

sup

Slika 1. Odgovor 2D modela zgrada u kapacitativnom domenu
Figure 1. The response of 2D building models in a capacity domain

Model zgrade izlaze se dejstvu lateralnog seizmickog
opterecenja, a odgovor sistema prati se preko promene
horizontalnog pomeranja najviSeg ¢vora zgrade.
Inkrementalno-iterativha procedura izvrSava se sve dok
se ne dostigne unapred definisani nivo horizontalnog
pomeranja Dpmax najviSeg Cvora zgrade ili dok ne nastupi
kolaps konstrukcije.

Definicija 1: NSPA pushover kriva V/W=f(DR) jeste
splajnom interpolirana kriva generisana povezivanjem
diskretnih  vrednosti iz  inkrementalnih  situacija
li(DR;, (V/IW);) NSPA analize (slika 2):

V/W = f(DR),

pri éemu je:

1{DR.v. /)<l /W = f(DR.

Model of building is exposed to the lateral seismic
load and the response of the system is monitored
through horizontal displacement of the highest building
node. Incremental-iterative procedure is executed until a
predefined level of horizontal displacement Dp,.x of the
highest node is reached, or until the collapse of the
structure occurs.

Definition 1: NSPA pushover curve V/W=f(DR) is a
curve interpolated by a spline generated by connecting
discrete values from incremental situations li(DR;,(V/W),,
of NSPA analysis (Figure 2):

(3)
where:

V(DR,,(V/W),)eR". (4)
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V/iw I{DR;,(V/W);)

K0

L(DR;,(V/W)y)

K| <K,

K<0NUu(DR, (VIW),)

DR

Slika 2. Pushover kriva V/W=f(DR)
Figure 2. Pushover curve V/W=f(DR)

Uspostavljanje kontinuiteta veze izmedu diskretnih
vrednosti DR, (V/W);) dobijenih NSPA analizom
sprovodi se interpolacijom, gde se kao osnovni metod za
uspostavljanje =~ ove veze  primenjuje  linearna
interpolacija. Mnogo bolje reSenje postize se primenom

Establishing the continuity of the connection between
discrete values [i(DR;,(V/W),), which are obtained using
the NSPA analysis, is achieved by interpolation, where
the linear interpolation represents the main method for
establishing this relationship. Much better solution is

interpolacije B-splajnovima, koji su generalizacija Bezier- achieved using the B-spline interpolation, as a
ovih krivih [20]: generalization of Bezier's curves [20]:
m n
S(u) = Z(:)CiNi (u) (5)
i=

gde su S(u) B-splajn kriva stepena n. c¢; kontrolne tacke.
dok je B-splajn bazna funkcija:

V()= N )

t., —t. t

Reprezentativan model pushover krive karakterisu tri
bitno razli¢ita domena: linearno-elasti¢no ponasanje za
koje je elastiCha krutost sistema pozitivna, Ks>0,
nelinearno ponasSanje za koje je nelinearna krutost
sistema |K;|<<K. i kolaps koji karakteriSe negativna
krutost sistema Kc<0 i redukcija nosivosti. Tipologija
pushover krivih, uvedena u ovom istrazivanju, bazira se
na analizi nelinearnog odgovora 3D modela zgrada, a
takode i odgovora odredenog broja 2D viSespratnih
okvira [3], posto oni participiraju kao konstruktivne celine
zgrada. Kriterijumi na osnovu kojih se moze sprovesti
generalna podela pushover krivih jesu: globalna
duktilnost u, globalni driftovi za performansne nivoe
armiranobetonskih okvirnih sistema (structural
performance levels): DRio (IO - immediate occupancy),
DRys (LS - life safety), DRcp (CP - collapse prevention)
i egzistencija linearnog (L — linear), nelinearnog (N -
nonlinear) i kolapsnog (C — collapse) subdomena:

L=[0,DR, ¢ |.

U jednacini (8) DRy jeste globalni drift za nivo granice
teCenja, DR, globalni drift za nivo iniciranja kolapsnog
subdomena, DRpmax globalni drift za nivo maksimalnih
deformacija i & su faktori korekcije za grani¢ne
kriterijume. Veliki broj numerickih testova, sprovedenih
na okvirnim sistemima, ukazuje na varijaciju u odgovoru

i+l

N=|DR, £¢,DR, *e¢,|.

where: S(u) represents a B-spline curve of a degree n. ¢;
control points. while the B-spline is a basis function:

t,<u<t,

. (6)
—u
t

r-1
N, i+l Za

1<r<n. (7)

i+l

A representative model of pushover curve is
characterized by the three very different domains: linear-
elastic behaviour for which the elastic stiffness of the
system is positive, Ks>0, the nonlinear behaviour for
which the nonlinear system stiffness is |Ky| <<Ks and the
collapse which is characterized by a negative stiffness
K:<0 and a strength reduction. The typology of pushover
curves, introduced in this research, is based on an
analysis of the nonlinear response of 3D building
models, and also upon the response of a number of 2D
multi-story frames [3], since they are participating as
building's structural units. The criteria upon which the
general classification of pushover curves may be done
are: the global ductility u, the global drifts for
performance levels of the reinforced concrete frame
structures: DR)o (10 - immediate occupancy), DR;s (LS -
life safety), DRcp (CP - collapse prevention) and the
existence of the linear (L), a nonlinear (N) and a collapse
(C) subdomain:

C=[DR, +¢,,DR,_ |- 8)

Introduced in Eq.(8) DRy is the global drift for the
level of yield strength, DR global drift for the level of the
collapse subdomain initiation, DRmax global drift for the
level of maximum deformations and ¢; are the correction
factors for borderline criteria. A large number of
numerical tests, conducted upon the frame systems,
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pushover krivih pri nelinearnom pona$anju sistema.

Generalna podela zgrada prema nelinearnom
odgovoru jeste na zgrade visoke duktilnosti (DCH - high
class ductility), srednje duktilnosti (DCM - medium class
ductility) i niske duktilnosti (DCL - low class ductility) [6].
Prvi slu€aj nelinearnog odgovora karakteriSse visoka
duktilnost DCH, na osnovu ¢ega su izvedene osobine
krutosti sistema (slika 3) [2]:

aL, 3N, 3¢, K, >0, |K,[<K,,

Izrazen N domen ukazuje na povoljno duktilno
ponaSanje zgrada s obzirom na moguénost znatne
disipacije histerezisne energije i plastifikaciju sistema
povoljnim mehanizmima loma. Prema tome, moguée su
sledece varijante nelinearne krutosti sistema: K,>0, K,=0
(Kn<< Ke) i Kn<O.

viwt

showed the variation in the responses of pushover
curves during the nonlinear behaviour of the system.

The general classification of buildings according to
nonlinear response has been made. Thus, there are a
high ductility class (DCH), a medium ductility class
(DCM) and a low ductility class (DCL) [6]. The first case
of nonlinear response is characterized by the high
ductility DCH, based on which the stiffness properties of
the system are derived (Fig. 3) [2]:

K. <0, Y(DR,(V/W))eR". )

Prominent N domain points to a favourable ductile
behaviour of buildings due to the possibility of
substantial hysteretic energy dissipation and the
plasticity of the system using favourable fracture
mechanisms. Thus, the following variations of the
nonlinear stiffness of the system are possible: K,>0,
K=0 (Kh<< Ke) and Ki<O0.

DR. DR_.. DR

Slika 3. Odgovori sistema s duktilnim DCH ponaSanjem 3L, AN i3C
Figure 3. System responses with ductile DCH behaviour 3L, 3N and 3C

Razmatranje nastanka kolapsa sistema kompleksan
je problem i zahteva videkriterijumsku i
viseparametarsku analizu, medutim moze da se
konstatuje da ukoliko je K,>0, tada kolaps konstrukcije, u
najvecem broju slu€ajeva, nastupa u C subdomenu.
Ukoliko je K,=0, tada kolaps moze nastupitii u Niu C
subdomenu, a ako je K,<0, tada je iniciranje kolapsa,
izmedu ostalog, funkcija stepena redukcije nosivosti
sistema i DRcp, pri ¢emu ¢e s velikom verovatnocom
nastupiti u N domenu.

Drugi slu¢aj nelinearnog odgovora karakteriSe DCM i
DCH duktilnost, pri ¢emu nema jasno izrazenog C
subdomena (slika 4):

JL, AN,

Moguce varijante nelinearne krutosti sistema K,
iste su kao i za prethodni slu€aj: K,>0, K;=0 (K,<< Kq) i
K,<0. Ovakav odgovor sistema karakteriSe egzistencija
L i N domena, a s druge strane, ovakav odgovor sistema
moze biti i problem numeri¢kog reSenja, posto je kod
odredenih numeri¢kih modela potreban veliki broj
inkremenata i iteracija, a potrebno je i poostriti kriterijume
tolerancije za rezidualno (neizbalansirano) optereéenje.

K, >0, |K,|<K,, K,

Consideration of the system collapse occurrence is a
complex problem and requires a multiparametric
analysis based on multiple criteria. However, it may be
concluded that if K,>0, then the collapse of structures, in
most cases, occurs in the C subdomain. If K,=0, then the
collapse may occur in the N and C subdomain, and if
K»<0, then the initiation of the collapse, among other
things, depends on the level of the strength reduction of
the system and the global drift DRcp, while there is a
high probability that it will occur in the N domain.

Another case of nonlinear response is characterized
by DCM and DCH ductility, where the C subdomain is
not clearly distinguished (Figure 4):

=0, V(DR,(V/W))eR". (10)

Possible variants of the nonlinear system stiffness K,
are the same as in the previous case: K,>0, K,=0 (K,<<
Ke) and K,<0. Such a system response is characterized
by the existence of L and N domains, but on the other
hand, this system response might be due to a problem
with a numerical solution, since certain numerical
models need a large number of increments and
iterations, and also it is necessary to narrow the
tolerance criteria for the residual (unbalanced) load.
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DR,

>

DR

Slika 4. Odgovori sistema s duktilnim DCM i DCH ponaSanjem 3L, AN i AC
Figure 4. System responses with ductile DCM and DCH behaviour 3L, 3N and 2C

Trec¢i sluc¢aj nelinearnog odgovora karakteriSe nizak
nivo duktilnosti DCL ili neduktilno to jest krto ponasanje,
pri ¢emu nema jasno izrazenog N i C subdomena (slika
5). U tom slucaju vaZi sledece:

iL, IN=C, K,>0, K,6 <0, K, <0,

VIW

A\
\
\

K,<<K,

The third case of nonlinear response is characterized
by a low level of ductility DCL or nonductile, i.e. brittle
behavior, without the clearly expressed N and C
subdomains (Figure 5). In that case the following
applies:

V(DR,,(V /W),)e R*. (11)

V' K.<0
\

N

C

.
>

DR

Slika 5. Odgovori sistema s niskim nivoom duktilnosti 3L, AN (ili AN), 3C (ili 2C)
Figure 5. System responses with low ductility 3L, AN (or AN), 3C (or AC)

Prethodno su prezentovani generalizovani modeli
nelinearnog ponasanja, medutim, u odredenim
situacijama, odgovor sistema mozZe takode pripadati i
prelaznoj kategoriji. KarakteristiCan primer za to jeste
nelinearni odgovor sistema s naglom promenom K, u N
domenu, tzv. oblik zubaca testere (saw-tooth shape)
(slika 6) [10]:

N: K, >0,

Sistem se generalno ponasSa duktilno, dok je
promena krutosti u N domenu frekventna. Prikazivanje
pushover krive u tom sluCaju moze da se izvrsi
primenom kompatibilne krive kapaciteta.

K

n

Generalized models of nonlinear behaviour have
been previously presented. However, in certain
situations, the system's response may also belong to a
transitional category. A characteristic example is a
nonlinear response of the system with a sudden change
of K, in N domain (so called saw-tooth shape) (Figure 6)
[10]:
~0, K,6 <0. (12)

The system generally behaves in a ductile manner,
while the change of stiffness in N domain is frequent.
Presentation of the pushover curve in that case may be
achieved by using the compatible capacity curve.
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V/W e = N\

DR,

Slika 6. Odgovori sistema s duktilnim ponasanjem 3L. 3N. 3C i promenljivim K,
Figure 6. System responses with ductile behaviour 3L, 3N, 3C and variable K,

Klasifikacija tipova pushover krivih izvedena je na
osnovu prethodno prikazanih osobina krutosti sistema i
analizom varijacije parametara: pu duktilnosti, up
duktilnosti u zoni ojatanja/omek$anja i a koeficijenta
odnosa krutosti u nelinearnom i linearnom domenu. Sve
pushover krive prvo su konstruisane kao poligonalne
linle na osnovu kojih su duZz segmenata izabrane
diskretne meduvrednosti, a =zatim je sprovedena
interpolacija  splajnovima (slika 7). Dodatno je
sprovedeno filtriranje diskretnih vrednosti za y=1i ys. U
tabeli 1 prikazane su generisane pushover krive, pri
¢emu je na abscisi vrednost u, a na ordinati
normalizovana vrednost V/V,. Razmatrane su pushover
krive u funkciji varijacije parametara a>0, a=0, a<0 i
duktilnosti y=un i u>un.

V/ivy

0 1

Classification of pushover curves is done according
to the previously presented stiffness properties and upon
the analysis of the variation of parameters: u ductility, us
ductility in hardening/softening zone and a which
represents the ratio of stiffnesses in the nonlinear and
linear domains. All pushover curves were constructed as
polygonal lines. Along the segments certain discrete
intermediate values are selected and then the spline
interpolation is conducted (Figure 7). Discrete values for
u=1 and u, have been filtered additionally. Table 1
shows the generated pushover curves, where value of y
is along the abscissa and the normalized value of V/V,
along the ordinate. The pushover curves were
considered as a function of variation of parameters a>0,
a=0, a<0 and ductility y=u» and y>up.

Ha Hena

Slika 7. Interpolirana pushover kriva s filtriranjem diskretnih vrednosti za u=1i up
Figure 7. Interpolated pushover curve with filtering of discrete values for u=1 and

Tabela 1. Generisane pushover krive u funkciji varijacije parametara yu, un i a
Table 1. Generated pushover curves as a function of variation of parameters y, u, and a

o>0 =0 a<0
o) AL ATt
’ ] 1 ’ o 1 ’ ] 1
1 1 1
o T NSl L]V TRl
i 1 0 1 . 0 1
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3 TIPOLOGIJA NSPA PUSHOVER POVRSI

Razmatranje 3D seizmickog odgovora zgrada
moguce je sprovesti primenom pushover povrSi
(pushover surface) za slu€aj da se uzimaju u obzir dve
istovremene ortogonalne komponente seizmitkog
dejstva. Konstrukcija i generisanje pushover povrSi
sprovodi se integracijom nelinearnih  odgovora
prikazanih preko individualnih pushover krivih koje su
odredene za razliCite uglove dejstva zemljotresa
simultano u dva ortogonalna pravca [4]. Model zgrade
izlaze se dejstvu lateralnog seizmickog opterecenja Cija
je raspodela konstantna za konvencionalnu NSPA
analizu (NSCPA - Nonlinear Static Conventional
Pushover Analysis) u toku inkrementalnih prora¢unskih
situacija. U sluaju adaptivne NSPA analize (NSAPA -
Nonlinear Static Adaptive Pushover Analysis), raspodela
lateralnog seizmi¢kog opterecenja je promenljiva u toku
inkrementalnih optere¢enja [18]. NSCPA i NSAPA
analize sprovode se za razlicite vrednosti ugla 6;, kojim
je definisan pravac zemljotresa, u intervalu 6=[0,360°],
po jedan slu¢aj optereéenja za svaki inkrement prirastaja
ugla A6. U fazama proraCuna zgrade razmatraju se svi
stepeni slobode, ali se monitoring odgovora sistema
prati i prezentuje za odgovarajuéi pravac (ugao 6) i
predstavlja pushover krivom za taj pravac. Integracijom
ovako odredenih pushover krivih V/W=f(DR)s po
uglovima 6; generiSe se pushover povr§ 3D modela
zgrade.

Odgovor 3D modela zgrada u kapacitativnom
domenu prema NSPA analizi, a prezentovan primenom
pushover krivih za uglove 6, u opStem slucaju definisan
je granicama I (slika 8):

3 TYPOLOGY OF NSPA PUSHOVER SURFACES

Consideration of 3D seismic response of buildings is
carried out by using a pushover surface in a case when
two simultaneous orthogonal components of the seismic
action are taken into account. Construction and
generation of pushover surface is performed by
integrating the nonlinear responses presened by the
individual pushover curves determined for different
angles of earthquake actions simultaneously in two
orthogonal directions [4]. Building model is exposed to
actions of lateral seismic load whose distribution is
constant for conventional NSPA analysis (NSCPA -
Nonlinear Static Conventional Pushover Analysis) during
the incremental load cases. In the case of the adaptive
NSPA analysis (NSAPA - Nonlinear Static Adaptive
Pushover Analysis), distribution of lateral seismic load
varies during the incremental loading [18]. NSCPA and
NSAPA analyses are carried out for different values of
the angle 6;, which is defining direction of an earthquake,
in the interval 6=[0,360°], one load case for each
incremental angle A6. In the stages of building analysis,
all degrees of freedom are considered, but the
monitoring of the system response is conducted for the
corresponding direction (angle 6;) and presented by the
pushover curve for that direction. By integrating the set
of so obtained pushover curves V/W=f(DR), for angles
6, pushover surface of a 3D model of building is
generated.

Response of 3D models of buildings in the capacity
domain according to NSPA analysis, and presented
using the pushover curves for the angles 6, in the
general case is defined by the boundaries I (Figure 8):

T,:(DR,,,DR,,)e[04+x) A V/W=0
CD:{T, :(DR,,,DR,,)e[040) A V/W=(/W),, (13)
r,:(DR,,,DR,,)=DR,, A V/We[0+x)

gde je It donja grani¢na ravan (baza) DRy-DR, za
V/W=0, T, gornja grani¢na ravan (baza) DRy-DR, za
supremum (V/W)syp, @ '3 grani€na povrS za DRysyp i
DRy suyp (omotag). U slu€aju odgovora NSPA analize
zgrada u kapacitativnom domenu CDnspa za skup
diskretnih uredenih parova DR;i (V/W); moze se pisati:

n

CDygpr =U(DR, ;. DR, (v /W),).

X0’
i=l1

where 't represents a bottom boundary plane (base)
DRy-DR, for V/W=0, I, represents upper boundary plane
(base) DRy-DR, for the supremum (V/W)syp, while '3
represents boundary surface for DRysy and DRy sup
(mantle). In the case of NSPA analyses of buildings'
responses in the capacity domain CDnspa for a set of
discrete ordered pairs DR; and (V/W); it may be written:

v(DR,,,DR,,,(V /W),)eR", (14)

X,i’

dok odgovaraju¢a pushover kriva  predstavlja while the corresponding pushover curve represents the
interpolirane diskretne uredene parove interpolated discrete ordered pairs (DRy,DRy,i,(V/W))):
(DRX,/,DRy,,',(V/W),')Z

vV/W=f(DR,DR,). (15)

Na slici 10a prikazane su pushover krive generisane
po uglovima 6; u 2D ortogonalnom koordinatnom
sistemu. dok su na slici 10b prikazane pushover krive u
3D ortogonalnom koordinatnom sistemu u izometriji. a
generisane transformacijom:

Figure 10a shows the pushover curves generated for
the angles 6; in a 2D orthogonal coordinate system.
while Figure 10b shows pushover curves in a 3D
orthogonal coordinate system in isometry. generated by
transformation:

DR, =DR.cos0. DR =DR sinf. DR =.,DR’+DR’. (16)
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Slika 8. Odgovor 3D modela zgrada u kapacitativnom domenu
Figure 8. The response of 3D models of buildings in the capacity domain

Konstrukcija pushover krive V/W=f(DR)s za ugao 6
sprovodi se iz projekcije pushover krive sistema za
bidirekciono seizmi¢ko dejstvo na vertikalnu ravan DRg-
V/W za ugao 6 (slika 9a). Ortogonalne projekcije
pushover krive za ugao 6 prikazane su na slikama 9b i
9c za DRy-DR, ravan i DRy-V/W ravan, respektivno.

Construction of pushover curve V/W=f(DR)e for the
angle 0 is carried out from the projection of pushover
curve of the system for bidirectional seismic action on
the vertical plane DRg-V/W for the angle 6 (Figure 9a).
Orthogonal projections of pushover curve for the angle 6
are shown in Figures 9b and 9c for DRy-DR, and DR-
V/W plane, respectively.

A viw

DR, DR,

> ) >

Slika 9. Pushover kriva u 3D koordinatnom sistemu za bidirekciono seizmicko dejstvo za ugao 6: a) projekcija na
ortogonalne ravni DRy-V/W, DR,-V/W, DRy-DRy i za ugao 6; b) DRy-DR, ravan; ¢) DRy-V/W ravan
Figure 9. Pushover curve in a 3D coordinate system for the bidirectional seismic action for the angle 6: a) projection on
the orthogonal plane DRy-V/W, DR,-V/W, DRy-DR, and for an angle 6; b) DRy-DR,, plane; ¢) DRy-V/W plane

Definicija 2: NSPA pushover povrs 3D modela
zgrade V/W=f(DR,,DR,) jeste glatka interpolirana
asimetricna rotaciona povr§ generisana povezivanjem
diskretnih  vrednosti iz  inkrementalnih  situacija
i(DR;,(VIW),,6;) NSPA analiza individualnih pushover
krivih  (V/W)=f(DR;,6) splajnovima u tangencijalnom
pravcu (V/W)=g(DR,;,DRy,)) [4]:

Definition 2: NSPA pushover surface of a 3D model
building V/W=f(DRy,DR,) is an asymmetric smooth
interpolated rotational surface generated by connecting
discrete values obtained from incremental situations
DR, (VIW),,6;) NSPA analysis of individual pushover
curves (VIW)i=f(DR;,6) using splines in the tangential
direction (V/W);=g(DRy;DRy,) [4]:

360° DR,
v /w=f(DR,,DR,)= { Us(DR,.6, )} U{ U g(DR, ;. DR, , )} ’ (7)
0,=0 j=0
pri cemu je: where:
1(DR,(v/W)_,.6) |V /W= f(DR..DR ), (18)
DR DR, €[0.DR,.). 6,€l0360°| V(DR.0V/W))eR". (19)

Na slici 10a prikazane su pushover krive generisane
po uglovima 6; u 2D ortogonalnom koordinatnom
sistemu, dok su na slici 10b prikazane pushover krive u

Figure 10a shows the pushover curves generated for
the angles 6; in a 2D orthogonal coordinate system,
while Figure 10b shows pushover curves in a 3D
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3D ortogonalnom koordinatnom sistemu u izometriji, a
generisane transformacijom:

orthogonal coordinate system in isometry, generated by
transformation:

DR, =DR,cos§, DR, =DR sinf, DR =,/DR?+DR’. (20)

VIW

(V/W)=f(DR,,6,) (V/W);=f(DR;.8;)

V/IwW

a) DR b)

Slika 10. a) Pushover krive generisane za uglove 6; u 2D ortogonalnom koordinatnom sistemu; b) NSPA pushover krive
u 3D ortogonalnom koordinatnom sistemu u izometriji [4]
Figure 10. a) Pushover curves generated for angles 6; in a 2D orthogonal coordinate system; b) NSPA pushover curves
in a 3D orthogonal coordinate system in isometry [4]

3D mrezni model pushover krivih, povezanih 3D wireframe model of pushover curves, connected

splajnovima u tangencijalnom pravcu, prikazan je na slici
11a, dok je na slici 11b prikazan 3D model pushover
povrsi u renderovanom prikazu.

V/IW
(V/W);=f(DR,;.6;)

with splines in a tangential direction, is shown in Figure
11a, while Figure 11b shows a 3D model of the
pushover surface in a rendered view.

Slika 11. a) 3D mreZni model pushover kriva; b) 3D renderovana pushover povrs [4]
Figure 11. a) 3D wireframe model of pushover curves, b) 3D rendered pushover surface [4]

Prikazana pushover povrs predstavlja opsti slucaj
pushover povrsi za 3D model asimetricne neregularne
zgrade i za analizirane uglove 6, Ortogonalne projekcije
date pushover povrsi prikazane su na slici 12 za DRx-
V/W i DRx-DRy, ravni. Splajnovi u tangencijalnom pravcu
(VW);=9(DRy;,DRy;) povezuju diskretne vrednosti iz
inkrementalnih situacija li(DR;,(V/W).,6;) NSPA analiza,
pa, u opstem slu€aju, nisu na ekvidistantnom odstojanju
(slika 12a). S druge strane, ovi splajnovi, u opStem
slu€aju, nisu ni koncentri¢ni krugovi (slika 12b).

Presented pushover surface represents the general
case of a pushover surface for the 3D model of
asymmetric and irregular building and analyzed angles
6;. Orthogonal projections of given pushover surface are
shown in the Figure 12 for the DR,-V/W and DR«-DR,
planes. Splines in the tangential direction
(V\W);=9(DRx;DRy;) connect discrete values from
incremental situations (DR, (V/W);,6;) of NSPA
analyses and, in general, are not equidistant (Figure
12a). In addition, these splines, in general, are not
concentric circles either (Figure 12b).
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a)

Slika 12. Ortogonalne projekcije za opSti slu¢aj pushover povrsi: a) DRy-V/W, b) DRy-DR,, ravan [4]
Figure 12. Orthogonal projections for the general case of pushover surface: a) DR,-V/W, b) DRy-DRy plane [4]

Uspostavljanje kontinuiteta veze izmedu diskretnih
vrednosti li(DR;,(V/W),), odnosno izmedu pushover krivih
(V/W)=f(DR;,6) u radijalnom pravcu i krivih
(V/IW);=9(DRx;,DRy;) u tangencijalnom pravcu, sprovodi
se primenom Bezier-ove povrsi [20]:

S(.v)=3 B/ )] (v,

i=0j=0

gde je Bernstein-ov polinom:

Kontrolni &vorovi definiS8u oblik NSPA pushover
povrsi, dok vektor &vora odreduje gde i kako pushover
povrs dodiruje kontrolne ¢vorove.

Analogija u geometrijskoj identifikaciji i matematickoj
prezentaciji pushover povrSi uspostavljena je sa
polutorusnom povrSi kod koje je veci radijus torusa
ekvivalentan manjem radijusu torusa a (horn torus) (slika
13a) [8]. Parametarske jednacine ovako generisane
polutorusne povrsi glase:

x = (a+acosv)cosu,,

gde je centralni deo levkasta povrs za koju vazi:

X =UcCosv,

Pushover povrs jeste slozena asimetri€na povrs koja
se sastoji iz centralne povrsi i rotacione poligonalne
povrsi, tako da svojom geometrijom asocira na
polutorusnu povrs, dok se u prirodi poredenje moze
uspostaviti s vulkanskim kraterom. Ukoliko se uzme u
obzir to da je do nivoa iniciranja granice tecenja
zavisnost sila — pomeranje linearna, tada je centralni deo
pushover povrS§i konusna povr§ za Kkoju vazi
parametarska jednacina:

X = acosf ,

gde je h visina konusne povrsi (slika 13b). Na slozenost
pushover povrsi ukazuje i promenljivost Gauss-ove
krivine u zavisnosti od razmatranog poddomena

,jui(l—u)"'i.

y = (a+acosv)sinu,

y:

Establishing continuity of the connection between
discrete values [i(DR;,(V/W);), or between the pushover
curves (V/W)=f(DR;,6) in the radial direction and
(V/IW);=9(DRx;,DRy,;) curves in the tangential direction, is
implemented using the Bezier's surface [20]:

(21)
Where the Bernstein's polynomial is given by:

(22)

Control nodes define the shape of pushover surface,
while the vector of the node determines where and how
the pushover surface touches the control nodes.

The analogy in geometrical identification and
mathematical presentation of pushover surface may be
established with a semi-torus surface where larger
radius of torus is equivalent to smaller radius of the torus
(horn torus) (Figure 13a) [8]. Parametric equations of the
generated semi-torus surface are as follows:
z =asiny, (23)
where the central part is the funnel surface for which the
following applies:

z=alnu. (24)
Pushover surface is a complex asymmetric surface
consisting of the central surface and rotating polygonal
surface, so its geometry resembles a semi-torus surface,
while in the reality the association may be found with a
volcanic crater. If one takes into account that up to the
level of initiation of yield strength the force-displacement
dependence is linear, then the central part of the

usiny ,

pushover surface is a conical surface for which
parametric equations may be applied:
h—u .
y= asinf, z=u, (25)

where h is the height of the conical surface (Figure 13b).
The variability of the Gaussian curvature depending on
the considered subdomain of a pushover surface of a
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diskretnog modela pushover povrsi.

discrete model also indicates the complexity of the
pushover surface.

Slika 13. Analogija u geometrijskoj identifikaciji i matematickoj prezentaciji pushover povrsi: a) polutorusna povrs sa R=a
(horn torus); b) sloZena rotaciona pushover povrs generisana iz konusne i poligonalne povrsi
Figure 13. The analogy in geometrical identification and mathematical presentation of pushover surface: a) semi-torus
surface with R=a (horn torus), b) a complex rotational pushover surface generated from the conical and polygonal
surfaces

Mnoga softverska reSenja primenjuju interpolaciju
povrSi za odredene matematitke funkcije i mapiranje,
dok manji broj njih ima mogucnost prezentacije
zakrivljene povrSi za diskretne vrednosti koordinata
taCaka koje nisu uniformno raspodeljene. Problem koji
se moze pojaviti kod interpolacije pushover povrSi u
ovom slu€aju jeste odstupanje od realistiCne
prezentacije, tako $to se u odredenim slu€ajevima
diskretne vrednosti ne povezuju direktno interpolacionim
funkcijama. Najbolje reSenje dobija se kada se diskretne
vrednosti linearno interpoliraju i direktno povezuju u
prostornom koordinatnom sistemu. Na taj nacin,
generisana pushover povrs formira se iz niza
Cetvorouglova (trapeza), dok se dodatna rafiniranost
moZze posti¢i diskretizacijom trouglovima.

Tipolodka analiza pushover povrSi znatno je
kompleksnija od tipologije pushover krivih, posto u jednoj
pushover povrsi ucestvuje vise pushover krivih.
Generalno, tipologija se moze izvrsiti s podelom povrSi
na dve bitno razli¢ite grupe [4]: sa konstantnim znakom
krutosti K, u nelinearnom domenu za sve pushover krive
i sa promenljivim znakom krutosti K, u nelinearnom
domenu za pushover krive. U grupi sa konstantnim
znakom K, moguce su varijacije: K,>0 za sve pushover
krive, K=0 za sve pushover krive i K,<O0 za sve
pushover krive, uz znaajno ucedce P-A efekata. U grupi
sa promenljivim znakom K, moguca je situacija da
odredene pushover krive imaju K,>0, a da neke druge
krive imaju K,<0. Ovakav odgovor sistema jeste
posledica znatne razlike tangentne krutosti zgrade za
dva ortogonalna pravca. Ukoliko se uzme u obzir
ispitivanje  egzistencije  linearnog, nelinearnog i
kolapsnog subdomena, tada postoji jo§ veci broj
varijacija pushover povrsi.

Generalizacija u tipologiji pushover povrsi izvedena
je u funkciji varijacije u, un i @ parametara za jedan glavni

A large number of software solutions use the surface
interpolation for the given mathematical functions and
mappings, while only few of them have the possibility to
present a curved surface for discrete values of point
coordinates that are not uniformly distributed. A problem
that can occur during the pushover surface interpolation
in this case is a deviation from the realistic presentation,
so that in certain cases the discrete values are not
directly connected by the interpolating functions. The
best solution is obtained when the discrete values are
linearly interpolated and directly linked in the spatial
coordinate system. The pushover surface generated in
this way is formed by a series of trapezoids, while an
additional refinement may be achieved by discretization
using triangles.

Typological analysis of the pushover surface is
considerably more complex than the typology of
pushover curves, since in one pushover surface more
pushover curves participate. Overall, the typology may
be made by classification of surfaces into the two
significantly different groups [4]: with a constant sign of
stiffness K, in the nonlinear domain for all pushover
curves and with a variable signs of stiffness in the
nonlinear domain K, for pushover curves. In the group
with a constant sign K, variations are possible: K,>0 for
all pushover curves, K,=0 for all pushover curves and
Kn<0 for all pushover curves, with a significant
participation of P-A effects. In the group with a variable
sign of K, for pushover curves it is possible that certain
pushover curves have K,>0, while some other curves
have K,<0. Such a response of the system is the result
of significant differences in the tangent stiffness of the
building in two orthogonal directions. If one takes into
account the existence of linear, nonlinear and collapse
subdomains, then there is an even larger variation of
pushover surfaces.

30
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pravac i za dva glavna pravca (slika 14). U slu€aju
varijacije u, un i a parametara kod pushover povrsi samo
za jedan glavni pravac, razmatrani su slucajevi: identi¢ni
parametri po smerovima jednog (svih) pravca i razliciti
parametri po smerovima jednog pravca.

Generalization in the typology of pushover surface is
derived as a function of variation of parameters u, u, and
a for one and for two principal directions (Figure 14). In
the case of variations of parameters u, y, and a of the
pushover surface only for one main direction, the
following cases have been considered: identical
parameters in the senses of one (all) direction and
different parameters in senses of one direction.

Slika 14. Generalizacija u tipologiji pushover povrsi u funkciji varijacije parametara y, up i a
Figure 14. Generalization in the typology of pushover surface as a function of variation of parameters u, u, and a

Pushover povrSi generisane su primenom softvera
MATLAB [17], gde su diskretne vrednosti linearno
interpolirane i direktno povezane u prostornom
koordinatnom sistemu. U tabeli 2 prikazane su
generisane pushover povrS§i u funkciji varijacije
parametra a>0, a=0, a<0 i duktilnost y=p, i y>pn za
jedan glavni pravac.

Pushover surfaces were generated using the
MATLAB software [17], where the discrete values were
linearly interpolated and directly connected in the spatial
coordinate system. Table 2 shows the generated
pushover surface as the function of the variation of
parameters a>0, a=0, a<0 and the ductility y=u» and
U>p for one main direction.

Tabela 2. Generisane pushover povrsi u funkciji varijacije parametara u, U i a za jedan glavni pravac
Table 2. Pushover surfaces generated as a function of variation of parameters y, u, and a for one main direction

(svih) pravca

(all) direction
o=const., y=const.

identi¢ne vrednosti parametara po smerovima jednog

identical values of parameters for the senses of one

razliCite vrednosti parametara po smerovima jednog
pravca
different values of parameters for the senses of one
direction

>0
K=l

3 >0
2 ductility

0~=0
K=l

0
2 ductility

GRABEVINSKI MATERIJALI | KONSTRUKCIJE 56 (2013) 4 (19-38)
BUILDING MATERIALS AND STRUCTURES 56 (2013) 4 (19-38)

31



‘‘‘‘‘‘‘‘‘‘ a'<0
a<0 ’ w=p
/B <0
L) |G ‘a
h___d . O —— 5 gt 2
- o - 0
ducmucﬁm, i ; p ductifity
a™>0
>0 2 ,U+>,Uh+
Hpy >0
o 0 b : ﬂ_>ﬂh_
L " 5 _ - 3
ductibty Ev o 2 duciily
o'~
+ +
M=
a#0
>y g
By e 0
ductility p p 2 ductiity
B
a'<0
a<0 2 ﬂ+>ﬂh+ 24
e a 0_ s
o 0 >t ol
. 7 ) | .
= - K . a K

U slu€aju varijacije parametara a>0, a=0, a<0 i
duktilnosti p=un i u>pp kod pushover povrSi za dva
glavna pravca, razmatrani su slu€ajevi: identini
parametri po smerovima jednog pravca i razliciti
parametri po smerovima jednog pravca. U tabeli 3 su
prikazane generisane pushover povrSi u funkciji
varijacije parametra y, un i a za dva glavna pravca.

In the case of variation of parameters a>0, a=0, a<0
and ductility py=u, and py>uy of the pushover surface in
the two main directions, the following cases have been
considered: identical parameters along the senses of
one direction and different parameters along the senses
of one direction. Table 3 shows the generated pushover
surfaces as a function of variation of parameters y, un
and a in the two main directions.

Tabela 3. Generisane pushover povrsi u funkciji varijacije parametara y, un i a za dva glavna pravca
Table 3. Generated pushover surfaces as a function of variation of parameters u, un and a for the two main directions

identi¢ne vrednosti parametara po smerovima jednog

razli¢ite vrednosti parametara po smerovima jednog

pravca pravca
identical values of parameters for the senses of one different values of parameters for the senses of one
direction direction
+ o + = + = + -
arFag, Ui O FOr, [y F S Oy F09, 1y Fil
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...... i
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Komparacijom  generisanih  pushover  povrsi,
prikazanih u tabelama 2 i 3, mogu da se identifikuju Cetiri
bitno razlicite grupe tih povrsi. U prvu grupu svrstavaju
se pushover povrsi rotaciono polisimetriéne u osnovi
(leva strana tabele 2), gde su sve pushover krive
identicne, a splajnovi u tangencijalnom pravcu su
koncentri€ni krugovi s centrom u vertikalnoj osi:

By comparing the generated pushover surfaces
shown in Tables 2 and 3, four distinctly different groups
of surfaces may be identified. The first group includes
pushover surfaces rotationally poly-symmetric at their
base (left side of Table 2), where all pushover curves are
identical, and splines in tangential direction are the
concentric circles with the center along the vertical axis:

vrv, )m,max =y, )ez,max ==/, )Max ==/, )&,max, (26)

1 1 = 27)

1= =1 1 €[ M ), (28)
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gde je pUmax maksimalna realizovana duktilnost.
Posledica ovog pravila jeste to Sto su svi splajnovi u
tangencijalnom pravcu paralelni:

(V/ Vy) = g(lux,j:l My = )|

J=1

U drugu grupu svrstavaju se pushover povrsi koje su
monosimetricne u osnovi (desna strana tabele 2) i za
koje linija u osnovi moze da se prikaze kao zatvorena
ovalna kriva [9]. Izraz za zatvorenu ovalnu krivu dodatno
je korigovan i prilagoden za potrebe ovog istrazivanja,
tako da glasi:

(2 + P24 = (1t +

lux,m[n

where pUmax is maximum realized ductility. The
consequence of this rule is that all the splines in the
tangential direction are parallel:

e .”(V/ Vy )j:n = g(ﬂx,j:n uuy,j:n ) .

The second group includes pushover surfaces which
are mono-symmetric at their base (right side of Table 2)
and for which the function of the closed oval curve may
be used to represent their base [9]. The function of the
closed oval curve is additionally corrected and adopted
for this research, so the final form of this function is:

(29)

s, (30)

) + 201, 0+

lux,mm

M min] — My T \/ (lux,max +

\/:ux ((ux,max +
=+

)

x:ux,max +

/ux,min :ux,min

TR 7RV IC T

y

p

gde je pxmax mMaksimalna realizovana duktilnost za x
pravac, Uxmin mMinimalna realizovana duktilnost za x
pravac, a p parametar ovalne krive. Treéu grupu ¢ine
pushover povrsi koje su bisimetricne u osnovi (leva
strana tabele 3) i za koje linija u osnovi moze da se
prikaze kao superelipsa [9]. lzraz za superelipsu
dodatno je korigovan i prilagoden za potrebe ovog
istrazivanja, tako da glasi:

where iy max is maximum realized ductility for x direction,
Uxmin iS minimum realized ductility for x direction, and p
parameter of the oval curve. The third group represents
the pushover surfaces which are bi-symmetric at their
base (left side of Table 3) and for which the function of
the superellipse may be used to represent their base [9].
The function of the superellipse is additionally corrected
and adopted for this research, so the final form of this

function is:
270 O B (32)
lux,max Iuy,mwc
/uy = iluy,maxn 1_(LJ ’ /ux € [_ /’tx,maxllux,max]‘ (33)
lux,max

gde je Uy,max maksimalna realizovana duktilnost za y
pravac, dok je n parametar superelipse. U Cetvrtu grupu
svrstavaju se pushover povrsi koje su asimetricne ili
monosimetricne u osnovi (desna strana tabele 3) i za
koje linija u osnovi mozZze da se prikaze takode kao
zatvorena ovalna kriva. U odnosu na izraz (30), dodatno
je sprovedena korekcija, tako da sada taj izraz glasi:

Hp = Mo + 14,0089 — 1, SINQ

gde su: py i py, duktilnosti prema izrazu (30), xo i Lxo
duktilnosti za centar zatvorene ovalne krive, a ¢ je ugao
rotacije zatvorene ovalne krive. U tabeli 4 prikazana su
Cetiri karakteristiCna tipa pushover povrdi i konstruisane
odgovarajuce krive u osnovi.

Specijalni slu¢aj pushover povrsi javlja se kada se
primeni adaptivna NSAPA-DBA (displacement based
analysis) analiza sa identiénim  maksimalnim
realizovanim pomeranjima po svim pushover krivama
kod 3D modela zgrada:

DR

01, max

=DR

02, max

=...=DR

where py,max is maximum realized ductility for y direction,
while n is parameter of the superellipse. The fourth
group includes pushover surfaces which are asymmetric
or monosymmetric in their base (right side of Table 3)
and for which the closed oval curve may be used to
represent their base. Additional corrections were done
for equation (30), so the expression is now:
Iuy,r = luyO + ILLXSlngo + luycosgo ’ (34)
where py and p, are ductilities according to (30), tx0 and
Ux o ductilities for the center of closed oval curve, while ¢
is the angle of rotation of the closed oval curve. Table 4
shows the four distinctly different groups of pushover
surfaces and corresponding curves at their base.

Special case of the pushover surface occurs when
applying adaptive NSAPA-DBA analysis (displacement
based analysis) with the identical maximum achieved
displacements for all pushover curves in a 3D model of a
building:

=...=DR

Oh,max *

(35)

0 ,max

34
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Tada pushover povrs ima izgled prikazan na slici 15.
Splajn  u tangencijalnom pravcu za maksimalna
realizovana pomeranja u ortogonalnoj projekciji DRx-DRy
jeste krug (slika 15b), dok unutrasnji splajnovi u
tangencijalnom pravcu ne moraju biti koncentri¢ni
krugovi. lako su realizovana identi€ha maksimalna
pomeranja po svim pushover krivama, odgovarajuée
vrednosti V/W nisu identi¢ne:

v /iw)

61, max

(VW) gy e # -

Then the pushover surface looks like the one shown
in Figure 15. Spline in the tangential direction for the
maximum achieved displacements in the orthogonal
projection DR,-DR), is the circle (Figure 15b), while the
internal splines in the tangential direction are not
concentric circles. Even though the maximum realized
displacements are identical along all pushover curves,
the corresponding values of V/W are not identical:

000 R | ) /4 TR (35)

Tabela 4. Cetiri karakteristiéna tipa pushover povrsi i konstruisane odgovarajuée krive u osnovi
Table 4. Four characteristic types of pushover surfaces and adequate curves at their base

,umax:6

,ux,max=6
/ux,min:'?’ . 5
p=13

,ux,max:6
:ux,min:'3 S
p=1.65
/,lx():l 75
Hyo—= 1.75
9=135°

Slika 15. Pushover povrs za slué¢aj da su maksimalna realizovana pomeranja identi¢na po svim pushover krivama: a)
izometrija; b) DRy-DRy ravan
Figure 15. Pushover surface in the case when the maximum realized displacements are identical for all pushover curves:
a) isometry, b) DRy-DR), plane
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4 ZAKLJUCAK

Analiza seizmi¢kog odgovora konstrukcija primenom
pushover povrsi predstavlja originalno razvijeno reSenje
autora ovog rada. Primenom pushover povrsi moguce je
znatno kompleksnije i kompletnije razmotriti odgovor i
performanse 3D modela konstrukcija, posebno u slu€aju
izrazene nesimetrije mase i krutosti, izlozenih
bidirekcionom seizmi¢kom dejstvu. Postavka od koje se
poslo u razvoju matemati¢ke formulacije i generisanju
pushover povrSi jeste primena pushover krive za
odgovor sistema u jednom pravcu. Integracijom
odgovora sistema za veci broj pravaca, odnosno uglova
dejstva, prikazuje se 3D odgovor sistema u
kapacitativnom domenu. U postupku generisanja 3D
modela pushover povrsi polazi se od transformacije iz
2D ravanskog u 2D polarni koordinatni system, a zatim u
3D cilindri¢ni koordinatni system, pa u 3D ortogonalni
koordinatni sistem. Tipologija pushover krivih izvedena
je u funkciji egzistencije linearnog, nelinearnog i kolaps-
nog subdomena, a takode razmatranja su izvedena u
funkciji nelinearne krutosti i klase duktilnosti sistema.
Tipologija pushover povrsi izvedena je bazirajuéi se na
generalizovanom modelu odgovora sistema preko
parametara u, un i a, a na osnovu kojih je moguce
formirati sisteme razli¢ite krutosti, nosivosti i duktilnosti.
U slu€aju varijacije parametara y, un i a kod pushover
povrSi za jedan glavni pravac, razmatrani su slucajevi:
identi€ni parametri po smerovima jednog (svih) pravca i
razliiti parametri po smerovima jednog pravca. U
slu€aju varijacije parametara a>0, a=0, a<0 i duktilnost
U=un i p>un kod pushover povrsi za dva glavna pravca,
razmatrani su slu€ajevi: identi¢ni parametri po
smerovima jednog pravca i razliCiti parametri po
smerovima jednog pravca. Komparacijom generisanih
pushover povrsi identifikovane su ¢etiri bitno razli¢ite
grupe kod kojih je osnova definisana primenom Cetiri
matematicke funkcije. Istrazivanje prikazano u ovom
radu predstavlja tipoloske modele pushover povrsi na
osnovu kojih je dalje moguce da se vrSe razmatranja na
realnim pushover povrSima 3D modela konstrukcija s
kompleksnijom varijacijom odgovora sistema pri
bidirekcionom dejstvu zemljotresa.
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4 CONCLUSION

Analysis of the seismic response of structures using
the pushover surface represents an original solution
developed by the authors of this paper. By applying
pushover surface it is possible to consider the response
and performance of 3D models of structures in a more
complex and complete way, especially in the case of
emphasized non-symmetry of mass and stiffness, when
exposed to bidirectional seismic action. The base setting
from which the development of the mathematical
formulation and generation of pushover surface started
is the application of the pushover curve for the response
of the system in one direction. By integrating the
response of the system for a number of directions, or
attack angles, the 3D system response in a capacity
domain is presented. In the process of generating 3D
model of the pushover surface one starts from the
transformation of 2D plane to 2D polar coordinate
system and then into the 3D cylindrical coordinate
system and finally into the 3D orthogonal coordinate
system. The typology of pushover curve is derived as a
function of existence of the linear, nonlinear and collapse
subdomains, and also considerations are made taking
into account the nonlinear stiffness and ductility class of
the system. The typology of pushover surface is derived
according to the generalized model of the system's
response through parameters p, y, and a, based on
which it is possible to create systems of different
stiffness, strength and ductility. In the case of variations
of parameters u, y, and a of the pushover surface for
one main direction, the following cases are considered:
identical parameters along the senses of one (all)
direction and different parameters along the senses of
one direction. In the case of variation of parameters a>0,
a=0, a<0 and ductility y=u, and p>u, of the pushover
surface for two main directions, the following cases have
been discussed: identical parameters for both senses of
one direction and different parameters for the senses of
one direction. By comparing the generated pushover
surfaces, four significantly different groups have been
identified, in which the base was expressed by using
four mathematical functions. The research presented in
this paper defines typological models of pushover
surfaces according to which the further analysis can be
done on the real pushover surfaces of 3D models of
structures with more complex variation of responses of
the system during bidirectional earthquake actions.
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REZIME

TIPOLOGIJA NSPA PUSHOVER KRIVIH | POVRSI ZA
3D SEIZMICKI ODGOVOR KONSTRUKCIJA PREMA
PERFORMANSAMA

Miaden COSIC
Stanko BRCIC

U radu je prikazana tipologija pushover krivih
(pushover curves) i originalno razvijenih pushover povrsi
(pushover  surfaces), na osnovu generalizacije
nelinearnog odgovora 3D sistema na seizmi¢ku pobudu.

Odredivanjem i analizom NSPA (Nonlinear Static
Pushover Analysis) pushover povrSi moguce je znatno
kompleksnije i kompletnije razmotriti odgovor i

performanse 3D modela konstrukcija izlozenih
bidirekcionom seizmiCkom dejstvu. Osnovna postavka
od koje se poslo u razvoju matemati¢ke formulacije i
generisanju NSPA pushover povrsi jeste primena NSPA
pushover krive za odgovor sistema u jednom pravcu.
Integracijom odgovora sistema za veci broj pravaca,
odnosno napadnih uglova pravaca dejstva zemljotresa,
prikazuje se 3D odgovor sistema u kapacitativnom
domenu. Tipologija NSPA pushover krivih izvedena je u
funkciji egzistencije linearnog, nelinearnog i kolapsnog
subdomena, a takode su izvedena razmatranja u funkciji
nelinearne krutosti i klase duktilnosti sistema. Tipologija
NSPA pushover povrSi izvedena je baziraju¢i se na
generalizovanom modelu odgovora sistema preko
duktilnosti, duktilnosti u zoni ojacanja/omekSanja i
koeficijenta odnosa nelinearne/linearne krutosti, a na
osnovu c¢ega je moguce formirati sisteme razliCite
krutosti, nosivosti i duktilnosti. Istrazivanje prikazano u
ovom radu definiSe tipoloS8ke modele NSPA pushover
povrsi na osnovu kojih je dalje moguce vrSiti razmatranja
na realnim pushover povrS§ima 3D modela konstrukcija s
kompleksnijom, a posebno nesimetricnom geometrijom,
kao i varijacijom odgovora sistema pri bidirekcionom
dejstvu zemljotresa.

Kljuéne reci: NSPA pushover krive i povrsi,
tipologija, 3D performance, zemljotres

SUMMARY

TYPOLOGY OF NSPA PUSHOVER CURVES AND
SURFACES FOR 3D PERFORMANCE-BASED
SEISMIC RESPONSE OF STRUCTURES

Miaden COSIC
Stanko BRCIC

This paper presents a typology of pushover curves
and the originally developed pushover surfaces based
on the generalization of the nonlinear response of the 3D
system to the earthquake action. By determination and
analysis of the NSPA (Nonlinear Static Pushover
Analysis) pushover surface, it is possible to obtain a
more complex and complete insight of the response and
performance of 3D models of structures exposed to the
bidirectional seismic action. The setting which was a
base for the development of mathematical formulation
and generation of the NSPA pushover surface presents
the application of NSPA pushover curve for the response
of the system in one direction. By integrating the system
responses for a number of directions, i.e. attack angles
of directions of earthquake action, the presentation of 3D
response of the system in the capacity domain is
achieved. The typology of NSPA pushover curves is
derived as a function of the existence of linear, nonlinear
and collapse sub domain, and also considerations are
made taking into account the nonlinear stiffness and
ductility class of the system. The typology of NSPA
pushover surface is derived based on the generalized
model of the system response through ductility, ductility
in hardening/softening zone and a coefficient of the
relationship of stiffness in the nonlinear and linear
domain, based on which it is possible to create systems
of different stiffness, strength and ductility. The research
presented in this paper defines the typological models of
NSPA pushover surfaces which can be the base of
further discussion on real pushover surfaces of 3D
models of structures with a more complex, particularly
non-symmetric geometry, as well as the variation of
responses of the system due to bidirectional seismic
actions.

Key words: NSPA pushover curves and surfaces,
typology, 3D performance, earthquake
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MOGUCNOSTI POBOLJSANJA PLANUMA ZELEZNICKE PRUGE

IMPROVEMENT ALTERNATIVES FOR RAILWAY TRACK FORMATION

Mirjana TOMICIC-TORLAKOVIC

1 UVOD

Kolosek treba razmatrati kao jedinstveni sistem.
Svaki pojedini element tog sistema, pocevsi od Sine i
praga, preko zastora ili ¢vrste podloge (beton/asfalt), do
zastitnog sloja planuma, mora da obezbedi dugotrajnu
stabilnost koloseka, zahtevajuéi pritom malo odrzavanja
¢ak i pri velikim gustinama saobracaja, povecanim
brzinama i osovinskim optereéenjima.

Planum koloseka je povrSina na kojoj se gradi
kolosek. Njegova glavna funkcija je da bude stabilna
podloga za podzastorne i zastorne slojeve. On je veoma
vazna komponenta donjeg stroja, koja ima znacajan
uticaj na karakteristike i odrzavanje koloseka. Doprinosi
elasti€nosti oslanjanja gornjeg stroja i otuda elasticnom
ugibu Sine pod optere¢anjem tocka. Veli€ina krutosti
planuma uti€e na propadanje Sine, praga i zastora, a
takode je uzrok nejednakog sleganja koloseka.

Slika 1 [5], [7], [10] pokazuje uobi¢ajene termine za
pojedine delove konstrukcije pruge.

Osnovni zahtevi za planum pruge jesu:

— ravnost i projektovani nagib gornje povrsine;

— izdrZljivost na oStecenja;

— nosivost i sposobnost prenosa optere¢enja od
gornjeg stroja;

— stabilnost na zamrzavanje;

— filterska stabilnost.

Prof. dr Mirjana Tomici¢-Torlakovi¢, Univerzitet u Beogradu
- Gradevinski fakultet, Bulevar kralja Aleksandra 73,
Beograd, Srbija

STRUCNI RAD
PROFESSIONAL PAPER’
UDK: 625.113

ID: 204280588

1 INTRODUCTION

The track has to be regarded as an inherent system.
Each individual element of that system, beginning from
rail and sleeper, via the ballast or solid bed
(concrete/asphalt), down to the formation protection
layer, must provide long-term track stability requiring low
maintenance even at high train density, increasing
running speeds and axle loads.

The track formation is the platform upon which the
track superstructure is constructed. Its main function is
to be a stable foundation for the subballast and ballast
layers. It is a very important substructure component,
which has a significant influence on track performance
and maintenance. It contributes to the superstructure
support resiliency and hence to the elastic deflection of
the rail under wheel loading. The formation stiffness
magnitude influences rail, sleeper and ballast
deterioration and also is a source of track differential
settlement.

Figure 1 [5], [7], [10] shows the usual terms of
individual parts of railway structure.

The main requirements for track formation are:

— Evenness and designed slope of surface;

— Resistance to wear;

— Bearing and transmit the loading from the
superstructure;

— Stability from freezing;

— Filter stability.

Professor Mirjana Tomicic-Torlakovic, Ph.D.,
University of Belgrade - Faculty of Civil Engineering,
Bulevar kralja Aleksandra 73, Belgrade, Serbia
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Slika 1. Definisanje termina konstrukcije pruge
Figure 1. Definition of track structure terminology

PODTLO
SUBSOIL

Da bi planum ispunio te zahteve i sluzio kao stabilna
osnova, moraju se izbeéi sledeci oblici njegovog
propadanja planuma moraju biti izbegnuti:

— prekomerna plasti¢na deformacija;

— konsolidacija i veliki gubitak otpornosti na
smicanje;
— ubrzani gubitak otpornosti na smicanje pod

ponavljanim opterec¢enjem od tockova;

— znaCajna promena zapremine
skupljanja) od promene vlaznosti;

— omekS8avanje usled zamrzavanja i odmrzavanja
pri dejstvu mraza;

— osipanje planuma.

(bubrenja i

2 NOSIVOST PLANUMA

Odlu€ujuéa veli¢ina u medusobnoj povezanosti
gornjeg i donjeg stroja pruge jeste sposobnost nosivosti
planuma.

Nedovoljna nosivost planuma uglavnom je izazvana:

— loSom ili nedostaju¢om drenazom;

— spre€enim oticanjem vode s ramena zastorne
prizme;

— udubljenjima u
nedovoljnog Ciscenja.

Uzroci nestabilnosti koloseka najéeS¢ée su bas
deformacije planuma, a one se prepoznaju po sledeé¢im
vidnim znacima [8], [10]:

— stalna i ponovna pojavljivanja greSaka geometrije
koloseka;

— blatnjava mesta na povrSini zastora izazvana
prskanjem blata uvis za vreme prolaska vozova
("pumpanje”);

— boc€no istiskivanje razmekSalog podtla, najéeSce
kod preoptereéenog glinovitog podtla;

— sleganje koloseka usled deformisanja planuma tla
u vidu "dzepova", "korita" ili "vre¢a" u kojima se skuplja
voda;

zaprlianom  zastoru usled

To fulfill these requirements and to serve as a stable
platform, the following formation failure modes must be
avoided:

— Excessive plastic deformation;

— Consolidation settlement and massive shear

failure;

— Progressive shear failure from repeated wheel
loading;

— Significant volume change (swelling and

shrinking) from moisture change;
— Frost and thaw softening;
— Formation attrition.

2 TRACK FORMATION BEARING CAPACITY

The decisive element in the connection between
track superstructure and substructure is the bearing
capacity of the track formation.

Insufficient bearing capacity of the formation is
mostly caused by:

— Poor or lacking drainage;

— Prevented water flow off the ballast shoulders;

— Hollows in contaminated ballast due to insufficient
cleaning.

The following phenomenons of formation deform-
ations indicate the defects of the substructure [8], [10]:

— Permanent and recurrent irregularities of track
geometry;

— Muddy spots due to subsoil material pumping up
into ballast during train passing;

— Side squeezing out the wet soil (mostly clay);

— Track settlements due to formation deformation in
forms of ballast pockets and troughs full of water;

— Raising the track due to substructure freezing;

— Shoulders settlements due to embankment
shearing and shelling;

— Shoulders cracks as a result of embankment
settlements;

40
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— izdizanje koloseka od zamrzavanja u donjem stroju;

— sleganje bankina usled klizanja ili Skoljkanja nasipa;

— pukotine na bankinama kao posledica sleganja
nasipa;

— masivno smicanje planuma za vreme velikih kiSa.

Planum verovatno ima najveéi uticaj na krutost
oslanjanja koloseka, a njegov modul deformacije varira
duz pruge. Modul deformacije planuma E,, moze se
odrediti opitom statiCkog pritiska plo€om. S, obzirom na
prirodu optere¢enja vozom, merodavniji je dinamicki
pritisak ploCe, kada se odreduje dinamicki modul
deformacije  Egin. Pritom kratkovremensko udarno
optere¢enje nanosi se na planum, ¢ime se on pobuduje
na prigu$eno oscilovanje. Sto su ugibi vedi, pri &emu su i
amplitude priguSenih sopstvenih oscilacija vece, to
planum ima manju nosivost.

Kapacitet nosivosti planuma zavisi od:

— vlaznosti i suve gustine;

— plastiénog ponasanja;

— prirode veze napon-deformacija.

Pesak i Sljunak zbijaju se vrlo lako i otuda imaju
visoki kapacitet nosivosti. Kohezivna tla, kao Sto su
prasina i glina, obi¢no imaju vrlo nizak kapacitet
nosivosti, $to umnogome zavisi od sadrzaja vode. Njihov
kapacitet nosivosti je veéi u uslovima isuSenosti i
oc¢vr8¢avanja, a opada s povelanjem sadrzaja vode,
iduéi ka plasticnom stanju, sve do fluidnog.

Tabela 1 [5] pokazuje zahteve za pojedine slojeve
donjeg stroja po modulima deformacije i zbijenosti za
sluCaj koloseka u zastoru i na ¢vrstoj podlozi, a za razne
vrste pruga.

— Massive formation shearing during raining.

Track formation probable has the greatest influence
on the superstructure support resiliency and its modulus
of deformation varies along the track. Modulus of
deformation E,, can be derived from the plate static load
bearing test. Taking the nature of train load into
consideration, the modulus of dynamic deformation Egin
is more competent. By the dynamic plate test an impact
load for the short term is applied to the formation, which
induced it to vibrate in damped oscillations. If the
settlement and amplitude of the oscillation are high, the
bearing capacity of the formation is low.

The formation bearing capacity depends on:

— moisture content and dry density,

— plastic behaviour,

— stress/strain relationship.

Sand and gravel consolidated easily and from that
have the high bearing capacity. Coherent soils, like dust
and clay, have the very low bearing capacity and it
largely depends on water content. Their bearing capacity
is higher in dry and hard conditions and falls with the
water content increase, striving to plastic state, even to
liquid.

Table 1 [5] shows the requirements to be met by the
substructure layers for the modulus of deformation and
consolidation in the case of ballasted or solid track, and
different line types.

Tabela 1. Zahtevi za doniji stroj
Table 1. Substructure requirements

Planum Zastitni sloi Zemljani planum
Formation . J Earth formation
Vrste pruge IMN /mz] Protective layer IMN /m2]
VLlne tipe Dubina zamrzavanja
km/h i
[km/h] E, | Eu | Do Standar[c(i:rtnt]lckness E., Ea
I Il Ml
u zastoru
pruge velikih brzina ballast 120 50 1.0 70 70 70 80 40
HST u Cvrstoj
(300) podlozi 120 50 1,0 40 40 40 60 35
slab
o . uzastoru | 55 | 50 | 10 | 50 60 70 60 40
putni¢ki saobracaj ballast
passenger traffic u ¢vrstoj
e (230) podlozi 120 50 1,0 40 40 40 60 35
QO X
Lo s) slab
© ®© — P
55 putnicki saobracaj
N = passenger traffic
o9
3Z (160)
2 mesSoviti saobracaj
mixed traffic
(160) uzastoru | 450 | 45 | 10| 40 | 50 | 60 45 35
teretni saobracaj ballast
freight traffic
(120)
lokalni saobracaj
commuter traffic
(120)
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lokalni saobracaj
commuter traffic
80) uzastoru | g0 | 40 [ 10| 30 | 40 50 45 30
teretni saobracaj ballast
freight traffic
(50)
u zastoru
pruge velikih brzina ballast 120 50 10 70 70 70 80 40
HST u &vrstoj
(300) podlozi 120 50 1,0 40 40 40 60 35
slab
. L.o|uzastou g 140 | 10| 30 | 40 | 50 45 30
putniki saobracaj ballast
passenger traffic u &vrstoj
(230) podlozi 100 45 1,0 40 40 40 45 30
slab
putni¢ki saobracaj
0 passenger traffic
5 S (160)
=3 mesSoviti saobracaj
§ 2 mixed traffic
S (160) u zastoru
© o teretni saobracaj ballast 50 35 1.0 20 25 30 30 25
freight traffic
(120)
lokalni saobracaj
commuter traffic
(120)
lokalni saobracaj
commuter traffic
80) uzastoru | 44 | 35 [gg7| 20 | 20 20 20 25
teretni saobracaj ballast
freight traffic
(50)

E\>— stati¢ki modul deformacije/modulus of static deformation
Egin — dinamicki modul deformacije/modulus of dynamic deformation

Dpr — zbijenost po Proktoru/Proctor density

3 ZBIJENOST PLANUMA

Pri ispitivanju zbijenosti po Proktoru uzorak
materijala iz planuma zbija se u normiranoj c&eli€noj
posudi tegom koji pada pod utvrdenim uslovima, pri
raznim sadrzajima vode. Proktorova kriva pokazuje do
kojeg se dozvoljenog sadrZaja vode propisana zbijenost
moze postiéi. Zbijenost po Proktoru odgovara zbijenosti
(radu na zbijanju od oko 60 t/m®), koja moZe biti
postignuta na mestu izgradnje pruge sa uobi¢ajenom
opremom za zbijanje. Ona se moze definisati putem
stepena zbijenosti, koji predstavla odnos izmerene
zapreminske mase u suvom stanju zbijenog tla i
maksimalne zapreminske mase pri optimalnoj vlaznosti
dobijene Proktorovim opitom:

3 TRACK FORMATION CONSOLIDATION

Compression test is the famous Proctor test where
the formation material sample is compressed under
predetermined conditions in a calibrated receptacle with
help of the drop weight, under five different water
content at least. The Proctor curve shows which
admissible water content the prescribed compression
value can be reached. The Proctor density corres;aonds
to a compression (work done of approx. 60 t/m”) that
may be reached on the track's site with the help of the
usual compression devices. It can be defined by means
of compaction ratio, as the relation between the volume
weight in dry condition and in the most favourable water
content:

pr=7Ya/ maxy x 100 [%]
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4 ODVODNJAVANJE PLANUMA

Poznato je da voda u planumu negativno utie na
odrzavanje pravilne geometrije koloseka, pa treba

nastojati da se njeno prisustvo smaniji:

— CiS¢enjem zastora;

— odrzavanjem propisanog bo¢nog nagiba planuma;

— CiSéenjem bocnih jarkova i drenaza;

— ako je potrebno, izradom kontrolnih i ventilacionih
okana.

Postoje dva tipa odvodnjavanja: otvoreni i zatvoreni
sistem odvodnjavanja.

Otvoreni sistem odvodnjavanja obi¢no se sastoji od
jarkova i kanala pored pruge u usecima, u koje se
skuplja povrsinska voda. Sirina jarkova u usecima
obiéno je 0,4 m, a dubina ispod planuma 0,4 m. Sirina
kanala iznosi od 0,8 m do 1,6 m i dubina ispod planuma
0,2 m. Njihov poduzni pad treba da je bar 0,3%, a
najviSe do 3%. U slu€aju veceg ili manjeg poduznog
pada, najbolje je koristiti prefabrikovane betonske kanale
ili kanale zidane lomljenim kamenom, na peskovito-
Sljunkovitoj podlozi [8]. Prednost otvorenog sistema
odvodnjavanja u odnosu na zatvoreni jeste to Sto je
dostupniji i lakSe se odrzava.

Zatvoreni sistem odvodnjavanja ugraduje se tamo
gde nivo podzemnih vode treba da se smanji (<1,5 m
ispod gornje ivice Sine), tlo oko pruge treba da se
odvodnjava i filtrirana voda ili voda iz slojeva treba da se
odvede. Kod zatvorenog sistema odvodnjavanja, za
smanjenje nivoa podzemne vode koriste se porozne
cevi, propusne sa svih strana. Delimi€no propusne cevi
(samo s gornje strane) odvode vodu koja se proceduje
bilo s povrsine, bilo iz slojeva konstrukcije. Poduzni pad
poroznih cevi mora da je bar 0,3%. One se polazu na
najmanje 60 cm ispod planuma. Kanal za polaganje cevi
mora biti ispunjen Sljunkom. Okna za odrZzavanje
sistema za odvodnjavanje moraju da budu izradena na
50-100 m, i ona se koriste za proveru i CiS¢enje cevi.
Prednosti zatvorenog sistema odvodnjavanja nad
otvorenim jesu u tome $to je potreban manji minimalni
pad i manji prostor, kao i to $to ne zahteva reprofilisanje
i uklanjanje korova.

S dobro projektovanim sistemom za odvodnjavanje
moguce je posti¢i efikasno odvodnjavanje i u nekim
slu¢ajevima ¢ak odustati od obnove planuma.

5 POBOLJSANJE PLANUMA

U slu€aju kada je planum slabe nosivosti ili male
krutosti, Sto uzrokuje vece troSkove odrzavanja pruge
kao celine, namecée se potreba za poboljSanjem stanja
planuma. PoboljSanje planuma je skupa mera. U
ekonomskim razmatranjima za razdoblje od trideset pet
godina, imajuéi u vidu povecane troSkove odrzavanja
ako se poboljSanje ne sprovodi, prednost ove mere
pokazuje se vec posle deset godina.

Pobolj8anje planuma treba da ispuni sledece
zahteve:

— ujednaceni modul elasti¢nosti duz cele duzine
pruge od najmanje 4,5 kN/m2, optimalno 12 kN/m2;

— postepeni pad modula elasti¢nosti sa dubinom,
ina¢e nastaje pumpanje blata;

4 TRACK FORMATION DRAINAGE

It is well-known that water contained in the formation
has an adverse effect on the correct track geometry.
Therefore, the following measures are applied to reduce
the water content in the formation:

— cleaning the ballast,
maintain the formation cross fall,
cleaning of side ditches and drainage,

— if necessary, building up the inspection and
ventilation shafts.

There are two types of drainage facilities: open
drainage facilities and enclosed drainage facilities.

Open drainage system usually consists of the ditches
and canals in track sides at embankment cuts in which
the surface water should be led away. The ditches width
in cats is usually 0.4m and the depth below the formation
is of 0.4m. The channel width is from 0.8m to 1.6m and
the depth below the formation is of 0.2m. Their
longitudinal inclination should be at least 0.3% and at
most 3%. If the longitudinal inclination is below or above
these values, precast concrete canals in a fine gravel
bed or a coarse pavement of broken stone on fine gravel
have to be provided. The advantage of open drainage
systems as compared to closed systems is that they are
always easily accessible and easy to maintain.

Enclosed underground drainage facilities are
installed where the groundwater level has to be lowered
(<1.5m below TOR), the soil surrounding the track has to
be drained and percolating or layer water has to be led
away. If the groundwater level has to be lowered or the
soil has to be drained, the porous pipes, permeable all
around, are advisable. Partial-permeable, only on their
top, pipes are used to lead away percolating and layer
water. The longitudinal inclination of percolating water
pipes should be at least 0.3%. They are laid at the depth
below the formation of at least 60cm. The pipe ditch has
to be filled with gravel. Inspection pits enable the pipes
to be checked and cleaned and they are provided at
distances of 50-100m. The advantage of enclosed
drainage systems against open systems is that their
minimum inclination and the required space is less and
there is no need for reprofiling and weeding.

If the drainage system is correct designed, it is
possible to attain effective track draining and in some
cases it would not be necessary to renewal the
formation.

5 FORMATION IMPROVEMENT

In cases when the track formation is too weak or has
too low stiffness, that resulting in high cost of track
maintenance, may dictate the need to improve the
formation conditions. The track formation improvement is
the expensive measure. At economic consideration in
thirty five years time period, with taking into account the
maintenance costs, the advantage of the measure is
obvious already after ten years.

Formation measures should meet the following
requirements:

— constant modulus of elasticity along the entire
track length of at least 4,5 kN/cmz, optimum 12 kN/cmz,

— gradual decrease of the modulus of elasticity with
depth, otherwise mud would pumped up,
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— stvaranje toplotne izolacione brane;

— spreCavanje stvaranja vodene pare i — ukoliko se
ipak pojavi — odvodenje vode nastale njenom
kondenzacijom,

— mali troSkovi ugradnje;

— smanjenje poremecaja saobracaja pri izgradniji;

— ftrajanost preko dvadeset godina.

Moguc¢nosti poboljSanja planuma navedene su u
tabeli 2 [9]. Postoji Sest opstih grupa. Kako je za vecinu
metoda potrebno iskustvo, Cesto i specijalna oprema,
preporucljivo je konsultovati se sa stru¢njacima.

— create the heat insulation barrier,

— preventing from vapour seal, if happens, draining
off condensation water,

— low installation costs,

— reduction operational hindrance during installation,

— life time of more than twenty years.

The formation improvement alternatives are listed in
Table 2 [9]. There are six general groups. As for the
majority of these methods the experience is needed,
often special equipment, it is advisable to consult with
specialists.

Tabela 2. Mogucnosti poboljsanja planuma
Table 2. Formation improvement alternatives

| Promene osobina planuma na terenu
Altering formation properties in place
A. Injektiranje
Grouting
1. Penetracija
Penetration
2. Zbijanje
Compaction
B. Injektiranje kreCom pod pritiskom
Lime slurry pressure injection
C. Delovanje strujom
Electrical treatment
1. Elektro-osmoza
Electro-osmosis
2. Elektrohemijska stabilizacija
Electrochemical stabilization

Il Rekonstrukcija i zamena
Reconstruction and replacement
A. Zbijanje
Compaction
B. Zamena
Replacement
C. Stabilizacija dodacima
Admixture stabilization
1. Cement
Cement
2. Kre¢
Lime
3. Bitumen
Bitumen

lll Primena asfalt-betona

Asphalt-concrete applications
A. Na punoj dubini

Full depth (replacing ballast and subballast)
B. U zastitnom sloju

Underlayment (replacing subballast)

IV Stabilizacija kliziSta
Slip stabilization

A. Odvodnjavanje
Drainage

B. Potporne konstrukcije
Retaining structures

C. Promena nagiba
Slope change

V Ugradnja zastitnog sloja
Insertion of protective layer

VI Primena geosintetickih proizvoda
Geosintentic products implementation
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5.1 Promena osobina planuma na terenu
5.1.1 Injektiranje

Injektiranjem se ubrizgava materijal u tlo kako bi se
ono ojacalo, izmenilo ili kako bi se smanjila njegova
propustljivost.

Injektiranje penetracijom ojaCava tlo povezujuci
Cestice tla, odnosno zatvaranjem Supljina smanjuje se
propustljivost, ili oba. Za uspeSno injektiranje
penetracijom, tlo mora biti relativno propustljivo.
Smanjenje propustljivosti peska i Sljunka u trupu pruge
moze se posti¢i injektiranjem cementnim malterom,
glinenim muljem u vodi, peskom i lete¢im pepelom.
Cestice ovih sredstava prevelike su da bi popunile
Supljine u mulju i glini, ili pesku i Sljunku s vise od 10%
mulja i gline. Zbog toga, ova metoda nije poZeljna u tlu
koje sadrzi mulj i glinu. Hemijska sredstva (najceSée
silikati) za injektiranje mogu prodreti u grubi mulj i u
sredniji do fini pesak. Sposobnost sredstva za injektiranje
da prodre u tlo procenjuje se na osnovu ispitivanja
njegove propustljivosti na terenu ili u laboratorijskim
uslovima, kao i analizom veli¢éine zrna. Prema [9]
predlaze se da Dis tla treba da bude bar 25 puta Dsgs
Cestica injekcionog sredstva. Takode, potrebna je
procena poboljSanja ¢évrstoée planuma.

Injektiranjem zbijanjem se zbija i/ili potiskuje okolno
tlo pritiskom grudvom injekcionog materijala. Injekciono
sredstvo je veoma konzistentna meSavina cementa,
peska, pepela, gline i vode, koja se putem cevi do
zeljene dubine pumpa pod pritiskom 700 —4000 kPa.
Ovaj postupak je neprikladan za ojaCanje natopljenog
vezanog tla koje je nestisljivo, jer se mozZe istisnuti tlo
pod pritiskom sredstva za injektiranje u dubljim
Supljinama.

5.1.2 Injektiranje kre€om pod pritiskom

Kre€ni mulj utiskuje se kroz cevi pod pritiskom od
340 do 1700 Mpa i prodire u naprsline, pukotine, te
propusne slojeve. Nedostatak je slaba kontrola
rasprostiranja sredstva i opasnost od loma tla i
formiranja novih pukotina. Otuda je potrebno ispitivanje
okolnog tla za procenu efektivnosti prodiranja sredstva,
a laboratorijska ispitivanja za procenu poboljSanja
osobina. Mogucéi nezeljeni efekti su visok sadrzaj vode,
visok pritisak koiji slabi tlo, kao i zagadenje vode kreCom.

Opiti na Zeleznici pokazuju da ovo poboljSanje traje
relativno kratko posto se pod optereéenjem od voza
usitnjavaju glineno-kre¢ne grudve [5].

5.1.3 Delovanje strujom

Efektivan nacin poboljSanja mekanog glinovitog tla
jeste smanjenje sadrZaja vode. Kako takvo tlo nije
moguce slobodno odvodnjavati, mora biti izazvan tok
vode ka drenazi. Prilikom izgradnje novih pruga, moguca
je konsolidacija dugovremenskim optereéivanjem. Kod
postojecih pruga, alternativa — iako skupa - jeste putem
elektroosmoze. Elektricna struja prolazi kroz tlo izmedu
elektroda, pri ¢emu molekuli vode migriraju sa anode u
okoline drenaze (katode), odakle se odvode. Ova
metoda je ekonomitna za zasicena i normalno
konsolidovana blata i gline s niskom koncentracijom

5.1 Altering formation properties in place
5.1.1 Grouting

By grouting a material is injecting into the soil to
strengthen it, change it or to decrease its permeability.

Penetration grouting strengthens the soil by bonding
the particles or decreases the permeability by sealing
voids, or both. For the successful grouting the soil or
rock must be relatively permeable. For reducing the
sands and gravel permeability in track formation the
injection with cement mortar, clay-water slurry, sand and
fly ash can be used. The particles of these materials are
too large to penetrate voids in silts and clays, or in sands
and gravels with silt and clay components of more than
10%. So, penetration grouting is unsuitable for use with
fine silts and clays. Chemical grouts (commonly
silicates) can penetrate into coarse silts and medium to
fine sands. In situ and laboratory permeability tests, as
well as a grain size analysis, will judge the ability of grout
to penetrate into soil. It is suggested [9] that D45 of the
soil should be at least 25 times the Dgs of the grout
particles. Strength tests are needed to estimate the
formation improvement.

Compaction grouting compacts and/or displaces
surrounding soil by the pressure of grout material bulb.
Compaction grout is a very stiff mixture of cement, sand,
fly ash, clay and water, which is pumped by means of
pipe to the desired depth at pressure of 700-4000 kPa.
This treatment is not suitable for strengthening saturated
cohesive soils which are incompressible, because the
soil can be displaced by the grout pressure in shallow
depths.

5.1.2 Lime slurry pressure injection

The lime slurry is pumped into the soil through
pushed in pipes at pressure of 340 - 1700 kPa and
penetrates through fissures, cracks or permeable
seams. Disadvantages are little control over the lime
distribution and danger of soil fracture and forming the
new cracks. Therefore the surrounding soil investigation
is needed to assess the effectiveness of slurry
distribution and laboratory tests to evaluate the soil
improvement. Possible adverse effects are high water
content, high pressure which weakens the soil and water
contamination by the lime.

Railway tests have shown that this improvement
lasts for relatively short time as the clay-lime crumbs
were crushed under the train loads [5].

5.1.3 Electrical treatment

An effective way to improve soft clayey soils is to
reduce the water content. As such soils are not free
draining, the flow into the drains must be inducted. For
new track construction the soil strengthening by long
term loading is possible. For existing track an alternative,
although expensive, is through electro-osmosis. A direct
electric current is passed through the soil between
electrodes and the water molecules migrate from the
anode into the drain surrounding (cathode), from where
they are removed. This method is economical for
saturated and normally consolidated silts and clays and
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porne vode kao elektrolita.

Tipi€an sistem elektrohemijske stabilizacije sastoji se
od izbuSenih gvozdenih ili aluminijskih cevi kao anoda
ugradenih na 1 do 5m od katoda. Kroz njih se u tlo
ubacuje rastvor kalcijum-hlorida, natrijum-hlorida,
magnezijum-hlorida ili aluminijum-hlorida, koji se kre¢e
ka katodama, gde se voda skuplja i uklanja.

Ispitivanja na terenu su pozeljna za proveru
efektivnosti metode. Izbor tipa anode i elektrolitskog
rastvora zahteva hemijsku analizu minerala gline. To je
vrlo skupa metoda i koristi se tamo gde druge nisu
izvodljive. Glavna prednost, kao i kada je u pitanju
elektroosmoza, jeste to Sto se elektrode ugraduju sa
suprotnih strana koloseka i S$to se ne prekida se
saobracaj prugom.

5.2 Rekonstrukcija i zamena
5.2.1 Zbijanje

Zbijanje je proces zguSnjavanja tla mehanickim
presovanjem, na racun smanjenja zapremine Supljina
ispunjenih vazduhom, pri ¢emu vlaznost ostaje nepro-
menjena. Sto posto zasi¢ena tla se ne mogu zbijati, ve¢
konsolidovati, §to se postize postepenim potiskivanjem
vode iz pora. Cilj zbijanja je poboljSanje svojstava
planuma: poveéanje C&vrsto¢e i krutosti, a smanjenje
stisljivosti, plasticne deformacije pod ucestalim optere-
¢enjem, propustljivosti, bubrenja i skupljanja. Medutim,
povecanje gustine je parametar koji se najéeSce Koristi
za specifikaciju zeljene veli€ine zbijanja i odredivanje
stanja zbijenosti i podrazumeva poboljSanje ostalih
pobrojanih parametara.

Data energija zbijanja ne proizvodi istu veli€inu
zbijanja i krutosti za svako tlo, 5to je na slici 2 pokazano
za tri vrste tla. Za istu energiju, procenat zbijanja povecava

4
100%

ZBUENOST
COMPACTION

clays with low pore-water electrolyte concentration.

Typical electrochemical stabilization system consists
of perforated iron or aluminium pipes as anodes installed
about 1-5m away from the cathodes. A solution as
calcium, potassium, magnesium or aluminium chloride is
fed into the anodes entering the soil, and moves toward
the cathodes, where water collects and removed.

In situ tests are desired to evaluate the effectiveness
of the method. Selection of the anode type and
electrolyte solution requires chemical analyses of the
clay minerals. The method is very expensive and is to be
used only where other are not feasible. The main
advantage, as for electro-osmosis, is that the work can
be done without disrupting the train operation, because
the pairs of electrodes would be installed on opposite
sides of the track.

5.2 Reconstruction and replacement
5.2.1 Compaction

Compaction is the process of soil densification by
mechanical pressing and in that way reduction in volume
of air voids, while the moisture content remains
unchanged. The aim of compaction is to improve soil
properties, such as: increasing strength and stiffness;
decreasing compressibility, plastic strain under repeated
load, permeability, and reducing swelling and shrinking.
However, density is the most commonly used parameter
for specifying the desired amount of compaction and for
determining the state of compaction and implies an
improvement in the other parameters.

A given compaction effort does not produce the
same strength and stiffness for all soils, that is shown for
the three soil types in Figure 2. For the same effort the

a)

RELATIVMA KERUTOST
RELATIVE STIFFNESS

ENERGITA ZEITANTA i
0 COMPACTION EFFORT 100%

b)

L cacamcacccccccanmasaa=

1] EMERGITA ZBIJANTA 100%

Y

COMPACTION EFFORT

Slika 2. Uticaj vrste tla na promenu zbijanja i krutosti sa energijom zbijanja
Figure 2. Effect of soil type on variation of compaction and stiffness with compaction effort
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se kako tlo postaje krupnije — slika 2a [9]. Za isti
procenat zbijenosti, rezultuju¢a krutost se povecava, od
gline, preko praSine, do peska — slika 2b [9]. Razlike su
jo$ vece za konstantnu energiju zbijanja. Ovo je vazno
uzeti u obzir prilikom odredivanja potrebne energije
zbijanja na terenu.

Zbijanje se naj¢esSée radi plo€ama i valjcima (stati¢ni
i vibracioni). Zbog njihove ograni¢ene efektivhe dubine
zbijanja, neophodno je zbijanje u slojevima od 15 do 30
cm. Postoje i tehnike dubinskog zbijanja udarnim
zbijanjem ili vibracionim zbijanjem vodenim mlazom.

5.2.2 Zamena

Ako se zasi¢ena ili skoro zasicena tla dovoljno isuSe,
mogu se ukloniti i zameniti zbijanjem u slojevima. Ovo je
izgleda izvodljivije za grubo granulisana ili praSinasta tla,
nego za glinu koju je teSko osusiti. Medutim, granulisana
ili prasinasta tla nece biti zasi¢ena ako nisu ispod nivoa
podzemne vode, pa je potrebno odvodnjavanje terena
za vreme njihovog uklanjanja i zamene. Ako zbijanje nije
izvodljivo, zasi¢ena tla, posebno meke gline, potrebno je
ukloniti i zameniti tlom koje ima vlaznost pogodnu za
zbijanje.

Organska tla neprihvatljiva su za planum, te se
moraju ukloniti i zameniti pogodnim tlom.

5.2.3 Stabilizacija dodacima

Kao dodatak iskopavanju i zameni sa zbijanjem tla, ili
povrSinskom zbijanju, osobine tla se mogu poboljSati
meSanjem s materijalima kao $to su cement, krec,
bitumen i leteéi pepeo.

MesSanje se najbolje izvodi specijalnom opremom za
mesanje i usitnjavanje. Cesto se koristi konvencionalna
oprema — drljae, buldozZeri, grejderi, skreperi.
Specijalne masine iskopavaju sloj tla, prevoze ga u
meSalice i rasprostiru promenjeno tlo sa zadnje strane
bubnja meSalice u neprekidnom procesu. Moguéi su
zahtevi za povecanje ili smanjenje postojeceg sadrzaja
vode pre dodavanja aditiva, kako bi se postigli prihvatljivi
rezultati.

Cement se moze upotrebiti za stabilizaciju skoro svih
vrsta tla, izuzev organskih, slanih ili sulfatnih materijala.
Krupnozrni Sljunak zahtevao bi viSe cementa, a teSke
gline otezavaju meSanje. Najpogodniji je Siroko
graduiran pesak i Sljunak. Uopste, ova stabilizacija treba
da se ograni¢i na tla s manje od 35% Ccestica koje
prolaze kroz sito (0,075 mm) i imaju indeks plastiCnosti
manji od 30% [9].

Cementnom stabilizacijom postizu se sledeca
poboljSanja osobina planuma:

— povecana ¢vrstoca, ukljuéujuci i zateznu;

— povecana krutost;

— povecana otpornost na uslove vlaZzenje—susenje i
zamrzavanje—otapanje;

— smanjenje propustljivosti, osim kod glina;

— smanjenje bubrenja u plasti¢nim glinama.

Koli¢ina potrebnog cementa menja se s tipom tla i
zahtevanim osobinama, ali je obi¢no izmedu 5 i 15% od
teZine suvog tla.

percent compaction increases as the soil becomes more
coarse-grained — Figure 2a). For the same percent
compaction the resulting soil stiffness increases from
clay to silt and sand - Figure 2 b). The contrast is greater
for constant compaction effort. These are important
considerations in determining the required compaction
effort for a given application.

Compaction is most commonly done using surface
rollers, static and vibratory. As the roller have the limited
effective depth of compaction, it works in layers of 15-
30cm. Deep compaction techniques, by dropping heavy
weight or by inserting of vibration accompanied with
water jets, are available.

5.2.2 Replacement

If saturated or nearly saturated soils can be dried
sufficiently, they can be removed and replaced by
compaction in layers. This would more likely be feasible
for coarse-grained or silty soils than for clayey soils,
which are much difficult to dry. However, coarse-grained
or silty soils would probably not be saturated unless they
were below the ground water table and dewatering of the
site would be required during the soil excavation and
replacement. If consolidation is unfeasible, the saturated
soils, especially soft clays, would need to be removed
and replaced with soil which has moisture suitable for
compaction.

Organic soils are unacceptable as a track formation
and must be replaced by an acceptable soil.

5.2.3 Admixture stabilization

As a supplement to excavation and replacement with
compaction, or to surface compaction, soil properties
can be improved by mixing in materials such as cement,
lime, bitumen and fly ash.

Mixing is best performing by  special
mixing/pulverizing equipment. Conventional equipment
is frequently used, like harrows, bulldozers, graders,
scrapers. Some special machine excavates a soil layer,
transports it to mixing drum and deposits the modified
soil out the drum rear end in continuous process.
Increasing or decreasing the existing moisture content
may be required prior to adding the stabilizing material in
order to achieve acceptable results.

Cement may be used to stabilize almost all soil
except organic, salt or sulphate materials. Coarse gravel
requires high cement content and heavy clays show
mixing difficulties. Broadly-graded sands and gravels are
best suited. Generally, this stabilization should be limited
to soils with less than 35% passing the 0,075 mm sieve
and a plasticity index of less than 30% [9].

Cement stabilization achieves the following formation
performance improvements:

— Increases strength including tensile;

— Increases stiffness;

— Increases resistance to wet-dry and freeze-thaw
condition;

— Lowers permeability, except for clay;

— Decreases swelling of plastic clays.

The amount of required cement will vary with the soil
type and required properties, but falls within the range of
5-15% of dry weight of soil.
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Cementom stabilizovana tla, postavljena preko tla s
manjom krutoS¢u zbog pojave horizontalnog napona
zatezanja, mogu pudi i izgubiti neke konstruktivne uloge.

Kre¢ se moze upotrebiti za poboljSanje vecine tla u
planumu, koja sadrze neke frakcije minerala gline (min
7% od tezine) i indeks plasti¢nosti veci od 10%. Dobro je
poznato da glinovito tlo, pomeSano s kre€om, formira
grudvastu strukturu, smanjujuéi bubrenje s vodom i
povecavajuéi nosivost. UobiCajena je koli€ina izmedu 3 i
7% kreca od teZine tretiranog tla.

Glavna prednost upotrebe kre€a jeste to Sto daje
trenutno i drastiéno poboljSanje obradljivosti glinovitog
tla, tako da Cesto obezbeduje jedini nacin rada s mekim
vlaznim glinovitim tlom, pre nego metoda iskopavanja i
zamene takvog tla. Takode, kreCom tretirano tlo nije
podloZno pucanju kao cementirano. Medutim, kre¢ nije
pogodan ako se zahteva nagli porast ¢vrstoce.

Kre€ se ponekad upotrebljava u kombinaciji s drugim
dodacima: sa cementom ili bitumenom da bi se
poboljSala obradljivost tla i unapredilo meSanje i zbijanje,
s lete¢cim pepelom radi obezbedenja komponenti
minerala gline potrebnih za reaktivnost u Cisto
granularnom tlu.

Kre€ se meSao u planume pruga s dugim Sinskim
tracima, posebno na krajevima mostova (prelazne zona),
radi spreCavanja sleganja, ali na linijjama s velikom
gustinom saobrac¢aja nije pokazao dugotrajni efekat i
postupak je ponavljan viSe puta [5].

Bitumen se koristi za vezivanje tla koje je uglavhom
zrnasto sa ograni¢enim &esticama (<0,075 mm), gde se
svrstavaju i Cist Sljunak i pesak. Nije pogodan za vlazna
tla, poSto dodavanje te€nog bitumenskog stabilizatora
pogorSava karakteristike takvog tla, koje su potrebne za
zbijanje. MeSavine tlo—bitumen prave se s razredenim
asfaltom, emulzijom ili penom, radi unapredivanja
procesa meSanja.Bitumen povecava ¢&vrstocu tla i
smanjuje njegovu propustljivost. Ako se previse
bitumena doda, smanjuje se ¢vrsto¢a. Da bi se postigla
vodootpornost, bitumenska emulzija moze da se prska
po povrsini zbijenog planuma i utiskuje u njega, tako da
tanki bitumenski film spre€ava prodiranje vode. Ovaj
proces moze da bude efikasan za obradu planuma koji
omek3avaju u prisustvu vode, pa nivo podzemne vode
mora da bude dovoljno nizak. U tom slu€aju,
razmekSavanje tla ne izaziva voda zarobljena ispod
bitumena.

5.3 Primena asfalt-betona

Asfalt-beton je meSavina bitumena i drobljene stene.
Preporu¢ena meSavina za planum pruge jeste Siroko
graduiran lomljeni kamen (maksimalne veli¢ine zrna od
25 do 37 mm) s nesSto viSe bitumena i sitnog agregata
nego za kolovoze, i sa 1-3% Supljina.

Dva nacina primene asfalt-betona u planumu pruge
jesu: po celoj dubini zastorne prizme ili samo u donjem
delu zastorne prizme.

UCinci asfalt-betona mogu se proceniti iz uloga
zastora i planuma pruge.

Za zastor:

— vecéa vertikalna nosivost, ali manja poduzna i
bo¢na otpornost;

— elastiCnost oslanjanja koloseka je smanjena,
posto asfalt-beton ima viSi modul od =zastora, ali

Cement stabilized soils over soils with a lower
stiffness will develop horizontal incremental stress can
crack under the train load and lose some of its structural
benefits.

Lime may be used to treat most soils that have at
least some clay fraction (min 7% by weight) and
plasticity index which exceeds 10%. It is well-known that
a clayey soil mixed with lime develops a crumbled
structure that reduces the plasticity, reduces the
swelling with water and increases strength. The required
quantity of lime is directly related to clay content. A
range of 3-7% by weight of lime will treat most soils.

The main advantage of using lime is that it produces
immediate and dramatic improvements in the workability
of clayey soil, often proving the only way to work with
soft wet clayey soil other than excavating and replacing
it. Also, lime-treated soils are not as susceptible to
cracking as cement-treated. However, lime is unsuitable
if the rapid increase in strength is required.

Lime is sometimes used in combination with other
additives: with cement or bitumen to improve soil
workability and promote mixing and compaction, with fly
ash to provide the clay mineral component required for
reactivity in clean granular soils.

Lime was mixed into CWR track formations,
particularly at the ends of bridges (transition zones), to
prevent the recurring settlement, but in heavy traffic lines
show short-term effect and was repeated several times
[5].

Bitumen is used to stabilize the soils that are mostly
granular with limited plastic fines (less than 0.075mm), in
which belong clear sands and gravels. It is unsuitable for
the wet soils, because adding the liquid bitumen
worsens its characteristics needed for compaction. Soil-
bitumen mixtures are made with asphalt cutback,
emulsion or foam to promote mixing with soil. Bitumen
increases soil strength and decreases its permeability. If
too much bitumen is added, strength will decrease. To
achieve waterproofing, bitumen emulsion can be
sprayed on the surface of the compacted formation and
penetrate downward, so the thin bitumen film prevents
water infiltration. This process may be effective for the
railway formations that soften in the presence of water,
so the groundwater level must be low enough. In that
case the softening is unlikely due to water trapped
beneath the bitumen.

5.3 Asphalt-concrete application

Asphalt-concrete is a mixture of bitumen and
crushed stone. The recommended mixture for track
formation use is broadly-graded crushed stone
(maximum grain size of 25-37mm) with slightly more
bitumen and aggregate fines than in highway, and with
1-3% air voids.

Two ways of using asphalt-concrete in the track
substructure are: either in full-depth ballast bed or in
ballast bottom. In both cases the crib and shoulder of the
ballast remain.

The effectiveness of the asphalt-concrete design can
be evaluated from the ballast and formation functions.

For the ballast:

— Increased vertical bearing, but decreased lateral
and longitudinal resistance;
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elasti¢nost pruza donji stroj;

— efikasno odvodi atmosfersku vodu;

— podbijanje nije moguée u primeni asfalt-betona
celom dubinom, pa je podeSavanje vertikalne geometrije
otezano;

— za istu debljinu zastora, asfalt-beton smanjuje
naprezanje donjih slojeva, sve dok ostaje neostecen, Sto
znaCi da pucanje mora biti spre¢eno pravilnim
projektovanjem;

— obezbedena je izolacija za zastitu od mraza;

— ne podstiCe rast vegetacije;

— obezbedeni su apsorpcija buke i smanjenje
vibracija;

— rekonstrukcija koloseka je mnogo teza i skuplja.

Za planum:

— nha smanjenje naprezanja moze se uticati
pravilnim projektovanjem;

— zastita od mraza moZe da se smanji ako je
debljina sloja asfalt-betona manja od debljine zastora,
zbog boljeg rasprostiranja optereéenja;

— spreceno je medusobno prodiranje Cestica zastora
i planuma;

— spreceno je ,pumpanje” finih Cestica nagore iz
drugih slojeva donjeg stroja;

— spreceno je habanje planuma zastorom;

— obezbedeno je odvodenje povriinske vode.

Bolje je sloj asfalt-betona postaviti na zastitni
drenazni sloj, nego direktno na planum, jer on
predstavlja dobru osnovu za razastiranje i zbijanje asfalt-
betona .

Ukratko, da bi projekat sa asfalt-betonom u punoj
visini zastora bio prihvatljiv, mora da ispuni dva uslova:

1. smanjenje elastinosti oslanjanja koloseka i
smanjenje poprec¢ne i poduzne stabilnosti mora biti u
prihvatljivim granicama;

2. potreba za podeSavanje geometrije i za
rekonstrukciju mora se iskljuciti.
Zahtevana debljina  asfalt-betona  zavisi od

osovinskog optere¢enja, gustine saobracaja i krutosti
planuma. Tipi¢ni projekti u SAD koriste od 10 do 20 cm
debeo sloj asfalt-betona samo u donjem delu zastorne
prizme sa 12,5 do 25 cm tucanika do osnove praga.
Primena asfalt-betona u SAD, u najvide slu€ajeva, jeste
prilikom rehabilitacije kratkih deonica koloseka kao Sto
su ukrstaji, skretnice, prilazi mostu, tunelske podloge i
ukrstaji s putevima u nivou i ta mesta su Ccesto
problemati¢na za odrzavanje [9].

5.4 Stabilizacija kliziSta

Stabilizacija deonica koloseka s potencijalnim
klizistem je bitna jer kliziSta naruSavaju planum pruge.
Poremecaji mogu biti grupisani na slede¢im mestima:
kosine useka; kosine nasipa; podloga nasipa; planum
pruge.

Poremecaj ili kretanje kosina useka, formiranih za
vreme izgradnje pruge, mogu prouzrokovati pomeranje i
u planumu pruge i prekid saobracaja, nanosima zemlje i
stena na prugu. Problem stabilnosti obi¢no nastaje od
vode unutar njih, delovanjem pritiska i smanjenjem
otpornosti na smicanje. ReSenja ukljucuju jednu
mogucnost ili viSe slede¢ih mogucnosti: skrenuti vodu
koja dolazi odozgo, 5to je moguce viSe; postaviti

— Track resiliency is reduced because asphalt-
concrete has a higher modulus than ballast, but most of
the resiliency gives the formation;

— Effectively shed water coming onto the track;

— Tamping is not possible with asphalt-concrete in
full-depth ballast and track vertical geometry will be
difficult;

— For a given ballast thickness, asphalt-concrete will
reduce stress on bottom layers as long as it remains
undamaged that means the cracking must be prevented
by proper design;

— Frost protection will be provided;

— Vegetation growth will not be promoted;

— Noise absorption and vibration attenuation will be
affected;

— Track renewal will be much more difficult and
expensive.

For the formation:

— On the stress reduction can be influenced by
proper design;

— Frost protection could be less with the asphalt-
concrete if the layer depth is less than the ballast depth,
because of the better load spreading;

— Interpenetration of ballast and formation grains will
be eliminated;

— "Pumping up" of fines from the other substructure
layers will be prevented;

— Formation attrition by ballast is eliminated;

— Water shedding is provided.

A granular drainage layer beneath the asphalt-
concrete, rather than directly on the formation, might be
desirable, because it also provides a good bed for
placing and compacting the asphalt.

In summary, two conditions must be met for the
asphalt-concrete in full-depth ballast design to be viable:

— Track resiliency reduction and the lateral and
longitudinal stability reduction must be within acceptable
limits;

— The need for geometry adjustment and renewal
must be eliminated.

The required thickness of the asphalt-concrete layer
depends on the axle loads, the traffic amount and the
formation stiffness. Typical designs in USA have used
thickness of 10-20cm in ballast bottom with 12.5-25cm of
ballast to the sleeper bottom. The majority of asphalt-
concrete application at USA railway lines have been for
rehabilitation short track sections such as turnouts,
crossings, bridge approaches, tunnel floors and level
crossings, because these are maintenance problematic
areas [9].

5.4 Slip stabilization

The stabilization of track sections with potential slip
failures is essential, because they will affect track
formation. The failure location may be grouped as: cut
slopes, embankment slopes, embankment foundation
and track formation.

Failure or movement of cut slopes, formed by track
building, can cause movement of the track formation and
interrupt traffic by depositing earth and rock on the track.
The stability problem usually arises from water within the
slope exerting pressure and decreasing the shearing
resistance. The solutions include one or more of the
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drenaze unutar kosine; ublaziti kosinu; dodati ankere ili
potporne konstrukcije. Useci u ekspanzivnim glinama
mogu izazvati poteSkoce zbog rastereéenja pri
uklanjanju zemlje, u kombinaciji sa izlaganjem ciklusima
vlazenja i suSenja. Tada je potrebna zastita od promene
vlaznosti ili ublazenje kosina.

Poremeéaj unutar postojeCeg nasipa obi¢no je
rezultat prodiranja vode usled jakih padavina i poplava,
koje smanjuju nosivost tla na smicanje i povecavaju
tezinu. Zastita od velikih padavina je odvodnjavanje
nasipa. Tamo gde se oCekuje poplava, kosine mogu biti
ublazene ili se prave berme da obezbede odgovarajuci
faktor sigurnosti od poremecaja. Alternativho, moze biti
potrebno ojaCanje dodavanjem potpornih zastitnih
konstrukcija. Erozija postojeéih kosina nasipa takode
smanjuje njihovu sigurnost, pa je pozZeljna preventivna
zastita.

Poremecéaj podloge nasipa ¢es¢i je kod novih pruga,
jer konsolidacija tla s vremenom pod tezinom nasipa
poveCava njegovu otpornost. Medutim, povecane
padavine i poplave mogu oslabiti osnovu nasipa i
kasnije, pa ¢e ublazenje kosina i ugradnja bermi takode
smanijiti ove potencijalne poremecajne sile.

Najkriti¢nija moguéa situacija postoji kada je nasip na
padini. Pomeranje nasipa moze da se desi klizanjem
nizbrdo po povrSinama kroz nasip ili kroz tlo unutar
padine, s pretpostavkom da su stepenasti zaseci bili
koriSc¢eni da zadrze nasip na padini. To pomeranje moze
nekada pocCeti odmah nakon izgradnje pruge, a
verovatnije kao rezultat promena u uslovima povrsinskog
ili podzemnog odvodnjavanja. Ovaj problem mora da se
reSi pre nego Sto se poremecaj desi — obezbedenjem
pravilnog odvodnjavanja.

5.5 Ugradnja zastitnog sloja

Ako planum ne ispunjava postavljene zahteve,
potreban je =zastitni sloj odgovarajuée debljine od
Sljunkovito-peskovitog materijala odredene granulacije.
U suprotnom, takvo stanje planuma vodilo bi veéim
troSkovima odrzavanja geometrije koloseka, smanjenju
veka trajanja cele pruge, smanjenju brzina vozova i tako
dalje.

Zastitni sloj ugraduje se sa slede¢im zadacima:

e nosivi sloj (raspodelom optereéenja na vecu
povrsinu, Stiti doniji stroj od prevelikog naprezanja);

e zastitni sloj od smrzavanja (efektom toplotne
izolacije, Stiti tlo ispod planuma, osetljivo na mraz);

o filtrirajuci i razdvajajuéi sloj (spre€avanjem mesanja
zastora s donjim strojem, kao i spre€avanjem migracije
finih Cestica u zastor);

e izravnavaju¢i sloj (ako je kolosek oslonjen
neujednaceno i neogovarajuc¢eg bo¢nog nagiba);

o pokrivajuci sloj (sa smanjenom
vodopropustljivoséu §titi tlo osetljivo na vodu od
povrsinskih voda);

e sloj za spre€avanje habanja planuma od strane
zastora;

¢ sloj za ublazavanje vibracija od vozila, koloseka i
zemljanog trupa.

Zastitni sloj treba da ima sledece karakteristike:

— uglavnom vodonepropustan ili vodopropustan u
odredenim granicama, tako da najveéi deo vode otece
po planumu;

following possibilities: divert water coming from above to
the extent possible, install drains within the slope, flatten
the slope, add anchors or retaining structures. Cuts in
expansive clays can give difficulties, because of
unloading from soil removal combined with exposure to
wetting and drying cycles. Protection from moisture
change or slope flattening may be required.

Failure within existing embankments usually results
from water infiltration by heavy rainfall or flooding, which
reduces the soil shear strength and increases its weight.
Drainage of the embankment protects from the heavy
rainfall. In areas where flooding is expected, the slopes
have to be flattened or have berms to provide an
adequate safety factor against failure. Alternatively,
strengthening through the additional of retaining
structures may be necessary. Erosion of existing
embankment slopes will also decrease their safety factor
and slope preventive protection must be provided.

Failure of the embankment foundation is more
usually with new track construction, since consolidation
of the soil under the embankment weight will increase
the foundation strength over time. However, increasing
rainfall or flooding could weaken the foundation strength
at a later time, so the flattened slopes and berms will
reduce this potential force of failure as well.

The most critical situation exists when the
embankment is on the side of a hill. Embankment
movement could occur downhill along embankment
surfaces or through the soil within hill, assuming that
benches are used to key the embankment into the hill.
This movement may begin after track construction, but
probably as a result of changes in surface or subsurface
drainage conditions. This problem must be corrected
before failure occurs by providing proper drainage.

5.5 Insertion of protective layer

If the track formation does not satisfy the stated
requirements, the protective layer of appropriate
thickness made of gravel-sand material definite grading
is needed. Otherwise, such formation state would lead to
high costs of track geometry maintenance, decrease of
track life cycle, reduction the train speeds and so on.

The formation protective layer is inserted to fulfil the
following functions:

e Supporting layer (by load distribution effect protects
the subsoil from too high stress);

o Frost protective layer (by its thermal insulating
effect protects frost sensitive soils bellow the formation);

e Filtering and separating layer (by preventing the
ballast from mixing in with substructure and fines from
rising into the ballast);

e Equalizing layer (if track is supported unevenly and
with unsuitable cross fall);

e Covering layer (with low water permeability
protects soils sensitive to water from surface water);

o Attrition prevention layer (against ballast attrition);

¢ Vibration attenuation layer (from vehicle, track and
subsoil).

Protective layer would have the following
characteristics:

— Mostly impermeable to water or permeable to
such extend that the majority of the water runs off the
formation;
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— filterski stabilan prema donjem stroju ili tlu, inace
mu se poveca debljina za 10cm ili se doda geotekstil;

— elasti€nost (modul elasti¢nosti), Sto ujednacenije
od zastora ka donjem stroju;

— pri debljini preko 30cm, ugraduje se i zbija u dva
sloja;

— ftrajan na abraziju i drobljenje.

Geometrijski zahtevi za za$titni sloj, odnosno
planum:

— minimalne debljine 20 cm;

— bo¢ni nagib najmanje 1:25-1:20 ili 4-5% s
tolerancijom od 0,5%;

— ne sme da odstupa vise od 2 cm od
projektovanog polozaja;

— mora biti ravan u poduznom pravcu (€2 cm na
osnovici duzine 4 m), ne sme da ima ulegnuca i
kolotrage, odnosno debljina zastora treba da je
konstantna;

— na nasipima se izvodi do ivice kosine, a u usecima
do sistema za poduzno odvodnjavanje.

Slika 3 [10] poredi raspodelu naprezanja na planum
kod koloseka sa zastitnim slojem i bez njega.

Flanum

J—e
7/, Fomaten,

— Filter stable against substructure or subsoil,
otherwise should be ticker by 10cm or a geotextile
should be inserted;

— Elasticity (modulus of elasticity) as uniform as
possible from the ballast to the subsoil;

— Thicker than 30cm, have to be laid and
compacted in two layers;

— Durable against attrition and crumble.

The following geometrical requirements have to be
met by the protective layer, i.e. formation:

— Minimum thickness to be inserted is 20cm;

— Cross inclination of at least 1:25 — 1:20 or 4-5%
with a tolerance of 0.5%;

— Must not deviate by more than +2cm from the
design position;

— Must be plane in longitudinal direction (£2cm on
the basis of 4m), without any troughs or traffic traces, in
other words must be of uniform thickness;

— On embankments must be up to edge of the slope
and in cuts up to longitudinal drainage system.

Figure 3 [10] compares the pressure distribution on
formation by the track with and without protective layer.

Flanum

ﬂ, Formation,

Slika 3. Raspodela naprezanja na planum sa zastitnim slojem i bez njega
Figure 3. Pressure distribution on formation with and without protective layer

Slika pokazuje da je pritisak na planum bez zastitnog
sloja mnogo veéi i postavljaju se visoki zahtevi za
nosivost tla. Cestice tla se penju i prljaju zastor, ugao
rasprostiranja pritiska se smanjuje i pritisak na donji stroj
se povecava. Usled zaprljanosti zastora, opada trajnost
efekta podbijanja, pa ono mora ¢ed¢e da se sprovodi. U
slu¢aju sa zastitnim slojem, voda ¢ée putem njega biti
odvodena i nece kvasiti donji stroj. Poveéana debljina
spreCava Stete od zamrzavanja. Zastitni sloj kao filter
spreCava penjanje finih ¢estica tla. Trajnost podbijanja je
velika, zastor se rede disti..

5.5.1 Dimenzionisanje zastitnog sloja kao nosecéeg

Da bi zastitni sloj sluzio kao konstruktivni materijal,
mora da ima dovoljno veliki modul elasti¢nosti i stabilnu
akumulaciju plasti¢nih deformacija pod ponavljanim
opterecenjem tockova. Debljina zastitnog sloja mora se
birati tako da postigne zahtevanu nosivost planuma. Kod
tla osetljivog na mraz, treba ugraditi sloj za zastitu od
mraza.

Tabela 3 daje pregled zahteva za zastitni sloj
planuma i pokazuje kako ih odrediti [5].

The figure shows that the pressure on the formation
without protective layer is much higher and this makes
high demands on the bearing capacity of the soil. Sail
fines coming up contaminate the ballast, the pressure
propagation angle is reduced and the pressure on the
subsoil increases. As the ballast is contaminated, the
durability of tamping decreases and the cleaning has to
be performed more frequently. In the case with
protective layer the water is led away through it and
cannot soak into the subsoil. The increased thickness
prevents frost damage. The protective layer as a filter
prevents soil fines from rising. The tamping durability is
high, ballast cleaning becomes less frequently.

5.5.1 Protective layer dimensioning as the bearing layer

To serve like constructive material, the formation
protective layer have to be of high enough modulus of
elasticity and the stable plastic deformation accumula-
tion under the repeated wheels load. The thickness is
chosen in such way as to achieve the required bearing
capacity of the formation. By the soil sensitive to frost, a
frost protective layer has to be inserted.

Table 3 gives a summary of the requirements for the
formation protective layer and shows how to prove its
suitability [5].
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Tabela 3. Zahtevi za zastitni sloj planuma
Table 3. Track formation requiremants

osobine zahtevi ispitivanje
properties requirements test / assessment
Proktorov opit/Proctor test
zbijenost/density opit pritiska plo€om/plate load test
nosivost opit sa padanjem tereta/

nosivost/bearing capacity

bearing capacity elasti¢nost/elasticity

light hammer
elasti¢na deformacija/

elastic deformation

zbijenost/density Proktorov opit/Proctor test
sleganje minimizirana veli¢ina upljina/ n, <15%
settlement minimized pore space dupli Proktorov opit/

bez habanja/no wear double Proctor test

mali udeo zrna/small portion of grains
d<0,063mm (<5%)
dobro odvodnjavanje/good drainage
prekid kapilarnog penjanja/
capillary breaking

otpornost na mraz
resistance to frost

kriva granulometrijskog sastava/
grading curve

filterska pravilaffilter rules
bez prenosa finih Eestica/
no fines transportation

granulometrijski sastav/
grain distribution
filterska pravila/filter rules

filtersko dejstvo
filtering effect

elasti¢nost Sto vedi procenat zrna kvarcnog peska/ merenje ugiba praga/

elasticity

highest possible portion of quartz sand

measurement of the sleeper settlement

Prema [5] preporucuje se slededi kriterijum za modul
deformacije i zbijenost zastitnog sloja po Proktoru:

— zanove pruge: Ey2= 120 MN/m? Dpr2 1.03

— za postojece pruge: Ev2= 80 MN/m? Dp,2 0.97

Dozvoljeno naprezanje na zastitni sloj, odnosno doniji
stroj, OGgozv MOZe se izraziti empirijskom formulom
prema Klompu [5]:

Gdozv = 0,006 Egin/(1+0,7 logN)

gde je:

Edin [MN/m?] — dinamicki modul elasti¢nosti zastitnog
sloja odnosno donjeg stroja,

N — broj prelazaka opterecenja za vreme kriticnog
perioda (kod tla osetljivog na vodu i mraz to su periodi
kiSa i otapanja).

Kod poznatog modula deformacije E,, dinamicki
modul deformacije nevezanog tla moze se uzeti kao:
Edin = 1,2 - 2,5 Evz.

Tabela 4 [5] pokazuje orjentacione Kkoeficijente
posteljice, dinami¢ki modul elasti¢nosti i dozvoljena
naprezanja na pritisak zastitnog sloja za razli¢ita tla,
zavisno od broja ponavljanja opterecenja, kada je zastor
debljine 30cm i modula deformacije 150MN/m?.

Nosivost se ocenjuje statickim modulom deformacije
Ev2, koji se odreduje opitom plo€om i dinamickim
modulom deformacije Egin, koji se odreduje opitom s
padajuéim teretom. Otuda, da bi se debljina zastitnog
sloja odredila, moraju biti poznati sledeé¢i moduli
deformacije: modul deformacije planuma tla E,q,
sopstveni modul deformacije zastitnog sloja E,,, te
modul deformacije planuma pruge Ep. Sopstveni modul
deformacije zastitnog sloja kod adekvatne raspodele
zrna i zbijenosti zastitnog sloja moze da se usvoji od 150

According to [5] the following criterion for modulus of
deformation and Proctor's density is recommended:

— For the new tracks: E,»2 120 MN/m® Dp,> 1.03

— For the existing tracks: E,, =2 80 MN/m?  Dp, 2
0.97

The admissible pressure cadm on formation protective
layer, i. e. subsoil can be empirically determined
according Klompp's formula [5]:

[MN/m?]

where are:

Egn [MN/m?] — modulus of dynamic elasticity of
formation protective layer, i. e. subsoil

N — number of load alternations during the critical
period (rain and thaw periods for soils sensitive to water
and frost)

When the modulus of deformation E,, is known, the
modulus of dynamic elasticity of incoherent soils may be
assumed as: Egin=1,2-2,5 E\».

Table 4 shows the approximate bed -coefficient,
modulus of dynamic elasticity and admissible
compressive strain of different soils depending on the
number of load repetitions for the ballast thickness of
30cm and the modulus of elasticity of 150 MN/m?.

The bearing capacity is assessed by modulus of
static deformation E,, which is determined in plate load
test, and modulus of dynamic deformation E,q which
determined in drop hammer test. From there, to deter-
mine the thickness of the formation protective layer, the
following modules of deformation should be known: the
modulus of deformation of the earth formation E,, the
modulus of natural deformation of the protective layer
E., and the modulus of deformation of the formation E;x.
The modulus of natural deformation of the protective
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do 200 MN/m?. Modul deformacije planuma tla zavisi od
sadrzaja vode tla. Nosivost planuma tla je za vreme
otapanja u prole¢e najmanja i tada veliki znacaj ima
ugradeni sistem odvodnjavanja. Minimalna vrednost
modula deformacije planuma tla moze vrlo teSko merno
da se odredi, te se radi s proracunskim vrednostima. U
tabeli 5 date su orijentacione vrednosti zavisne od
materijala tla i hidroloskih uslova [5].

layer by proper grain distribution and density may be
assumed as 150 - 200 MN/m?. The modulus of defor-
mation of the earth formation depends on the water
content. The bearing capacity is lowest during the thaw
in spring, and then the drainage system becomes
enormously important. The minimum modulus of defor-
mation of the earth formation is very hard to determine
by measures and, therefore, calculated values are
applied. In Table 5 the approximate values, depending
on the type of soil and hydrological cases, are given [5].

Tabela 4. Koeficijenti posteljice, dinamicki modul elastiénosti i dozvoljena naprezanja na pritisak

zastitnog sloja za razlicita tla, zavisno od broja ponavijanja opterecenja
Table 4. Bed coefficient, modulus of dynamic elasticity and admissible compressive
strain of different soils depending on the number of load repetitions

ifikacii Gaam[N/cm?]
Hasifikacia ta/ ¢ [Nfem?] Ean=1,2-2,5Ew - -
Oll classirtication N=10 N=10
3 10 1,2 1
loSe/bad :
4 20 2,4 2
srednje/medium 7 50 5,8 51
9 80 9,6 8,1
dobro/good ' '
0bro’goo 11 100 10,2 10

Tabela 5. Orjentacione vrednosti modula deformacije planuma tla zavisno od materijala tla i hidroloskih uslova
Table 5. Approximate modulus of deformation of the earth formation depending on type of soil and hydrological cases

dodatni zahtevi za moduli deformacije/
vrsta tla udeo zrna/additional modulus of deformation
tvpe of soil requirement grain Ev1 [MN/mZ]
yp share HidroloSki slu¢ajevi/hydrological cases
d<0,Tmm
1 2 3
muIJ.eV|t ili glinovit Sljunak/ 10-20% 60 30 20
silty or clayey gravel
muIJngt ili glinovit pesak/ 10-20% 50 25 20
silty or clayey sand
jako muljevit ili glinovit Sljunak odn. 20-30% 40 20 15
pesak/
highly silty or clayey gravel e.i. sand >30% 30 15 10
quo plastlcm 25 15 10
slightly plastic
mulj ili glina/ srednje plasti¢ni
silt or clay medium plastic 25 15 10
jako plastlgnl 20 15 10
very plastic

Hidrolo$ki slu¢ajevi/Hydrological cases:

1 — nema dodatnog natapanja, nenacet planum / no additional soaking, integer formation
2 — povremeno natapane, lo$e oticanje vode / occasional soaking, bad water drainage
3 — stalno natapanje, bez oticanja vode / permanent soaking, no water drainage

Pri izrazito maloj nosivosti planuma tla, kada je Ey1 <
10 MN/m?, najbolje je sprovesti zamenu tla. Debljina
zastitnog sloja planuma pruge mozZe se dimenzionisati
zavisno od predvidene brzine na pruzi i nosivosti
(modula deformacije) planuma tla, prema dijagamu na
slici 4 [5].

When the bearing capacity of the earth formation is
very low, when it is Ey1 < 10 MN/mz, it is advisable to
replace the soil. According the Figure 4 [5], the thickness
of the track formation protective layer can be dimen-
sioned depending on target line speed and the bearing
capacity (modulus of deformation) of the earth formation.
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Slika 4. Dimenzionisanje debljine zastitnog sloja planuma pruge
Figure 4. Dimensioning the thickness of track formation protective layer

Prema standardima nemackih Zeleznica [6], s
poznatom vredno$¢u modula deformacije planuma tla
E,1 i zahtevanog modula deformacije zastitnog sloja E,»,
putem dijagrama na slici 5, mozZe se odrediti minimalna
debljina zastitnog sloja.

Furthermore, according to DB standards [6], with
known value of the modulus of deformation of the earth
formation E,; and required value of modulus of
deformation of the protective layer E,,, with help of the
diagrams in the Figure 5, the minimum protective layer
thickness can be determined.

250

&‘; //
|1

~ 200 L~
g 180 "//1/
= - P
g . \h‘}l/ k3 //
L. 150 AT

) o ,60 W {(‘\l // |

120 Iz A \}.\\f : >

100 < g/mi" W =

:g L~ -~ < 5’50'45 ‘-(3 L —1

b W

70 |

60 = - - L1 1 | l 2 ’__....--"'"""

[E8 | e _.__/ o 10 MN':"‘\:‘__

w0l L1 41 (2

s 1A T

1wk ]

° 015 0.20 0.45 0.60 075 h([m]

Slika 5. Odredivanje minimalne debljine zastitnog sloja iz poznatog E,+ i zahtevanog E.»
Figure 5. Determination the minimum protective layer thickness from known E,; and required E,

ORE komitet D117 [1], na osnovu velikih serija
merenja i proracuna, dao je traZzenu ukupnu debljinu,
koja se sastoji od 25 cm zastora i jednog ili viSe
meduslojeva ispod njega. Na slici 6 prikazane su krive
koje se koriste na raznim Zeleznicama (DB, SNCF,
SBB), na osnovu CBR indeksa. Slika takode ukazuje i
na razne nacine klasifikacije tla, kao sto je putem CBR
indeksa, modula elasti¢nosti i prema UIC preporuci
719R.

ORE Committee D117 [1], on the basis of the major
series of measures and calculations, gives the desired
total depth consisting of a 25cm ballast layer and one or
more intermediate layers below it. In the Figure 6, the
curves used by various railways (DB, SNCF, SBB)
based on the CBR (California Bearing Ratio) index, are
plotted. Figure 6 also indicates the various scales for
classification of soils, such as CBR, modulus of
deformation, and according to UIC leaflet 719R.
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Slika 6. Podaci iz ORE D117
Figure 6. Data from ORE D117

Jo$ jedan nalin odredivanja preporucene debljine
zastitnog sloja zajedno sa zastorom, zavisno od
koeficijenta posteljice zastora ¢ i geometrije pragova, dat
je u tabeli 6 [5].

One more way of determination the recommended
thickness of the protective layer together with ballast bed
related to the coefficient of ballast ¢ and the sleeper
geometry is given in the Table 6 [5].

Tabela 6. Debljina zastitnog sloja + zastor zavisno od koeficijenta posteljice zastora ¢ i geometrije pragova
Table 6. Thickness of protective layer+ballast related to the coefficient of ballast ¢ and the sleeper geometry

raqovi osovinsko opterecenje
L axle load 200 250 300
i [kN]
duzina razmak 3
lenght spacing c[kN/cm"] 50 100 50 100 50 100
debljina (zastor+zastitni sloj)
240 55 thickness (ballast+protective layer) 60 30 80 45 100 65
[cm]
debljina (zastor+zastitni sloj)
260 55 thickness(ballast+protective layer) 45 30 65 35 80 50
[cm]
Linija prosejavanja materijala zaStithog sloja The wusual grain mixture applied for formation

planuma pruge prikazana je na slici 7 [5]. Srafirano
podrucje je dozvoljeno podrucje prosejavanja prema DB
propisima. Za izradu planuma u sluc¢aju tla osetljivih na
vodu, njegov zastitni sloj treba da je od vodonepropusne
mesSavine zrna KG1, koja ima najve¢i modul deformacije
od 250 MN/m?.

protective layer is represented in Figure 7 [5]. In the
shaded surface have to be the scatter of admissible
grading curves according to DB regulations. For the
formation construction in the case of water sensitive
soils, its protective layer would consist of the water
impermeable grain mixture KG1, which has the highest
modulus of deformation of 250 MN/m?Z.
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Slika 7. Me$avina za zastitni sloj planuma pruge
Figure 7. Grain mixture for formation protective layer

5.5.2 Uloga odvodnjavanja i filterska stabilnost za&titnog
sloja

Materijal zastithog sloja treba da bude takvog
sastava zrna i zbijenosti da spreci migracije i prodiranje
Cestica tla u =zastor, dok voda moze da prolazi
(razdvajaju¢a uloga zastitnog sloja). To ¢ée se ostvariti
kada stepen neujednacenosti zrna zastitnog sloja bude
preko 15 i kad filtersko pravilo po Tercagiju (slika 8 [5])
bude ispunjeno poznatim odnosom:

5.5.2 Protective layer drainage and filter stability roles

The protective layer material has to be of such grain
mixture and density to prevent the soil fines migration
and penetration in the ballast, while the water can pass
through (separating effect of protective layer). This is
achieved by the grains irregularity degree of U = deo/d10
2 15 and by fulfilled the filter role of Terzaghi (Figure 8
[5]), with the known relation:

D15 <4 % dgs

Time je krupnoca zrna kao filtera ograni¢ena s gornje
strane i spre€ena je kontaktna erozija. Ako ovaj uslov ne
mozZe da se ispuni, mogu se primeniti geosintetici kao
razdvajajudi, filtrirajuéi i odvodnjavajuci element.

Osim uobiCajenog odvodnjavanja, kod ZelezniCkih
linijja u zonama vodozastite, u okviru posebnog projekta,
primenjuju se i prostirke za zaptivanje u zastithom sloju
planuma.

Pri tome, zastitni sloj kao filter mora da ima
vodopropustljivost ve¢u od planuma. Brzina protoka ne
sme biti toliko velika da Cestice budu isprane, i to je
filterska stabilnost (filterska uloga zastitnog sloja), Sto je
zadovoljeno ako je:

This limits the filter grain upwards and by this way
the contact erosion is avoided. If this cannot be met,
geosynthetic acting as a separating, filtering and
draining element may be used.

By railway lines in water-protected zones, except the
usual drainage system, the water-block mats would be
inserted in the formation protective layer within the
separate design.

Furthermore, the protective layer as a filter must to
have permeability to water better than formation. The
flow rate must not be so high that soil particles are
rinsed out and this is hydraulic filter stability (filtering
effect of protective layer), which is fulfilled if:

Dis 24 xdys

To znadi da precnik zrna zastora D45 mora biti veci
od Cetvorostrukog pre€nika zrna zastitnog sloja ds i da
linija prosejavanja sece liniju AB (pogledati sliku 8).
Ovim odnosom krupno¢a zrna zastitnog sloja je
ograni¢ena s donje strane, ¢ime je obezbedeno da je tlo
ispod zasticeno i efikasno odvodnjavano.

U slu€aju da ovaj uslov nije ispunjen, mozZe se
koristiti dvoslojna zastorna prizma: gornji sloj krupniji -
da odgovara zastoru a donji sitniji - da odgovara
planumu (obi¢no pesak), ali odnos ta dva sloja mora da

This means that the grain size of ballast D1s must be
larger than the fourfold grain size of formation protective
layer dis and the grading curve intersects the AB line
(see Figure 8). The lower size of protective layer is
limited by this relation and this guaranteed that the soil
below is protected and drained effectively.

If this requirement may not be fulfilled, the two-
layered protective layer can be used: on top coarse-
grained to suit the ballast bed and on bottom fine-
grained (usually sand) to suit formation, but the
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zadovolji filtersko pravilo po Tercagiju. Pri tome, poCetna
granulacija mora da ostane stabilna kroz vreme.

relationship between these two layers must fulfil the
Terzaghi's rule. In addition, the initial grain sizes should
be stable in time.

LINLIE PROSEJAVANJA
GRADING CURVES
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Slika 8. Filtersko pravilo po Tercagiju za zastitni sloj planuma pruge
Figure 8. Filter role of Terzaghi for formation protective layer

5.5.3 Dimenzionisanje zastitnog sloja za zastitu od
zamrzavanja

Problem zamrzavanja-odmrzavanja-omeksavanja tla
ispod pruge dovodi do znacajnih i neujednacenih
vertikalnih  pomeranja koloseka i ubrzava njegovo
propadanje. Otuda, ako je tlo osetljivo na zamrzavanje,
treba sprovesti dimenzionisanje za$tithog sloja za
sigurnost tla od mraza. Pritom treba razlikovati potpunu i
delimi¢nu sigurnost od mraza. Delimi¢na sigurnost znaci
da je pri jakim zimama dozvoljeno ograni¢eno prodiranje
mraza u tlo. Potpuna sigurnost od mraza propisana je za
novoizgradene pruge, pruge za velike brzine i pruge s
kolosekom na C¢vrstoj podlozi. Za sve ostale pruge
dozvoljava se delimi¢na sigurnost od mraza.

Osetljivost na mraz zavisi od:

— indeksa zamrzavanja kao zbira proizvoda dana s
mrazom i temperature zamrzavanja tokom jednog
perioda zamrzavanja;

— stepena neujednacgenosti oblika zrna U=dgo/d10,

— kapilarnosti tla ( kapilarnog penjanja vode).

Razlikuju se tri klase osetljivosti tla na zamrzavanje
(dijagram na slici 9 [5]):

F1 — neosetljivo na zamrzavanje;

F2 — mala do srednja osetljivost tla na zamrzavanije;

F3 — vrlo osetljivo na zamrzavanje.

5.5.3 Protective layer dimensioning as the frost

protection
The freeze-thaw-softening track subsoil problem
leads to the significant and differential vertical

displacements of track and accelerates its deterioration.
So, if the soil is frost sensitive, the protective layer must
be dimensioned to the frost safety. There is a distinction
between full and partial frost safety. Partial frost safety
means that a limited frost penetration in the soil is
admitted in severe winters. Full frost safety is prescribed
for new lines, high-speed lines and ballastless tracks.
For all other types of lines the partial frost safety is
admissible.

The sensitivity to frost depends on:

— frost index as the sum of the products of frost
days and the frost temperature within a frost period,

— degree of irregularity,

— soil capillarity.

There are three classes of sensitivity to frost (Figure
9 [5]):

F1 — no sensitivity to frost

F2 — low to medium sensitivity to frost (silty and
clayey gravel and sand, depending on their degree of
irregularity and the share of fines with d<0.063mm in
percents in weight)

F3 — high sensitivity to frost
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Malu, srednju do visoku osetljivost na zamrzavanje
imaju muljevit i glinovit Sljunak i pesak, zavisno od
indeksa neujednacenosti U i procenta udela u tezini finih
Cestica sa d<0,063mm, prema slici 9.

tezina %
weight %
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Low, medium to high sensitivity to frost has silty and
clayey gravel and sand, depending on their degree of
irregularity and the share of fines with d<0,063mm in
percents in weight according to Figure 9.
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Slika 9. Klase osetljivosti tla na zamrzavanje
Figure 9. Classes of sensitivity to frost

Planum osetljiv na mraz takode moze da se zastiti
ugradnjom termoizolacionog sloja (toplotne brane). Za to
su pogodni noseci slojevi od lakog betona gustoce oko
600 kg/m3 debljine izmedu 16 i 20 cm i ploCe od tvrde
penaste plastike gustoce >30 kg/m3 debljine 5 do 10 cm
sa slojem peska debljine oko 10 cm odozgo za zastitu
od proboja zrnima zastora, zavisno od konstrukcije
koloseka i klimatskih uslova. Ta mera se moze sprovesti
u okviru CiScenja zastora specijalnim masSinama za
CiS¢enje ili saniranje planuma. Kada se ove ploCe
kombinuju s geotekstilom, smanjuje se buka do 5 dB i
prenos vibracija u doniji stroj za 20 do 45%.

Kada zastor lezi preko ¢vrste (betonske ili stenske)
podloge, mora se predvideti medusloj za apsorpciju
udara (npr. elasti¢na podzastorna prostirka), kako bi se
ublazilo njegovo sitnjenje pod tokovima Sinskih vozila.

PVC folije debljine 2 mm mogu biti korisne kada je
planum ve¢ raskvasen i jako zbijen, posebno pri
dubokim zastornim vre¢ama.

5.6 Ugradnja geosintetickih materijala

GeosintetiCki materijali treba da doprinose smanjenju
naprezanja i deformacija i poboljSanju nosivosti i trajnosti
zastitnog sloja planuma. Oni se obi¢no ugraduju izmedu
tla i zastitnog sloja ili sloja za zastitu planuma od mraza,
polazu se na zbijeni i isplanirani planum i pokrivaju
za8titnim  materijalom. Oni treba da ispunjavaju
mehani¢ke i hidrauliCke zahteve i treba da sprece
pumpanije finih ¢estica tla nagore.

GeosintetiCke materijale treba primenjivati ako:

— filterska stabilnost ne postoji izmedu tla i zastitnog
sloja;

— odvodnjavanje bo&nim nagibom planuma tla nije
dovoljno;

Formation sensitive to frost may also be protected by
the insertion of thermal insulating layers (barriers).
Supporting layers of foam concrete with density of about
600 kg/m” of thickness between 16-20cm and plastic
foam slabs with density of = 30 kg/m3 of thickness
between 5-10cm and protective sand layer on it of at
least 10cm against crashing by the ballast, depending on
the track structure and climatic conditions, are suitable
for this. These works may be carried out during
formation cleaning or improvement measures. When
these frost protective layers are combined with
geotextiles the noise level is decreased by least of 5dB
and vibration transfer in substructure by 20-45%.

When the ballast lies on solid (concrete or rock)
layers, shock-absorbing layers such as elastic mats
against crushing the ballast grains under the ftrain
wheels, have to be provided.

PVC foils of thickness of 2mm can be useful, when
the formation is already soaking and strongly
consolidated, especially with dip ballast troughs.

5.6 Geosintetic products implementation

Geosintetics contribute to a reduction of stress and
deformation, so as to improve and maintain the bearing
capacity of formation protective layer. They are usually
inserted between the subsoil and the formation or frost
protective layer, on the compacted and regulated
formation and covered by the protective materials. They
have to fulfil the mechanical and hydraulic requirements
and to prevent soil fines being pumped up.

Geosintetics should be applied if:

— filter stability between subsoil and protective layer
do not exists,

— water drainage by cross fall of the earth formation
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— postoje mesta sa smanjenom nosivo$éu planuma
tla;

— treba poboljSati dugovremensko ponasanje donjeg
stroja na jako opterec¢enim prugama.

Vrste geosintetika i njihove funkcije jesu:

— geotekstili: razdvajanje, filtracija, prenos, ojacanje;
geomembrane: izolacija, razdvajanje, ojacanje;
georeSetke: ojacanje;
geomrezZe: prenos;

— geosace: ojaCanje;

— vezani (kombinovani) materijali.

GeosintetiCki materijali se uglavnom proizvode od
poliestera, polipropilena ili polietilena.

U tabeli 7 skuplijeni su zahtevi za geosinteticke
materijale prema tehni¢kim uslovima isporuke na DB [5].

is not sufficient,

— there are areas with low bearing capacity in the
earth formation,

— long-term behaviour of substructure on high-
density lines has to be improved.

The types of geosintetics and their functions are:

o Geotextiles: separation, filtration, transmission,
reinforcement;
o Geomembranes: isolation, separation,

reinforcement;

e Geogrides: reinforcement;

e Geonets: transmission;

e Geowebs: reinforcement;

e Geocomposites: combinations.

Geosintetics are mainly of polyester, polypropylene
or polyethylene.

Table 7 gives a summary of the requirements to be
met by geosintetics according to the technical terms of
delivery of the DB [5].

Tabela 7. Zahtevi za geosintetike
Table 7. Requirements for geosintetics

o najveca vodopropustljivost sila
najveca S.I|a rastegljivost permeability to water proboja
sahtevi masa Zate_zanja maximl:lm [m/s] plunger
requirements maszs maximum elongatlor) puncture
[g/m7] tensile force | under tensile K K force
v h
[kN/m] stress [kN]
[%]
filter 3
filter 100 - 250 =10 >21,0
razdvojno-filterski sloj
zast.sloja planuma
pruge =30 3 3
separating-filtering layer 2300 216 <40 210 210 22,0
of the track formation
protective layer
razdvojno-filterski sloj > 400 > 16 <85
planuma tla > 200 > 40 <25 > 1073 22,0
separating-filtering layer
of earth formation
ojaCanje u zastitnim
slojevima
reinforcment of 210 <20
formation protective
layers

Geotekstili se proizvode od mehanicki, termicki ili
hemijski zbijanih izvlacenih vlakana. Oni su obi¢no
pleteni, tkani ili netkani, u obliku prostirki. Mogu da budu
pleteni ili nepleteni. Geotekstil ima viSe moguénosti za
mesto ugradnje: izmedu zastora i planuma, izmedu
zastitnog sloja i podtla, izmedu zastora i zastitnog sloja,
izmedu novog i starog sloja zastora.

Jedna od glavnih primena geotekstila u koloseku
jeste ispunjenje nekih od funkcija zastitnog sloja, bilo da
ga zamenjuje, bilo da ga dopunjuje. U tu svrhu, on treba
prvo da izdrZi napone pri rukovanju i ugradnji i sile
kojima je izlozen tokom eksploatacije, ukljuCujuci
probode &estica zastora, istezanje da bi se prilagodio
nepravilnostima terena, kao i da se odupre pokretima tla.

Geotekstili se obi€no umecu u kontaktnoj zoni,
izmedu zastitnog sloja i podtla, kao razdvojni, filtrirajudi i

Geotextiles are manufactured from mechanically,
thermally or chemically compacted extruded fibers,
which are usually needled, woven or no-woven, in the
form of sheets. Geotextiles have the following
alternatives for the installation place: between ballast
and formation, between protective layer and subsoil,
between ballast and protective layer, between the new
and existing ballast layer.

One of the primary applications of geotextiles in track
is to fulfil some of the functions of protective layer, either
in place of or to assist it. For this purpose it will first
withstand the handling and installation and the forces
encountered in service, including puncturing by ballast
grains, stretching to conform to the surface irregularities
and to resist soil movements.

Geotextiles are usually inserted in contact area
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odvodnjavajuci element, ali ojaCanje na zatezanje ima
ograni¢enja. Sto je manja nosivost tla, sve teZi geotekstil
treba da bude. Ispitivanja pokazuju da vlaknasti tkan
geotekstil zadrzava svoje dobre osobine i da na SNCF-u
uveliko uspesno primenjuju teSke geotekstile. Takode,
pokazalo se da termiCki ojacani getekstili potpuno
zaptivaju, delujuéi kao vodonepropusna membrana.

Vibracije od vozova moraju se uzeti u razmatranje
kada se projektuje koloseCna noseca konstrukcija.
Kriticne vibracije nastale u geosinteti¢kim materijalima u
srednjefrekventnom podrucju jesu oko 40 Hz [5]. Jagina
na zamor geotekstila i veza s tlom (smanjenje
koeficijenta trenja) mogu biti izloZzeni nepovoljnom uticaju
vibracija, posebno pri ve¢im brzinama vozova.

Ugradnja geotekstila je mehanizovana u okviru
postupaka obnove planuma i vrlo je ekonomicna, jer
smanjuje troSkove odrzavanja i obnove koloseka, a Stete
od zamrzavanja tla se izbegavaju. Pri tome bi trebalo da
je geotekstil bar 300 mm ispod dna praga da bi se
izbeglo osStecenje pri podbijanju, kao i poremecaji od
CiS¢enja zastora. Gradevinska mehanizacija ne sme da
se vozi preko geotekstila. Treba obezbediti glatku
povr§inu na koju se polaZze, bez ostrih objekata i
izloZzenost ultraljubi¢astom zracenju treba da je 3to je
moguce krata. Treba izbegavati duple slojeve
geotekstila zbog mogucnosti da se razviju ravni klizanja
izmedu njih. Naposletku, potrebno je obezbediti
adekvatan sistem odvodnjavanja.

Geotekstili su Cesto lakSi za ugradnju od drugih
metoda pobolj$anja planuma, pa njihova upotreba moze
rezultirati smanjenjem pocetnih troSkova. Istovremeno,
geotekstili imaju ograni€enu trajnost poboljSanja koja
pruzaju, pa se moraju periodi¢no menjati, Sto je tezak
posao koji moze prevazi¢i dobit od njihove lake
ugradnje. Dalje, geotekstili ne mogu ispuniti sve funkcije
zastitnog sloja, pa je potrebno pazljivo razmotriti sve
aspekte da bi se donela odluka o najekonomicnijem
reSenju [9].

Geomembrane su nepropusni, savitljivi plasti¢ni
slojevi debljine od oko 0,15 mm do najvise 3 mm, bez
otvora, od neoprena, polivinil-hlorida, hlorisanog
polietilena ili drugih plastika. Radi ojacanja na zatezanje,
vezuju sa za mrezu od najlona ili poliestera, a povrsina
im se ohrapavljuje da bi se pove¢ao otpor smicanja s
tlom. Osnovna funkcija im je spreCavanje prodiranja
vode odozgo i vlage koja dolazi iz tla odozdo, kao i
zadrzavanje proticanja podzemne vode. Otuda je proces
spajanja ivica — bilo na gradilistu ili tokom proizvodnje -
kriti€an, pa mnoge membrane propustaju na Savovima.
Geomembrane postavljaju se na planum, izmedu dva
sloja peska debljine najmanje 50 do 100 mm, koji ih Stiti
od probijanja; one ne smeju doéi u kontakt sa zastorom.

Ozbiljan problem javio bi se ako je suviSna voda
zarobljena ispod membrane, $to moze nastati od
ponavljanog opterecenja kod zasi¢enih tla ili kretanjem
podzemne vode nagore. Tada bi ta voda morala da se
odvede.

Membrane obezbeduju i razdvajanje Cestica tla.
Zbog svoje &vrsto¢e na zatezanje imaju i izvesnu ulogu
ojacanja, ali to nije njihova zahtevana funkcija.

Alternativni metod za proizvodnju vodonepropusnih
barijera jeste prskanje bitumenom ili polimerom, ili
noseée povrsine (obi¢no nepleteni geotekstil), ili sloja
peska na planumu. Da bi se spre€ila mesta curenja,
pozeljan je zastitni sloj peska preko bitumena. Povrsina

between protective layer and subsoil as separation,
fitering and draining element, but for tensile
reinforcement has limitations. The lower the soil bearing
capacity, the heavier used geotextile. Experiments have
shown that needled filament geotextiles maintain their
good properties and the SNCF have successfully used
heavier types for a long time. Also, they show that
thermally bonded geotextiles got clogged and act as a
water-proof membrane.

The vibrations from trains must be taken into
consideration when design the track supporting structure
reinforced by geotextiles. Critical vibration occurs in it at
about medium frequencies of 40 Hz [5]. The geotextile
fatigue strength and the interface between geotextile and
soil (reduced friction coefficient) may be adversely influ-
enced by vibrations, especially at higher running speeds.

Geotextiles are inserted by machines during
formation renewal and are very economical, as reduce
maintenance and renewal costs and prevent the
occurrence of frost damage. In addition, the depth of
geotextiles installation would be at least 300mm below
the bottom of the sleepers to avoid damage during
tamping and deteriorating from ballast cleaning.
Construction equipment should not drive over the
geotextiles. Smooth surface on which to lay it, without
sharp objects, should be prepared and the exposure
time to ultraviolet radiation as short as possible. Double
layers of geotextiles should be avoided because of the
possibility of slip planes between them. Finally, an
adequate drainage system should be established.

Geotextiles are often easier to install from other
improvement measures, so their use may result in a
lower initial costs. On the other hand, geotextiles have a
limited duration of improvement and have to be replaced
periodically, which is a difficult work which may offset the
benefits of their ease installation. Further, it cannot fulfil
all functions of protective layer, so the careful decision is
required for the most economical solution [9].

Geomembranes are impermeable, flexible plastic
sheets in thickness from 0.15mm to at least 3mm without
holes, made from neoprene, polyvinyl chloride,
polyethylene or other plastics. For higher strength they
are bonded to nylon or polyester mesh, and for
increased shearing resistance with soil their surface is
roughened. The main applications are to prevent
infiltration of water from the surface, to block water
coming from the soil below and to interrupt the flow of
ground water. So, the edges connecting, either at the
situ or during fabrication is considered critical as the
many of them leaking at borders. The membrane is
placed at formation, between two sand layers of at least
50-100mm, which protected them from puncturing as
they must not come in contact with ballast particles.

Severe problem will occur if excess water is trapped
beneath the membrane, that result from repeated
loading by saturated soils or upward flow of ground
water. Then, that water must be drained away.

Membranes also provide the soil separation.
Although they have tensile strength and therefore certain
reinforcement function, this is not its demanded function.

An alternative method for producing water imper-
meable barrier is by spraying bitumen or polymer, either
the supporting surface (usually no-woven geotextil) or
sand layer on formation. To avoid the leakage points, a
protective sand layer over bitumen is advisable. The
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mora biti pravilno oblikovana za oticanje vode pre
prskanja, da se ne bi stvarali vodeni dzepovi iznad
premaza. Nepovoljan efekat je zarobljena voda ispod
premaza.

GeoreSetke nastaju razvlaCenjem  sintetiCkog
materijala ili spajanjem niti u nizove molekula polimera s
velikom jacinom i kruto$¢éu. One se utiskuju u meSavinu
Cestica unutar zastitnog sloja i deluju na rasprostiranje
optereCenja i smanjenje naprezanja. Na taj nacin, one
premoSc¢avaju podrucja pruge male nosivosti i poveéaju
njenu zateznu nosivost u svojoj ravni kada su
deformacije tla zatezuce. Dimenzije okaca mreze su
izmedu 1,67xdgg i 40 mm.

Geomreze Cine kanali sa strujanjem, koji se sastoje
od 3upljeg plastitnog jezgra obmotanog geotekstilom.
Voda iz tla prolazi kroz geotekstil i protiC¢e duz Supljeg
jezgra, tako da geomreza ima funkciju prenosne
drenaze. GeomreZe moraju da budu dovoljno nosive da
izdrze protok kroz kanale pod pritiskom tla.

Geosace Cine plasti¢ne ¢éelije otvorene i ka gore i ka
dole, ispunjene zrnastim tlom. Svojom ¢&vrstoéom na
istezanje, formiraju ojacan sloj tla koji nosi opterecéenje.

Vezani materijali su kombinovani razni geosinteticki
materijali, tako da se istovremeno postize viSe efekata.
Na primer, za ojacanje je najbolje polagati georeSetku sa
geotekstilom, ¢ime se obezbeduje odrzavanje nosivosti i
rastavljajuce filtersko delovanje pri  promenljivim
hidroloSkim  zahtevima.  Pri  upotrebi  ovakvog
geosintetiCkog materijala s viSestrukim dejstvom, moze
se smanijiti debljina sloja za zastitu od mraza za 10 cm.

6 ZAKLJUCAK

Glavna funkcija planuma pruge jeste da obezbedi
stabilnu podlogu konstrukciji koloseka. Da bi to ispunio,
oblici propadanja se moraju izbeéi i planum pruge — kao
prvi sloj ispod gornjeg stroja pruge - mora da se
unapredi. Savremena praksa projektovanja pruga i
planiranja odrzavanja zanemaruju tu &injenicu. Cesto se
odluke donose na osnovu iskustva. Prilika da se napravi
greSka postoji zbog velike razli¢itosti uslova na terenu i
promena u saobracajnim zahtevima kroz vreme.

Iz ovog pregleda mogucénosti unapredivanja planuma
pruge, moze se zakljuCiti da je odluka o primenjenogj
metodi rezultat jednog procesa. Prvo, mora se odrediti
uzrok problema u koloseku pravilnim istraZivanjem
planuma - na terenu i pomocu laboratorijskih opita i
analiza. Moguce funkcije i primenljivost postojecih
mogucnosti treba proceniti. To je kljuéni korak i
predstavlja izazov za gradevinskog inZenjera stru€njaka
za zeleznicu, zbog nedostatka uvida u trenutno stanje u
toj oblasti. Posle toga, treba sprovesti uporednu
ekonomsku analizu tih moguc¢nosti. Za najbolju metodu,
posto obi€no prethodna iskustva na istoj deonici
koloseka ne postoje, preporuCuje se da se sprovedu
opiti na terenu. Po snimanju karakteristika pruge, u
dovoljno dugom periodu, rezultate treba proceniti.
Veoma je korisno dokumentovati rezultate izabrane
metode poboljSanja planuma pruge za buduéu
primenljivu preporuku.

Potrebu poznavanja stanja planuma pruge i
mogucnosti sprovodenja postupaka poboljSanja trebalo
bi da prepoznaju i Zeleznice Srbije, jer ée bez toga trend
porasta troSkova odrZavanja i obnove pruga biti sve
ocigledniji.

surface must be first properly shaped for shedding water
before spraying, to avoid developing water-pockets
above coating. The adverse effect again is of water
trapping beneath the coating.

Geogrids originate from strands stretched to align
the long-chain polymer molecules for high strength and
stiffness. The grids interlock with the grain mixture within
the protective layer to create the load-distributing and
tension-reducing effects. So, they bridge areas of poor
bearing capacity and in general increase tensile rein-
forcement in their plane when the soil strains are exten-
sional. The mesh size is between 1.67xdgg and 40mm.

Geonets are flat flow channels consisting of a hollow
plastic core wrapped with a geotextile. Water from the
soil will pass through the geotextile and flow along the
hollow core and perform its function as a transmission
drain. Geonet must be strong enough to maintain its flow
channel under pressure from the soil.

Geowebs are plastic cells with open top and bottom,
filed with granular soil. Through their tensile strength
they form a load bearing reinforced soil layer.

Geocomposites are combinations of different
geosinthetics, attaining at the same time more effects.
For example, for reinforcement application it is best to
lay the geogrids bonded to a geotextile to provide better
reinforcement capability and separating filter effect under
the changeable hydraulic requirements. By using such
geosinthetic materials with multipurpose effect, the frost
protective layer may be reduced by 10cm.

6 CONCLUSION

The main track formation function is to provide a
stable platform for the track structure. To do this, the
failure modes must be avoided and the track formation
as the first layer under the track superstructure must be
improved. The current practice of railway track design
and maintenance planning ignore this fact. Usually, the
decisions have been made on the empirical bases. The
opportunity for error exists because of the large variety
of field conditions and the changes in track service
demands over the time.

From this review of track formation improvement
possibilities, it can be decided that the decision about
the applied method is the result of a process. First, the
cause of the track problem is determined by proper
investigations of formation in field and with help of
laboratory tests and analysis. Possible functions and the
applicability of existing improvement alternatives may be
evaluated. This is the key step and presents a challenge
to the railway track engineer, because of the lack of
state-of-the-art in that field. Afterwards, comparative
economic analysis of these alternatives should be
carried out. For the best alternatives, as usually the prior
experiences at the same track section lack, it is
recommended to conduct the field trials. After monitoring
the track performance for a sufficient time, the results
should be accessed. It is very useful to document the
results of the selected improvement alternatives of track
formation for the future applicable recommendation.

The need for considering conditions of track
formation and its improvement alternatives may be also
recognized at Serbian Railways, because in contrary the
increasing trend of track maintenance and renewal costs
would be more evident.
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REZIME

MOGUCNOSTI POBOLJSANJA PLANUMA
ZELEZNICKE PRUGE

Mirjana TOMICIC-TORLAKOVIC

Odgovor na optereéenje vozom je pod shaznim
uticajem karakteristika Zeleznike pruge, odnosno
slozene saradnje njenih komponenti. Donji stroj
zelezni¢ke pruge se mnogo manje istrazuje, iako bitno
utiCe na propadanje koloseka, kao i na troSkove
odrzavanja i obnove koloseka. Svojstva komponenti
donjeg stroja pruge su mnogo viSe promenljiva i teza za
odredivanje nego komponenti gornjeg stroja. U prvom
delu rada je objasnjen znacaj osobina planuma pruge za
karakteristike koloseka. U slu€ajevima gde je planum
isuviSe slab, visoki troSak odrzavanja koloseka
uslovljava poboljSanje njegovog stanja.

Rad sadrzi mogu¢nosti poboljSanja planuma pruge
podeljene u Sest grupa: promene osobina planuma na
terenu, rekonstrukcija i zamena, primena asfalt-betona,
stabilizacija kliziSta, ugradnja zastithog sloja i primena
geosintetickih proizvoda.

U zakljutku je objadnjen proces procene
najpogodnijeg metoda poboljSanja planuma koloseka.

Svrha ovog rada je da obezbedi osnovu za
projektovanje poboljSanja planuma pruge, koje moze
rezultirati  Zeleznickim kolosekom sa optimalnim
odrzavanjem i pristupaéno$¢u za saobraca;.

Kljuéne reci: Kolosek, planum pruge, moguénosti
poboljsanja, kapacitet nosivosti, zbijanost,
odvodnjavanje, filtracija, zastitni sloj, geosintetici
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SUMMARY

IMPROVEMENT ALTERNATIVES FOR RAILWAY
TRACK FORMATION

Mirjana TOMICIC-TORLAKOVIC

The performance of the railway track system results
from the complex interaction of its components in
response to train loading. The railway track substructure
has been given much less consideration, even though it
has a major influence on the track deterioration and as a
consequence on the costs of track maintenance and
renewal. The properties of the substructure components
are much more variable and difficult to determine than
those of the superstructure. The importance of the track
formation properties for track performance is discussed
in the first part of the paper. In cases where the
formation is too weak, the resulting high cost of track
maintenance may dictate the need to improve the
formation conditions.

The paper contains the alternatives of track
formation improvements separated in six groups: altering
formation properties in place, reconstruction and
replacement, asphalt-concrete application, slip
stabilization, insertion of protective layer and
geosintetics implementation.

In the summary the evaluation process of proper
formation improvement method is explained.

The goal of the paper is to provide the basis for track
formation improvement design, which may result in
railway tracks with optimum maintenance effort and
traffic operability.

Key words: Track, track formation, improvement
alternative, bearing capacity, consolidation, drainage,
filtration, protective layer, geosintetics
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UPUTSTVO AUTORIMA’
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istrazivanje moze ponoviti i pri tome dobiti iste ili rezultate u
okvirima dopustenih odstupanja. kako se to u radu navodi.
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stru¢nom skupu koji mogu biti objavljeni u izvornom obliku ili
ih autor. u dogovoru sa redakcijom. bitno preradi i prosiri. To
mogu biti naucni radovi. naroCito ako su sopstenja po
pozivu Organizatora skupa ili sadrZze originalne rezultate
prvi put objavljene. pa ih je korisno uz odredene dopune
uciniti_dostupnim Siroj struénoj javnosti. Stampace se i
strucni radovi za koje Redakcioni odbor oceni da su od Sireg
interesa.

Ostali prilozi su prikazi objekata. tj. njihove konstrukcije i
iskustava-primeri u gradenju_i primeni razliCitih materijala.
diskusije povodom objavljenih radova i pisma uredniStvu.
prikazi knjiga i zbornika radova. kao i obavesStenja o
nauc¢no-strucnim skupovima.

Autori uz rukopis predlazu kategorizaciju ¢lanka. Svi
radovi pre objavljivanja se recenziraju. a o prihvatanju za
publikovanje o njihovoj kategoriji kona¢nu odluku donosi
Redakcioni odbor.

Da bi se ubrzao postupak prihvatanja radova za
publikovanje. potrebno je da autori uvazavaju Uputstva za
pripremu radova koja su navedena u daljem tekstu.

Uputstva za pripremu rukopisa

Rukopis otkucati jednostrano na listovima A-4 sa
marginama od 31 mm ggore i dole) a 20 mm (levo i desno).
u Wordu fontom Arial sa 12 pt. Potrebno je uz jednu kopiju
svih delova rada i priloga. dostaviti i elektronsku verziju na
navedene E-mail adrese. ili na CD-u. Autor je obavezan da
Cuva jednu kopiju rukopisa kod sebe zbog eventualnog
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indeksima i eksponentima. Autori uz izraze u tekstu definsu
simbole redom kako se pojavljuju. ali se moze dati i
posebna lista simbola u prilogu.

Prilozi (tabele. grafikoni. sheme i fotografije) rade se u
crno-beloj tehnici. u formatu koji obezbeduje da pri
smanjenju na razmere za Stampu. po Sirini jedan do dva
stupca (8cm ili 16.5cm). a po visini najvise 24.5cm. ostanu
jasni i Citljivi. tj. da veli€ine slova i brojeva budu najmanje
1.5mm. Originalni crtezi treba da budu kvalitetni i u
potpunosti pripremljeni za presnimavanje. Mogu biti i dobre.
oStre i kontrastne fotokopije. Koristiti fotogrfije. u crno-beloj
tehnici. na kvalitetnoj hartiji sa oStrim konturama. koje
omogucuju jasnu reprodukciju. Skraéenice u prilozima
koristiti samo izuzetno uz obaveznu legendu. Prilozi se
posebno oznacCavaju arapskim brojevima. prema redosledu
navodenja u tekstu. Objasnjenje tabela daje se u tekstu.

Potrebno je dati spisak svih skracenica koris¢enih u
tekstu.

U popisu literature na kraju rada daju se samo oni
radovi koji se pominju u tekstu. Citirane radove treba
prikazati po azbuénom redu prezimena prvog autora.
Literaturu u tekstu oznaciti arapskim brojevima u uglastim
zagradama. kako se navodi i u Popisu citirane literature.
napr [1]. Svaki citat u tekstu mora se naci u Popisu citirane
literature i obrnuto svaki podatak iz Popisa se mora navesti
u tekstu.

U Popisu literature se navode prezime i inicijali imena
autora. zatim potpuni naslov citiranog ¢lanka. iza toga sledi
ime Casopisa. godina izdavanja i pocCetna i zavrSna stranica
od - do). Za knjige iza naslova upisuje se ime urednika (ako
ih ima). broj izdanja. prva i poslednja stranicapoglavija ili
dela knjige. ime izdava¢a i mesto objavljivanja. ako d’e
navedeno viSe gradova navodi se samo prvi po redu. Kada
autor citirane podatke ne uzima iz izvornog rada. vec¢ ih je
pronaSao u drugom delu. uz citat se dodaje «citirano

rema...». Neobjavljeni ¢lanci mogu se pominjati u tekstu
ao «usmeno saopsStenje»

Autori su odgovorni za izneseni sadrzaj i moraju sami
obezbediti eventualno potrebne saglasnosti za objavljivanje
nekih podataka i priloga koji se koriste u radu.

Ukoliko rad bude Erihvaéen za Stampu. autori su duzni
da. po uputstvu Redakcije. unesu sve ispravke i dopune u
tekstu i prilozima.

Za detaljnija tehniCka uputstva za pripremu rukopisa
autori se mogu obratiti Redakcionom odboru ¢asopisa.

Rukopisi i prilozi objavljenih radova se ne vraéaju. Sva
eventualna objasSnjenja i uputstva mogu se dobiti od
Redakcionog odbora.

Radovi se mogu slati i na e-mail: folic@uns.ac.rs ili
miram@uns.ac.rs i dimk@ptt.rs

Veb sajt Drustva i Casopisa: www.dimk.rs
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Izdavanje Casopisa "Gradevinski materijali i konstrukcije" finansijski su pomogli:

departman za
gradevinarstvo

HME IMS

INZENJERSKA KOMORA SRBIJE

MINISTARSTVO ZA NAUKU | TEHNOLOSKI
RAZVOJ SRBIJE

UNIVERZITET U BEOGRADU
GRADEVINSKI| FAKULTET

DEPARTMAN ZA GRADEVINARSTVO
FAKULTET TENHICKIH NAUKA NOVI SAD

INSTITUT IMS AD, BEOGRAD

UNIVERZITET CRNE GORE
GRADEVINSKI FAKULTET - PODGORICA
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