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Izvorni znanstveni rad
Josip Stiptevi€, Kredimir Kuk, lva Dasovi¢, Dinko Sindija, Kristina Sariri, Marin Se¢anj,

Davorka Herak, Marijan Herak

lzv.prof.dr.sc. Josip Stipcevic Pracenje seizmitke aktivnosti nakon potresa u Petrinji 2020. godine
jstipcevic.geof(@pmf.hr
Autor za korespondenciju Niz potresa na podrucju Petrinje zapoceo je u ponedjeljak 28. prosinca 2020. u 6:28 po

lokalnome vremenu (CET) potresom magnitude M, = 5,1 (M,, = 4,9), koji se osjetio na
vecemu dijelu sredisnje Hrvatske. Epicentar se nalazio jugozapadno od Petrinje, u blizini
sela Strasnika. Ubrzo su uslijedili potresi lokalne magnitude 4,6 u 7.49 te magnitude 3,8
~ KresimirKuk magphys-geophys. U 7571 Ulistome epicentralnom podrudju, kao i niz slabijih potresa. Nazalost, ti relativno
kreso.kuk@gfz.hr snazni potresi pokazali su se tek prethodnim potresima, jer je vec sljedeceg dana, 29.
prosinca 2020. u 12:19, zabiljeZen jos jati potres lokalne magnitude 6,2 (M, = 6,4),
takoder s epicentrom u blizini Strasnika. Temelj ove studije ¢ini velika kolicina prikupljenih
seizmoloskih podataka. Za analizu novoprikupljenog skupa podataka koristeni su klasicni
lzv.prof drsc. Iva Dasovie postupci analize te napredne metode strojnog ucenja. Time je dobiven znatno prosiren
iva.dasovic@gfzhr seizmicki katalog s vise od 50.000 potresa. Analiza seizmicnosti potvrduje da su najveci
potresi uskladeni s glavnim desnim Petrinjskim rasjedom, s pomakom po pruzanju,
no evolucija naknadnih potresa pokazala je da je preraspodjela naprezanja aktivirala
brojne sekundarne rasjede, sto je dovelo do sloZene prostorne i vremenske raspodjele
seizmicnosti. Rezultati pruzaju detaljan seizmoloski uvid u procese u tome zariSnom
podrucju unutar tektonske ploce.

¥ Dr.sc. Dinko Sindija
dsindija@gmail.com

Klju€ne rijeci:

Petrinja, potres, naknadni potresi, seizmicka mreza, strojno ucenje

Dr.sc. Kristina Sariri Original research paper

ksariri@gfzh Josip Stiptevi€, Kresimir Kuk, Iva Dasovi¢, Dinko Sindija, Kristina Sariri, Marin Se¢anj,
Davorka Herak, Marijan Herak

Monitoring seismic activity following 2020 Petrinja earthquake

Dr.sc. Marin Secanj The series of earthquakes in the Petrinja area began on Monday, 28 December 2020, at
msecanj@gfz.hr 6:28 am. local time (CET), with an earthquake of magnitude M, = 5.1 (M, = 4.9), which

was felt across most of central Croatia. Its epicentre was southwest of Petrinja, near
Strasnik village. This was soon followed by earthquakes of local magnitude 4.6, 7:49
a.m. and magnitude 3.8 at 7:51 a.m. in the same epicentral area, as well as a series of
Prof.dr.sc. Davorka Herak weaker earthquakes. Unfortunately, these relatively strong earthquakes proved to be just
davorka.herak@gfz.hr foreshocks, as an even stronger earthquake of local magnitude 6.2 (M, = 6.4) occurred
the next day, 29 December 2020, at 12:19 p.m., also with an epicentre near Strasnik. The
cornerstone of this study is the vast amount of seismological data collected. We used
both manual and advanced machine learning techniques to analyse the newly collected

Akademik Marijan Herak dataset. This resulted in a substantially expanded seismic catalogue with over 50,000
marijan.herak@gfz.hr events. Seismicity analysis confirms that the largest events align with the primary dextral
strike-slip Petrinja Fault; however, the aftershock pattern evolved, revealing that stress
Sveuciliste u Zagrebu redistribution activated numerous secondary faults, leading to a complex spatial and
Prirodoslovno-matematicki fakultet temporal distribution of seismicity. The findings provide a detailed seismological record
Geofizicki odsjek and crucial insights into the tectonic processes of this intraplate region.
Key words:

Petrinja, earthquake, aftershock, seismic network, machine learning
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1. Uvod

Potres kod Petrinje (M,, = 6,4; M = 6,2) od 29. prosinca 2020.
jedan je od najvaznijih potresa koji su se dogodili u Hrvatskoj
u posljednjih nekoliko stolje¢a. Dan ranije glavnome potresu
prethodio je snazan potres (M,, = 4,9; M,_= 5,0), dok se najveci
naknadni potres (M, = 4,7; M = 4,9) dogodio 6. sijecnja 2021.
Seizmitnost podrugja i detaljne analize poznatog potresa kod
Pokupskog iz 1909. prikazane su, naprimjer, u

Prema [1], glavni potres prouzroCio je velika razaranja u
epicentralnome podrucju. Podrhtavanje se osjetilo diljem
Hrvatske i Slovenije te u velikome dijelu Bosne i Hercegovine,
Srbije, Madarske, Italije, Austrije i Slovacke, uz sedam smrtnih
slucajeva. TreSnja tla izazvala je brojne sekundarne pojave,
ukljucujuéi likvefakciju, erupcije mulja, pjes¢ane vulkane, kliziSta
te viSe od stotinu vrtaca u blizini sela Mecencana, jugoistocno
od epicentra (slika 1.). Dodatni podaci o utjecaju, Stetama i
povezanim pojavama navedeni su, naprimjer, u . Tgj veliki
potres s pomakom po pruzanju rasjeda unutar tektonske
ploce privukao je znatnu pozornost medunarodne seizmoloske
zajednice. Preliminarna analiza ranih opazanja prikazana je
u , dok su brojna kasnija istrazivanja bila usredotoCena
na karakterizaciju seizmickog izvora (npr. ). Promjene
Coulombova naprezanja nakon glavnog potresa analizirane su
u . Nekoliko studija analiziralo je i /nSAR satelitske
podatke radi interpretacije povrsinskih deformacija (npr.

). Detaljna prostorno-vremenska analiza petrinjskoga
potresnog niza tijekom prvih Sest mjeseci, ukljucujuéi relokaciju
viSe od 13.800 potresa uz primjenu prostorno varijabilnih
stanicnih korekcija, procjenu epistemicke nesigurnosti lokacija,
izratun mehanizama Zzarista te usporedbu razli¢itih modela
rasjeda, prikazana je u [1]. U ovome radu ukratko je prikazana
tektonika podrucja i opisana brza uspostava privremenih
seizmoloskih postaja nakon glavnog potresa. Nadalje, prikazana
je seizmitnost epicentralnog podru¢ja Petrinje u razdoblju
2020. - 2024. Za pracenje seizmicnosti primijenjene su dvije
vrste identifikacije potresa u seizmogramima: klasicne metode
(osobna analiza iskusnog seizmologa) i metode strojnog ucenja.
Opdi cilj ovog rada jest prikazati seizmoloski rad koji se obavljao
pet godina nakon petrinjskog potresa.

2. Tektonika i geoloska grada

Podrugje sredisnje Hrvatske, uklju¢ujuci podrucje Petrinje,
nalazi se u prijelaznoj zoni izmedu strukturnih jedinica
Unutarnjih Dinarida i jugozapadnog dijela Panonskog bazena.
To je podrucje od razdoblja kasne jure pa sve do danas bilo
izloZzeno viSestrukim tektonskim fazama, Sto je rezultiralo
slozenom geoloskom gradom i geodinamickim okruzjem.
Danasnje suzenje prostora izmedu Jadranske mikroploce i
Europe najvecim se dijelom dogada unutar podrucja Vanjskih
Dinarida, a djelomi¢no se prenosi i na Unutarnje Dinaride
te na prijelazno podrugje Dinaridi — Panonski bazen

Aktivna kompresija, smjera SSI-JJZ, u istrazivanome podrugju

potvrdena je rjeSenjima zariSnih mehanizama potresa

te geodinamickim modeliranjem. U razdoblju od kasne
krede do ranog paleogena Sire podrucje Petrinje bilo je dio
sjevernog ogranka Neotethysa, poznatog kao Savski ocean,
te je bilo podvrgnuto kontinuiranoj subdukciji preostale
oceanske kore pod kontinentalnu koru Euroazijske ploce.
Postupnim zatvaranjem Savskog oceana formirana je Savska
suturna zona (SSZ) . Regionalno izdizanje, boranje
i napredovanje navlaka Unutarnjih Dinarida prema JZ, uz
talozenje sintektonskih naslaga, bilo je aktivno sve do srednjeg
eocena . U nastavku formiranja navlaka prema JZ i
predgorju zapocelo je formiranje borano-navlatnog pojasa
Vanjskih Dinarida. Pretpostavlja se da je glavna tektonska
faza u formiranju Vanjskih Dinarida trajala od sredine eocena i
tijekom oligocena, kada su se u predgorskome bazenu talozile
sintektonske fliSne i prominske naslage.

U sjevernome dijelu Unutarnjih Dinarida tijekom miocena
doSlo je do prelaska iz kompresijskog u ekstenzijski rezim
naprezanja te je dio navlacnih rasjeda duz Savske suturne zone
invertiran u normalne rasjede. U krovinskim krilima tih rasjeda
formiran je niz tektonskih polugraba, koje su napredovanjem
ekstenzije postupno formirale Savsku depresiju . Savska
depresija pocela se otvarati tijekom ranog miocena (oko 18
Ma). Istodobno sa spustanjem krovinskih krila normalnih
rasjeda iz podinskih krila tih rasjeda postupno su se prema
povrsini izdigle starije stijene iz podloge, predmiocenske
starosti, u obliku ekstenzijskih metamorfnih doma na JZ rubu
Savske depresije.

Otvaranje miocenskih bazena regionalnih i lokalnih razmjera
bilo je praceno taloZenjem sintektonskih te posttektonskih
sedimentnih jedinica koje se danas djelomi¢no nalaze na
povrsini duz rubova Savske depresije. U Savskoj depresiji
rana miocenska sinriftna faza trajala je do srednjeg miocena
(oko 13,5 mil. god., prema ). Njezinim zavrsetkom, krajem
sarmata, u JZ dijelu Panonskog bazena uslijedila je postriftna
faza termalne subsidencije, koja je trajala do kraja panona
(oko 11,6 — 4,5 mil. god.), tijekom koje su u Savskoj depresiji
talozeni lapori i pjesScenjaci velike debljine. Krajem panona u
Panonskome bazenu uslijedila je promjena iz ekstenzijskog u
kompresijski rezim tektonskoga naprezanja (npr. ).
Zavrsetak faze termalne subsidencije i pocetak naknadne faze
suzenja nisu bili jednoliki unutar panonskoga bazenskog sustava,
ni prostorno ni vremenski. U sjeverozapadnome i sredisnjemu
dijelu Savske depresije ta je faza zapocela krajem miocena ili u
ranome pliocenu (oko 6 Ma; ), djelomicno tektonskom
inverzijom brojnih normalnih rasjeda formiranih za ranog
miocena, a djelomi¢no formiranjem reversnih rasjeda tijekom
pliocena i kvartara, pretezno s pruzanjem SZ-JI u sredisnjemu
dijelu Savske depresije te SI-JZ u njezinu sjevernom dijelu,
u blizini granice s bazenom Hrvatskog zagorja . Ti su rasjedi
lokalno povezani s rasjedima s pomakom po pruzanju, desni
rasjedi s pruzanjem SZ-Jl i lijevi rasjeda s pruzanjem SI-JZ. Neki
od njih i danas su aktivni, Sto potvrduju korelacije geoloskih i
seizmoloskih podataka
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Slika 1. Tragovi rasjeda preuzeti su iz [20, 23, 25]; Pojednostavljena geoloska karta Sirega
petrinjskog epicentralnog podrucja, temeljena na Osnovnoj geoloskoj karti, listovi

Sisak [27] i Bosanski Novi [28]

Sire epicentralno podruéje, tj. podrugje petrinjskog niza potresa
2020. — 2021. pruza se u smjeru SZ-JI u duljini od priblizno 20
km, na udaljenosti od oko 7 km JZ od grada Petrinje (slika 1.).
To podrugje pripada Hrastovickoj gori, najizrazenijoj morfoloskoj
strukturi u okolici Petrinje, s najvisim vrhom Cepelis (415 m n.m.).
Prema podacima s geoloSke karte [27], ta struktura predstavlja
asimetri¢nu antiklinalu s blagim nagibom JZ te strmim nagibom
Slkrilakoje je omedeno Hrastovickim rasjedom, koja se pruza Sz-
JI (slika 1.b). lako se pomak po tome rasjedu smatrao normalnim
[27], tijekom potresa 1909. i naknadnih potresa 2020. opazen
je reversni pomak, Sto otvara pitanje predstavlja li dio reljefa
od oko 300 m komponentu navlacenja kroz viSe seizmickih
ciklusa [21]. Jezgru i strmije SI krilo antiklinale mjestimi¢no
izgraduju stijene gornjokredne i eocenske starosti, koje vecim
dijelom diskordantno prekrivaju mlade naslage miocenske i
pliocenske starosti koje su jasno izrazene u blago nagnutome
jugozapadnom krilu antiklinale (slika 1.b). Najmlade naslage u
istrazivanome podrudju €ine kvartarni Sljunci, pijesci, prahovi
i gline talozeni u poplavnoj ravnici rijeke Kupe i duz njezinih
pritoka, lokalno povezani s lesnim naslagama koje su uglavnom
ofuvane u dolinama, ali se pojavljuju i na ve¢im nadmorskim
visinama u blizini vrha Hrastovicke gore.

Zbog jacine potresa i specifitcne geoloske grade u Siremu
epicentralnom podrucju uocen je velik broj sekundarnih ucinaka
potresa, odnosno koseizmickih deformacija na povrsini kao 5to
su likvefakcija, pukotine, kliziSta i urusne vrtace (npr. [3, 29-31]).

3. Seizmografske mreze

Kada se dogodi snazan potres, od presudne je vaznosti da
seizmoloska zajednica brzo reagira uspostavom guste mreze
priviemenih instrumenata za pracenje u Siremu epicentralnom
podrugju. Takva konfiguracija klju¢na je za detekciju i najslabijih

1 | Kvartar (aiiij/ Les)

Gornp miccen (Panon)
| Dan |;3‘:e::|n,- miocen [Dttnang-Sarmat)

Premiogenski temel)

podrhtavanja, od kojih bi mnoga inace
ostala nezabiljeZena. Moguénost
preciznog lociranja i vrlo malih potresa
neophodna je za razumijevanje veli¢ine i
prostornog dosega aktiviranih rasjednih
struktura. To¢no odredivanje dubine
Zarista jedan je od najzahtjevnijih
aspekata analize potresa, jer je rijec
0 parametru koji je najteze precizno
odrediti. Taj se problem mozZe ublaziti
povecanjem gustoce i osjetljivosti mreze
seizmografa, uz poseban naglasak na
postavljanje postaja u neposrednoj
blizini epicentralnog podrucja. Nadalje,
kako se najveci broj naknadnih potresa
javlja neposredno nakon glavnog udara,
tako je brza instalacija instrumenata u
pogodenome podrudju klju¢na za njihovo
odgovarajuce biljezenje.

Na pocetku petrinjskoga potresnog niza
seizmitka mreza u podrudju rijeke Kupe
bila je relativno rijetka, pri Cemu su se dvije postaje najblize
glavnome potresu nalazile na udaljenostima od 32 i 36 km (plavi
trokuti na slici 2.).

>
B

452

Hercegovina

A Prije 28.12.2020 - I
B 6=5.1.2021. - 21.4.2021.

A 15.1.2021, &

A Kolocirani akceleromeatar

¥ Akcelerograf I

M =30
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e

Slika 2. Seizmicke postaje u Siroj okolici epicentralnog podrucja
petrinjskog potresa nakon instalacije mreza OP-Net (Zuti
trokuti) i PN-Net (crveni trokuti, Sirokopojasne postaje). Plavi
trokuti oznacavaju Sirokopojasne postaje u sastavu hrvatske
CR mreze, privremene zagrebacke mreze te slovenske (SL)
i madarske (HU) mreze. Mali obrnuti trokuti oznacavaju
akcelerografe. Bijeli krugovi unutar simbola oznacavaju postaje
s kolociranim akcelerometrima. Prilagodeno prema [1]
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Sretom, 4. i 5. sijecnja 2021. u epicentralnome podrudju
postavljena je privremena mreza od Sest postaja (OP-Net;
zuti trokuti na slici 2.) u suradnji Nacionalnog instituta za
oceanografijui primijenjenu geofiziku — OGS (Italija) i Geofizickog
odsjeka Prirodoslovno-matematickoga fakulteta Sveucilista
u Zagrebu, i to unatoc¢ ogranic¢enjima putovanja uzrokovanima
pandemijom bolesti COVID-19. Ubrzo nakon toga, sredinom
sijecnja 2021., zapocela je instalacija petrinjske mreze (PN-
Net; crveni simboli na slici 2.) koriStenjem novonabavljenih
instrumenata hrvatske Seizmoloske sluzbe (vidi poglavlje 3.2.
i [1] za detalje). U nastavku ukratko su opisani postavljanje
instrumenata i druge terenske aktivnosti nakon glavnoga
petrinjskog potresa i u ranoj fazi niza naknadnih potresa.

3.1. Brza instalacija instrumenata (OP-Net)

Zbog serije potresa u Zagrebu, koja je zapocela 22. ozujka 2020.
glavnim potresom magnitude M, = 5,3 (M_ = 5,5), i uspostave
pripadajuce lokalne mreze seizmografa krajem 2020. hrvatski
seizmolozi nisu raspolagali slobodnim instrumentima za
postavljanje nakon potresa u podru¢ju Banovine. Kako bi se
taj problem rijeSio, seizmolozi s Geofizitkog odsjeka PMF-a u
Zagrebu brzo su uspostavili suradnju s kolegama iz Nacionalnog
instituta za oceanografiju i primijenjenu geofiziku — OGS (Italija). U
sklopu te suradnje OGS je ustupio Sest seizmografa, opremljenih
integriranim akcelerometrom, zabrzuinstalaciju u epicentralnome
podru¢ju. Ta suradnja bila je kljutha za osiguravanje Zurne
instalacije instrumenata za pracenje seizmicke aktivnosti.

Slika 3. Primjeri instaliranih privremenih postaja: a) Privremene postaje u Sisku i
b) Taboristu opremljene kratkoperiodnim instrumentom (seizmograf s integriranim
akcelerometrom Lunitek Sentinel-Geo) iz mreze OP-Net; c) Privremena postaja mreze
PN-Net na petrinjskome groblju s kolociranim seizmometrom Kinemetrics MBB-2 (siva
izolacijska kutija) i akcelerometrom Kinemetrics ETNA2 (ispod zelene izolacijske kutije);
d) Akcelerometar u izolacijskoj kutiji prikazan izbliza

Samo Sest dana nakon glavnog potresa i unato¢ epidemioloskim
ogranicenjima, 4. i 5. sije¢nja 2021. pet od tih instrumenata
postavljeno je na klju¢nim lokacijama u Banovini, i to u Hotnji,
Sisku, Taboristu, Novome Selu Glinskom i Mecencanima (slika 2.,
[32]). Osim toga jedan Sirokopojasni seizmometar postavljen je na
Petrovoj gori 4. sijecnja. Stratesko rasporedivanje i brza instalacija
te privcemene mreZe znatno su unaprijedili postojecu stalnu
seizmitku mreZzu u tome podrucju, poboljSavajuci azimutalnu
pokrivenost i omogucujuci dodatna opazanja lokalnih potresa. To
je bilo osobito vazno jer je smanjilo nesigurnost i nestabilnost u
odredivanju lokacije potresa, posebno dubine Zarista (vidi sliku 4.).
PoboljSana pokrivenost omogucila je pouzdanije lociranje i manjih
potresa, ¢ime su dobiveni vrijedni podaci o seizmickoj aktivnosti u
regiji. Pet kratkoperiodi¢nih instrumenata OP-Net mreze radilo je
do sredine travnja 2021., kada su deinstalirani i vraceni u Italiju.
Ta suradnja ne samo da je pridonijela boljemu razumijevanju
seizmicnosti podru¢ja Banovine, veC je naglasila vaznost
medunarodne suradnje u seizmologiji. Brzom uspostavom
privremene mreze visokokvalitetnih seizmickih postaja
prikupljeni su klju¢ni podaci o lokalnim potresima koji su
neophodni za opisivanje svojstava naknadnih potresa i za
buduce procjene seizmicke opasnosti u regiji.

3.2. Privremena seizmografska mreza Petrinja
(PN-Net)

Nakon pocetne instalacije Sest postaja mreze OP-Net, hrvatska
Seizmoloska sluzba pri Geofizitkome odsjeku PMF-a u Zagrebu
primila je znatna financijska sredstva
od Vlade Republike Hrvatske (putem
Ministarstva znanosti i obrazovanja)
za nabavu kompleta seizmoloskih
instrumenata. U vrlo kratkome roku
nabavljeno je 20 modernih seizmometara
s pripadajuéim AD  pretvornicima
i jedinicama za pohranu podataka
i 20 akcelerometara s potrebnom
dodatnom opremom. Instrumenti su
brzo nabavljeni i isporuceni kako bi se
omogucilo pravodobno instrumentalno
biljeZzenje naknadnih potresa u podrudju
Petrinjskog  rasjeda. Oprema je
promptno testirana i konfigurirana, a prvi
instrumenti postavljeni su na teren vet
nekoliko tjedana nakon glavnog potresa.
U pocetnoj faziinstrumenti su postavljeni
uneposrednomeepicentralnompodrudju,
u gradu Petrinji te u naseljima Brestu
Pokupskom,  Hrastovici,  Mos¢enici,
Hrvatskom Cuntiéu, Gori i Novom
FarkaSicu. U sljedecoj fazi privremene
seizmoloSke postaje instalirane su u
Siremu epicentralnom podrucju na pet
lokacija (Pobrdani, Jasenovac, Lasinja,
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Slika 4. Vremenska evolucija radijusa pouzdanosti 1c za lokacije Zarista,
pomocu nepreklapajucih kliznih prozora od 25 uzastopnih potresa tijekom prvih Sest
mjeseci petrinjskoga potresnog niza. Ukljuceni su jedino potresi lokalne magnitude
M, = 0,5, locirani s najmanje sedam nastupnih vremena potresnih faza. Zaokruzene
tocke oznacavaju medijane, dok stupci prikazuju raspon izmedu 25. i 75. percentila.
Razdoblja rada privremenih mreza prikazana su u gornjemu dijagramu

Omanovac i Cazma) kako bi se osigurali podaci sa irega
geografskog podrucja u odnosu na epicentre potresa. Nekoliko
instrumenata postavljeno je i u Siremu podrucju Zagreba (Marija
Bistrica, Samobor, Zumberak, Ladvenjak i dr) radi pracenja
naknadnog niza zagrebackog potresa od 22. ozujka 2020., koji
je jos uvijek bio aktivan. Tijekom sljedecih mjeseci redovito su
se terenski obilazile mobilne mreZe radi prikupljanja podataka i
provjere ispravnosti rada postaja. U tome razdoblju prikupljene
su stotine gigabajta vrijednih seizmoloskih podataka. U kasnijoj
fazi nabavljeni su novi serverski sustavi te je uspostavljena
izravna veza za prijenos podataka sa svih privremenih postaja
do operativnog centra u Zagrebu u stvarnome vremenu.

3.3. Ucinkovitost privremenih seizmografskih mreza

Rad mreze OP-Net, a potom i PN-Net, imao je znatan utjecaj
na pouzdanost odredivanja lokacija naknadnih potresa. Kao Sto
je to prikazano na slici 4., uspostava mreze OP-Net povecala
je pouzdanost odredivanja epicentara za priblizno 50 %, dok je
prosjecna nesigurnost dubine zariSta smanjena s oko =5 km
na manje od =1 km. Pouzdanost lokacija dodatno je poboljSana
uspostavom mreze PN-Net.

4. Pracenje seizmicnosti nakon glavnog potresa

Kao Sto je istaknuto u prethodnome poglavlju, brza i ucinkovita
reakcija na snazan potres od klju¢ne je vaznosti, Sto podrazumijeva
Zurnu uspostavu guste privremene seizmitke mreze u blizini
aktivirane rasjedne zone. Takvo unapredenje mreze kljucno je za
detekciju vrlo slabih naknadnih potresa te predstavlja osnovnu
strategiju za poboljSanje tocnosti lociranja potresa, osobito dubine
njegova Zzarista. Dobiveni podaci visoke razluCivosti neophodni
su za razjasnjavanje slozene tektonike potresnog niza. U slucaju
petrinjskih potresa takvo unaprijedeno pracenje bilo je klju¢no za
kartiranje prostorne razdiobe seizmi¢nosti u tome podrucju. lako su

. .|| LN P LU

Ene dubine 125 egs.,

v

pomakom — pouzdano lociranje tisuca
naknadnih potresa pokazalo je da se
brojni manji potresi pojavijuju i duz
visSe sekundarnih rasjeda aktiviranih
preraspodjelom  tektonskih  napetosti.
Zato su brza uspostava mreze OP-Net
i poslije mreze PN-Net bile presudne za
detaljno definiranje geometrije rasjeda i
razumijevanje ukupnog dosega aktivirane
zone.

nastavku  prikazane su  dvije
komplementarne analize temeljene na
bogatome skupu seizmickih podataka
prikupljenih  tijekom nekoliko godina
nakon glavnoga petrinjskog potresa. Prvo
su opisani rezultati klasicne, manualne
analize seizmograma prikupljenih sa stalnih i priviemenih mreza, a
zatim rezultati automatske analize primjenom dubokih neuronskih
mreZa za detekciju potresnih signala, uz naglasak na prednostima i
nedostacima tog pristupa u odnosu na klasi¢nu analizu.
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4.1. Katalog petrinjskoga potresnog niza na temelju
klasicne analize seizmograma

U ovome poglavlju prikazani su rezultati analize seizmograma
prikupljenih u razdoblju od 28. prosinca 2020. do 31. prosinca
2024., a koju su obavili seizmolozi s dugogodisnjim iskustvom.
U nastavku rada takva se analiza naziva klasi¢nom analizom.
Tijekom tog razdoblja u Siremu epicentralnom podru¢ju Petrinje
locirano je 19.570 potresa (slika 5.). Lokacije iz prvih Sest mjeseci
aktivnosti preuzete su iz kataloga[1], dok su za kasnije razdoblje
(srpanj 2021. — prosinac 2024.) koristeni podaci iz Hrvatskog
kataloga potresa — CEC, prema [33]; posljednja revizija 2025.).
Najveli potresi jasno su povezani s glavnom seizmogenom
strukturom — desnim Petrinjskim rasjedom (crvena linija na slici
5., gore). Medutim, prostorna raspodjela seizmi¢nosti pokazuje
da su se brojni naknadni potresi pojavljivali i duz sekundarnih
rasjeda aktiviranih preraspodjelom naprezanja nakon glavnog
potresa (vidi [1]). To ukljuCuje potresne izvore izmedu Siska
i Petrinje, u blizini sela Donjeg Vukojevca, sjeveroistocno i
zapadno od Gline, u podrugju Donjeg Selkovca i Donjeg Zirovca
te zapadno od Mecencana.

Uvid u razdiobu hipocentara daje Sest presjeka (A — F) prikazanih
u donjem dijelu slike 5. Oni uklju¢uju samo pouzdano locirane
potrese koji zadovoljavaju kriterije navedene u opisu slike.
Vecina hipocentara koncentrirana je na dubinama izmedu 5 i
15 km. Presjeci upucuju na nekoliko aktiviranih rasjeda, koji su
svi subvertikalni ili strmo nagnuti prema sjeveroistoku. Presjek
D dodatno sugerira postojanje strukturnog diskontinuiteta ili
odvajanja unutar zone Petrinjskog rasjeda na dubini od priblizno
11 km. Detaljnija analiza tih znacajki izlazi izvan okvira ovog rada.
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te u blizini Donjeg Zirovca, oko 25
km od Petrinjskog rasjeda. Najveci
dio aktivnosti (oko 65 % svih lociranih
My potresa) zabiljezen je tijekom 2021.
Tijekom tog razdoblja naknadni potresi
prosSirili su se preko Kupe, definirajuci
difuznu rasjednu zonu priblizno smjera
S-J, obiljezenu uglavnom potresima
manjih magnituda, pretezno juzno
od Donjeg Vukojevca. Istodobno je
pojacana aktivnost na jugoistotnome
segmentu  Petrinjskog rasjeda, s
3 produZenjem prema selu Mecencanima,
¢ime je ukupna duljina aktiviranoga
rasjednog segmenta povecana na vise
od 30 km. Najjaca aktivnost tijekom
2021., osim uz sam Petrinjski rasjed,
zabiljeZena je izmedu Siska i Petrinje, uz
dodatne potrese magnitude M, = 4,0 u
blizini Velike Soline i Donjeg Zirovca.
U razdoblju od 2022. do 2024. seizmicka
aktivnost u sjeverozapadnome dijelu
zone naknadnih potresa i na podrucju
o Sisak — Petrinja postupno se smanjivala,
dok se veCina aktivnosti zadrzala u
jugoistocnome dijelu zone, istotno i
sjeverozapadno od Cuntica (grozdoviAiB
naslici6.). Tijekom 2022. pocetnolinearno
poravnanje epicentara duz Petrinjskog
rasjeda razvilo se u oblik konkavan prema
sjeveroistoku. Ta promjena odrazava
kontinuiranu aktivnost unutar uskog
pojasa izmedu Gline i Donjeg Vukojevca
te u grozdu oznatenome slovom “B”
na slici 6., smjeStenome pretezno u
sjeveroisto¢nome bloku zone Petrinjskog

Udaljenost dui profila [km]

rasjeda. To je u suprotnosti s aktivnoscu
duz glavnog rasjeda (npr. grozd A i

Slika 5.

Gore: Epicentri svih 19.570 potresa magnitude M, > 0,0 iz petrinjskoga potresnog niza
(2020. - 2024.). Velicina simbola i boja skalirani su prema magnitudi. Crvena linija
prikazuje pojednostavljeni povrsinski trag Petrinjskog rasjeda, a strelice oznacavaju
relativno gibanje blokova. Isprekidane crne linije oznacavaju polozaje presjeka A - F.
Dolje: Presjeci A - F prikazuju vertikalne profile hipocentara potresa koji zadovoljavaju
uvjete navedene u presjeku F (minimalna magnituda M_, = 1,0; maksimalna udaljenost

sjeverozapadni segment), gdje se vecina
hipocentara nalazi u jugozapadnome
bloku.

Katalog potresa za petrinjski niz
pokazuje potpunost za M = 1,0 (vidi

od profila D__ = 4 km; maksimalni azimutni razmak postaja y

max

= 90°; minimalni broj

sliku 7.a) pocevsi od 30. prosinca 2020.,

faza za lociranje N, = 7; maksimalna dopustena standardna pogreska hipocentrac__ odnosno oko 13 sati nakon glavnog

=5km)

\/remenska evolucija potresnog niza prikazana je na slici 6.
U prva cetiri dana (28. — 31. prosinca 2020.) seizmi¢nost je
bila gotovo u cijelosti ograni¢ena na Petrinjski rasjed, koji se
aktivirao u duljini od priblizno 20 km, pruzajuci se jugozapadno
od rijeke Kupe prema Cunticu. Vazno je napomenuti da su
veC u toj ranoj fazi bili aktivni i udaljeniji izvori, ukljucujuci
podrucja sjeveroistotno od Petrinje, istocno od Velike Soline

potresa kako bi se izbjeglo pocetno

razdoblje u kojemu su brojni mali
potresi bili prikriveni u¢estalim jacim dogadajima. Gutenberg-
Richterov koeficijent b = 0,96 neSto je veci od vrijednosti
b = 0,91 koja je navedena u radu [1] za prvih Sest mjeseci i
M_ = 1,2. Parametri modificiranoga Omorijeva zakona, koji
opisuju opadanje ucestalosti naknadnih potresa, ostali su
stabilni tijekom cijelog niza, odnosno koeficijenti dobiveni za
Cetverogodisnje razdoblje (slika 7.b) gotovo su jednaki onima
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Slika 6. Epicentri potresa iz petrinjskoga potresnog niza prema
godinama (2020. - 2024.). Ukupan broj lociranih potresa
s M, > 0,0 unutar svakog dijagrama prikazan je u gornjemu
desnom kutu. Puna crvena linija oznacava pojednostavljeni
trag Petrinjskog rasjeda. Isprekidane linije oznacavaju uocene
trendove

iz prvih Sest mjeseci [1]. To upuuje na postupno smanjenje
aktivnosti u nadolazecim godinama, pri cemu se povratak na
pribliznu razinu prije 2020. ocekuje tek oko 2038.

4.2. Automatska detekcija i lociranje potresa

Povecanje gustoce seizmickih mreZza poput slucaja prikazanog
u radu dovelo je do znatnog povecanja kolicine podataka, a
time i vremena potrebnog za njihovu klasi¢nu stru¢nu obradu.
Posljednjih godina metode strojnog ucenja (ML) pokazale su se
kao utinkovita i pouzdana alternativa tradicionalnim pristupima
obradi podataka [34-36]. Glavni razlozi za to ukljuCuju brzinu
obrade, pri ¢emu se jedan dan kontinuiranih podataka moze
analizirati u samo nekoliko minuta, Sto je osobito vazno za
manje ili slabije financirane institucije. Osim toga ML metode
omogucuju ujednacenu tocnost i kvantifikaciju nesigurnosti u
odredivanju faza, detekciju potresa manjih magnituda te bolje
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Slika 7. a) Razdioba frekvencije i magnitude za petrinjski potresni niz
(2020. - 2024.), bez glavnog potresa; b) Modificirani Omorijev
zakon — vremenska promjena aktivnosti naknadnih potresa
(M, = 2,0) petrinjskog niza (2020. - 2024.)

prepoznavanje nailazaka potresnih faza na seizmogramima s
izrazenim Sumom.

U ovome radu prikazani su tijek obrade i pocetni rezultati
analize seizmickih podataka iz gotovo dviju godina primjenom
strojnog ucenja, i to za razdoblje od pocetka potresnog niza do
kraja studenoga 2022. [37]. Kontinuirani zapisi seizmograma
iz mreza CR, OP-Net i PN-Net analizirani su pomocu duboke
neuronske mreze za detekciju potresa EQTransformer [36],
trenirane za detekciju potresa i odredivanje dolazaka P-valova
i S-valova na bazi podataka /NSTANCE [38]. Detektirane faze
potom su povezane s pojedinim potresom, a pocetne lokacije
potresa odredene su pomocu asocijatora PyOcto [3S]. Te su
lokacije dodatno poboljSane primjenom algoritma NonLinLoc
[40], uz korekcije vremena putovanja specificne za pojedini izvor
(SSST; [41]). Vjerojatnosti koje daje EQTransformer koriStene su i
za odredivanje nepouzdanosti vremena nailazaka, pri ¢emu su
fazama s ve€om vjerojatnoscu pridijeljene manje nepouzdanosti.
Pocetna analiza EQTransformerom, uz niski prag detekcije od
0,05 za P-valove i S-valove, rezultirala je s ukupno 8.953.730
detektiranih seizmickih faza (6.588.039 P-faza i 2.365.691
S-faza). Nakon primjene kriterija za povezivanje faza, ukljucujui
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054

razini Suma, EQTransformer uspjesno je
detektirao dogadaj i identificirao dolaske
i PiS s vrSnim vjerojatnostima od 0,93
odnosno 0,87. Za usporedbu prikazan
je i seizmogram bez Suma dobiven

Sirowi seizmogram |
Seizmogram bez Suma
| EQ predikcija

|= P peadikicija

| = 5 predikcia

| === Ruini odabir

s

Mormalizirana amplitudasvjerojatnost

metodom uklanjanja/dekompozicije na
temelju duboke neuronske mreze [42],
I koji ilustrira temeljnu strukturu signala i
sposobnost modela da prema zadanim
postavkama izvuce korisne informacije iz

0150:30 0100 015050 015100

Slika 8. Primjer detekcije i odredivanja faza pomocu algoritma EQTransformer na seizmogramu
s postaje PNO3 (OP-Net) s jakim Sumom. Prikazani su sirovi (sivo) i filtrirani (crno)
seizmogram, vjerojatnost detekcije potresa (zeleno) te vjerojatnosti P-faze (Zuto) i
S-faze (crveno), zajedno s ru¢no odredenim dolaskom (crna isprekidana linija). Potres
se dogodio 20. sijecnja 2021. u 01:50:38 UTC i smatra se novootkrivenim, jer nije

ukljucen u Hrvatski katalog potresa

minimalni brojfaza po potresu (pet prijeinstalacije OP-Net mreze
odnosno sedam nakon 4. sijecnja 2021.), dobivene su 943.844
valjane faze (53 % P-fazai 47 % S-faza). Time je formiran katalog
od 50.305 potresa lociranih u istrazivanome podrugju. Vecina tih
potresa (68 %) dogodila se do kraja lipnja 2021.

Kako bi se osiguralo da novi katalog dobiven dubokim ucenjem
predstavlja stvarne potrese, provjeren je u odnosu na Hrvatski
katalog potresa — CEC ([33]; najnovija revizija iz 2025.) za isto
razdoblje istrazivanja. Dogadaji su klasificirani kao “podudarni®,
ako su se njihova vremena nastanka razlikovala za manje od
dvije sekunde od onih u CEC-u. Za dogadaje bez odgovarajuceg
podudaranja u ru¢nome katalogu primijenjeni su dodatni kriteriji
kvalitete: azimutalni razmak postaja manji od 150°, najmanje
deset povezanih seizmickih faza i glavna poluos elipsoida
pouzdanosti (prema procjeni NonLinLoca) manja od 20 km.
Primjer takvog potresaitoga kako funkcioniraju detekcijai odabir
faze pomocu EQTransformera prikazan je za stanicu PNO3 iz OP-
Net mreZe (slika 8.). Dvominutni seizmogram odgovara dogadaju
s vremenom nastanka 20. sije¢nja 2021. u 01:50:38 UTC,
klasificiranome kao novoidentificirani jer ga nema u Hrvatskome
katalogu potresa (ali je prisutan u manualno obradenom
skupu podataka samo s odabirom P-faze). Unato€ visokoj

15120 015130

podataka sa Sumom.

Usporedbom s Hrvatskim katalogom
potresa (CEC) utvrdeno je da je
podudarno 86 % potresa. Od 50.305
dogadaja u novome ML katalogu i
22.386 dogadaja u CEC-u 19.225 ih je
zajednickih, dok 3161 CEC dogadaj nije
detektiran. Identificirano je i 31.080 novih potresa, od kojih 9184
zadovoljavaju stroge kriterije kvalitete i smatraju se pouzdanim
detekcijama (slika 9.). Ti su potresi prostorno koncentrirani uz
petrinjski rasjedni sustav i sukladni su s prostornom razdiobom
naknadnih potresa. \le€ina hipocentara nalazi se u gornjih 15 km
kore, s izrazenim grupiranjem na dubinama od 5 do 10 km. Te su
dubine u prosjeku nekoliko kilometara plice nego u manualnome
katalogu, Sto je trend koji je takoder uocen u prethodnim
studijama strojnog ucenja [42].

Rezultati pokazuju da pristup strojnim ucenjem uspjesno
reproducira vecinu klasi¢no identificiranih potresa, uz znatno
prosirenje kataloga.

5. Zariéni mehanizmi

Kako bi se pruzio uvid u sloZene tipove rasjedanja koji su
povezani s petrinjskom rasjednom zonom nakon potresa 2020.,
u nastavku ukratko su prikazana dostupna rjeSenja zarisnih
mehanizama dobivenih iz polariteta prvih pomaka do kraja
2024., kako su prikazani u katalogu CroFMS [21].

Kao sto je to vet uoceno u [1], najvedi potresi duz Petrinjskog
rasjeda pokazuju pretezno rasjedanje s pomakom po pruzanju
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Slika 9. a) Karta s 28.409 potresa iz kataloga dobivenog metodama strojnog ucenja. Novi, visokopouzdano locirani potresi oznaceni su
narancastom bojom; Vertikalni presjeci koji prikazuju razdiobu dubina potresa iz ML kataloga u ovisnosti o: b) geografskoj duzini; c)

geografskoj Sirini, uz istaknute novootkrivene potrese

252

GRADEVINAR 78 (2026) 5, 245-256



Pracenje seizmicke aktivnosti nakon potresa u Petrinji 2020. godine

Gradevinar 5/2026

;;.’ (
Lo
\ el
LA oo -
FLTYS ‘Jr, .!I .j -I:" e {__,{
Pokupsko - X ! ., ..h____\__f L \ ! -\ %IEJ
P — \g\. r___.-"’ ‘“‘I‘ﬁ ';/‘-.;-\_ _.-".1-._  ; \I \-._\
L i Nor \
s Ny T ,
L R e e X ]
) = n-l_l]'ll'l'
o A e &
AT P g >
T Ml Ir J
,.-'5 oy . i f g TERE
s  Vellka Sotina {?; £ Y -
> i iy B
! i ‘; Cuntic -
.-i?ilnaf T
80 L% ] . "E!? 83 164

Slika 10. Rjesenja zariSnih mehanizama (FMS) u razdoblju 2020. - 2024. iz kataloga CroFMS
[21]. RjeSenja su prikazana stereografskom projekcijom na donju hemisferu. Boja
kompresijskih kvadranata oznacava tip rasjedanja (vidi legendu). Kratke crne
linije oznacavaju orijentaciju P-osi. Veli¢ina simbola beach-ball skalirana je prema
magnitudi u rasponu prikazanom u legendi. Prikazana su samo rjeSenja kvalitete = 2

hrvatske mreze OP-Net te naknadno
mreze PN-Net. Njihova uspostava
nadopunila je nedovoljno gustu stalnu
mrezu, Sto je rezultiralo znatnim
povecanjem broja postaja i kvalitete
podataka. Povecana gustoca mreze bila
je presudna za smanjenje nepouzdanosti
u lociranju ZzariSta potresa, osobito
njihove dubine, Stoje klju¢no za pouzdano
kartiranje rasjednih ploha (slika &.).

Nazalost, potres je pogodio podrucje koje
prethodno nije bilo dovoljno pokriveno
seizmickim mjerenjima, ponajvisSe zbog
ogranicenih  financijskih  sredstava.
Posebno je nedostatak instrumenata za
mjerenje jake tresnje tla (akcelerografa)
oznacio propuStenu jedinstvenu priliku
za prikupljanje podataka o ubrzanju
tla u bliskome polju velikog potresa s
pomakom po pruzanju rasjeda. Takvi
bi podaci predstavljali iznimno vrijedan
doprinos bazi akcelerograma u Hrvatskoj.
Ipak, postavljanje OP-Net mreze, koja
ukljuCuje i geofone i akcelerografe, a
potom i PN-Net mreZe, omogucilo je
biljezenje ubrzanja tijekom najjatega
naknadnog potresa 6. sijecnja 2021. te
tijekom svih kasnijih vecih potresa.

Moguénost brze instalacije instrumenata

(slika 10.). Medutim, gotovo jednak broj naknadnih potresa
dogodio se na reversnim rasjedima, osobito u blizini Velike
Soline te u grozdovima sjeveroistoéno od Cuntia i jugoistoéno
od Petrinje. U radu [1] pokazano je i da je raspodjela rasjedanja
s pomakom po pruzanju i reversnog rasjedanja u skladu s
promjenama Coulombove napetosti uzrokovanima glavnim
potresom.

Smjer P-osi, koji je vecinom orijentiran u pravcu JJZ-SSI,
usporediv je sa smjerom maksimalnoga horizontalnog
naprezanja (S, ) u tome podrugju [21]. Zanimljivo je da P-os
glavnog potresa ima gotovo smjer S-J, Sto upucuje na prosjecnu
rotaciju P-osi u nizu naknadnih potresa od oko 16° u smjeru
kazaljke na satu [1].

6. Rasprava i zakljucci

Sveobuhvatna analiza petrinjskoga potresnog niza u razdoblju
2020. - 2024., potpomognuta klasi¢nim i naprednim metodama
strojnog ucenja, pruza znatno unaprijeden uvid u seizmicke i
tektonske procese aktivne u toj vaznoj prijelaznoj zoni izmedu
Unutarnjih Dinarida i jugozapadnog dijela Panonskog bazena.

Klju¢ni element ovog istrazivanja bila je brza i koordinirana
uspostava privremenih seizmickih mreza, posebno talijansko-

omogucila je biljeZzenje najintenzivnijeg

razdoblja naknadnih potresa neposredno
nakon glavnog udara. Nadalje, velika koli¢ina podataka ucinkovito
je obradena primjenom metoda strojnog ucenja, Cime je
seizmicki katalog proSiren za viSe od 50 %, uz uspjesnu detekciju
tisuéa potresa male magnitude koji nisu bili identificirani
klasicnom analizom. Time je potvrdena vrijednost naprednih
metoda u pracenju potresne aktivnosti nakon glavnog potresa.
Detaljna analiza gotovo 20.000 klasi¢no lociranih i vise od
50.000 potresa detektiranih metodama strojnog ucenja (slike 5.
i 9.) potvrduje da su se najveti potresi dogodili duz Petrinjskog
rasjeda, aktivne strukture u slozenoj prijelaznoj zoni izmedu
Dinarida i Panonskog bazena. Medutim, razdioba seizmi¢nosti s
vremenom je postajala sve sloZenija, pri ¢emu je preraspodjela
napetosti nakon glavnog potresa aktivirala brojne sekundarne
rasjede koji se proteZu izvan neposredne zone glavnog rasjeda.
lako se potresna aktivnost opcenito smanjuje u skladu s
modificiranim Omorijevim zakonom (slika 7.b), Sto upucuje
na postupni povratak na pozadinsku razinu oko 2038., neki
grozdovi jos su aktivni u jugoistocnim dijelovima zone.
Analiza zariSnih mehanizama (katalog CroFMS) upucuje na
sloZzenu interakciju razli€itih tipova rasjedanja (slika 10.). Dok
najveli potresi pokazuju ocekivano rasjedanje s pomakom po
pruzanju, znatan broj naknadnih potresa karakterizira reverzno
rasjedanje. Ta heterogena raspodjela u skladu je s promjenama

GRADEVINAR 78 (2026) 5, 245-256

253



Gradevinar 5/2026

Josip Stipcevié, Kredimir Kuk, lva Dasovi¢, Dinko Sindija, Kristina Sariri i sur.

Coulombove napetosti uzrokovanima glavnim potresom, ¢ime
se potvrduju suvremeni modeli statickog iniciranja rasjedanja.
Dodatno, uocena je vazna pojava rotacije P-osi: dok su P-osi
naknadnih potresa uskladene s regionalnim maksimalnim
horizontalnim naprezanjem (S, ), one pokazuju zamjetnu
rotaciju u odnosu na P-os glavnog potresa. Ta rotacija pruza
vazan uvid u svojstva lokalnog naprezanjainjegove varijabilnosti.
Zaklju€no, pet godina intenzivnog pracenja seizmi¢nosti nakon
petrinjskog potresa rezultiralo je iznimno detaljnim i pouzdanim
razumijevanjem toga znatnog potresa s pomakom po pruzanju
koji se dogodio unutar tektonske ploce. Uspjesna suradnja i brza
uspostava seizmickih mreza, uz primjenu naprednih metoda
strojnog ucenja, omogucile su stvaranje iznimno bogatog
skupa podataka. On upucuje na primarne i sekundarne rasjede
aktivirane tijekom potresnog niza te pruza snazne dokaze da je
heterogeno rasjedanje povezano s naknadnim potresima izravna
i predvidiva posljedica preraspodjele tektonskih napetosti.
Dobiveni uvidi u geometriju i kinematiku petrinjskoga rasjednog
sustava, produktivnost naknadnih potresa i kratkorocne varijacije
tektonskih napetosti vazni su za unaprjedenje modela seizmicke
opasnosti. Oni omogucuju pouzdaniju karakterizaciju glavnih
seizmogenih rasjeda, ukljuCujuci parametre koji definiraju
vjerojatnost da se na njima dogodi potres, maksimalne ocekivane
magnitude i tipicne mehanizme zarista. Time se stvara ¢vrsca
osnova za deterministicko modeliranje realisti¢nih scenarija
potresa na podrucju Banovine, Sto doprinosi razvoju dugorocnih
strategjja smanjenja seizmickog rizika u sredisnjoj Hrvatskoj.

LITERATURA

[11  Herak, M., Herak, D.: Properties of the Petrinja (Croatia) earthquake
sequence of 2020-2021-Results of seismological research for
the first six months of activity. Tectonophysics, 858 (2023), Paper
No. 229885, https:/doi.org/10.1016/j.tecto.2023.229885

[2] Herak, D., Herak M.: The Kupa Valley (Croatia) Earthquake of 8
October 1909 - 100 Years Later, Seismological Research Letters
81(2010), pp. 30-36, https:/doi.org/ 10.1785/gssrl.81.1.30

[3]1 Pollak, D., Gulam, V., Novosel, T., Avani¢, R., Tomljenovi¢, B.,
Hecej, N., Terzic, J., Stipcevic, J., Baci¢, M., Kurecic, T., Doli¢, M.:
The preliminary inventory of coseismic ground failures related
to December 2020-January 2021 Petrinja earthquake series,
Geologia Croatica, 74(2) (2021), pp. 189-208, https:/doi.
org/10.4154/gc.2021.08

[4]  Tomac, I., Vlahovic, I., Parlov, J., Matos, B., Matesic, D., Kosovic,
I, Pavicic, I, Frangen, T., Terzic, J., Pavelic, D.: Geotechnical
Reconnaissance and Engineering Effects of the December 29,
2020, M6. 4 Petrinja, Croatia Earthquake, and Associated Seismic
Sequence, Technical report of Geotechnical Extreme Event
Reconnaissance (GEER) Association: Petrinja, Croatia, 2021, pp.
49-96, https:/doi.org/10.18118/G63T0O

Zahvala

Seizmoloska sluzba pri Geofizitkome odsjeku Prirodoslovno-
matematic¢koga fakulteta SveuciliSta u Zagrebu zahvaljuje
Vladi Republike Hrvatske i Ministarstvu znanosti i obrazovanja
na financijskoj potpori za nabavu kompleta seizmoloskih
instrumenata za prafenje seizmi¢nosti: 20 modernih
seizmometara i 20 akcelerometara s pripadaju¢om opremom.
Seizmolozi iz Geofizitkog zavoda “Andrija Mohorovicic”
zahvaljuju kolegama iz Nacionalnog instituta za oceanografiju i
primijenjenu geofiziku — OGS (Italija) na pomodii ustupanju Sest
seizmografasintegriranim akcelerometrimazabrzuinstalaciju.
Postajama stalne hrvatske mreze i mobilnog fonda (PN-Net)
upravljala je hrvatska Seizmoloska sluzba. Ovaj rad podrzala je
Europska unija — NextGenerationEU putem Nacionalnog plana
za oporavak i otpornost 2021. — 2026. Institucionalna potpora
bila je od Prirodoslovno-matematickoga fakulteta Sveucilista
u Zagrebu (GIGA). Automatska detekcija i lociranje potresa
provedeni su u sklopu projekta “Geofizicko-seizmoloSka
istrazivanja potresom ugrozenih podrucja u RH i razvoj
atenuacijskih relacija predvidanja seizmickog gibanja tla -
CRONOS", financiranog iz Norveskog financijskog mehanizma
(2014.-2021., projekt 04-UBS-U-0002/22-90). Privremenim
postajama OP-Net mreze upravljali su seizmolozi Geofizickog
zavoda "Andrija Mohorovici¢” Zahvaljujemo svim kolegama
koji su sudjelovali u postavljanju i odrzavanju postaja te u
analizi seizmograma i podataka.

[5] Tomac, |., Kovadevi¢ Zeli¢, B., Peri¢, D., Domitrovi¢, D., Stambuk
Cvitanovi¢, N., Vucenovic, H., Parlov, J., Stipcevic, )., MateSic,
D., Matos, B. Vlahovi¢, |. Geotechnical reconnaissance
of an extensive cover-collapse sinkhole phenomena of
2020-2021 Petrinja earthquake sequence (Central Croatia),
Earthquake spectra, 39 (2023) 1, pp. 653-686, https:/doi.
org/10.1177/87552930221115759

[6] Atali¢, J, Uro$, M., Savor Novak, M., Demsi¢, M., Banicek, M.,
Kadic, A., Oreb, J.: The Croatian Centre for Earthquake Engineering:
establishment, activities and future opportunities, in 3" European
Conference on Earthquake Engineering & Seismology (3ECEES),
(2022), pp. 2088-2097

[71 Atalic, J.,, Demsic, M., Banicek, M., Uros, M., Dasovic, I., Prevolnik,
S., Kadi¢, A., Savor Novak, M., Nastev, M.: The December 2020
magnitude (Mw) 6.4 Petrinja earthquake, Croatia: seismological
aspects, emergency response and impacts, Bulletin of earthquake
engineering, 21 (2023) 13 , pp. 5767-5808, https:/doi.org/
10.1007/510518-023-01758-2

[8] Mihaljevic, I, Zlatovic, S.. Embankments damaged in the
magnitude Mw 6.4 Petrinja earthquake and remediation,
Geosciences, 13 (2023) 2, Paper No. 48, https:/doi.org/ 10.3390/
geosciences13020048

254

GRADEVINAR 78 (2026) 5, 245-256



Pracenje seizmicke aktivnosti nakon potresa u Petrinji 2020. godine

Gradevinar 5/2026

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Mijic, Z., Zlatovi¢, S., Montgomery, J., Ziotopoulou, K., Gjetvaj,
\.: Liquefaction effects in the 2020 Mw 6.4 Petrinja, Croatia,
earthquake, Soil Dynamics and Earthquake Engineering,
193 (2025), Paper No. 109262 https:/doi.org/ 10.1016/j.
soildyn.2025.109262

Markusic, S., Stanko, D., Penava, D., lvancic, |., Bjelotomic Orsulic,
0., Korbar, T., Sarhosis, \.: Destructive M6. 2 Petrinja earthquake
(Croatia) in 2020 - Preliminary multidisciplinary research, Remote
Sensing, 13 (2021) 6, Paper No. 1095, https:/doi.org/ 10.3390/
rs13061095

Kastelic, \I., Atzori, S., Carafa, M., Govorcin, M., Herak, D., Herak,
M., Matos, B., Stipcevi¢, J., Tomljenovi¢, B.: Petrinja Seismogenic
Source and its 2020-2021 Earthquake Sequence (central Croatia).
in EGU General Assembly Conference Abstracts (2021), Paper No.
EGU21-16585

Baize, S., Amoroso, S., Beli¢, N., Benedetti, L., Boncio, P., Budi¢, M.,
Cinti, F.R., Henriquet, M., Jamsek Rupnik, P., Kordic, B., Markusic, S.:
Environmental effects and seismogenic source characterization of
the December 2020 earthquake sequence near Petrinja, Croatia,
Geophysical Journal International, 230 (2022) 2, pp. 1394-1418,
https:/doi.org/ 10.1093/gji/ggac123

Henriquet, M., Kordic, B., Métois, M., Lasserre, C., Baize, S.,
Benedetti, L., Spelic, M., Vukovski, M.. Rapid remeasure of
dense civilian networks as a game-changer tool for surface
deformation monitoring: The case study of the Mw 6.4 2020
Petrinja Earthquake, Croatia, Geophysical Research Letters,
49 (2022) 24, Paper No. e2022GL100166, https:/doi.org/
10.1029/2022GL100166

Xiong, W., Yu, P, Chen, W,, Liu, G., Zhao, B., Nie, Zh., Qiao, X.: The
2020 Mw 6.4 Petrinja earthquake: a dextral event with large
coseismic slip highlights a complex fault system in northwestern
Croatia, Geophys. J. Int,, 228 (2022), pp. 1935-1945, https:/doi.
org/10.1093/gji/ggab440

Zhy, S., Wen, Y., Gong, X., Liu, J.: Coseismic and Early Postseismic
Deformation of the 2020 Mw 6.4 Petrinja Earthquake (Croatia)
Revealed by InNSAR, Remote Sensing, 15(10) (2023), 2617. https:/
doi.org/10.3390/rs15102617

Zilic, 1, Causse, M., Vallee, M., Markusi¢, S.: High Stress Drop
and Slow Rupture During the 2020 MW6.4 Intraplate Petrinja
Earthquake, Croatia, Journal of Geophysical Research-Solid Earth,
130(2025) 1, 10.1029/2024)JB029107

Sardeli, E., Michas, G., Pavlou, K., Zaccagnino, D., Vallianatos, F.:
Spatiotemporal properties of the 2020-2021 Petrinja (Croatia)
earthquake sequence, Journal of Seismology, 28 (2024) 4, pp.
899-920, https:/doi.org/ 10.1007/5s10950-024-10228-1

Bjelotomi¢ Orsulic, 0., Markovinovi¢, D., Varga, M., Basic, T.
Coseismic ground displacement after the M W 6.2 earthquake
in NW Croatia determined from sentinel-1 and GNSS CORS
data, Geosciences, 11 (2021) 4, Paper No. 170, https:/doi.org/
10.3390/geosciences 11040170

Tondi, E., Blumetti, A. M., Cicak, M., Di Manna, P., Galli, P., Invernizzi,
C., Mazzoli, S., Piccardi, L., Valentini, G., Vittori, E., Volatili, T.
‘Conjugate’ coseismic surface faulting related with the 29
December 2020, Mw 6.4, Petrinja earthquake (Sisak-Moslavina,
Croatia), Scientific Reports, 11 (2021) 1, https:/doi.org/ 10.1038/
s41598-021-88378-2

Ustaszewski, K., Herak, M., Tomljenovi¢, B., Herak, D., Matej, S.:
Neotectonics of the Dinarides-Pannonian Basin transition and
possible earthquake sources in the Banja Luka epicentral area,
J. Geodyn., 82 (2014), pp. 52-68, https:/doi.org/ 10.1016/j.
jog.2014.04.006

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Herak, M.: Croatian catalogue and database of focal mechanism
solutions, characteristic mechanisms, and stress field properties
in the Dinarides and the surrounding regions, Geofizika, 41 (2024)
2, pp. 79-123, https:/doi.org/ 10.15233/gfz.2024.41.5

Ustaszewski, K., Kounov, A., Schmid, S.M., Schaltegger, U., Krenn,
E., Frank, W., Figenschuh, B.: Evolution of the Adria—Europe plate
boundary in the northern Dinarides: from continent-continent
collision to back-arc extension, Tectonics, 29 (2010), TC6017,
https:/doi.org/ 10.1029/2010TC002668

Schmid, S., Fligenschuh, B., Kounov, A., Matenco, L., Nievergelt,
P., Oberhansli, R., Pleuger, J., Schefer, S., Schuster, R., Tomljenovic,
B., Ustaszewski, K., van Hinsbergen, D.J.J.: Tectonic units of
the Alpine collision zone between Eastern Alps and western
Turkey, Gondwana Res., 78 (2020), pp. 308-374, https:/doi.org/
10.1016/j.gr.2019.07.005

Safti¢, B., Veli¢, J, Sztand, O, Juhasz, G., Ivkovi¢, Z.: Tertiary
subsurface facies, source rocks and hydrocarbon reservoirs in
the SW part of the Pannonian Basin (northern Croatia and south-
western Hungary). Geologia Croatica, 56 (2003), pp. 101-122,
https:/hrcak.srce.hr/3793

Tomljenovic, B., Csontos, L.: Neogene—Quaternary structures in
the border zone between Alps, Dinarides and Pannonian Basin
(Hrvatsko zagorje and Karlovac Basins, Croatia), Int J Earth Sci, 90
(2001), pp. 560-578, https:/doi.org/ 10.1007/s005310000176

Herak, D., Herak, M., Tomljenovi¢, B.: Seismicity and earthquake
focal mechanisms in North-Western Croatia, Tectonophysics,
465 (2009) 1-4, pp. 212-220, https:/doi.org/ 10.1016/j.
tecto.2008.12.005

Pikija, M.: Basic Geological Map of SFRY 1:100.000, Sisak sheet.
Geol. Zavod, Zagreb, Savezni geol. Zavod, Beograd. (in Croatian),
1987

Siki¢, K.: Osnovna geoloska karta Republike Hrvatske 1: 100.000.
Tumact za list Bosanski Novi 1: 100.000, L 33-70 [Basic Geological
Map of Republic of Croatia 1: 100000, Geology of the Bosanski
Novi sheet—in Croatian]. Hrvatski geoloski institut Zagreb, 2014
Tomljenovi¢, B., Stipcevic, J., Secanj, M.: lzvjeSce o zabiljezenim
pojavama koseizmickih povrsinskih deformacija na podrucju
Pokuplja i Banovine nastalih potresnom serijom od 28.12. 2020
do 5.01.2021. Rudarsko-geolosko-naftni fakultet, SveuciliSte u
Zagrebu 2021. (https:/www.rgn.unizg.hr/hr/izdvojeno/2790-
izvjesce-o-zabiljezenim-pojavama-koseizmickih-povrsinskih-
deformacija-na-podrucju-pokuplja-i-banovine-nastalih-
potresnom-serijom-o0d-28-12-2020-do-5-01-2021), 2021
Mihali¢ Arbanas, S., Arbanas, 7., Bernat Gazibara, S., Krka¢, M.:
Preliminary engineering geological and geotechnical investigation
of geological hazards induced by Petrinja Earthquake Series
2020-2021, GRABEVINAR, 77 (2025) 11, pp. 1071-1082, https:/
doi.org/ https:/doi.org/10.14256/JCE.4422.2025

Kovacevic, M.S., Baci¢, M., Libri¢, L., Juric-Kacuni¢, D.: Liquefaction
in Croatia: Risk assessment and rapid post-earthquake decision-
making — five years later, GRADEVINAR, 77 (2025) 11, pp. 1037-
1055, https:/doi.org/ https:/doi.org/10.14256/)CE.4419.2025

Stipcevic, J., Poggi, V., Herak, M., Parolai, S., Herak, D., Dasovic, .,
Bertoni, M., Barnaba, C., Pesaresi, D.: First results from temporary
deployment of small seismic network following the Mw= 6.4
Petrinja earthquake, In EGU General Assembly Conference
Abstracts (pp. EGU21-16579), 2021

Herak, M., Herak, D., Markusi¢, S.: Revision of the earthquake
catalogue and seismicity of Croatia, 1908-1992, Terra Nova, 8
(1996) 1, pp. 86-94, https:/doi.org/ 10.1111/j.1365-3121.1996.
tb00728.x

GRADEVINAR 78 (2026) 5, 245-256

255




Gradevinar 5/2026

[34]

[35]

[36]

[37]

[38]

Josip Stipcevic, Kresimir Kuk, lva Dasovic, Dinko §indija, Kristina Sariri i sur.

Ross, Z.E., Yue, Y., Meier, M.A., Hauksson, E., Heaton, T.H.:
PhaseLink: A deep learning approach to seismic phase association,
Journal of Geophysical Research: Solid Earth, 124 (2019) 1, pp.
856-869, https:/doi.org/ 10.1029/2018JB016674

Zhu, W. Beroza, G.C. PhaseNet: a deep-neural-network-
based seismic arrival-time picking method, Geophysical Journal
International, 216 (2019) 1, pp. 261-273, https:/doi.org/
10.1093/gji/ggy423

Mousavi, S.M., Ellsworth, W.L., Zhu, W., Chuang, LY., Beroza, G.C.:
Earthquake transformer - an attentive deep-learning model for
simultaneous earthquake detection and phase picking, Nature
communications, 11 (2020) 1, p.3952, https:/doi.org/ 10.1038/
s41467-020-17591-w

§indija, D., Mustaé-Br¢ic, M., Hetényi, G., Stipcevic, J.: Enhanced
view of the Mw 6.4 Petrinja earthquake sequence (2020-2022)
using deep learning. ESS Open Archive. 2025, https:/doi.org/
10.22541/ess0ar.174982734.45695605/v1

Michelini, A., Cianetti, S., Gaviano, S., Giunchi, C., Jozinovic, D.,
Lauciani, V.: INSTANCE-the Italian seismic dataset for machine
learning, Earth System Science Data, 13 (2021) 12, pp. 5509-
5544, https:/doi.org/ 10.5194/essd-13-5509-2021

[39]

[40]

[41]

[42]

[43]

Minchmeyer, J.. PyOcto: A high-throughput seismic phase
associator, Seismica, 3 (2024) 1, https:/doi.org/ 10.26443/
seismica.v3i1.1130

Lomax, A, Virieux, J., Volant, P, Berge-Thierry, C.: Probabilistic
earthquake location in 3D and layered models: Introduction of a
Metropolis-Gibbs method and comparison with linear locations.
In Advances in seismic event location (pp. 101-134). Dordrecht:
Springer Netherlands, pp. 101-134, 2000, https:/doi.org/
10.1007/978-94-015-9536-0_5

Lomax, A.: Mapping finite-fault slip with spatial correlation
between seismicity and point-source Coulomb failure stress
change, arXiv preprint, 2024, https:/doi.org/ 10.48550/
arXiv.2404.05437

Zhu, W., Mousavi, S.M., Beroza, G.C.: Seismic signal denoising and
decomposition using deep neural networks, |IEEE Transactions on
Geoscience and Remote Sensing, 57 (2019) 11, pp. 9476-9488,
https:/doi.org/ 10.1109/TGRS.2019.2926772

Fonzetti, R., Buttinelli, M., Valoroso, L., De Gori, P,, Chiarabba, C.:
Fault interaction during large earthquakes as revealed by the
L'’Aquila 2009 sequence, Journal of Geophysical Research: Solid
Earth, 130 (2025) 8, Paper No. e2025)B031245, https:/doi.org/
10.1029/2025)B031245

256

GRABEVINAR 78 (2026) 5, 245-256



Gradevinar 5/2026

Ucinci adhezijskog smrzavanja i F-T ciklusa na
posmicnu cvrstocu sucelja izmedu Guingoren

DOI: https://doi.org/10.14256/)CE.4437.2025

Primljen / Received: 17.10.2025.
Ispravljen / Corrected: 13.4.2026.
Prihvacen / Accepted:  7.5.2026.

Dostupno online / Available online:  10.6.2026. gl inel betO na

Autori:

Doc.dr.sc. Aysenur Aslan Fidan, dipl.ing.grad.

Sveuciliste Dicle, Turska
Odjel za gradevinarstvo
aysenur.aslan@dicle.edu.tr
aysenur.asin@gmail.com

Autor za korespondenciju

|
[

Doc.dr.sc. Murat Gulen, dipl.ing.grad.
Sveuciliste Siirt, Turska

Odjel za gradevinarstvo
murat.gulen@siirt.edu.tr

Izvorni znanstveni rad
Aysenur Aslan Fidan, Murat Gulen, Suat Akbulut

Ucinci adhezijskog smrzavanja i F-T ciklusa na posmicnu ¢vrstocu sucelja
izmedu Glingoren gline i betona

Ciklusi smrzavanja i odmrzavanja (F-T ciklusi) znatno utjecu na interakciju tla i konstrukcije
jer mogu promijeniti cvrstocu tla i njegovo deformacijsko ponasanje. U ovom se istrazivanju
analiziraju ucinci F-T ciklusa na posmicnu ¢vrstocu, adheziju i kut trenja na sucelju izmedu
Glingoren gline i betona pri razlicitim udjelima vode. Uzorci su pripremljeni s udjelima vode 5 %
nizimi5 % visim od optimalnog udjela te su podvrgnutiO, 3, 7i 10 F-T ciklusa u temperaturnome
rasponu od -20 °Cdo +20 °C. Pokusiizravnog smicanja provedeni su u smrznutome stanju i
nakon odmrzavanja. Rezultati pokazuju da je adhezijsko smrzavanje, odnosno vezivanje ledom
na sucelju, znatno povecalo ¢vrstocu smrznutih uzoraka. Posmicna ¢vrstoca povecala se od
1,6 do 2,7 puta kod smrznutih uzoraka s vecim udjelom vode te od 1,05 do 1,19 puta kod
uzoraka s manjim udjelom vode. Nakon odmrzavanja uzorci s manjim udjelom vode pokazali
su deformacijsko omeksavanje i smanjenje ¢vrstoce na 0,80 do 0,95 pocetne vrijednosti, dok
su uzorci s ve€im udjelom vode uglavnom zadrzali svoju Cvrstocu. Adhezija se blago povecala
kod smrznutih uzoraka s manjim udjelom vode, dok se kod uzoraka s vecim udjelom vode
nakon treCeg ciklusa povecala gotovo trostruko, a zatim stabilizirala. Kut trenja na sucelju
pokazao je razlicite trendove ovisno o udjelu vode i toplinskome stanju uzorka. Navedene
se promjene mogu pripisati zajednickome djelovanju cementacije ledom, nesmrznute vode,
medudjelovanja Cestica i preraspodjele vlage na sucelju.
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adhezijsko smrzavanje, sucelje glina-beton, ciklusi smrzavanja i odmrzavanja, Giingdren glina, posmicna cvrstoca
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Original research paper
Aysenur Aslan Fidan, Murat Gulen, Suat Akbulut

Adfreezing and freeze-thaw effects on the shear strength of the Glingdren
clay-concrete interface

The interaction between soil and structures is significantly affected by freeze-thaw (F-T) cycles,
which alter soil strength and deformation behaviour. This study investigates the effects of F-T
cycles on the shear strength, adhesion, and interface friction angle of the Glingdren clay-concrete
interface under varying water content. Samples were prepared at 5 % below and 5 % above the
optimum water content and subjected to O, 3, 7, and 10 F-T cycles between -20 °Cand +20
°C. Direct shear tests were conducted under both freezing and thawing conditions. The results
indicate that adfreezing, ice bonding at the interface, significantly enhanced the strength of
frozen samples with shear strength increasing by 1.6-2.7 times in frozen wet-side samples and
1.05-1.19 times in dry-side samples. After thawing, dry-side samples exhibited strain-softening
and reduction in strength 0.80-0.95 times the initial value, whereas wet-side samples largely
preserved their strength. Adhesion increased slightly in dry-side frozen samples, whereas in
wet-side samples, it increased nearly threefold after the third cycle and then stabilised. The
interface friction angle exhibits different trends depending on the moisture content and thermal
state. These variations are attributed to the combined effects of ice cementation, unfrozen
water, particle interactions, and moisture redistribution at the interface.

Key words:
adfreezing, clay-concrete interface, freeze-thaw cycles, Giingoren clay, shear strength
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1. Uvod

U hladnim podru¢jima interakcija izmedu tla i konstrukcija
uvelike je pod utjecajem F-T ciklusa. Smrzavanje vode unutar
pora tla dovodi do znatnih promjena u ¢vrsto€i tla i svojstvima
deformacije . Osim toga posmicna otpornost koja se razvija
na suceljuizmedu smrznutog tla i povrsine konstrukcije, poznata
kao adhezijsko smrzavanje, ima kljucnu ulogu u stabilnosti
infrastrukture ukopane u tlo ili oslonjene na tlo

Ponavljani ciklusi smrzavanja i odmrzavanja mogu promijeniti
mehanicka svojstva i tla i sucelja tlo-konstrukcija, Sto rezultira
varijacijama u posmicnoj CvrstoCi . Te varijacije stvaraju
izazove u osiguravanju dugorotnog ponasanja i stabilnosti
konstrukcija izloZzenih takvim uvjetima okruzZja. Zato je
razumijevanje interakcijaizmedu tlaikonstrukcija u smrznutome
stanju i u stanju nakon odmrzavanja klju¢no za sigurno iisplativo
projektiranje geotehnickih sustava kao Sto su piloti optereceni
trenjem po plastu, potporni zidovi, sidra, autoceste, nasipi,
plitki temelji i zbijeni slojevi . Ve€ina inzenjerskih izazova
u mehanici smrznutog tla odnosi se na predvidanje ponasanja
tla pod spregnutim mehanickim i toplinskim utjecajima

Ciklus smrzavanja i odmrzavanja obuhvaca Cetiri faze: stanje
prije smrzavanja, smrzavanje, odmrzavanje i konsolidaciju.
U stanju prije smrzavanja tlo je zbijeno i pokazuje visoku
posmicnu ¢vrstocu. Tijekom smrzavanja stvaranje leda uzrokuje
razdvajanje Cestica tla, Sto dovodi do rasprSenije strukture.
U fazi odmrzavanja tlo pokazuje veti koeficijent pora i nizu
posmicnu ¢vrstocu. Na kraju, nakon konsolidacije, tlo postupno
ponovno dobiva ¢vrstocu tijekom slijeganja pod opterecenjem,
uz smanjeni koeficijent pora u odnosu na stanje nakon
odmrzavanja, iako je i dalje veti nego u fazi prije smrzavanja

Posmi¢no ponasanje sucelia izmedu smrznutog tla i
konstrukcijskih materijala kljuéno je za procjenu ponasanja
geotehnickih sustava u hladnim podrugjima. Utjecaj adhezijskog
smrzavanja na posmicnu cvrstocu sucelja opsezno je istrazivan
na razli¢itim vrstama tla, ukljucujuéi prah [4], glinu :
pijesak i pjescenjak , u kombinaciji s konstrukcijskim
materijalima poput celika , betona ili leda

Ta su istrazivanja provedena primjenom standardnih ispitivanja
s kontroliranom temperaturom , velikih posmicnih
ispitivanja i komora s niskim temperaturama [4] pri
razli¢itim temperaturama.

Pri konstantnoj temperaturi povecanje pocetnog udjela vode
rezultiralo je vecom posmic¢nom ¢vrstocom sucelja. Suprotno
tome, pri konstantnome udjelu vode, snizavanje temperature
rezultira povefanjem posmicne Cvrstofe, Sto ima izraZeniji
ucinak na adheziju . Kako se temperatura smanjivala,
tako je nacin loma prelazio iz deformacijskog ocvrscivanja u
deformacijsko omeksavanje, ponajprije zbog povecanja udjela
leda. Buduci da se led ponasa kao krti materijal, on znatno utjece
na uoceno ponasanje prilomu

Nadalje, veca toplinska vodljivost betona u odnosu na tlo potice
migraciju nesmrznute vode prema sucelju. Taj proces dovodi do

stvaranja ledenog filma na dodirnoj povrsSini izmedu smrznutog
tla i betona. Takva migracija vode i stvaranje ledenog filma
znatno utjeu na mehanictko ponasanje sucelja tlo-beton

Prema meteoroloskim podacima Turske drzavne meteoroloske
sluzbe (MGM) za razdoblje 2000. — 2022., iako Istanbul opéenito
ima blagu klimu, minimalne temperature zraka tijekom zimskih
mjeseci, osobito u prosincu, sijecnju i veljaci, Cesto padaju ispod
0 °C i povremeno mogu doseci i do -8 °C. Ti uvjeti dovode do
ponavljajucih ciklusa smrzavanja i odmrzavanja u povrsinskim
slojevima tla. Zato je razumijevanje utjecaja takvih toplinskih
uvjeta na mehanicko ponasanje Giingoren gline kljutno za
dugorocnu stabilnost gradevina koje se nalaze na tome tlu
ili su s njim u interakciji. Znatan dio infrastrukture Istanbula,
uklju€ujuci glavne prometnice, Zra¢nu luku Atatlirk, Zeljeznicke
pruge i plitke temelje zgrada, izgraden je na Glngoren glini

Ovaj rad istrazuje posmicno ponasanje suceljaizmedu Giingdren
gline i betona u smrznutim i odmrznutim uvjetima, uzimajui
u obzir utjecaj ciklusa smrzavanja i odmrzavanja, normalnih
naprezanja i udjela vode. Cilj ovog istraZivanja jest procijeniti
utjecaj procesa smrzavanja i odmrzavanja na posmicnu ¢vrstocu
sucelja te pruziti smjernice za poboljSanje sigurnosti i otpornosti
urbane infrastrukture.

2. Materijali i metode
2.1. Geotehnicka svojstva Giingoren gline

U ovome istrazivanju uzorci tla prikupljeni su s lokacije u
blizini kampusa Tehnickog sveucilista Yildiz i pripadaju lokalno
poznatoj jedinici nazvanoj "“Glngdren glina" Ta zelenkasta
glina visoke plasti¢nosti sastavni je dio Siroko rasprostranjene
Gungoren formacije. Zajedno s Girpinar formacijom smatra
se jednom od najproblematicnijih jedinica tla u Istanbulu zbog
visoke plasticnosti i izraZzene osjetljivosti na uvjete okruzja
Gungoren formacija Siroko je rasprostranjena diljem Istanbula i
posebnojeizrazenaupodrudjimakaoStosu Yedikule, Kazligesme,
Osmaniye, Sirinevler, Yenibosna i Halkall, s debljinama u rasponu
od priblizno 9 do 22 metra .Naslici 1. prikazana je prostorna
rasprostranjenost te formacije na europskoj strani Istanbula i
istiCe njezinu geolosku zastupljenost u gradskim Cetvrtima.

Ta vrsta glina nalazi se ispod kljucne infrastrukture, ukljucujuci
glavne prometne koridore, zratne luke i gusto naseljene
stambene zone , zbog Cega je posebno vazno uzeti u
obzir njihovo ponasanje u toplinskim uvjetima.

Rendgenska difrakcija (XRD) provedena je u laboratoriju
Tehnickog sveucilista Yildiz radi odredivanja mineralnog sastava
uzorka. Rezultati pokazuju da je montmorilonit dominantan
mineral, s najvisim intenzitetom vrha. Ostali identificirani
minerali ukljuCuju iliti-muskovit, kaolinit i kvarc, razlicitih
intenziteta. Takoder, supostojanje ilita i montmorilonita
potvrdeno je viSestrukim karakteristi¢cnim vrhovima na XRD
dijagramu (slika 2.).
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(PI) iznosili su 81,5 %, 35,3 % i 46,2 %.
Prema ASTM D2487-17 [36], tlo je
klasificirano kao glina visoke plasti¢nosti
(CH).

Prema ASTM D4546 [37], gline s PI
> 40 % pokazuju vrlo visok potencijal
bubrenja. U skladu s time, Glngoren
glinu karakteriziraju visok potencijal
bubrenja, tlak bubrenja i kapacitet
zadrzavanja vode. Ta svojstva uvelike
ovise o mineralnome sastavu, specifi¢noj

Clgoen — povrsini i kapacitetu izmjene kationa [38].
S —— ¢ 2 & Gkm Encen [ Keaai Gline bogate montmorilonitom pokazuju
najveci potencijal bubrenja i kapacitet
Patecai ] basca st zadrzavanja vode [39].
Slika 1. Geolo$ka karta europskog dijela Istanbula [30] Mineralni sastav takoder utjeCe na
reakciju gline na cikluse smrzavanja
Montmordonit i odmrzavanja. Ekspanzija montmorilonita tijekom upijanja
_— o vode moZze uzrokovati strukturnu degradaciju tijekom ciklusa
4 e . : . . .
] * smrzavanja i odmrzavanja te dovesti do omeksavanja tla nakon
g - odmrzavanja [40]. Rezultati prikazani na slikama 2. i 3. dodatno
& ] it Moz hkovit Mn;:rra--lur-. potvrduju cikluse smrzavanja i odmrzavanja Glingoren gline.
&O00 - Haglinit *
~_ ¥ A I a0
- CL: Glina niske plastic nosti
o T T T T T T T B0+ | ML: Prah niske plastiénosti
s 10 13 « %5 X = “w CH: Glina visake plastienosti p
26[°] 09 [ MH: Prah visoke plastiénosti __@\. f’z
i . . = — 11 linéja nagiba .Q—?}//
Slika 2. XRD rezultat Giingoren gline & 601 Gungtren giina Q\&ﬁ?} cH
.. . iy . . . . 5 50 \\&@/
Laboratorijska ispitivanja provedena su na uzorcima dobivenim Ex «3:,/ .
s terena radi odredivanja inZenjerskih svojstava Glingoren gline. é 40 L~ _,‘\yﬁ
Ta ispitivanja uklju€uju analizu prosijavanjem [31, 32], granice £ L /«-’ Qﬁﬁj"’h
konzistencije [33], specifitnu gustocu Cvrstih Cestica [34] i E o i .
ispitivanja zbijanja [35]. Na slici 3. prikazan je poloZaj Glingdren w // "
gline na Casagrandeovu dijagramu plasti¢nosti, a u tablici 1. 10+ / "
njezina indeksna svojstva.
1]

o m W E Y I T Mmoo en o
Tablica 1. Svojstva Giingoren gline
Granica tekufine, LL [%]

Svojstvo Vrijednost i L. . . .
Slika 3. Polozaj Giingoren gline u Casagrandeovu dijagramu
Specifitna gustoca cvrstih cestica (Gs) 2,63 plasti¢nosti
Granica tecenja, LL [ %] 81,50
Svi izravni posmicni pokusi provedeni su na uzorcima tla
Granica plasti¢nosti, PL [ %] 35,30

zbijenima na obje strane optimalnog udjela vode (wopt),
Indeks plasti¢nosti, PI [ %] 46,20 odnosno na suhoj i mokroj strani. Krivulja zbijanja tla prikazana
je na slici 4. Maksimalna suha gustoca iznosila je 1,378 g/cm?,
a optimalni udio vode (wopt) 28,3 %. Stupanj zasicenja tla bio je
priblizno 60 % na suhoj strani i 85 % na mokroj strani.

Prema rezultatima analize prosijavanja i hidrometrijske analize, Ispitivanje sniZzavanja tocke smrzavanja provedeno je na
tlo se sastojalo od priblizno 95 % finozrnatog materijala s zbijenim uzorcima koji predstavljaju suhu (w = 23,3 %) i mokru
frakcijom gline od 65 %. Analiza prosijavanjem primijenjena je stranu (w = 33,3 %) krivulje zbijanja. Krivulje temperatura-
samo na grubu frakciju zadrzanu na situ br. 200, dok je frakcija vrijeme uzoraka, prikazane na slici 5., pokazuju da je tocka
sitnih  Cestica okarakterizirana hidrometrijskom analizom. smrzavanja (FP) -1,1 °C za uzorak sa suhe strane i -0,4 °C za
Granica tecenja (LL), granica plasti¢nosti (PL) i indeks plasti¢nosti uzorak s mokre strane.

Aktivnost, A 0,71
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Slika 4. Standardna krivulja zbijanja Giingoren gline

Prethodna istraZivanja pokazala su da na FP tla utjeCu brojni
cimbenici poput tipa tla, granica konzistencije, udjela vode,
sastava i koncentracije soli, uvjeta opterecenja, tlaka botnog
ograniCenja i vibracija [5, 41-44].

Nizi pocetni udio vode dovodi do brzeg smrzavanja i veceg
sniZzenja tocke smrzavanja zbog promjena tlaka porne vode, dok
viSi udio vode usporava smrzavanje i blago povecava FP, osobito
u blizini zasicenja [16, 45, 46].

Dodatno, visi udio vode rezultirao je izrazenijim kasnjenjem
napredovanja fronte smrzavanja, dok je nizi udio vode doveo
do brZze stope smrzavanja i kraceg vremena stabilizacije
[45]. FP uzoraka tla nelinearno je rastao s povecanjem udjela
vode, priblizavajuci se vrijednosti Ciste vode (0 °C) pri visokim
razinama zasicenja [16]. Ti u€inci pripisuju se prisutnosti slabo
vezane vode, koja se smrzava na znatno nizoj temperaturi, te
povecanome potencijalu vode u tlima s visim udjelima vode [46].

2.2. Priprema betonskih blokova i karakterizacija
hrapavosti povrsine

Tekstura povrsine i tvrdoca konstrukcijskih materijala na sucelju
imaju klju¢nu ulogu u odredivanju ponasanja sucelja, pri ¢emu

a) 30 . -
5 == Suha strana
pat) L= Mokra strana

Temperatura, T["C]

Wrijeme, t [sati]

povecana hrapavost povrsine opcenito dovodi do vece posmicne
¢vrstoce [48-50]. lako su neka istraZivanja proucavala glatka
sucelja tlo-beton koristeci Sperplocu ili Celi€ne kalupe [51, 52],
druga su ispitivala razli¢ite uvjete hrapavosti povrsine kako bi
bolje prikazala terenske primjene [53-55].

Betonski uzorci koristeni za ispitivanje medudjelovanja na
sucelju gline i betona izlijevani su u posebno dizajnirane kalupe
od Sperploce. Smjesa voda-cement-pijesak (2 : 5: 15 po masi),
koja se sastojala od pijeska veli¢ine zrna manje od 4 mm,
ugradena je u kalupe, zbijena i njegovana uranjanjem u vodu
(slika 6.a). Tijekom ugradnje betona primijenjene su vibracije
kako bi se osigurala odgovarajuca zbijenost betona i uklonili
zracni mjehurici koji bi mogli utjecati na ¢vrstocu i ujednacenost.
Nakon izlijevanja kalupi su prekriveni plasticnim folijama kako
bi se sprijetio gubitak vlage. Nakon vezanja betona (otprilike
18 do 24 sata), uzorci su izvadeni iz kalupa i potom njegovani
u vodi pod vlaznom krpom 28 dana radi postizanja pune
cvrstoce. Tlacna Evrstoca kockastih uzoraka (15 x 15 x 15 c¢m)
pripremljenih i njegovanih pod istim uvjetima nakon 28 dana
iznosila je 51 MPa.

Za procjenu hrapavosti povrsine uzorci su analizirani pomocu
optickog profilometra AEP Nanomap 1000WLI, koji generira
trodimenzionalne profile povrsine biljezeci varijacije reflektirane
svjetlosti. Mjerenja su provedena na viSe lokacija koristenjem
i opticke profilometrije i profilometrije iglom radi osiguranja
tocnosti i ponovljivosti (slika 6.b).

oEEEEE
e e

Slika 6. Detalji betonskih blokova: a) betonski uzorci i kalupi od
Sperploce; b) uzorak za mjerenje hrapavosti povrsine

U literaturi prikazani su razli¢iti metodoloski pristupi za
kvantificiranje hrapavosti povrine [56-58]. Medu njima ¢esto se
primjenjuju parametri temeljeni na visini poput normaliziranog
indeksa hrapavosti (Rn). Normalizirani parametar hrapavosti

hJ BJ -4 ] 1 M
&: Hiadenje
s e
IIZI—- H— B: Mukbeacija
b vt C: Plato smrzavanja
- !
fwry 57 P O Hiladenge naksn Smizavanja
= 0 P T, Pothladivanje
: 59 - T: Temperatura SMrZavania
E i i
g o IT T: Rawnoteina temperatura
2l d P "
b} . L
2 Eleci=Waamsssssssssss=sssss== poo-
E I 1
] L : T
15 B H
] 1 N
-20 -
] A L 8]
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Slika 5. Krivulje temperatura-vrijeme za: a) Giingdren glinu (eksperimentalno); b) tipicno ponasanje pri smrzavanju, prema [47]
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obicno se definira kao omjer maksimalne
visine neravnina (R__) i srednje velicine
Cestica (D50), kako je prikazano u izrazu
(1). Odgovarajuca vrijednost Rn za glinu
koriStenu u ovome istrazivanju iznosila je
priblizno 10,3, na temelju D50 = 0,0028
mm i Rmax = 0,026 mm.

Rn :M (1)
Ds

Vazno je napomenuti da je izraz (1)

ponajprije razvijen za krupnozrnata tla,

kod kojih je mehanicki odgovor odreden e
interakcijom izmedu veliCine Cestica : ‘1
i hrapavosti povrSine. Za sitnozrnata 1
tla poput smjesa gline i praha, gdje je Pom mnjer“,-
reprezentativna veli¢ina Cestica znatno jifez
manja, taj parametar postaje manje
primjenjiv i ne moZe se koristiti za
smisleno fizikalno tumacenje. U ovom je
istraZivanju umjesto pristupa temeljenih
na jednoj karakteristi¢noj visini hrapavosti primijenjen povrsinski
pristup kako bi se obuhvatio doprinos cjelokupne teksture
povrsine duz sucelja. Ta formulacija omogucuje reprezentativnije
karakteriziranje povrsina s nepravilnom hrapavoscu koje nemaju
ujednacenu dubinu, razmak ili raspodjelu.

U toj je formulaciji parametar hrapavosti omjer stvarne povrsine
i projektirane ravninske povrSine te daje kvantitativhu mjeru
nepravilnosti povrsine, izraz (2). Vece vrijednosti upucuju na
hrapaviju povrsinu s izrazenijim asperitetima, Sto moze pojacati
mehanicko ukljeStenje na sucelju. Prema toj metodi izracuna,
prosjetni parametar hrapavosti (R,) betonskih blokova
koriStenih u ovome istraZivanju iznosio je 1,27.

Pretvornik

e+

A
Rav =—=
Ay

2.3. Postupak ispitivanja

(2)

Zaispitivanja utjecaja smrzavanja i odmrzavanja uzorci su zbijeni
u prsten uredaja za izravno smicanje, uz gustocu i udio vode
koji odgovaraju suhoj odnosno mokroj strani optimalnog udjela
vode (wopt) odredenima iz krivulje zbijanja. MjeSavina tla i vode
najprije je pripremljena i ostavljena da odstoji u plasticnome
kalupu 24 sata radi postizanja ujednacenosti. Uzorci su zatim
zbijeni u uredaju za izravno smicanje, neposredno na betonsku
povrsinu, Cursto omotani rastezljivom folijom i smjeSteni u
eksikator radi postizanja homogene raspodjele vlage. Nakon
zbijanja posloZeni su u spremnike, postavljeni u komoru te
podvrgnuti ciklusima smrzavanja i odmrzavanja (slika 7.).

Zbijeni uzorci su zatim podvrgnuti O, 3, 7i 10 ciklusa smrzavanja
i odmrzavanja. Tijekom faze smrzavanja uzorci su zamrznuti

Gap

‘Oblozi od leda

Slika 7. Faze pripreme uzoraka prikazane na fotografijama: a) pripremljeni uzorci; b)
postavljanje uzoraka u eksikator; c) slaganje uzoraka u kutije; d) postavljanje uzoraka
u komoru za smrzavanje i odmrzavanje

MNormalng naprezanje

Ogranicenje utitavanja
Uredaj za fiksiranje

20 MM eingoren glina

Obloziod leda

Pretvornik
pomaka

Pomicanje

Slika 8. Shematski prikaz uredaja za izravni posmicni pokus

na -20 °C, a potom odmrznuti na 20 °C. Kako bi se sprijeCio
gubitak vlage, relativna vlaznost zraka odrzavana je na 80 %
tijekom cijele faze odmrzavanja. Odabrani temperaturni raspon
osigurava potpuno smrzavanje i odmrzavanje porne vode,
¢ime se eliminiraju djelomicni ucinci promjene faze i smanjuje
eksperimentalna varijabilnost.

U ovome istrazivanju izveden je pokus izravnog smicanja, koji
je dobro prihvacena metoda za procjenu posmicnog ponasanja
tla i sucelja tlo-konstrukcija [13, 51, 59, 601. Uzorci sucelja
glina-beton ispitivani su pomo¢u uredaja s kutijom za izravno
smicanje dimenzija 6 cm x 6 cm u smrznutome i odmrznutome
stanju. Ispitivanja su provedena u skladu s ASTM D3080 [61]
primjenom normalnih naprezanja od 50, 100 i 200 kPa uz
konstantnu brzinu smicanja od 1,0 mm/min (slika 8.).

Ta metodologija u skladu je s brojnim istrazivanjima sucelja
tlo-konstrukcija u smrznutim uvjetima i uvjetima smrzavanja
i odmrzavanja, ukljucujuci sucelja prah-beton [4], glina-beton
[14, 62, 63], prasinasto tlo-celik [17], pijesak-Celik [18], led-
smrznuta glina [13], glina-geotekstil [64] i tlo-georeSetka
[65]. U vecini istrazivanja koriStene su brzine smicanja
izmedu 0,8 i 1,2 mm/min, Sto je u skladu s 1,0 mm/min
primijenjenih u ovome istrazivanju [4, 17, 20, 63, 64, 66]. Zato
su eksperimentalni parametri, ukljucujuéi ispitnu metodu [13,
51, 59, 60], temperaturu [20, 63], brzinu smicanja [4, 17, 20, 63,
64, 66] i primijenjeno normalno naprezanje [4, 13, 14, 171, bili
u skladu s onima navedenima u citiranim istrazivanjima, sto
podupire valjanost i usporedivost rezultata.

Uzorcima su dodijelijene oznake prema broju F-T ciklusa i
termickim uvjetima primijenjenima tijekom smicanja. Naprimjer,
uzorak "3 ciklusa (smrznuto)” oznaava uzorak ispitan u
smrznutome stanju nakon tri F-T ciklusa, dok “3 ciklusa
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Tablica 2. Program ispitivanja

Ispitni materijal Udio vode [ %] Smrzavanje [°C] Odmrzavanje [°(] Ciklusi o [kPa] Stanje
Glina-beton 23,3 -20 +20 0,3,7,10 50, 100, 200 Smrznuto / odmrznuto
Glina-beton 33,3 -20 +20 0,3,7,10 50, 100, 200 Smrznuto / odmrznuto

(odmrznuto)” oznacava uzorak ispitan u odmrznutome stanju
nakon istog broja ciklusa (tablica 2.).

Kontrolna ispitivanja provedena su prije eksperimentalnog
dijela ispitivanja radi procjene ponovljivosti. Pri istim uvjetima
varijacija izmjerenoga posmitnog naprezanja bila je ogranicena
te je iznosila priblizno 3 do 4 % pri 50 kPa odnosno 2 do 3 %
pri 100 i 200 kPa za ispitivanja u smrznutome stanju, dok je za
ispitivanja u stanju nakon odmrzavanja ostala na priblizno 2 %
za sve razine normalnog naprezanja. Nakon provjere proveden
je planirani program ispitivanja. Osim toga najmanje jedno
ispitivanje ponovljeno je za svaku eksperimentalnu varijantu pri
normalnim naprezanjima od 50, 100 i 200 kPa.

Prije posmi¢nog pokusa metalni prsten uredaja za izravno
smicanje ohladen je kako bi se sprijecilo topljenje, a tijekom
eksperimenta odrzavana je izolacija pomocu ledenih ulozaka i
plasti¢nih pokrova (slika 8.). Temperature uzoraka tla izmjerene
prije i nakon pokusa pokazale su porast temperature tijekom
posmitnog ispitivanja (slika 9.). Medutim, usporedba s to¢kom
smrzavanja pokazala je da je temperatura tla nakon ispitivanja
ostala blizu toj vrijednosti.

U sitnozrnatim tlima dio vode u porama ostaje nesmrznut ¢ak i
pri 0 °C[67-70]. Cak i pri vrlo niskim temperaturama poput -20
°C znatne koli¢cine nesmrznute vode mogu zaostati, stvarajui
tanke filmove oko Cestica tla [70, 71]. Prema Konradu [69],
koli¢ina nesmrznute vode snazno ovisi o strukturnim svojstvima
tla. Otvorene strukture tla imaju manje kapilarne nesmrznute
vode ispod -2°C, dok tla izloZena vecem opterecenju zadrzavaju
vece koli¢ine pod istim temperaturnim uvjetima.

Prisutnost tog filma nesmrznute vode utjece na ponasanje tla,
jer se led formira uz adsorbirani sloj, a ne u izravnome kontaktu
s Cesticama tla[12, 72]. Zato rezultate ispitivanja na smrznutim
uzorcima gline i uzorcima sucelja glina-beton treba tumacditi
uzimajuci u obzir zajednicku prisutnost leda i nesmrznute vode.
Ispitani uzorci predstavljaju stanje zbijenog tla, a ne prirodnu
strukturu tla. Zato se raspodjela nesmrznute vode i njezin

.
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Slika 9. Mjerenje temperature uzoraka tla: a) prije i b) nakon izravnog posmicnog pokusa

utjecaj na mehanicko ponasanje mogu
razlikovati od in situ uvjeta u kojima
struktura tla ima vecu ulogu.

3. Rezultati i rasprava

3.1. Vizualno opazanje stvaranja
ledenog filma na sucelju

Smrznuti uzorci pripremljeni na mokroj
strani optimalnog udjela vode podvrgnuti
su izravnome posmi¢nom pokusu i
vizualno pregledani (slika 10.). Uogen je glatki i sjajni kontaktni sloj,
Sto upucuje na stvaranje ledenog sloja s ledenim kristalima unutar
pora tla i duz kontaktne povrsine. Takvo ponasanje pripisuje se
toplinskome gradijentu preko sucelja tijekom ciklusa smrzavanja i
odmrzavanja. Kako navode He i sur. [20], toplinski gradijent potice
migraciju nesmrznute vode iz okolnog tla prema sucelju, Sto dovodi
do stvaranja ledenih filmova na kontaktnoj povrsini. Taj mehanizam
potvrduju i prethodna istrazivanja [24-26, 73].

Slika 10. Ledeni sloj i ledeni kristali opazeni na povrSinama tla i betona
nakon 7. ciklusa smrzavanja

3.2. Utjecaj adhezijskog smrzavanja i F-T ciklusa na
krivulju naprezanje-deformacija

U ovome istrazivanju krivulia naprezanje-deformacija smrznutih
uzoraka sucelja glina-beton zbijenih na suhoj strani optimalnog
udjela vode pokazuje vrlo sli¢an visestupanjski proces deformacije
kakav su opisali Liu i sur. [19] za smrznuta sucelja tlo-beton (slika
11.). Liu i sur. [19] su primjenom ispitivanja izravnog smicanja
velikog mjerila identificirali faze krivulje kao elasti¢nu deformaciju
(@ - b), pocetak plasti¢ne deformacije (b — c), klizno slabljenje uz
smanjenje posmicnog naprezanja (c — d), deformacijsko ocvrscivanje
zbog progresivne deformacije (d — e) i rezidualnu posmicnu
¢urstocu (e — f). U ovom su istrazivanjy, tijekom ispitivanja izravnog
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smicanja, uzorci pokazali slicne faze deformacijskog ponasanja
sve do faze deformacijskog ocvrséivanja (d — e), ali nisu dosegnuli
fazu rezidualne posmicne curstoce (e — f). To se vjerojatno moze
pripisati ograni€enjima uredaja za izravno smicanje manjeg mjerila.
Kako navode Goughnour i Andersland [74], ledena matrica pri
uobicajenome tlaku i temperaturi znatno je kruca od skeleta tla te
postize svoju vrdnu ¢vrstocu pri manjim deformacijama. Cesto se
pojavljuju dvije izrazene tocke popustanja: jedna pri priblizno 1 %
aksijalne deformacije, a druga pri otprilike 10 % ili viSe. To dvostruko
vrSno ponasanje opazeno je i na sucelju glina-beton u pokusima u
sklopu ovog istrazivanja, Sto upucuje na to da takav odgovor nije
ogranien samo na smrznuta tla. Nakon drugog vrha nije zabiljezeno
rezidualno ponasanje, a vrsna cvrstoca pokazala je blago povecanje
u odnosu na pocetnu vrijednost. Stovise, to se povecanje izrazenije
otitovalo s porastom broja ciklusa smrzavanja i odmrzavanja.
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Slika 11. Ponasanje naprezanje-deformacija smrznutog sucelja glina-
beton na suhoj strani
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Slika 12. Krivulje naprezanje-deformacija iz izravnih posmicnih pokusa za smrznute uzorke sucelja glina-beton s razli¢itim brojem ciklusa:

a) smrznuto - suha strana; b) smrznuto — mokra strana
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Slika 13. Krivulje naprezanje-deformacija iz izravnoga posmicnog pokusa za uzorke gline i betona nakon odmrzavanja s razlicitim brojem ciklusa:

a) odmrznuto - suha strana; b) odmrznuto — mokra strana

Krivulje odnosa posmicno naprezanje-posmicna deformacija za
smrznuto sucelje glina-beton, za uzorke pripremljene na suhoj
i mokroj strani optimalnog udjela vode, prikazane su na slici 12.
Za uzorke s mokre strane nacin loma presao je iz ocvrscivanja pri
deformaciji u deformacijsko omeksavanje. Nakon Sto bi postigli
vrsno posmitno naprezanje, doslo je do naglog smanjenja
naprezanja zbog raspada cementirajuceg leda na sucelju,
nakon Cega je uslijedila stabilizacija na rezidualnoj razini. Takvo
ponasanje odrazava krti odgovor karakteriziran narusavanjem
cementirajuceg leda na sucelju.

\/rSno naprezanje povecavalo se s normalnim naprezanjem
i brojem ciklusa smrzavanja i odmrzavanja, dok se vrSna
deformacija kretala izmedu 3 i 4 %. Rezidualno naprezanje raslo
je s normalnim naprezanjem, ali nije pokazalo jasnu ovisnost

o ciklusima smrzavanja i odmrzavanja, a rezidualna posmitna
deformacija ostala je u rasponu od 5 — 6 %.

Krivulje odnosa posmic¢nog naprezanja i posmicne deformacije,
dobivene iz rezultata pokusa izravnog smicanja za odmrznuto
sucelje glina-beton s pocetnim udjelom vode na suhoj i mokroj
strani optimuma, prikazane su na slici 13.

Za odmrznute uzorke na suhoj strani krivulja naprezanje-
deformacija pokazala je deformacijsko omeksavanje. U
usporedbi sa smrznutim stanjem, krivulja je presla iz oblika
s dvama vrhovima u oblik s jednim vrhom. VrSna deformacija
kretala se od 1,5 do 2,5 %, a vrSno naprezanje raslo je s
normalnim naprezanjem. Medutim, vrSno naprezanje nize je
nego u pocetnome stanju i smanjuje se s povecanjem broja
ciklusa smrzavanja i odmrzavanja, Sto upucuje na postupni
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gubitak ¢vrstoce, za razliku od trenda opaZenog kod smrznutih
uzoraka. Rezidualna deformacija varira izmedu 4 i 6 %, povecava
se s normalnim naprezanjem, ali ne pokazuje jasnu ovisnost o
broju ciklusa.

Za uzorke odmrznute na mokroj strani takoder je opazeno
ponasanje omeksavanja pri deformaciji. Vrsna deformacija,
koja se kretala od 2,5 % do 3,5 %, bila je veéa nego na
suhoj strani. VrSno naprezanje blago je raslo s normalnim
naprezanjem i pokazalo je ogranicen oporavak s povecanjem
broja ciklusa u usporedbi s pocetnom fazom, ali je i dalje
ostalo znatno nize, otprilike na polovici vrijednosti u odnosu
na smrznute uzorke. Rezidualna deformacija ostala je
unutar raspona 4 do 6 %, dok rezidualno naprezanje raste
i s normalnim naprezanjem i s brojem ciklusa smrzavanja i
odmrzavanja.

Ucinci ciklusa smrzavanja i odmrzavanja na ponasanje sucelja
uglavnom su povezani s migracijom vlage, stvaranjem leda i
nakupljanjem ledenih filmova na sucelju [20]. Ledeni slojevi
imaju kljucnu ulogu u adhezijskoj Cvrstoii jer je posmicna
otpornost pri niskim temperaturama uvelike odredena
cementacijom ledom na sucelju [75]. Veéi pocetni udio vode
povecava koli¢inu vode dostupne za smrzavanje, Sto rezultira
jatim vezivanjem ledom [4]. To povecava posmic¢nu Cvrstocu u
smrznutim uvjetima, ali takoder pogoduje krtom slomu zbog
vezivanja ledom na sucelju. Prethodna istrazivanja [14, 19, 66,
76] pokazala su da povecanje udjela vode mijenja ponasanje iz
duktilnog u krto. Slicno tome, udio vode (odnosno udio leda u
smrznutim uvjetima) znatno utjece na krutost i nacine sloma
smrznutih tala [13, 77, 78].

Tijekom odmrzavanja degradacija veza leda smanjuje posmicnu
¢vrstocu sucelja, osobito vrSnu ¢vrstocu [20, 21]. Nasuprot
tome, rezidualna Cvrstoca ostaje relativno stabilna i uglavnom
neovisna o udjeluvode [17]i ciklusima smrzavanjaiodmrzavanja
[20]. Utjecaj temperature na rezidualnu ¢vrstocu takoder je bio
ogranicen, Sto su pokazali Zhang i sur. [41].

Pomak pri vrsnoj cvrstoci povecava se s pocetnim udjelom
vode, ali na njega ne utjeCu znatno ciklusi smrzavanja i
odmrzavanja, temperatura ni normalno naprezanje. Slicno
tomu, rezidualni pomak pokazuje malu ovisnost o navedenim
¢imbenicima [20].

U skladu s navedenim rezultatima rezultati ovog istrazivanja
pokazuju da se rezidualna posmicna Cvrstoca tek neznatno
mijenja pri razli¢itim udjelima vode i uvjetima smrzavanja
i odmrzavanja. lako se povecava s porastom normalnog
naprezanja, ne pokazuje sustavan trend u odnosu na brgj
ciklusa smrzavanja i odmrzavanja. Prethodna istrazivanja
pokazala su da je rezidualno posmitno naprezanje manje
osjetljivo na promjene udjela vode nego vrSna posmitna
¢vrstoca[14, 19].

Za razliku od vrsne Cvrstoce, koja je vrlo osjetljiva na toplinske
uvjete i udio vode, rezidualno ponaSanje ostaje relativno
stabilno. Takoder je manje pogodeno ciklusima smrzavanja i

odmrzavanja [20]. To upu€uje na to da je rezidualna posmitna
¢vrstoca uglavnom odredena mehanizmima trenja duz sucelja,
uz ogranicen utjecaj vezivanja ledom ili ciklusa smrzavanja i
odmrzavanja.

3.3. Utjecaj adhezijskog smrzavanja i F-T ciklusa na
vrsnu cvrstocu

VrSno posmicno naprezanje, odnosno posmicna Curstoca,
pokazalo je izrazenu povezanost s normalnim naprezanjem
(slika 14.). Taj je odnos opisan linearnom funkcijom prilagodbe
za smrznute i odmrznute uzorke pripremljene na suhoji mokroj
strani optimalnog udjela vode (tablica 3.).

Kod smrznutih uzoraka, sa suhe strane optimalnog udjela vode
uoceno je povecanje Cvrstofe na sucelju zbog adhezijskog
smrzavanja. Medutim, povecanje je bilo ograni¢eno u odnosu
na pocetnu Cvrstocu nesmrznutih uzoraka. VrSna Cvrstoca
rasla je s pove€anjem normalnog naprezanja.

Ucinak ciklusa smrzavanja i odmrzavanja postaje izrazeniji
s povecanjem broja ciklusa. To je osobito vidljivo nakon 10
ciklusa. Najvisa vrijednost postignuta je pri 200 kPa tijekom
10. ciklusa. Cvrstoéa raste sa 114,15 kPa (nesmrznuto) na
131,85 kPa, Stoje 1,16 puta pocetna vrijednost. Ukupno, vrsna
Cvrstoca krece se izmedu 1,05 i 1,19 puta pocetne Cvrstoce.
To pokazuje da ponovljeni ciklusi smrzavanja i odmrzavanja
postupno povecavaju adhezijsku ¢vrstoéu zahvaljujuci
cementaciji ledom na sucelju.

Suprotan trend uocen je kod odmrznutih uzoraka sa suhe
strane. Nakon 10 ciklusa vrSna Cvrstoca smanjuje se na 73,95
kPa pri normalnome naprezanju od 200 kPa. To je 0,65 puta
pocetna cvrstofa i 0,56 puta smrznuta Cvrstoca. Najniza
vrijednost zabiljezena je nakon 10 ciklusa, a ¢vrstoéa se
postupno smanjivala kako se broj ciklusa povecavao. Nakon
odmrzavanja pala je na 0,80 do 0,95 puta pocetne Cvrstoce,
ovisno o razini normalnog naprezanja. Taj rezultat naglasava
Stetan utjecaj ponovljenih F-T ciklusa na strukturni integritet
odmrznutih uzoraka sa suhe strane.

Kod smrznutih uzoraka s mokre strane posmicna Cvrstoca
raste 1,6 do 2,7 puta, ovisno o normalnome naprezanju i
broju ciklusa, ponajprije zbog cementacije ledom na sucelju
uzrokovane migracijom vode uslijed toplinskih gradijenata
izmedu gline i betona. VrSna ¢vrstoéa povecavala se s
normalnim naprezanjem, a ucinak ciklusa bio je ponovno
najizrazeniji nakon 10 ciklusa. Pri 200 kPa cvrstoca raste s
89,82 kPa na 174,79 kPa, Sto odgovara 1,95 puta pocetne
vrijednosti. Nakon tri ciklusa vréna posmicna ¢vrstoca doseze
1,61 put pocetne vrijednosti (144,67 kPa), nakon sedam
ciklusa 1,78 puta (160,01 kPa), a nakon 10 ciklusa 1,95 puta
(174,79 kPa). To pokazuje da ponovljeno smrzavanje pojacava
vezivanje ledom i povecava Cvrstocu. Taj je ucinak bio izrazeniji
kod uzoraka s mokre strane, Sto naglasava vaznost pocetnog
udjela vode.
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Tablica 3. Prilagodbeni izrazi za posmicnu cvrsto¢u smrznutih i odmrznutih uzoraka na suhoj

i mokroj strani
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leda i povetanom adhezijom izmedu
smrznutog tla i betona [14, 18, 19, 76].
Wang i sur. [80] pokazali su da vrsno
naprezanje raste s udjelom vode u
smrznutim uvjetima. To je posljedica
L e | migracije vode i stvaranja ledenog sloja
riail) = - 0o | [17]. Poveéano vezivanje ledom takoder
moze promijeniti ponasanje materijala
iz plasticnog u krto kako raste udio vode
[66]. VrSna Cvrstofa povecavala se s
normalnim naprezanjem, udjelom vode i
temperaturom [14]. Nakon odmrzavanja
omeksano tlo moze ispuniti povrsinske
nepravilnosti i povecati kontakt [24].

iy
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—— Padetrg

— |

150 200

Uzorak s mokre strane Uzorak sa suhe strane . B .
Stanje 3.4. Utjecaj adhezijskog
Jednadzba R* Jednadzba R’ smrzavanja i F-T ciklusa
Potetno ©=0,2550 + 40,638 0,944 1=0,4256 +31,176 0,975 na adheziju i kut trenja na
(SBHSLELUUS;) 1=01366+ 117,516 | 0999 | t©=0473c+31,544 0,989 sucelju
: Ucinci ciklusa smrzavanja i odmrzavanja
(57;:::5;) 1=0,201c + 119,601 0,999 T=0,487c + 33,238 0,986 te adhezijskog smrzavanja na adheziju
: (ca) i kut trenja na sucelju (8) izmedu
é?ﬂi::ﬁi; 1=0,247c + 128,109 0,869 1=0,487c + 36,030 0,986 gline i betona jasno su prikazani na slici
: 15. Vrijednosti adhezije na slici 15.a
(Ozg:‘;‘;iat‘o) 1=0,2450 + 41,715 0,961 ©=0,4330 + 23,491 0,990 pokazuju jasne razlike izmedu uzoraka
_ s mokre i suhe strane tijekom ciklusa
(Ozg':zliiio) 1202616 +41,916 0968 | 1=0440c+20957 0,992 smrzavanjaiodmrzavanja. _
Do treceg ciklusa smrzavanja uzorci
(OL?]';‘:JE?O) 1=0,2580 + 43,620 0971 | 1=0,395c+22,897 0972 sa suhe strane pokazuju samo blago
povecanje adhezije. To povecanje

Nakon odmrzavanja uzorci s mokre strane pokazuju nagli
pad ¢vrstoce. Pri 200 kPa i nakon 10 ciklusa ¢vrstoca pada sa
174,79 kPa na 93,89 kPa. To je 0,54 puta u odnosu na Cvrstocu
u smrznutome stanju. Medutim, u usporedbi s pocetnim
nesmrznutim stanjem, nije zabiljeZzen znatan pad nego blagi
porast. Curstoca raste s 89,82 kPa na 93,89 kPa, sto je 1,05
puta pocetne vrijednosti.

Povecanje ¢Cvrstote u smrznutome stanju rezultat je
cementacije ledom na sucelju. Voda migrira prema sucelju zbog
toplinskoga gradijenta i smrzava se. Nakon odmrzavanja to
dovodi do povecanog udjela vode u blizini sucelja. Primijenjeno
normalno naprezanje povecava kontaktnu povrsinu izmedu tla
i betona. Time se smanjuje oslabljivanje uzrokovano ciklusima

nastavlja se postupno s dodatnim
ciklusima i doseze ukupno povecanje od 5,00 kPa nakon 10
ciklusa.
To ograniteno povecanje uglavnom je povezano s niskom
dostupnoscu slobodne vode u uzorcima sa suhe strane.
Prisutnost zraka u porama ogranitava migraciju vode, a
posljedi¢no i opseg cementacije ledom na sucelju.
Nakon tre€eg ciklusa smrzavanja adhezija kod uzoraka s vecim
udjelima vode povecala se na priblizno trostruku pocetnu
vrijednost. Naknadno povecanje bilo je minimalno, sto je dovelo
do stabilizacije adhezije na oko 128,11 kPa do desetog ciklusa
smrzavanja. Medutim, unatoc toj stabilizaciji, svaki je ciklus i
dalje pokazivao trend porasta, pri Cemu se adhezija postupno
povecavala s povecanjem broja ciklusa.
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Slika 15. Parametri posmicne curstoce sucelja na suhoj i mokroj strani: a) adhezija; b) kut trenja

na sucelju

Navedeno upucuje na to da, iako je poletni utjecaj cementacije
ledom izrazen, njezino djelovanje nastavlja pridonositi
postupnome porastu adhezije s ponavljanjem ciklusa
smrzavanja. Takvo ponaSanje omoguceno je migracijom
slobodne vode prema sucelju.

Tijekom ciklusa odmrzavanja ucinak adhezijskog smrzavanja na
adheziju postupno je slabio. U uzorcima sa suhe strane adhezija
je pokazivala silazni trend u odnosu na pocetni ciklus, smanjujuci
se s 31,18 kPa na 22,90 kPa do 10. ciklusa odmrzavanja. To
odgovara 0,73 puta pocetne vrijednosti i upucuje na to da
ponovljeno odmrzavanje smanjuje ¢vrstocu veze na sucelju.
Nasuprot tome, uzorci s mokre strane su nakon odmrzavanja
pokazali blagi oporavak u odnosu na pocetnu vrijednost. Do 10.
ciklusa odmrzavanja adhezija se povecala s 40,64 kPa na 43,62
kPa, dosezuci 1,07 puta pocetnu vrijednost. Taj oporavak kod
uzoraka s mokre strane moze se pripisati migraciji slobodne vode
prema sucelju. Taj je ucinak postajao izrazeniji u ponovljenim
ciklusima, a adhezija je bila blago pove¢ana povecanjem udjela
vode u blizini sucelja.

Promatrajuci kut trenja na sucelju kod smrznutih i odmrznutih
uzoraka, uoceni su razliCiti trendovi. F-T ciklusi ne uzrokuju
dosljedan trend u kutu trenja na suceljy, jer i uzorci sa suhe i
mokre strane pokazuju kolebanja, koja su izrazenija kod uzoraka
s mokre strane.

Medutim, u smrznutome stanju uocena su suprotna ponasanja
izmedu uzoraka sa suhe i mokre strane. Kod uzoraka sa suhe
strane kut trenja na sucelju u smrznutome stanju postupno
raste sa svakim ciklusom smrzavanja i odmrzavanja, dosezuci
najvisu vrijednost u 10. ciklusu. To upucuje na to da ponovljeno
smrzavanje potice medusobno uklapanje Cestica ili strukturno
preuredenje na sucelju, cime se poboljSava posmitna otpornost.
Medutim, tijekom odmrzavanja kut trenja na sucelju smanjuje
se za otprilike 2°, padajuci ispod pocetne vrijednosti nakon
10 ciklusa, 5to upucuje na to da je degradacija veze na sucelju
tijekom uzastopnih ciklusa odmrzavanja oslabila posmicnu
otpornost.

Kod uzoraka s mokre strane smrznuti uzorci su u pocetku
zabiljezili nagli pad kuta trenja na sucelju, koji se smanjio na
gotovo polovinu pocetne vrijednosti. Medutim, nakon treceg
ciklusa uoCen je postupan oporavak. Vrijednosti su se nakon
viSe ciklusa smrzavanja i odmrzavanja gotovo vratile na pocetnu
razinu.

poboljSane posmicne otpornosti.

U stanju nakon odmrzavanja kut trenja
na sucelju znatno se smanjio tijekom
pocetnih ciklusa, a zatim se stabilizirao.
Takvo ponasanje vjerojatno je posljedica
preraspodjele vode na sucelju. Adhezijska cvrstoca pri
smrzavanju na sucelju sastoji se od dviju komponenti: adhezije
leda na povrSinu betona i trenja izmedu zrna tla na sucelju,
kako su to opisali He i sur. [14] u svojemu istrazivanju. Utjecaj
temperature na posmicnu ¢vrstocu sucelja ponajprije se ocituje
kroz promjene u kohezivnim silama. S padom temperature
i porastom udjela vode adhezija se znatno povecava, Sto
naglasava njezin klju€an doprinos posmicnoj ¢vrstoéi u uvjetima
smrzavanja.

Nasuprot tome, kut trenja opcenito se smatra neosjetljivim na
temperaturne promjene. Sadovskiy [81] je uo€io da smrzavanje
povecava koheziju tla, dok kut posmitnog otpora ostaje prakticki
nepromijenjen. Slicno tome, Wang i sur. [80] izvijestili su da, iako
kohezijska sila naglo raste s povecanjem udjela vode, unutarnji
kut trenja ima tendenciju smanjenja pri konstantnoj hrapavosti
povrsine [17].

Medutim, u smrznutim uvjetima udio vode ima dvostruki utjecaj.
Potice cementaciju na sucelju stvaranjem ledenih kristala, dok
nesmrznuta voda djeluje kao lubrikant. To smanjuje trenje i
snizava kut trenja, osobito pri viSim udjelima vode [17, 75].

Sto se tice u¢inaka F-T ciklusa, He i sur. [20] nisu utvrdili znatnu
promjenu vrsnog ni rezidualnog kuta trenja prije F-T cikliranja
ili nakon njega. To opazanje u skladu je s nalazima Ladanyi i
Theriault [82], koji su takoder zakljucili da F-T cikliranje pretezno
utjeCe na koheziju, dok otpor trenju ostaje uglavnom stabilan.
Na temelju prethodno prikazanih eksperimentalnih rezultata
osnovni fizikalni mehanizmi koji upravljaju ponasanjem
suCelja mogu se protumaciti integriranjem opazenih odgovora
s postoje€im znanjem o procesima smrzavanja i ciklusima
smrzavanja i odmrzavanja, kako je to shematski prikazano na
slici 16. Rezultati pokazuju da se ponasanje sucelja uvelike
razlikuje izmedu suhe i mokre strane. Kod uzoraka s mokre
strane visok stupanj zasicenja poticao je migraciju vode
prema betonskoj povrSini tijekom smrzavanja zbog toplinskih
gradijenata. To je dovelo do stvaranja neprekinutoga ledenog
sloja na sucelju. Time se pojacava adhezijsko smrzavanje
i dolazi do znatnog povecanja posmicne cvrstoce. Nakon
odmrzavanja povecani udio vode poboljSava kontakt cestica
pod normalnim naprezanjem, omogucujuci sucelju da zadrzi
svoju posmicnu ¢vrstocu. Suprotno tome, uzorci sa suhe strane
pokazali su ograniCenu pokretljivost vode, Sto je ogranicilo
razvoj neprekinutoga ledenog sloja. Kao rezultat smrzavanje
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Slika 16. Mehanizmi ponasanja sucelja glina-beton tijekom ciklusa smrzavanja i odmrzavanja: a) mehanizam mokre strane; b) mehanizam suhe

strane

je uglavnom bilo ograniteno na pore tla, 5to je dovelo samo do
neznatnog povecanja posmitne cvrstoce. Tijekom odmrzavanja
mikrostrukturna degradacija i povecani koeficijent pora slabe
suCelje, Cime se smanjuje posmicna ¢vrstoca.

4, Zakljucak

U ovom je istrazivanju pokusima izravnog smicanja analizirano

ponasanje sucelja Glngoren glina—beton pri smicanju, s

posebnim naglaskom na ucincima ciklusa smrzavanja i

odmrzavanja (F-T ciklusa) te adhezijskog smrzavanja. Glavni

rezultati istrazivanja mogu se sazeti kako slijedi:

- Tijekom smrzavanja toplinski gradijenti izmedu gline i betona
uzrokovali su migraciju vode i adhezijsko smrzavanje, Sto je
potvrdeno vidljivim stvaranjem ledenih kristala na sucelju.

- Smrznuti uzorci pripremljeni na suhoj strani optimalnog
udjela vode pokazali su visefazno deformacijsko ponasanje
s dvama vrhovima, dok su odmrznuti uzorci pokazali
deformacijsko omeksavanje. Kod smrznutih uzoraka
pripremljenih na mokroj strani optimalnog udjela vode doslo
je do krtog loma, dok su odmrznuti uzorci pokazali postupno
omeksavanje nakon 5to su dostigli vrSnu €vrstocu.

- Kod smrznutih uzoraka s mokre strane posmicna cvrstoca
povecala se 1,6 do 2,7 puta, ovisno o normalnome
naprezanju i broju ciklusa smrzavanja i odmrzavanja.
Odmrznuti uzorci pripremljeni na mokroj strani zadrzali su
pocetnu Cvrstocu zahvaljujuci migraciji vode i povecanoj
kontaktnoj povrsini.

- Kod smrznutih uzoraka pripremljenih na suhoj strani
optimalnog udjela vode posmitna Curstofa povecala se
1,05 do 1,19 puta zbog ogranicenog udjela vode i slabije
cementacije ledom. Nakon odmrzavanja ¢vrstoca uzoraka

pripremljenih na suhoj strani smanjila se na 0,80 do 0,95
pocetne vrijednosti.

- Nakon 10 ciklusa smrzavanja i odmrzavanja adhezija se kod
smrznutih uzoraka pripremljenih na suhoj strani povecala
na priblizno 5 kPa, dok se kod uzoraka pripremljenih na
mokroj strani gotovo utrostrucila vec nakon triju ciklusa.
Nakon odmrzavanja adhezija se kod uzoraka pripremljenih
na mokroj strani blago oporavila te je premasila pocetnu
vrijednost za priblizno 3 kPa.

- Kut trenja na sufelju blago se povetao u smrznutim
uvjetima kod uzoraka pripremljenih na suhoj strani, ali se
smanjio nakon odmrzavanja. Kod uzoraka pripremljenih na
mokroj strani tijekom smrzavanja pocetno se smanjio, a
zatim oporavio i stabilizirao tijekom daljnjih ciklusa.

Ogranicenja i preporuke

U ovom je istrazivanju analizirana posmicna ¢vrstoca sucelja pod
utjecajem adhezijskog smrzavanja i F-T ciklusa, s naglaskom na
makroskopskome mehanickom odzivu. Ipak, istrazivanje ima
nekoliko ogranicenja.

Prvo, mikrostrukturna opazanja poput vizualizacije stvaranja leda
i razvoja pukotina tijekom odmrzavanja te mjerenje i kontrolirano
variranje udjela nesmrznute vode nisu bila uklju¢ena, iako ti
¢imbenici imaju klju¢nu ulogu u odredivanju ponasanja sucelja.
Osim toga pokusi su provedeni na zbijenim uzorcima tla, koji ne
predstavljaju u cijelosti prirodnu strukturu tla. Zato se raspodjela
nesmrznute vode i povezano mehanicko ponasanje mogu
razlikovati od in situ uvjeta, u kojima struktura tla ima vazniju
ulogu. Drugo, ucinci brzine deformacije i njezine interakcije
s temperaturom nisu istrazeni, unatoC njihovoj vaznosti u
odredivanju mehanickog odziva pod razli¢itim opterecenjima
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i toplinskim uvjetima. Trece, ponasanje je ispitivano samo pri
fiksnim temperaturama smrzavanja i odmrzavanja, a utjecaj
razli¢itih temperaturnih razina unutar raspona smrzavanja i
odmrzavanja nije razmatran. Vazno je napomenuti da ti aspekti
zahtijevaju napredne i gesto specijalizirane eksperimentalne
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U okviru eksperimentalnih istrazivanja posmicne otpornosti po diskontinuitetu pri o
vremenu ovisnim uvjetima provedeni su pokusi na tri uzorka meke stijene, laporovitoga
vapnencakoja su uzorkovana iz otvorenoga bazena u Pljevljima. Uzorci su istih geometrijskih
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Autor za korespondenciju modificirana i izraden je dio nove opreme da bi se izveo primjeren eksperiment. Imajuci

u vidu skroman broj eksperimentalnih istrazivanja vremenski ovisnih deformacija mekih
stijena po diskontinuitetu (na globalnoj razini) ovim se radomzeli dati znanstveni doprinos
i prikazati prvi rezultati analizom podataka dobivenih konkretnim eksperimentalnim
istrazivanjem.
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meka stijena, vremenski ovisne deformacije, eksperiment, diskontinuitet, hrapavost
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GeoT d.o.o Podgorica, Crna Gora Miodrag Bujisi¢, Zvonko Tomanovic
zvonko(@geotme Experimental investigation of time-dependent deformation of soft rock along

discontinuities

This study presents an experimental investigation of the time-dependent shear
behaviour of soft rock discontinuities. Three marly limestone specimens obtained from
the Pljevlja coal basin were tested under controlled laboratory conditions. The specimens
had identical geometric characteristics but differed in discontinuity surface roughness
(smooth, undulating and moderately rough). A dedicated experimental apparatus was
designed and adapted to perform long-term shear tests under constant normal loading
and incremental shear loading. The results demonstrate the significant influence of
discontinuity roughness on shear resistance, displacement development and test duration.
Given the limited number of published studies addressing time-dependent deformation
of soft-rock discontinuities, the presented pilot investigation provides valuable insight into
the governing mechanisms and establishes a basis for a comprehensive experimental
programme.
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1. Uvod

U radu su analizirani rezultati probnih ispitivanja koja ¢ine dio
Sirega eksperimentalnog istrazivanja u okviru znanstvenoga
projekta autora ovoga rada. Eksperimentalni dio znanstvenoga
projekta cine dvije cjeline, i to: inicijalno (probno) ispitivanje
i glavno ispitivanje. Predmet je ovoga rada analiza rezultata
probnoga ispitivanja za potrebe definiranja opsega fizicko-
mehanickih parametarairazina opterecenja uzorakaidefiniranje
najrelevantnijih parametara za glavne nizove eksperimentalnih
ispitivanja. Cilj je znanstvenoga projekta eksperimentalnim
istrazivanjima unaprijediti spoznaje o ponaSanjima mekih
stijenskih masa. U sljede¢im koracima istrazivanja u okviru
doktorske disertacije Zelja je da se da znanstveni doprinos
u pogledu dobivanja materijalnih karakteristika vremenski
ovisnoga ponasanja stijenske mase za uzorke jednostavnoga
geometrijskogoblika uzdoprinos u pogleduizucavanjafenomena
utjecaja diskontinuiteta na dobivanje spomenutih parametara.
Plan je da se takvo ispitivanje provede u kontroliranim
laboratorijskim  uvjetima, pri konstantnom normalnom
optereCenju, uz prirast posmicnih naprezanja i mjerenje
deformacija, na uzorcima s diskontinuitetom, dimenzija 30 x 15
x15 cm. VVazno je naglasiti da se u ovom radu prikazuju rezultati
probne faze ispitivanja, osnovni cilj koje nije bilo konacno
definiranje reprezentativnih parametara posmicne Ccvrstoce
diskontinuiteta, vec provjera funkcionalnosti posebno razvijene
eksperimentalne aparure, odredivanje opsega opterefenja
i sagledavanje osnovnih mehanizama vremenski ovisnoga
smicanja po umjetno oblikovanom diskontinuitetu. Dobiveni
su rezultati osnova za definiranje glavnoga eksperimentalnog
niza koji podrazumijeva veci broj uzoraka, kontroliraniji rezim
optereCivanja i detaljniju analizu mehanickih i geometrijskih
karakteristika diskontinuiteta.

2. Pregled dosadasnjih istrazivanja

Pregledom dosadasnjih istrazivanja moze se konstatirati da je
razmjerno mali broj znanstvenika eksperimentalno proucavao
ucinke utjecaja dugotrajnoga opterecenja i rasterecenja na
vremenski ovisne deformacije mekih stijena. Vremenski ovisne
deformacije stijenske mase pod djelovanjem konstantnoga
naprezanja nazivaju se puzanjem. Puzanje je ovisno o promjeni
stanja naprezanja, temperature, vlaznosti, vlage u zraku itd.

Za Cvurste (metamorfne i magmatske) stijenske mase
deformacija je puzanja zanemariva u pogledu opsega naprezanja
i temperatura za realne gradevinske situacije, dok je doprinos
deformacije puzanja u ukupnoj vrijednosti deformacije vrlo
znacajan kod mekih stijenskih masa kao Sto su kamena sol,
laporac, anhidrit, fliSni sedimenti itd. Ispitivanjima je pokazano
da se deformacija puzanja odvija razli¢citom brzinom i definiraju
je tri karakteristi¢ne faze: primarna, sekundarna i tercijarna.

\/e€ina do sada objavljenih eksperimentalnih istrazivanja u
svijetu vezanih za ponasanja stijene u uvjetima dugotrajnoga
optereCenja pri sobnim temperaturama provedena je na

uzorcima kamene soli (Gimm, 1968; Dreyer, 1974; Baar,
1977; Carter et al, 1982; Wallner, 1983; Hunche, 1994,
1995; prikazano u Cristescu N.D & Hunsche U, 1998; itd.).
Neusporedivo je manji broj publiciranih eksperimentalnih
istrazivanja proveden pri sobnim temperaturama na laporcu ili
sliénim mekim stijenama koje karakteriziraju znatne deformacije
puzanja (glinoviti laporac, Cristescu, 1988; laporac, Kharchafi i
Descoeudres, 1995) i koje surealna radna sredina pri izgradnji
brojnih podzemnih objekata. U okviru ispitivanja laporovitih
materijala mogu se izdvojiti radovi autora iz Crne Gore

Kada je rije¢ o ispitivanjima uzoraka mekih stijenskih masa
prozetih diskontinuitetima broj radova je joS maniji. Za definiranje
vremenski ovisnoga ponasanja stijenske mase u pocetnim
koracima proucavanja ove problematike primijenjen je teorijski
pristup koji nije dao zadovoljavajuce rezultate

Razvojem racunalnih programa usavrSavali su se numericki
modeli, pa je postalo moguce modelirati slozene reoloske
situacije koje su omogucavale bolje sagledavanje vremenski
ovisnoga ponasanja stijenske mase. Odredivanje materijalnih
parametara i konstanata koji opisuju reoloske modele ponasanja
stijenske mase opcenito se provodi laboratorijski ili ispitivanjima
na terenu. Problem je odredivanja materijalnih karakteristika
posljedica slozenosti grade stijenskoga materijala, ali i
diskontinuiteta koji izgraduju i karakteriziraju stijensku masu. U
pogledu odredivanja karakteristika diskontinuiranih stijenskih
masa narocito je vazno definiranje opsega hrapavosti posmicne
plohe diskontinuiteta. Osim standardnih, tradicionalnih
metoda opisivanja hrapavosti kvalitativnim i kvantitativnim
karakteristikama posljednjih godina, uz tehnoloski napredak
softverskih alata, moguce je izvrsiti definiranje odredenih
matematickih zakonitosti koje povezuju posmicnu otpornost
diskontinuiteta i hrapavost plohe diskontinuiteta. U tom se
pogledu mogu spomenuti radovi

Dosadasnja ispitivanja radi formiranja modela kojima ce
se prikazati vremenski ovisno ponasanje stijenskih masa
utemeljena su na analizi monolitnih uzoraka jednostavnih
geometrijskih karakteristika i razmjerno jednostavnoga stanja
naprezanja. Medutim, uobitajeno je da se tim jednostavnim
testovima sa zadovoljavajutom tocnoscu prikazuje ponasanje
znatno sloZenijega stanja naprezanja | deformacija realne
stijenske mase.

3. Eksperimentalno ispitivanje
3.1. Priprema uzoraka i opreme

Materijal za ispitivanje uzorkovan je iz povrSinskoga kopa
Potrlica, rudnika ugljena u Pljevljima. Izvaden je blok velic¢ine
oko 3,5 tone, iz dubine od oko 45 m mjereno od povrsSine terena
(slika 1.). Materijal je pomocu mehanizacije odmah nakon
iskopa utovaren i prevezen iz Pljevalja u Podgoricu (oko 180
km). Prilikom istovara uzorka vodilo se racuna da ne dode do
ostecenja stijenske mase, o prirodnoj orijentaciji bloka, pa je ona
u neizmijenjenoj geometriji pripremljena za obradu.
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vrlo zahtjevne obrade (pucanja prilikom
rezanja) meke stijenske mase iz sirovoga
(nepravilnog komada stijene) u Zeljeni
oblik uzorka, uspjeSnost obrade iznosila
je oko 50 %.
Usporedno je uradena semikvantitativna
analiza uzoraka i ustanovljeno je da
je rije¢ o laporovitom vapnencu s
dominantnim sudjelovanjem kalcijeva
karbonata (CaCO,) od 93,0 %, pri cemu
je postotni sadrzaj ostalih elemenata (u
ukupnom dijelu od 7 %) sljedeci: kvarc
4,80 % (Si0,), siderit 1,10 % (FeCO,),
muskovit 1,10 % (KALSi,0, OH,).
Za uzorkovani materijal izvrseno je
ispitivanje jednoosne tlatne Ccvrstoce
(slika 3.), za razlicite vlaznosti (od
vodozasiéenoga do potpuno suhoga
uzorka), pri €emu su vrijednosti dobivene
za materijal u stanju prirodne vlaznosti
dane u tablici 1. U tablici su uzorci
oznaceni s U, do U, Masa prazne
posude oznacena je s m, dok je masa
posude s uzorkom u stanju prirodne
vlaznosti oznacena s m,, a masa posude
s osusenim uzorkom s m, Jednoosna je
¢vrstoca oznacena sa o..
Na svim uzorcima koji su predvideni
za ispitivanje u probnom (a kasnije i u
glavnom dijelu eksperimenta), oblikovana
je umjetna pukotina (slika 4.). Oblikovanje
pukotine je kontrolirano usijecanjem
(cijepanjem) uzoraka u duljini od 1 cm
Slika 3. Ispitivanje jednoosne €urstoce uzoraka na polovini visine (na priblizno 7,5 cm).
Na usjecenim zlijebovima uzorci su pod
U specijaliziranom postrojenju za obradu kamena izvedena je presom (slika 4.c), nanoSenjem opterecenja pri kontroliranoj
obrada do formiranja uzoraka oblika kvadra (prizme) dimenzija brzini dijeljeni na dvije priblizno jednake polovine, pri ¢emu su se
30 x 15 x 15 cm (slika 2.). Prilikom oblikovanja uzoraka, zbog  oblikovale plohe diskontinuiteta razli¢itih neravnina (slika 5.b).

Tablica 1. Jednoosna ¢vrstoca na cilindriénim uzorcima 12 x 5 cm

Stanje uzoraka Uzorci (U1-U5)— u, u, u, u, U, W, o
m, [g] 3 4 53 5.4 4 Legenda: U -U, —
ilindri¢ni i uzorci, m — Masa
Cilindri¢ni uzorci m, [g] 41,7 36,7 49,7 36 43,9 , ;
u stanju prirodne prazne posude, m,—
vlaznosti, formirani m, [g] 37,4 332 45,6 32,7 40 masa posude s uzorkom
od uzoraka kvadra uvstanJ.u prirodne
(prizme) koji su m,-m, [g] 4,3 3,5 4,1 3,3 39 vlaznosti, mz—i m;sa
¢uvani na dnevnoj posude s osusenim
temperaturi, m,-m_[g] 32,5 29,2 40,3 27,3 36 uzorkom
parafinirani, umotani
u foliju W [%] 13.2% 11,9% 10,1% 12,1% 10,8% W, =11,66%
o, [MPa] 18,14 17,98 17,11 16,28 17,02 c.=1731
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ucvrscivanja obje polovine uzorka vodilo
se racuna da one u potpunosti nalijezu
jedna na drugu radi postizanja Sto bolje
simulacije prirodno stisnutih pukotina .
Radi svladavanja trenja koje se javlja
u aparaturi prilikom eksperimenta
predvideno je nalijeganje pokretnih
dijelova preko cilindricnih  Celicnih
elementa koji e biti detaljnije opisani u
nastavku teksta u dijelu 3.

Osim uzoraka, okvira, kalupa i valjaka
neophodan su dio opreme i elementi
Slika 4. a) Oblikanje Zlijeba na sredini uzorka; b) oblikovani Zlijeb dubine 1 cm; c) oblikovanje za mjerenje promjene naprezanja i

diskontinuiteta deformacija. Za te potrebe konstruirani
su celicni prstenasti elementi
Svi uzorci su nakon definiranja ploha diskontinuiteta umotani (dinamometri) s postoljima na kojima su postavljeni uredaji za

u foliju. Prethodno su nakon oblikovanja geometrije svi uzorci mjerenje promjena normalnih i posmi¢nih pomaka.
parafinirani radi zadrzavanja vlaznosti u
prirodnom stanju.

Nakon pripreme uzoraka pristupilo se
izradi nove i modifikaciji postojece opreme
koja je koriStena za jednoosni i troosno
ispitivanje  puzanja  neporemecenih
uzoraka stijene. U okviru probnoga niza
planirano je ispitivanje tri uzorka razlicite
hrapavosti, paje zate potrebe u potpunosti
pripremljen jedan postojeci okvir u L i
laboratoriji Gradevinskog fakulteta. Okvir Slika 5. a) Celi¢ni kalup; b) Polovina uzorka postavljena u kalup
za ispitivanje datira iz vremena ispitivanja

. . . - ‘
laporovitog materijala uzorkovanog s iste | al. a ! by D

lokacije za potrebe istrazivanja prof. dr.

A
Zvonka Tomanovica, koje je radeno prije .
20-ak godina. Okviri djeluju na naceku .‘ i _._I |I \Ill! .l Iu 'l
=  El= .

poluge i “mrtvoga” opterecenja. Aparatura
je centrirana u pogledu poloZaja uzorka
u kojoj ce se provoditi eksperiment, a u
skladu s potrebama razine opterecivanja
normalnom silom. Da bi se moglo provesti
ispitivanje  uzoraka po oblikovanim
posmicnim plohama napravljeni su ¢elicni
kalupi u koje €e se postaviti uzorci (slika
5.a).

S obzirom na to da su visine polovina
uzoraka priblizno 7,5 cm, unutarnja je
visina kalupa 5 cm kako bi se osiguralo
nesmetano smicanje po plohama
diskontinuiteta. Debljina zidova i dna
Celicnoga kalupa iznosi 1 cm.
Ucvrséivanje  uzoraka izvedeno je
pomocu tvornicki proizvedenoga morta
za zalijevanje i podlijevanje koji nakon
popunjavanja zazora izmedu uzorka i
kalupa ocvrsne u roku od nekoliko sati i
Ciniuzorak nepomicnim ukalupu. Prilikom Slika 7. a) Prsteni s mjeragima za posmiéna naprezanja; b) Debljina prstenoval, Ilillljed = 6,0 cm

"
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Celi¢ni prstenovi su istog promjera, ali razli¢ite debljine zbog
razliCitoga reda veli€ine (sila) koji se javljaju u normalnom,
odnosno posmic¢nom smjeru, a koje treba mjeriti dinamometrima
(slike 6.1 7.).

Nakon oblikovanja svih pojedinacnih dijelova opreme, pripreme
uzoraka i stavljanja u funkciju okvira za ispitivanje stvoreni su
uvjeti za pocetak pokusa.

3.2. Ispitivanje uzoraka

Probno eksperimentalno ispitivanje uradeno je u jednom okviru
(slika 8.). U okviru pokusa ispitivana su tri uzorka razlicitih
hrapavosti: 1) potpuno glatka ravnina diskontinuiteta, 2)
izrazito valovit diskontinuitet, 3) umjereno hrapava ravnina
diskontinuiteta. Za sve tri spomenute ravnine diskontinuiteta
ispitivanje jeizvedeno za trirazli¢ite konstantne razinenormalnih
naprezanja. Normalna naprezanja su nanesena u vrijednostima
od 0,1 MPa, 0,2 MPa i 0,4 MPa. Ograni¢enost probnoga niza
ogleda se u tome Sto se u okviru ispitivanja jednoga uzorka
za svako sljedece naneseno vertikalno opterecenje smicanje
odvijalo po plohiuzorkakojaje uodredenoj mjeriizmijenjenazbog
smicanja za prethodnu (manju) razinu normalnoga naprezanja.
Vertikalno opterecenje nanoseno je sustavom poluge i “mrtvoga
tereta” Medutim, relevantnost takvih ispitivanja proizlazi iz
nacina i redoslijeda odvijanja pokusa. Naime, kako su uzorci u
prvoj fazi opterecivani normalnim naprezanjem od 0,1 MPa,
a zatim s 0,2 MPa u drugoj fazi, vodilo se racuna da se nakon
svake faze izvrSi pregled ispitanih uzoraka, odnosno da se
ustanovi degradiranost ispitivane posmicne plohe. S obzirom na
to da se u prve dvije faze nije deSavalo da dode do sloma ili do
znatne promjene oblika neravnine diskontinuiteta (promjena se
ogledala u obliku povrsinskih tragova zbog trenja), ustanovljeno
je da je ploha diskontuiteta gotovo neporemecena i prikladna za
trecu fazu ispitivanja.

Treba naglasiti da je eksperimentalna aparatura upotrijebljena
u ovom istrazivanju posebno razvijen laboratorijski sustav
prilagoden dugotrajnim vremenski ovisnim ispitivanjima
smicanja po diskontinuitetu. Zbog specifi¢nosti aparature i
velikih dimenzija uzoraka postupak ispitivanja nije u potpunosti
odgovarao standardnim ISRM procedurama direktnoga
smicanja.

U okviru probne faze istrazivanja ispitivanja su provedena
uporabom jednoga okvira za smicanje, pri ¢emu su tri uzorka
razlicitih karakteristika diskontinuiteta uzastopno ispitivana pri
normalnim naprezanjima od 0,1 MPa, 0,2 MPai 0,4 MPa. Nakon
zavrsetka pojedinacne faze smicanja uzorak je vracan u pocetni
polozaj, nakon Cega je provodeno sljedece ispitivanje pri vetem
normalnom naprezanju.

Autori su svjesni da ovakav postupak, naroCito kod mekih
stijenskih materijala, moze dovesti do djelomictne degradacije
kontaktnih ploha i promjene lokalne kontaktne strukture
zbog prethodnoga smicanja. Zbog tog razloga rezultati
prikazani u ovom radu imaju preliminarni karakter i ponajprije
su koriSteni za provjeru funkcionalnosti eksperimentalne

aparature, sagledavanje dominantnih mehanizama
ponasanja diskontinuiteta i definiranje metodologije glavnoga
eksperimentalnog programa.

Glavni eksperimentalni program planiran je uporabom sva
tri okvira za smicanje istodobno, pri ¢emu bi svaki okvir bio
optereen razlicitom konstantnom razinom normalnoga
naprezanja. Na taj bi se nalin izbjeglo ponovno smicanje
istoga diskontinuiteta pri razli¢itim normalnim naprezanjima,
Sto je jedno od glavnih metodoloskih ogranicenja probne faze
istrazivanja.

Radi osiguravanja translacijskoga smicanja i ogranicavanja
nezeljenih pomaka i rotacija na gornji su kalup ugradeni
Celicni granicnici koji su omogucavali kontrolirano vodenje
donjega kalupa tijekom posmi¢noga pomicanja. lako aparatura
nije sadrzala klasitne kuglaste oslonce karakteristicne za
standardne uredaje direktnoga smicanja, omogucila je stabilan
prijenos opterecenja i registriranje dominantnih deformacijskih
procesa tijekom eksperimenta.

Horizontalno opterecenje na uzorak naneseno je pomocu
velike hidrauli¢ne prese postavljene vertikalno u dodatni okvir s
“mrtvim” opterecenjem. Zeljeni pritisak u ulju prese kontroliran
je tezinom "mrtvoga” tereta na poluzi okvira koja prenosi
umnozeno opterecenje “mrtvoga” tereta na klip prese. Na taj
je nacin omoguceno kontrolirano generiranje hidraulicnoga
pritiska, koji se dalje prenosio na sustav za smicanje. Sustavom
dovodenja ulja iz velike preSe (principom spojenih posuda) u sve
manje preSe na aparaturi za smicanje nanesena je posmicna sila
na donju polovinu uzorka (na donji kalup koji je pomican), kako je
prikazano na slici 8.

Slika 8. Izgled aparature tijekom trajanja pokusa (vidljivo je smicanje

gornje i donje polovine uzorka)

U pokusu nije mjerena masa opterecenja koje se dodaje, vec
su mjerene vrijednosti horizontalnih sila na uzorku, odnosno
posmicnih naprezanja i pomaka. Naime, prilikom dodavanja
tereta vodilo se racuna da opterecivanjem dode do pomicanja
zbog prirasta posmicnih naprezanja. lako se opterecenje kojim
se izazivalo posmitno naprezanje i pomicanja nije brojcano
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verificiralo, vodeno je racuna da prirasti opterecivanja budu
priblizni. Opterecivanje se vrsSilo dodavanje betonskih cilindara
promjera osnovice 15 cm i visine 30 cm (priblizno 13 kg), sto
je priblizno nakon umnaZanja polugama okvira 16 kN/m2
Opterecivanje se izvodilo dodavanjem jednoga ili dva spomenuta
elementa u ovisnosti od vertikalnog opterecenja, odnosno do
pokretanja donjega kalupa s uzorkom. Posmicno opterecenje
nanoseno je dodavanjem spomenutoga tereta u koSarama na
kraju poluge po sistemu pokretanja ulja iz preSe s velikim klipom
k preSama s manjim klipovima, kao Sto je prije objasnjeno.
Svako naredno optereéivanje izvedeno je nakon potpunoga
zaustavljanja pomicanja donjega kalupa, do postizanja
krajnjega pomaka od 5 cm. S obzirom na duljinu uzorka od 30
cm ustanovljeno je da nakon pomicanja od 5 cm donji kalup
osim translacijskoga gibanja pocinje “dozivljavati” deformaciju
rotacije, Sto nije u skladu s planovima i pretpostavkama pokusa.
\elicina pomaka donjeg kalupa tj. diferencijalno pomicanje
donjega i gornjega dijela uzorka po diskontinuitetu ocitava se na
mehanickom uredaju za mjerenje pomaka (slika 8.).

Kao Sto je prethodno receno, donji kalup i prsten na koji se
nanosi vertikalno opterecenje postavljeni su na valjcima
kako bi se eliminiralo trenje tijekom trajanja pokusa. Tijekom
ispitivanja neophodno je odrzavanje konstantnosti vertikalnoga
opterecenja koje tezi promjeni zbog vertikalnih pomaka po
neravninama i promjene posmicnih naprezanja i deformacija.

Iz tog je razloga u sklopu ispitivanja glavnoga niza planirano
da se oprema upotpuni optickim kamerama na svim okvirima,
koje €e 24 sata pratiti ispitivanje. Na pocetku probnoga niza
ustanovljeno je da klip hidrauli¢ne preSe potpuno izlazi u duljini
od 5 cm, pa je ta duzina definirana i kao krajnji pomak uzoraka.
Radi sagledavanja i spoznaje pokusa u prvim iteracijama, na
uzorku koji nije dio probnoga niza, ustanovljeno je da se na
pomaku od priblizno 7 do 8 cm donja polovina kalupa pocinje
rotirati oko krace osi, pa bi pokus koji se provodi izgubio smisao
pri takvom stanju aparature. Planiranih, krajnjih 5 cm pomaka
priblizno je 17 % ukupne duljine uzorka

(slika 9.).
U okviru ispitivanja probnoga niza
uzoraka, u ovisnosti o nanesenom

normalnom opterecenju i hrapavosti
plohe diskontinuiteta, ovisilo je i trajanje
pokusa. Trajanje izvodenja eksperimenta
uvjetovalo je ocitavanje dobivenih
podataka u razli¢itim vremenskim
intervalima, u ovisnosti o konkretnom
sluaju.  Eksperimentalna  aparatura
upotrijebliena  u ovom istrazivanju
posebno je razvijen laboratorijski sustav
prilagoden dugotrajnim ispitivanjima
smicanja po  diskontinuitetu  na
uzorcima vecih dimenzija. Zbog toga
postupak ispitivanja nije u potpunosti
odgovarao standardnim uredajima za
direktno smicanje, kod kojih se Cesto

koriste kuglasti oslonci radi smanjenja utjecaja momenata
i omogucavanja rotacija. U ovom probnom ispitivanju cilj je
bio da se provjeri funkcionalnost razvijenoga sustava i da se
identificiraju problemi koji se moraju uzeti u obzir u glavnom
eksperimentalnom nizu.

4, Prikupljanje, obrada i analiza rezultata
ispitivanja

U okviru probnoga niza uzoraka ispitana su tri uzorka razlicitih
hrapavosti ploha diskontinuiteta. Za svaki uzorak provedeno
je ispitivanje za tri razlicite konstantne vrijednosti normalnoga
opterecenja: 0,1 MPg, 0,2 MPa i 0,4 MPa. Pri ispitivanju uzoraka
za manje vrijednosti normalnih naprezanja izazvana su i manja
posmitna naprezanja, a vrijeme je ispitivanja bilo krace. To je
karakteristika svih ispitivanih uzoraka.

Otezano jeikompleksno odrZzavanje normalne sile konstantnom,
jer se zbog smicanja uzorka, tj. promjene posmicnih naprezanja
i evidentnih volumetrijskih promjena prilikom smicanja kao
i zbog trenja opreme okvira, javljalo stanovito smanjenje ili
povecanje vrijednosti zadane normalne sile (kao posljedica
teznje k vertikalnom pomicanju uzorka tijekom smicanja), pa
se ona morala kontrolirati najvise nakon jednog sata, kako
bi se korigirala sila i zadrzala nazovi konstantna vrijednost
normalnoga naprezanja.

Kod svih uzoraka ispitivanje je pocinjalo od najmanjega (0,1
MPa) do najvecega normalnog naprezanja (0,4 MPa), kako bi se
Sto je moguce manje ostetila, odnosno promijenila posmicna
ploha koja se ispituje. Kod glatkoga uzorka nije postojala bojazan
od promjene hrapavosti posmicne plohe, dok kod ostale dvije,
hrapave povrsine, nije zabiljezena znacajnija promjena strukture
ispitivane posmicne plohe (slika 10.).

Prilikom smicanja na uzorku s glatkim diskontinuitetom vidljivi
su tragovi pokusa (uglavnom u obliku plitkih stija na plohi
klizanja), odnosno primjetni su tragovi po povrsini koji upucuju

Slika 10. a) Izgled posmicne plohe nakon pokusa kod glatkoga uzorka, b) I1zgled posmicne plohe
nakon pokusa kod hrapavoga uzorka
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na smicanje ploha, ali bez degradacije i formiranja izlomljenih
struktura (slika 10.a).

Kod uzoraka s hrapavim povrsinama primjetne su okrnjene,
slomljene mikrostrukture (dijelovi maloga reda veli¢ine u odnosu
na dimenzije uzorka) povrsine (slika 10.b), pri ¢emu treba
naglasiti da je uzorak s izrazenim valom (neravnina u velikoj
mjeri) ostao neoStecen u pogledu postojanosti neravnine, dok
su se i kod njega i u slucaju uzorka s umjerenom hrapavosti
javila ostecenja, osipanje mikrostruktura plohe smicanja.
Logicno, s povecanjem normalnoga opterecenja, pri cemu se
izazivaju i ve€a posmicna naprezanja, povecava se i red veli€ine
razlomljenosti povrSinske strukture smicanja.

Prilikom ispitivanja uzorka s glatkom plohom diskontinuiteta
(S,) zabiliezene su sljedece maksimalne vrijednosti posmicnih
naprezanja za odgovarajuce normalno opterecenje:

c,=0,1 MPa — t = 0,54 MPa, c, =02 MPa — t = 1,68 MPa,
c, =04 MPa — 1 = 2,46 MPa.

Za uzorak s izraZenom neravninom (S,’) dobivene su sljedece
maksimalne vrijednosti posmicnih naprezanja:

5,=0,1MPa— t =39 MPa o, =02 MPa - t = 492 MPa,
o,=0,4 MPa - t = 6,72 MPa.

Za uzorak s umjerenom hrapavoscéu plohe diskontinuiteta
(S,) dobivene su sljedee maksimalne vrijednosti posmicnih
naprezanja:

6, =0,1MPa— t=324MPa 6 =02MPa— t=270MPa,
c,=0,4 MPa — 1 = 4,86MPa.

Dobivene vrijednosti posmicnih  naprezanja ne treba
neposredno tumaciti kao klasicne Mohr—Coulomb parametre
neporemecenoga stijenskog materijala. Ispitivanje je provedeno
po prethodno formiranim plohama diskontinuiteta, pri cemu je
posmicna otpornost rezultat kombiniranoga djelovanja trenja,
ukljestenja neravnina, lokalne dilatacije i
djelomitne degradacije mikrokontaktnih
zona.

Kod diskontinuiteta s izrazenim
geometrijskim ukljeStenjem i valovito-

nazubljenom  kontaktnom  plohom,

pri razmjerno  malim  normalnim =
naprezanjima moZe doéi do pojave : B
visokih  prividnih  vrijednosti  kuta | :.
posmicne  otpornosti i prividne 5
kohezije. Takve su vrijednosti posljedica 5
mehanitkog ukljestenja, dilatacije i 5
geometrijski  uvjetovane  otpornosti

pri smicanju, a ne stvarne materijalne
konstante neporemecene stijene.

Takoder, imajuci u vidu da je u probnoj
fazi isti uzorak ispitivan uzastopno

pri viSe razina normalnoga naprezanja, uz vracanje u pocetni
poloZaj izmedu pojedinih faza ispitivanja, moguce su djelomicne
promjene kontaktne strukture plohe diskontinuiteta. Zbog toga
prikazane vrijednosti treba promatrati kao probne rezultate,
namijenjene sagledavanju ponasanja sustava i pripremi
glavnoga eksperimentalnog programa.

Dodatno, imajuci u vidu visok sadrzaj kalcijevogakarbonata u
ispitivanom laporovitom vapnencu, nije iskljuena moguénost
da na kontaktnim zonama diskontinuiteta dolazi i do pojave
lokalnoga privremenog povezivanja kontaktnih povrsina, sto
moze dodatno utjecati na izazvanu posmicnu otpornost pri
malim normalnim naprezanjima. Medutim, takav u¢inak u okviru
ovoga rada nije posebno eksperimentalno analiziran i zahtijeva
dodatna istrazivanja.

U pogledu trajanja pokusa, uzorci s hrapavim plohama
diskontinuiteta trajali su znatno dulje, i do dva mjeseca, dok je
uzorak s glatkom plohom diskontinuiteta dostigao maksimalni
pomak za nekoliko sati.

Radi boljeg sagledavanja dobivenih rezultata, a zbog
preopsirnoga prikazivanja svih dobivenih grafikona ovisnosti,
u sljedecim ¢e koracima biti prikazani grafikoni ovisnosti
za ispitane uzorke zbog djelovanja maksimalnoga zadanog
normalnog opterecenja od oko 0,4 MPa. Na slikama 1., 2.i 3.
prikazane su promjene normalnoga i posmi¢noga naprezanja i
pomaci u ovisnosti o trajanju pokusa.

Dobiveni rezultati pokazuju da se vrijednosti maksimalnih
pomaka dostizu u razlicitim vremenskim intervalima za
razlicite uzorke. Kod uzorka s glatkom plohom diskontonuiteta
maksimalni je pomak dostignut u roku od nekoliko sati. Kod
uzoraka s hrapavom posmicnim plohom maksimalni se pomak
dostize u vremenskom intervalu mjerenom u danima. lako je
uzorak s izrazenom neravninom ispitan u roku od skoro Cetiri
dana, a uzorak s umjerenom hrapavoscu u razdoblju od gotovo
65 dana, autori naglasavaju da se pokus kod uzorka S’ odvijao
tako Sto se svaki sljedeéi prirast horizontalnoga opterecenja
dodavao tek nakon potpunoga prestanka promjene vrijednosti
naprezanja i pomaka.

Uzorak 5 ; o = 04 MPa
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Slika 11. Promjena naprezanja i prirast pomaka u tijeku trajanja pokusa, uzorak S’
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Uzorak 5’ o =04 MPa
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Slika 12. Promjena naprezanja i prirast pomaka u tijeku trajanja pokusa, uzorak S’
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Slika 13. Promjena naprezanja i prirast pomaka u tijeku trajanja pokusa, uzorak S’

Za uzorak s izrazenom neravninom (S,) sljedeCi je korak
opterecivanja izveden nakon postizanja prirasta pomaka
manjeg od 0,2 mm/danu. Razli¢iti uvjeti ispitivanja (ponajprije
odstupanje normalnih naprezanja od konstantne vrijednosti
zbog pracenja posmic¢noga ponasanja uzorka) izvedeni su
s konkretnom namjerom da se sagledaju svi moguci uvjeti
ispitivanja kako bi se u glavnom nizu eksperimenta, prilikom
istodobnoga ispitivanja uzoraka u tri okvira, mogli kvalitetno i u
statisticki dovoljnom broju uzoraka prikupiti odgovarajuci podaci
s odgovarajucim rezultatima koji omogucavaju sagledavanje
fenomenologije ponasanja diskontinuiteta meke stijene pri
posmicnim silama-pomacima.

U ovom radu se iznose prvi rezultati testiranja na smicanje
diskontinuiteta u mekoj stijeni s vremenski ovisnim ucincima.
Daljnjim ispitivanjima treba prikupiti dovoljan broj podataka

!
aprozamje (MPa)
y nagrezanje [MPa] |

koji mogu biti osnova za reoloSko
el modeliranje, a posebno uvodenje
y vremenski ovisnih deformacija kao
;i_rﬁ [ parametra pri modeliranju ponasanja
= | stijenske mase, kako matriksa stijene,

tako i ponasanja diskontinuiteta.
. - b5.zakljucak

- | 2 Probnim ispitivanjem pokazalo se da
je vrlo zahtjevno istraZivanje u pogledu
oblikovanja opreme, pripreme i obrade
uzoraka uradeno na visokoj razini.
Kvalitetna priprema ogleda se i u uspjesno
dobivenim rezultatima ispitivanja, ali i u
minimalnom broju korektivnih aktivnosti
koje se moraju uraditi prilikom ispitivanja
glavnoga niza eksperimenta, kako
na opremi tako i proceduri testiranja.
Daljnji rezultati testova trebaju osigurati
dovoljan broj podataka za oblikovanje
- . reoloSkoga modela ponasanja smicanja

100 150

eu po diskontinuitetu ispitivane meke stijene,

Peearin, |20 obuhvaéajuci kroz numericku formulaciju i
utjecaj hrapavosti ploha diskontinuiteta
smicanja na posmicnu cvrstou materijala
i vremenski ovisne deformacije. Ispitivanje
uzoraka pokazalo je da vremenski ovisna
komponenta posmitnoga pomaka po
diskontinuitetu  sudjeluje u  ukupnoj
deformaciji u znatnom postotku, a kod
uzorka S,'i preko 50 %.

Posebno treba naglasiti da prikazani
rezultati imaju preliminarni karakter.
Probna ispitivanja provedena su radi
provjere aparature, opsega opterecenja
i osnovnih mehanizama smicanja po
diskontinuitetu, a ne radi konacnoga
odredivanja reprezentativnih parametara
posmitne ¢vrstoce. Ponavljanje ispitivanja na istim uzorcima
pri uzastopno vecim normalnim naprezanjima metodolosko
je ogranicenje probne faze, jer moze dovesti do djelomicne
degradacije i promjene kontaktnih uvjeta uzduz plohe
diskontinuiteta. To e ogranicenje biti otklonjeno u glavnom nizu
eksperimentalnih ispitivanja, provodenjem vecega broja pokusa
i kontroliranijim rezimom opterecivanja.

S obzirom na relativno mali opseg istrazivanja, globalno
gledano, dosegnute spoznaje u okviru ovoga istrazivanja imaju
za cilj dati doprinos sagledavanju, spoznaji i izu¢avanju mekih
stijenskih masa i fenomenologije smicanja po diskontinuitetu.
Ujedno, opravdanost prethodnih istrazivanja istoga materijala,
sagledana kroz ustanovljeni doprinos u znanstvenim radovima
autora Zivaljevié, S. & Tomanovié, Z. na neporemecenoj
stijeni, dokaz su da e rezultati ovih istrazivanja ponasanja

5% 56 5B B0 67 BA
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diskontinuiteta biti znacajan doprinos rasvjetljavanju ponasanja
mekih (laporovitih) stijenskih masa prozetih pukotinama i
formiranju realnijih reoloskih modela.
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Okvir za upravljanje rizicima prouzrocenima informacijskom asimetrijom u
gradevinskim projektima

Pojava informacijske asimetrije izmedu investitora i izvodaca cesto je uzrok rizika u
gradevinskim projektima. Kako bi se razvio okvir za upravljanje tim rizicima, napravljeno
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rizicima koji povezuje identificirane rizike, njihove posljedice i mjere za njihovo ublazavanje.
Takav okvir omogucuje strukturiran pristup upravljanju rizicima u razlicitim fazama
gradevinskih projekata.
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1. Uvod

Rizici u gradevinskim projektima mogu se razurstati u
razliCite kategorije ovisno o njihovim uzrocima i prirodi. Na
primjer, Thakur i sur. isticu tehnicke, logisticke, okoliSne,
financijske, drustveno-politicke i druge vrste rizika. Medu njima
komunikacijski rizici predstavljaju jedan od najozbiljnijih izazova
buduci da su odgovorni za ¢ak 56 % ukupnih troskova rizika u
projektima [2]. Ovi rizici mogu nastati u bilo kojoj fazi projekta
te ne samo da utjeCu na povecanje troskova, ve¢ mogu ugroziti i
klju¢ne projektne ciljeve . Stovise, komunikacijski rizici ¢esto
pokrecu lan¢ane reakcije koje dovode do drugih vrsta rizika
Ovaj rad usmjeren je na upravljanje rizicima koji proizlaze
iz informacijske asimetrije medu sudionicima gradevinskih
projekata. Dosadasnja istrazivanja prepoznala su navedene
rizike kao znacajan problem koji jos uvijek nije na odgovarajuci
nacin rijesen . Informacijska asimetrija podrazumijeva
situaciju u kojoj sudionici projekta ne raspolazu jednakom
koli¢cinom klju¢nih informacija ili ih medusobno ne dijele, Sto
oteZava ostvarenje projektnih ciljeva [9]. Navedeni koncept
temelji se na agencijskoj teoriji (engl. principal-agent theory),
koja opisuje odnos u kojem jedna strana (principal) angazira
drugu stranu (agent) za obavljanje odredenog zadatka u njegovo
ime . U kontekstu gradevinskih projekata investitor ima
ulogu principala, a izvodal radova preuzima ulogu agenta.
Takve odnose obiljezavaju informacijska asimetrija, razlicite
razine sklonosti prema riziku te nastojanje svakog sudionika da
maksimizira vlastitu korist, Sto moZze dovesti do oportunistickog
ponasanja
Procjena i upravljanje rizicima klju¢ni su elementi u upravljanju
projektima. Flanagan i Norman opisuju ga kao sustavni
pristup prepoznavanju i kvantificiranju rizika kako bi se
omogucilo donosSenje svjesnih odluka o njihovom upravljanju.
Prema 1SO-u, procjena rizika ukljucuje tri glavna koraka:
identifikaciju rizika, analizu rizika i evaluaciju rizika.
Identifikacija rizika obuhvaéa prepoznavanje i detaljno
opisivanje svih potencijalnih rizika koji mogu pozitivno ili
negativno utjecati na ostvarenje ciljeva projekta. Temeljita
i precizna identifikacija predstavija jednu od klju¢nih faza
cjelokupnog procesa upravljanja rizicima. Nakon identificiranja
rizika strucnjaci procjenjuju vjerojatnost njihove pojave te njihov
moguci utjecaj, odnosno posljedice na projekt. Kombinacija tih
dvaju elemenata odreduje ukupnu razinu, odnosno tezinu rizika
prema izrazu: Rizik = vjerojatnost x utjecaj. Po zavrSetku analize
rizika raspolozivi su relevantni podaci potrebni za evaluaciju
rizika i donoSenje odluka o nacinu postupanja s njima. Evaluacija
rizika predstavlja fazu procesa upravljanja rizicima u kojoj se
utvrduje koji rizici zahtijevaju primjenu mjera ublazavanja, a
koji ne zahtijevaju dodatne aktivnosti. Ovaj korak kljucan je
za ucinkovito usmjeravanje resursa i postizanje optimalnog
upravljanja rizicima.
Agencijska teorija i problem informacijske asimetrije sve su
prisutniji u novijim istrazivanjima u gradevinskoj industriji

. Sustavan pregled literature ukazuje na manjak

istraZivanja vezanih uz identifikaciju i analizu rizika prouzrocenih
informacijskom asimetrijom, a istrazivanja usmjerena na
mjere za ublazavanje tih rizika ¢esca su. Ovaj nedostatak u
istraZivanju naglasava potrebu za detaljnijim proucavanjem
ovih rizika kako bi se unaprijedilo razumijevanje i upravljanje
rizicima u gradevinskim projektima. Jedan od razloga za
nedovoljnu pozornost ovim rizicima lezi u njihovoj slozenosti i
multidisciplinarnoj prirodi koja obuhvaca psiholoske, socioloske
i ekonomske aspekte

Informacijska asimetrija predstavlja inherentno obiljezje odnosa
izmedu investitora i izvodata u gradevinskim projektima.
Sudionici projekta imaju razlicite ciljeve, razine znanja, interese
i pristup informacijama, Sto rezultira trajnom neravnotezom
u raspodjeli informacija. Stoga cilj upravljanja ovim rizicima
nije njihovo potpuno uklanjanje, vec njihovo prepoznavanije,
ogranitavanje i ucinkovito upravljanje.

Cilj ovog rada jest predstaviti okvir za upravljanje rizicima
prouzroCenim informacijskom asimetrijom. U okviru su
identificirani kljucni rizici koji proizlaze iz informacijske asimetrije
izmedu investitora i izvodata u gradevinskim projektima,
klasificirani su prema teorijskim kategorijama informacijske
asimetrije te se utvrduju njihove glavne posljedice i moguce
mjere ublazavanja. U drugom poglavlju ovog rada dan je pregled
postojece literature o informacijskoj asimetriji u gradevinskim
projektima. Takoder, opisane su tri teorijske skupine rizika
informacijske asimetrije. U treem poglavlju opisana je
metodologija istrazivanja kojim su predmetni rizici, posljedice i
mjere identificirane i klasificirane. U Cetvrtom poglavlju prikazani
su rezultati istrazivanja u obliku lista kljucnih rizika, njihovih
posljedica i mjera za njihovo ublazavanje. U petom poglavlju danje
prijedlog okvira za upravljanje predmetnim rizicima za investitore
i izvodace. Okvir povezuje identificirane rizike, njihove posljedice i
mjere za njihovo ublazavanje te omogucuje lakSe upravljanje ovim
rizicima u gradevinskim projektima. Rad zavrsava zakljuccima o
znanstvenom i prakti¢cnom doprinosu ovog istrazivanja.

2. Informacijska asimetrija u gradevinskim
projektima

Teorijska osnova problema informacijske neravnoteze u
gradevinskim projektima povezana je s agencijskom teorijom
i konceptom informacijske asimetrije. Agencijska teorija dolazi
iz podruc¢ja ekonomije i analizira odnose izmedu dviju strana:
principala i agenta . lzmedu tih dviju strana problem
nastaje zbog informacijske asimetrije. Informacijska asimetrija
jest situacija kada jedna strana ima i viSe informacija o svojim
karakteristikama, aktivnostima ili namjerama, ali ih ne dijeli
s drugom stranom, cesto radi vlastite koristi [9]. Ovakva
situacija uzrokuje agencijske troSkove, koji ukljucuju nadzor,
ugovaranje i druge troSkove upravljanja ovim odnosom
Glavni cilj agencijske teorije jest razviti strategije za smanjenje
ovih troskova i osigurati da agenti djeluju u skladu s interesima
principala, primjerice kroz ugovorne mehanizme, sustave
nagradivanja i nadzora
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U gradevinskim projektima agencijska teorija identificira odnose
izmedu sudionika projekta kao agencijske odnose koji ukljucuju
informacijsku asimetriju, sukob interesa i agencijske troskove
[11]. Investitor je glavni principal, a njegovi agenti obuhvacaju
projektante, izvodace, nadzorne inZenjere, voditelje projekta i
druge sudionike. Takoder, izvoda¢ moze djelovati kao principal
prema svojim podizvodacima. S obzirom na broj i razliCitost
sudionika te kompleksnost gradevinskih projekata, postoji veliki
broj principal-agent odnosa, Sto rezultira brojnim problemima
koji proizlaze iz tih odnosa, a koji nastaju kada jedna strana
nema potpune informacije o drugoj. Na taj nacin informacijska
asimetrija prisutna u tim odnosima moze uzrokovati poteskoce
u planiranju, izvodenju i upravljanju projektima. U ovom radu
fokusira se na odnos izmedu investitora i izvodaca gradevinskog
projekta, gdje je investitor principal, a izvodac agent koji treba
izgraditi gradevinu u njegovo ime (slika 1.).

angaira -
-
In 1z
- h £ m
samo- obavija ?aﬂT a.nr .
interes e
Slika 1. Osnovni agencijski model sudionika u gradevinskim

projektima (In - investitor; 1z — izvodac) [21]

Osim investitora i izvodata vaznu ulogu u upravljanju
informacijskom asimetrijom imaju i drugi sudionici projekta,
poput projektanta, nadzornog inZenjera, voditelja projekta
te, u slu€aju primjene FIDIC ugovornih modela, inZenjera.
Projektant je odgovoran za kvalitetu i potpunost projektne
dokumentacije, ¢ime izravno utjee na razinu informacijske
asimetrije u fazi natjecaja i izvodenja radova. Voditelj projekta
odgovoran je za planiranje, organizaciju, koordinaciju i kontrolu
svih aktivnosti projekta, ukljuCujuéi upravljanje opsegom,
vremenom, troSkovima, kvalitetom, rizicima i komunikacijom
medu svim sudionicima. Nadzorni inzenjer i FIDIC inZenjer imaju
kljunu ulogu u interpretaciji ugovornih odredbi, verifikaciji
izvedenih radova i donoSenju odluka koje mogu smanijiti ili
povecati asimetriju medu stranama. Ovi sudionici djeluju kao
posrednici u prijenosu informacija i mogu znacajno doprinijeti
transparentnosti i ravnotezi ugovornih odnosa.

Agencijska teorija prepoznaje nekoliko vrsta problema, a oni se
manifestiraju kroz skrivene karakteristike, skrivene aktivnosti i
informacije te skrivene namjere [22]. Takvi problemi proizlaze iz
asimetricne raspodjele informacija medu sudionicima projekta,
Sto moze dovesti do razlicitih rizika. Ako se ti rizici ne prepoznaju
i ne upravljia se njima ucinkovito, mogu znacajno ugroziti
ostvarenje projektnih ciljeva [23].

Problem skrivenih karakteristika javlja se joS prije sklapanja
ugovora izmedu principala i agenta, tj. ex-ante. Proizlazi iz
cinjenice da principalu nisu poznate odredene osobine agenta,
poput njegove izvedbene sposobnosti ili dostupnih resursa
[24]. Takva situacija vodi do negativne selekcije (engl. adverse
selection — AS) [20, 24].

S druge strane, problemi skrivenih aktivnosti i informacija
nastaju nakon Sto se ugovor potpiSe. Oni se odnose nasmanjenje
angazmana agenta prilikom izvrSavanja zadataka [22]. Ove
informacijske asimetrije proizlaze iz toga Sto principal ne moze
u potpunosti nadzirati aktivnosti agenta (skrivene aktivnosti)
niti toc¢no ocijeniti njegov rad (skrivene informacije) tijekom
provedbe zadataka [25]. lako principal vidi krajnji rezultat, ne
moZe sa sigurnoscu znati je li agent uloZio maksimalan trud. U
tom slucaju govorimo o moralnoj opasnosti (engl. moral hazard
— MH).

Treci tip problema odnosi se na skrivene namjere, koje se
otkrivaju tek nakon potpisivanja ugovora [22]. Tada jedna
strana postaje svjesna da druga djeluje oportunisticki, ali je u
slabijoj pregovarackoj poziciji jer je vec ulozila odredene resurse
u suradnju. To je situacija u kojoj partner ostaje u nepovoljnom
odnosu zbog ve¢ preuzetih obveza, Sto se na engleskom naziva
hold-up (HU) [25].

Pitanje informacijske asimetrije u ugovornom odnosu izmedu
investitora i izvodaca ne predstavlja iskljucivo tehnicki ili
organizacijskiizazov, vecipravno pitanje. Ugovorniodnosizmedu
investitora i izvodaca u Republici Hrvatskoj primarno je ureden
Zakonom o obveznim odnosima (NN 35/05, 41/08, 125/11,
78/15, 29/18, 126/21, 114/22, 156/22, 145/23, 155/23),
koji definira osnovne elemente ugovora o gradenju, ukljuujuci
prava i obveze ugovornih strana, odgovornost za izvedbu radova
te mehanizme zastite u slucaju neispunjenja ugovornih obveza.
U slucaju javnih investicija dodatni regulatorni okvir ¢ini Zakon o
javnoj nabavi (NN 120/16, 114/22), kojim se ureduju postupci
odabira izvodaca, nacela transparentnosti, jednakog tretmana
i trziSnog natjecanja. Ovaj regulatorni okvir vazan je jer se
informacijska asimetrija pojavljuje unutar formalno definiranih
ugovornih odnosa. Takoder odreduje granice unutar kojih se
informacijska asimetrija moze smatrati zakonitom, primjerice
kada proizlaziiz prirodnih razlika u stru¢nosti, iskustvu i pristupu
informacijama izmedu sudionika projekta. Investitor moze imati
bolje razumijevanje financijskih aspekata projekta, ukljucujuci
budZet, rokove i ocekivanja prema izvodacu. To moze rezultirati
situacijama u kojima izvodac nije u potpunosti upoznat s
financijskim ogranicenjima ili ciljevima investitora, sto moze
utjecati na planiranje i izvedbu projekta. S druge strane, izvodac
ima detaljnije informacije o svom radu, napretku projekta i
kvaliteti gradnje, Sto investitoru moZze biti teSko u potpunosti
pratiti, jer svaki oblik kontrole nosi dodatne troSkove. Takva
je informacijska asimetrija neizbjezna u slozenim projektima.
Nasuprot tome, postoji i moguénost pojave situacija u kojima
jedna strana svjesno uskracuje ili iskrivljuje klju¢ne informacije
s ciliem ostvarivanja nepostene prednosti, ¢ime se narusavaju
nacela savjesnosti i poStenja te ravnoteza ugovornih odnosa. U
radu se identificirani rizici mogu interpretirati kroz ovu podjelu,
pri €emu pojedini oblici informacijske asimetrije prelaze granicu
zakonitog ponasanja i ulaze u podruéje pravno spornih praksi.
Razlika izmedu javnih i privatnih investicija znacajno utjece
na dinamiku informacijske asimetrije. U javnim projektima
regulatorni okvir osigurava formalne mehanizme za smanjenje

GRADEVINAR 78 (2026) 5, 283-296

285



asimetrije, uklju€ujuci transparentne postupke, moguénost
postavljanja pitanja i Zalbene mehanizme. U privatnim
projektima takvi formalni mehanizmi ¢esto nisu standardizirani,
Sto moze povecati fleksibilnost, ali i rizik od neuravnotezenih
odnosa.

Na primjer, u kontekstu javne nabave moze se pojaviti pitanje
odgovornosti izvodaca koji prihvaéa uvjete natjecaja bez
postavljanja dodatnih pitanja ili koristenja pravnih sredstava
poput Zalbe. U takvim slucajevima moze se smatrati da je
izvodac preuzeo odredeni rizik povezan s informacijskom
asimetrijom. Medutim, to ne iskljucuje odgovornost investitora
za jasnocu i potpunost dokumentacije, osobito u situacijama
gdje nedostatak informacia moze dovesti do znacajnih
odstupanja tijekom realizacije projekta. Stoga se problem
informacijske asimetrije u javnoj nabavi ne moze jednostrano
pripisati jednoj strani, vec ga je potrebno promatrati kao rezultat
interakcije izmedu regulatornog okvira, kvalitete dokumentacije
i ponasanja sudionika.

U praksi su dostupni razliciti mehanizmi za ublazavanje i
rjeSavanje posljedica asimetrije, ukljucujuci ugovorne odredbe
(npr. klauzule o promjenama radova, raspodjeli rizika), postupke
pojasnjenja i dopune dokumentacije, Zalbene postupke u javnoj
nabavi, kao i sudsku zastitu u slucaju povrede ugovornih obveza.
lako ovi mehanizmi ne mogu u potpunosti eliminirati asimetriju,
oniomogucuju njezino pravno adresiranje i smanjenje negativnih
posljedica.

Unato¢ postojanju formalnih mehanizama u javnoj nabavi,
odredeni oblici informacijske asimetrije ostaju prisutni. To se
posebno odnosi na implicitne informacije o projektu, buduéim
promjenama, organizacijskim kapacitetima narucitelja ili
stvarnim ocekivanjima tijekom izvedbe, koje nije moguce
u potpunosti formalizirati kroz natjeCajnu dokumentaciju.
U nastavku ovog rada opisana je metodologija kojom su
identificirani rizici uzrokovani informacijskom asimetrijom u
gradevinskim projektima te je dan okvir za upravljanje njima.

3. Metodologija istrazivanja

U prethodnom poglavlju definirani su koncepti informacijske
asimetrije te je istaknuto kako informacijska asimetrija medu
sudionicima gradevinskih projekata moze generirati razliCite
rizike za projekte. S obzirom na ogranicenu primjenu prakticnih
metoda upravljanja ovim rizicima, kao i na nedostatak opsezne
znanstvene literature koja se njima bavi, nuzno je bilo poduzeti
prvi korak prema ucinkovitom upravljanju — izraditi okvir za
upravljanje predmetnim rizicima kroz identifikaciju i klasifikaciju
rizika, njihovih posljedica i mjera za njihovo ublazavanje.

U tu je svrhu proveden sustavni pregled relevantne znanstvene
literature s ciliem prepoznavanja i kategorizacije rizika
povezanih s informacijskom asimetrijom medu sudionicima
gradevinskih projekata. Uz rizike identificirane su i njihove
posljedice u gradevinskim projektima, kao i mjere za njihovo
ublaZzavanje. Definiranje posljedica i mjera za ublazavanje
nuzno je za provodenje daljnjih koraka upravljanja rizicima,

odnosno za analizu rizika i ublazavanje rizika. Nadalje, provedeni
su polustrukturirani intervjui kako bi se dobio uvid u stavove
strucnjaka iz prakse o identificiranim rizicima, posljedicama i
mjerama te kako bi se preliminarne liste eventualno dopunile
novim stavkama. Na temelju prikupljenih podataka formirane
su konacne liste kljucnih rizika, posljedica i mjera za njihovo
ublazavanje.

3.1. Sustavni pregled znanstvenih ¢lanaka

Sustavni pregled literature proveden je s ciliem analize
prethodnih znanstvenih istrazivanja koja su se bavila
fenomenom informacijske asimetrije u kontekstu gradevinskih
projekata. Dio rezultata ove analize prethodno je objavljen u
radu , @ u ovom se ¢lanku iznose rezultati koji se odnose
na identificiranje kljucnih rizika prouzrocenih informacijskom
asimetrijom, njihovih posljedica i mjera za ublazavanje.
Analizirana literatura preuzeta je iz dviju renomiranih
znanstvenih baza podataka — Web of Science Core Collection i
Scopus - Sto je omogucilo sveobuhvatan uvid u problematiku i
rizike prouzrocene informacijskom asimetrijom u gradevinskom
sektoru. U pretrazivanju su koriStene sljedece kljutne rijeci:
"asymmetric information’, "information asymmetry’, "adverse
selection’, “moral hazard', "hold-up" i “construction”. Navedeni
termini kombinirano su pretrazivani unutar naslova, sazetaka
i kljucnih rijeci znanstvenih radova. Nakon pretrazivanja dviju
elektronickih baza podataka svi pronadeni zapisi uneseni su u
racunalni program Mendeley. Sve daljnje faze pregleda literature
provedene su unutar tog programa, ¢ime je osigurana objektivna
analiza i precizno upravljanje prikupljenim izvorima

Prikupljene publikacije obradene su prema smjernicama
PRISMA metodologije , pri ¢emu su ukupno 94 znanstvena
¢lanka zadovoljila kriterije uklju€ivanja jer su sadrzavali jedan ili
viSe primjera rizika povezanih s informacijskom asimetrijom,
njihovih posljedica ili mjera za ublazavanje. Analizom sadrzaja
prikupljenih znanstvenih radova formirane su kategorizirane
liste rizika za tri kategorije informacijske asimetrije: negativnu
selekciju, moralnu opasnost i rizike zadrZzavanja. Osim toga,
formirane su i liste posljedica i mjera za ublazavanje.

Radi dodatne evaluacije podataka dobivenih iz literature,
provedeni su polustrukturirani intervjui. Detalji ove faze
istrazivanja opisani su u nastavku.

3.2. Intervjui

Radi procjene praktitne relevantnosti podataka dobivenih iz
znanstvene literature, provedeni su intervjui sa stru¢njacima s
bogatim iskustvom u podrucju gradevinskih projekata. Klju¢na
prednost ove metode lezi u mogucnosti prikupljanja detaljnih i
sadrzajno bogatih informacija

Intervjui su provedeni s devet stru¢njaka s najmanje 17 godina
iskustva u gradevinskim projektima, koji trenutacno obnasaju
rukovodece funkcije. Uzorak je odabran svrsishodno, s ciliem
dobivanja detaljnih i kvalitetnih podataka od stru¢njaka koji su
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Tablica 1. Kodovi koristeni u kvalitativnoj analizi sadrzaja transkripta intervjua (prilagodeno prema [21])

Kod Opis
+ Slaganje sa stavkom (rizik, posljedica ili mjera za ublazavanje)
- Neslaganje sa stavkom
+/- Djelomicno slaganje sa stavkom
Prethodr.m Razlog Razlog slaganja, neslaganja ili djelomi¢nog slaganja sa stavkom
:g;ii?m Dodatak Nova stavka koju ispitanik dodaje
Primjer rizika Primjer iz prakse u kojem je prepoznat rizik prouzrocen informacijskom asimetrijom
Primjer posljedica Primjer iz prakse u kojem je prepoznata posljedica rizika
Primjer mjere Primjer iz prakse u kojem je prepoznata mjera za ublazavanje rizika
Kontekst tricta ggéfznej?gjf;ﬂipk; u pojavi rizika prouzrocenih informacijskom asimetrijom ovisno o trziStu na kojem
::f:aveini Kontekst sudionika S:i?ir;jsgizgnstjfot;E;Jjj\si[:jz:(ktizbog uobicajenih obrazaca ponasanja, sposobnosti ili
tijekom
analize Kontekst vrste projekta ijalénje.nje rgzlika u pojavi rizika prouzrocenih informacijskom asimetrijom ovisno o vrsti projekta
(javni/privatni)
Komentar izmjena Komentar za izmjenom ili nadopunom naziva stavke

sudjelovali u velikim i sloZenim projektima. Takav mali, homogeni
uzorak karakteristican je za kvalitativna istrazivanja usmjerena
na specificne teme [28]. Nakon devet intervjua zabiljezena je
saturacija podataka, Sto je oznacilo kraj prikupljanja dodatnih
informacija. Tri ispitanika dolaze iz organizacija koje djeluju kao
javni narucitelji, dvoje dolaze iz privatnih poduzeca za izvodenje
gradevinskih projekata, a ostali su iz privatnih poduzeca
specijaliziranih za konzultantske usluge, nadzor, projektiranje i
upravljanje projektima. Svi ispitanici ukljuceni u istrazivanje, iako
neki formalno ne dolaze iz izvodackih organizacija, posjeduju
znacajno prakti¢no iskustvo u izvodenju gradevinskih projekata.
Kroz svoje profesionalne uloge bili su izravno ukljuceni u
procese pripreme i realizacije projekata, sto podrazumijeva
detaljno poznavanje uloge izvodaca i investitora, i u fazi prije
potpisa ugovora (npr. analiza natjefajne dokumentacije,
procjena rizika i donoSenje odluka o sudjelovanju), i u fazi
nakon sklapanja ugovora (upravljanje izvedbom, koordinacija
sudionika i rjeSavanje ugovornih pitanja). Stoga njihovi odgovori
reflektiraju i perspektivu izvodaca i investitora, unato¢ njihovoj
formalnoj organizacijskoj pripadnosti. Svi su radili na projektima
u Hrvatskoj, pri cemu je Cetvero imalo i inozemno iskustvo u
razlicitim zemljama. Njihova strucnost najvise obuhvaca javne
projekte, a privatne su investicije zastupljene u manjoj mjeri,
Sto je u skladu s fokusom na slozene velike projekte, pretezno
vezane uz javne investicije u Hrvatskoj.

Pitanja za polustrukturirane intervjue bila su unaprijed
definirana radi objektivnije analize, no ispitanicima je pruzena
mogucnost otvorenih odgovora. Intervjui su se fokusirali na
evaluaciju lista rizika, posljedica i mjera prikupljenih iz literature,
gdje su stru¢njaci komentirali, izrazavali slaganje ili neslaganje te
davali primjere iz vlastitog iskustva, uz prijedloge za poboljsanje
formulacija radi vece jasnoce. Svaki ispitanik sudjelovao je u
jednom intervjuu, Cije je trajanje variralo od 52 minute do dva
sata. Intervjui su se odrzavali u prostorijama poduzeca, na

Gradevinskom fakultetu u Zagrebu ili putem online platformi,
uz posebnu pozornost na stvaranje povjerljive atmosfere koja
je poticala otvorenost. Svi intervjui snimljeni su i transkribirani,
¢ime je osigurana bogata baza podataka za daljnju analizu.
Transkripti intervjua analizirani su kvalitativhom analizom
sadrzaja u MS Wordu. U toj fazi moguce je koristiti se
specijaliziranim racunalnim alatima, no vazno je napomenuti
da takvi alati ne mogu samostalno identificirati kodove, vec
mogu tek djelomicno ubrzati analizu teksta [29, 30], stoga je u
ovom istrazivanju odluceno da se specijaliziranim programima
za kodiranje teksta nece koristiti. Dio kodova definiran je prije
analize, a neki su kodovi odredeni tijekom same analize. Naime,
utvrdeno je da znacaj pojedinih rizika, kao i primjenjivost mjera
za njihovo ublazavanje, varira s obzirom na vrstu projekta (javni
ili privatni). Takoder je uoceno da se pristup upravljanju rizicima
razlikuje ovisno o ulozi sudionika (provodi li ga investitor ili
izvodacd) i trzistu na kojem poduzece nastupa. Stoga je bilo
vazno naknadnim kodovima zabiljeziti konkretne komentare
strucnjaka o kontekstima u kojima su pricali. Konacni popis
kodova vidi se u tablici 1.

4. Rezultati i opis glavnih elemenata okvira

U nastavku su predstavljeni rezultati ovog istraZivanja, odnosno
identificirani elementi okvira koji se predlaze za upravljanje
rizicima prouzrofenima informacijskom asimetrijom. Glavni
elementi okvira sastoje se od identificiranih rizika, njihovih
posliedica i mjera za ublaZzavanje. Prvo su prikazani rizici
identificirani analizom literature i intervjua sa stru¢njacima. Ti
su rizici klasificirani prema vrstama informacijske asimetrije, s
ciliem odredivanja faze gradevinskog projekta u kojoj se mogu
pojaviti te kako bi se omogucila daljnja istrazivanja unutar
definiranih kategorija. Nakon toga prikazane su identificirane
posljedice i moguce mjere za ublazavanje rizika.
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4.1. Kljucni rizici prouzroceni informacijskom
asimetrijom

Prije sklapanja ugovora izmedu investitora (principala)
i izvodafa (agenta) u gradevinskim projektima cesto
postoje okolnosti u kojima jedna strana nema potpun uvid
u sposobnosti druge. Javljaju se rizici negativne selekcije
(engl. adverse selection — AS). U tablici 2. prikazano je osam
rizika koji proizlaze iz skrivenih karakteristika, a vezani su uz
pocetnu fazu natjecanja izvodaca za dobivanje posla — prvu
tocku kontakta izmedu agenta i principala. Uobicajeni model
izbora izvodaca temelji se na prikupljanju ponuda. Zbog jake
konkurencije izvodati Cesto nude nize cijene od trziSnih kako
bi osigurali ugovor , 5to moze rezultirati pogresnim
procjenama, bilo zbog namjere, neiskustva ili nedostatka
strucnosti . Osim toga, izvodati ¢esto nemaju potpune
informacije o projektu, njegovu opseguili kolicinamaradova
, osobito kad projekt nije finaliziran, investitor mijenja

zahtjeve ili projekt ukljuCuje nove tehnologije . U takvim
okolnostima moze doci do prijava izvodaca koji nisu sposobni
realizirati projekt, a investitor moZe pogreSno procijeniti
njihovu sposobnost. Zbog sloZenosti gradevinskih projekata
investitori esto ne mogu precizno definirati sve zahtjeve,
pa se oslanjaju na izvodace da pruze tocne informacije, Sto
stvara potencijalnu informacijsku neravnotezu .U tim
situacijama klju¢no je dokazivanje sposobnosti izvodaca,
primjerice putem certifikata, jamstava i bankovnih garancija.
No pouzdanost tih dokaza moze biti upitna — zbog smanjene
signalne vrijednosti certifikata , nedostatka informacija
o reputaciji izvodaca ili laznog predstavljanja
Tijekom nadmetanja mogu se pojaviti i drugi rizici, poput taJnlh
dogovora izmedu investitora i izvodaca, izmedu izvodaca
samih ili izmedu izvodaca i podizvodaca, Sto negativno utjeCe
na troSkove i tijek projekta . Poseban izazov predstavlja
podugovaranje jer investitor ¢esto nema potpune informacije
o podizvodacima, njihovim sposobnostima ili namjerama

, adogovori izmedu izvodaca i podizvodaca te neadekvatna
prijava podizvodaca dodatno pojacavaju rizik. Osim rizika
identificiranih pregledom literature, stru€njaci su tijekom
intervjua naglasili kako financijska nestabilnost izvodaca ili
investitora predstavlja znacajan skriveni rizik prije sklapanja
ugovora, koji tijekom izvodenja radova, ali i nakon njih, moze
uzrokovati ozbiljne negativne posljedice.
Nakon sklapanja ugovora u fazi izgradnje gradevinskog
projekta Cesto dolazi do situacija u kojima su aktivnosti ili
informacije jedne strane djelomi¢no ili potpuno skrivene
od druge strane. Rizici povezani s takvom informacijskom
asimetrijom u literaturi su prepoznati kao moralna opasnost
(engl. moral hazard — MH), a izdvojeno je Sest klju¢nih rizika
(vidi tablicu 2.). Najé¢eSci primjeri prikrivenih aktivnosti
uklju¢uju koristenje materijala losije kvalitete, smanjenu
koli¢inu izvedenih radova, prikrivanje pogresaka te opcenito
nizi trud izvodaca u ispunjavanju ugovornih obveza
To se dogada zbog ogranicene kontrole investitora, bilo

zbog nedostatka strucnosti ili financijskih resursa , a
izvodac tada moZe preuzeti vece rizike oCekujuci da nece biti
sankcioniran. Na ponasanje izvodaca utjeCu i nepredvideni
uvjeti kao Sto su vremenske neprilike , a ponekad i
svjesno prikrivanje informacija ili odbijanje izvrSenja obveza
. Kvalitetna razmjena informacija unutar projektnog tima
moZe smanjiti broj pogresaka , no bez jasno definiranih
komunikacijskih pravila te suradnickog okruzenja informacije
Cesto kasne. Kolaboracija se moZe poboljsati radionicama
, partnerskim odnosima , digitalnim alatima poput
informacijskog modeliranja gradnje (engl. building information
modelling — BIM) i blockchaina te ranom ukljucenosti
svih dionika . Razlike izmedu planiranih i izvedenih
koli¢ina radova uobicajene su , @ uzroci mogu biti loSe
planiranje , nepredvideni dogadaji ili investitorove
izmjene . TeSkoce u kontroli koli¢ina uzrokuje los
ili nepravovremen nadzor. Dodatni rizik proizlazi iz narusenih
odnosa medu sudionicima, posebice kada izostaje povjerenje
i spremnost na suradnju Slaba kolaboracija,
neravnomjerno raspodijeljeni rizici i odgovornosti te
odsustvo ocekivanja o buducoj suradnji mogu potaknuti
oportunisticko ponasanje izvodaca . Poseban izazov
predstavlja podugovaranje, gdje izvoda¢ mora prenijeti sustav
kontrole i poticaja na podizvodace . Zadnji istaknuti
rizik odnosi se na nisku vidljivost odredenih gradevinskih
radova, 5to otezava naknadnu provjeru kvalitete i kolic¢ina. U
takvim slucajevima, ako je zakonodavni okvir slab, moguce
su zloupotrebe i manipulacije u rjeSavanju sporova .
U kategoriji rizika moralne opasnosti nije bilo dodataka od
strane strucnjaka tijekom intervjua. Svi rizici identificirani u
literaturi verificirani su i kroz intervjue te je njihova priroda
dodatno pojasnjena primjerima iz prakse koje su ispitanici
dijelili.
Zadnja kategorija informacijskih asimetrija odnosi se na
skrivene namjere jedne strane da drugu dovede u nepovoljan
polozaj, otkrivajuci klju¢ne informacije tek kad projekt vec
uznapreduje. Ako druga strana ne moze udovoljiti novim
zahtjevima, moze doci do obustave radova ili financiranja.
Ova situacija poznata je kao rizik zadrzavanja (engl. hold-
up — HU), a ovim istrazivanjem identificirano je Sest kljucnih
rizika te vrste (vidi tablicu 2.). NajéeSce se manifestira u
naknadnim pregovorima, npr. kad investitor trazi dodatne
ili izmijenjene radove nakon potpisivanja ugovora, a izvodac
koristi svoju pregovaracku prednost kako bi ih naplatio skuplje
. Zbog ogranicenih opcija investitor cesto pristaje
na uvjete kako bi izbjegao prekid projekta. Takoder, izvodac,
zahvaljujuci boljem poznavanju izgradnje, moze namjerno
ne prijaviti nedostatke u projektnoj dokumentaciji kako bi ih
poslije iskoristio . Kod velikih infrastrukturnih projekata s
visokim stupnjem specifi¢nosti imovine (engl. asset specificity),
investitor se nalazi u nepovoljnoj poziciji jer vec¢ ulozena
sredstva ne moze lako prenamijeniti, a izvodac koristi svoju
prednost za postavljanje dodatnih zahtjeva . To
povecava transakcijske troSkove produZenim pregovorima

288

GRADEVINAR 78 (2026) 5, 283-296



Okvir za upravljanje rizicima prouzroc¢enima informacijskom asimetrijom u gradevinskim projektima

Gradevinar 5/2026

Tablica 2. Rizici identificirani pregledom literature i intervjuima sa strucnjacima; AS - rizici negativne selekcije, MH - rizici moralne opasnosti;

HU - rizici zadrzavanja

ID Rizik lzvor Intervjui
AS1 LoSa/manjkava natjecajna dokumentacija [23,32-37,58] verificirano
AS2 Kvalifikacije izvodaca nisu poznate/provjerljive [23,35,37-39, 45, 59] verificirano
AS3 Nemogucnost prepoznavanja i isklju¢ivanja manipulativne niske ponude [15, 31, 43,60, 61] verificirano
ASL Potajno dogovaranje izmedu sudionika prije ili u tijeku natjecaja [35, 36] verificirano
AS5 Lazno prikazivanje ili skrivanje podizvodaca [35, 40] verificirano
AS6 Onemogucen/otezan odabir povjerljivog poslovnog partnera [46] verificirano
AS7 Nestabilno financijsko stanje izvodaca intervjui dodano
AS8 Nestabilno financijsko stanje investitora intervjui dodano
MH1 Skrivanje informacija o stvarnoj kvaliteti gradnje (17, 32-36, 326321:07;)?2 45,50, €0, verificirano
MH2 Otezana razmjena informacija izmedu investitora i izvodaca 23,35, 36, 40'71‘13;;?]' 52,59, 63,64, verificirano
MH3 Naknadne izmjene projekta [23,32-36,47, 58] verificirano
MH4 Nedostatak razumijevanja i povjerenja izmedu investitora i izvodaca [43, 46, 48-50, 74] verificirano
MH5 Nedostatak evidencije dogadaja na gradilistu [51,52, 64,70, 75] verificirano
MH6 Oportunisticko ponasanje zbog jednokratne suradnje [46,50] verificirano
HU1 Zadrzavanje radova od strane izvodaca [38, 50, 53, 54, 70, 76-78] verificirano
HU2 Ograniceno pregovaranje zbog politickog ili javnog utjecaja [44,51, 54,55, 70, 77-79] verificirano
HU3 Zadrzavanje informacija zbog nepovjerenja [50] verificirano
HU4 Nepoznavanje stvarnih troskova izvodaca [57] verificirano
HU5 Zadrzavanje placanja od strane investitora intervjui dodano
HU6 Zadrzavanje donosenja odluka od strane investitora intervjui dodano

i mogucim sporovima [54]. Dodatni problem nastaje kad
nema dugorotne suradnje i povjerenja, pa se obje strane
suzdrzavaju od istinske suradnje kako ne bi oslabile vlastitu
pregovaracku poziciju [50]. Kona€no, izostanak mehanizama
kontrole troskova omoguéava izvodacu da zadrzi informacije s
ciliem financijske koristi na racun investitora [57]. Unutar ove
skupine rizika ispitanici su u intervjuima nagladavali vaznost
preciznijeg definiranja aktera koji uzrokuju zadrzavanje. U
literaturi se uocava tendencija da se investitor promatra kao
strana koja je pretezito izloZena rizicima zadrzavanja, medutim
analiza prakse upucuje na to da takav odnos nije jednoznacan.
Na temelju komentara povezanih s opisom rizika HU1
identificirane su tri zasebne kategorije rizika koje preciznije
odrazavaju stvarne situacije u gradevinskim projektima:
zadrzavanje radova od strane izvodaca, zadrzavanje placanja
od strane investitora te zadrzavanje donosSenja odluka od
strane investitora.

4.2, Klju€ne posljedice rizika
Rizici koji proizlaze iz informacijske asimetrije mogu negativno

utjecati na ostvarenje ciljeva projekta. Osim Sto ugrozavaju sam
projekt, ti rizici imaju Sire posljedice poput narusavanja odnosa

medu dionicima, Sto cesto dovodi do konflikata i sporova.
Dugorotno gledano informacijska asimetrija u gradevinskim
projektima takoder doprinosi smanjenju ukupne produktivnosti
sektora.

Nepovoljni ucinci na projektne ciljeve ukljucuju povecanje
troskova [43, 47], kasnjenja u realizaciji [53], smanjenu kvalitetu
izvedenih radova [80] te poteSkoce u implementaciji novih
tehnologija i inovacija [11]. Uz to, ovi rizici negativno utjecu
na buducu suradnju medu partnerima [81], izazivaju pravne
sporove [55] i naruavaju povjerenje i otvorenu komunikaciju
[42,82].

Na duZi rok posljedice informacijske neravnoteze odrazavaju se
kroz smanjenje ucinkovitosti cijele industrije [58]. Kvalificirani
izvodadi zaraduju manje [31] ili se povlace iz trziSnih natjecaja
[32-34], a investitori i klijenti gube interes za financiranje
projekata [37]. U konacnici tvrtke koje sudjeluju u takvim
projektima snose vece transakcijske troskove [55].

Tijekom intervjua ispitanici su s pomocu primjera realizacije
rizika povezanih s informacijskom asimetrijom istaknuli jos
dvije vazne posljedice: raskid ugovora i narusavanje reputacije
poduzeca ukljuenih u projekt. Konacna lista klju¢nih posljedica
rizika prouzroCenih informacijskom asimetrijom prikazana je u
tablici 3.
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Tablica 3. Posljedice rizika identificirane pregledom literature i intervjuima sa stru¢njacima

ID Posljedica lzvor Intervjui
P1 Povetani troskovi [15,31-34, 37663381‘23&;4?1 53-55,67, verificirano
P2 Pogorsanje odnosa medu sudionicima projekta / sporovi [32-34, 40, 42, 53-55, 81, 82] verificirano
P3 Smanjena kvaliteta izvedbe [36, 40, 52,59-62, 74, 80, 81] verificirano
P4 Neuspjeh u postizanju ucinaka nove tehnologije i inovacija [11,37,39, 45,52, 66,72, 73, 85] verificirano
pP5 Produljenje roka izvedbe [41, 43, 53] verificirano
P6 Raskid ugovora intervjui dodano
p7 Pad reputacije poduzeca intervjui dodano

4.3. Klju€ne mjere za ublazavanje rizika

Mjere za ublazavanje rizika koje se najcesce spominju u
relevantnoj literaturi odnose se na izradu tzv. optimalnih
ugovora i njihovu kontrolu tijekom provedbe projekta
[82]. Unutar tih aktivnosti posebnu ulogu ima definiranje
poticaja (engl. incentive) za izvodace. Ugovori, primjerice,
sadrze klauzule kojima se potice izvodace da klijentima
pruzaju tocne informacije o troskovima [86, 87], izvrSavaju
radove u skladu s predvidenim planom [71, 83] reagiraju na
nepredvidene okolnosti [41] i prilagodavaju se promjenama
u projektu [57, 88, 89]. Takoder, ugovori bi trebali ukljucivati
uravnotezenu raspodjelu rizika [67], objektivne kriterije za
provedbu ugovora [53, 54], jasno izrazene namjere ugovornih
strana[11], mehanizme za korekciju cijena u skladu s trziSnim
promjenama [61], precizno definirane zahtjeve u pogledu
izvedbe, tehnicke specifikacije i standarde kvalitete [58], kao
i zastitne instrumente poput jamstava [70].

Ugovorne odredbe trebale bi predvidjeti i nagrade za izvodace
u slucajevima kada posao zavrSe prije roka i uz zadovoljenje
zahtjeva kvalitete [53], kao i kada ostvare ustede u troskovima
[48, 85]. Istovremeno, izvodaci bi trebali snositi sankcije ako
projekt ne dovrse unutar dogovorenog budzeta i vremenskog
okvira[52, 85]. Nadalje, projekt bi trebao imati razvijen sustav
za izvjeStavanje i pracenje provedbe ugovora [14, 38], kao i
mehanizam za procjenu uspjesnosti izvodaca [65].

Prije zakljuenja ugovora investitor bi trebao primijeniti
razlicite metode kako bi procijenio karakteristike agenata,
odnosno izvodaca kaji su predali svoje ponude (mjera koje se
na engleskom jeziku naziva screening). To se moze provesti na
tri nacina. Prvi nacin ukljuCuje istrazivanje pozadine, ugleda i
ranijih projekata poduzeéa koja su se prijavila na natjecaj [84].
Drugi natin odnosi se na detaljnu analizu dostavljenih ponuda
[83], ukljuCujuci usporedbu ponudenih cijena s trziSnim kako
bi se ocijenila njihova opravdanost i konkurentnost. Treca
je opcija zahtijevanje financijskih garancija od ponuditelja,
poput predujmova ili bankovnih jamstava [50], ¢ime se
potvrduje njihova ozbiljnost i financijska sposobnost za
izvrSenje obveza iz ugovora.

Sdruge strane, izvodaci mogu samisignalizirati svoje kvalitete
i pouzdanost investitorima, primjerice kroz predstavljanje

certifikata [37] ili putem marketinskih aktivnosti [36, 371.
Jedan od znacajnih rizika predstavlja damping cijena, zbog
Cega poznavanje metoda za izracun optimalne ponude moze
pomodi u njegovom izbjegavanju [31].

Znacajan dio rizika koji proizlaze iz informacijske asimetrije
moze se ograniciti vec u fazi odabira izvodaca. To se osobito
odnosinasituacije u kojimainvestitorimamoguénost odabrati
izvodata s provjerenom reputacijom [80], uskladenim
organizacijskim vrijednostima i poslovnom kulturom [44, 90]
ili onoga s kojim vec postoji prethodno iskustvo suradnje i
uspostavljen partnerski odnos [81].

Ucinkovit nadzor kvalitete ima klju¢nu ulogu u smanjenju
rizika povezanih s informacijskom asimetrijom tijekom faze
izvodenja [75]. Osim samog nadzora vazna je i suradnja
sudionika te otvoreno dijeljenje informacija i koristi od samog
pocetka projekta [45]. Komunikacija medu akterima trebala
bi biti transparentna, odgovorna [14, 70], vierodostojna [70],
iskrena [23] i neformalnija [38]. Povjerenje izmedu sudionika
trebalo bi se graditi i njegovati tijekom cijelog trajanja

projekta [8].
Investitor bi takoder trebao omoguciti izvodacima
nematerijalne (intrinzicne) oblike nagradivanja, poput

jacanja ugleda, veceg stupnja autonomije i odgovornosti,
zadovoljstva poslom, stabilnosti te uskladivanja ciljeva
[62]. Na kraju, transparentnost u upravljanju informacijama
moze se postici koristenjem razlicitih informacijskih sustava
[39], ukljuCujuci BIM [91, 921, blockchain [91], softverske
platforme za upravljanje projektima [46] te primjenu principa
otvorenog racunovodstva [47, 81]. Time se smanjuje prostor
za manipulaciju informacijama te se poboljSava koordinacija
i donoSenje odluka.

U intervjuima su ispitanici identificirali jos tri dodatne mjere za
ublazavanje rizika uzrokovanih informacijskom asimetrijom:
zamjenu predstavnika poduzeca, mirenje sudionika preko
trece strane i uspostavu komunikacijskih protokola. Zamjena
predstavnikaprepoznatajekaoucinkovitauslucajevimaosobnih
sukoba, neslaganja ili narusenog povjerenja medu sudionicima
projekta. Takoder je istaknuta moguénost posredovanja kroz
neutralnu trecu stranu. Najvedi broj ispitanika naglasio je i
vaznost jasno definiranih komunikacijskih protokola. lako su u
pocetku bili uklju€eni unutar mjere M4 — Informacijski sustavi,
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Tablica 4. Mjere za ublazavanje rizika identificirane pregledom literature i intervjuima sa stru¢njacima (prilagodeno prema [93])

ID Mjera lzvor Intervjui
M1 Novcani poticaji za izvodaca (bonusi) 8,11, 14,23, 38, 40, 41, 44, 46-48, 53, 57, 61, 62, 65, verificirano
poticay 66, 71-73, 75, 80, 82, 83, 86, 88, 89, 94-101]
M2 Ponuditelj S|gnaI|Z|rva svoje karakter.llstlke investitoru 8,36, 37, 44, 50, 53, 55, 58, 59, 65, 66, 70, 80, 84] verificirano
(oglasavanje, reputacija)
M3 Kooperacija i izgradnja povjerenja [8, 14, 23, 37, 38, 44, 45, 48, 70, 74, 77,81, 87] verificirano
M4 Informacijski sustavi [8, 9, 36-40, 43-48, 81,91, 92] verificirano
M5 Redovit i temeljit nadzor kvalitete [11, 40, 42, 60, 66, 72, 73, 75, 80, 102] verificirano
M6 Ugovorom definirana mjerila za pracenje rada izvodaca [14, 23,38, 48,51, 53, 54,58, 61, 65] verificirano
M7 Pravedna d|str|bucua r|2|kzva izmedu investitora i [15, 43, 48, 61, 67,81, 85, 98, 99] verificirano
izvodaca
M8 Ugovorne kazne [23, 46, 48,52, 53, 75, 101] verificirano
M9 Investitor provjerava pristigle ponude [14,31,36, 72,73, 78, 83] verificirano
M10 Investitor provjerava plonudlteljle (certifikati, jamstva, [14,36, 61, 70, 84] verificirano
financijska stabilnost)
M1 Ne-financijske nagr.ade zaizvodaca (pobollljsanje ugleda, [40, 48, 52, 62] verificirano
zadovoljstvo u radu, autonomija)
M12 Odabir ponuditelja kOlJ-I ima sl!cn_u_ organizacijsku kulturu 8, 44, 90] verificirano
(vrijednosti, ciljeve)

M13 Zamijena predstavnika poduzeca intervjui dodano
M14 Mirenje sudionika preko trece strane intervjui dodano
M15 Komunikacijski protokoli intervjui dodano

odluceno je da se zasebno istaknu, jer ispitanici su naglasili
njihovu kljunu ulogu u prevenciji rizika, neovisno o koristenju
informacijskih sustava. Konacna lista kljutnih mjera za
ublazavanje rizika prouzrocenih informacijskom asimetrijom
prikazana je u tablici 4.

U kontekstu upravljanja rizicima vazno je naglasiti da
predlozene mjere ne djeluju iskljuivo na ublazavanje
posljedica realiziranih rizika, ve¢ i na smanjenje njihove
vjerojatnosti. Primjerice, postupci provjere ponuditelja,
kvalitetna priprema projektne dokumentacije, jasno definirani
ugovorni uvjeti i uspostava sustava nadzora predstavljaju
preventivne mehanizme koji mogu znadajno smanijiti
moguénost nastanka rizika prouzrocenih informacijskom
asimetrijom. Medutim, zbog inherentne prirode tih rizika,
njihova potpuna eliminacija u pravilu nije moguca, vet je cilj
upravljanja postici optimalnu ravnotezu izmedu prevencije i
ublazavanja posljedica.

5. Okvir za upravljanje rizicima prouzrocenima
informacijskom asimetrijom

Na temelju analize literature i intervjua s iskusnim
strucnjacima iz gradevinskih projekata identificirani su

njihovo ublazavanje. Slika 2. predstavlja okvir za upravljanje
tim rizicima, Cija je struktura oblikovana prema prepoznatim
rizicima, njihovim posljedicama i odgovaraju¢im mjerama
koje su nuzne za ucinkovito upravljanje u gradevinskoj
praksi.

Rizici povezani sa skrivenim karakteristikama (negativna
selekcija) javljaju se prije sklapanja ugovora odnosno u
fazi prikupljanja ponuda izvodaca. S druge strane, rizici
koji proizlaze iz skrivenih informacija i aktivnosti (moralna
opasnost) te skrivenih namjera (rizik zadrzavanja) nastaju
nakon potpisivanja ugovora, tijekom izvodenja radova i
mogu trajati do zavrsetka projekta.

Te se vrste rizika najéeSce odrazavaju na projektne ciljeve,
i tijekom izgradnje, i nakon njezina zavrsetka. Za ucinkovito
upravljanje rizicima nuzno je njihovo pravovremeno
prepoznavanje, osobito u fazi prikupljanja ponuda, kao
i njihovo kontinuirano pracenje i primjena mjera za
ublazavanje radi smanjenja njihove ucestalostiili negativnog
utjecaja.

Predlozeni okvir prikazuje logicku povezanost izmedu rizika,
njihovih posljedica i mjera za ublazavanje kroz razlicite
faze projekta. Njegova primjena u praksi podrazumijeva
identifikaciju relevantnih rizika u konkretnoj fazi projekta,

klju¢ni rizici povezani s informacijskom asimetrijom, procjenu njihovog potencijalnog utjecaja te odabir
zajedno s njihovim posljedicama i mogucim mjerama za odgovarajucih mjera za njihovo upravljanje.
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Identifikacija rizika prouzrefenih informacijskom asimetrijom u gradevinskim projektima

Rizici u fazi nabave

| |

Rizici u fazi izvodenja radova

loSa/manjkava natjefajna dokumentacija

kvalifikacije izvodata nisu poznate/
provjerijive

nemogucnost prepoznavanja | iskljucivanja
manipulativae niske ponude

potajno dogovaranje mmedu sudionika
prije i u tieku natjetaja

laino prikazivanje il skrivanje
podizvodada

anemoguiensotezan odabir povjerljivog

shrivanje informacija o
stvarnaj kvaliteti gradnje

oteEana razmjena informacija
izmedu investitora | izvadaia

naknadne izmjene projekta
nedostatak razumijevanja i
povjerenja izmedu
investitora i izvodata

nedostatak evidencije
dogadaja na gradiliSty

zadrzavanje radova
od starne izvodata

ogranifenc pregovaranje zbog
polititkog ili javnog utjecaja

zadriavanje infarmacija
zhog nepoujerenja

nepoznavanje stvarnih
troskova izvodata

‘zadriavanje platanja
od strane investitora

poslovnog partners oportunistifko ponasanje zadriavanje donodenja odiuka
zbog jednokratne suradnje od strang investitora
[skrivano) nestabline financliskeo
stanje izvodaga
{skriveno) nestabilne financijsko
stanje investitora
| | |
| Posljedice
il B _pwefnm trodkovi 7

pogorianje odnosa medu sudionicima projekta /sporovi

smanjena kvaliteta lzvedbe

neuspjeh v postizanju uiinka move tehnelogije i inovacija

produljenje roka irvedbe
raskid ugevora

pad reputacije

I

Mjere za ublazavanje rizika

novtani poticaji za agenta
[bonusi]

ponuditel] signalizira svoje
karakteristike investitoru
loglagavanje, reputacijal

kooperacija i izgradnja
poujerenja

infarmacijski sustavi

redoviti i termaljit
nadzor kvalitete

ugovorom definirana mijerila

z& pracenje rada izvodata

pravedna distribuclja rizika
izmedu investitora | izvodata

ugovorene kazne

Investitor provierava
pristigle ponude

investitor provjerava

panuditelje {certifikati, jamstua,

financijska stabilnost]

ne-financijske nagrade za
agenta (peboljSanje ugleda,
zadovoljstun, autanomija)

odabir ponuditelja keji ima
sliénu organizacijsku kultur
[urijednost, ciljeve)
Zamjena predstavnika tvrtke

mirenje sudionika preko
trece strane

komunikacijski protokoli

Slika 2. Okvir za upravljanje rizicima prouzrocenima informacijskom asimetrijom

292

GRADEVINAR 78 (2026) 5, 283-296



Okvir za upravljanje rizicima prouzroc¢enima informacijskom asimetrijom u gradevinskim projektima

Gradevinar 5/2026

6. Zakljucak

U radu je predstavljen okvir za upravljanje rizicima
prouzro¢enim informacijskom asimetrijom. Identificirani su i
opisani kljucni rizici koji proizlaze iz informacijske asimetrije
izmedu investitora i izvodafa u gradevinskim projektima,
razvrstani prema teorijskim kategorijama informacijske
asimetrije te su odredene njihove glavne posljedice i moguce
mjere ublaZavanja.

Zbog razlicitosti gradevinskih projekata, okvir razvijen u ovom
istrazivanju ima odredena ogranienja u svojoj generalizaciji.
Istrazivanjem putem intervjua utvrdeno je da znacaj pojedinih
rizika, kao i primjenjivost mjera za njihovo ublazavanje, varira s
obzirom na vrstu projekta (javni ili privatni). Takoder je uoceno da
se pristup upravljanju rizicima razlikuje ovisno o ulozi sudionika —
provodili gainvestitor ili izvodac. Stoga je vazno okvir primjenjivati
prilagodeno razlicitim vrstama projekata i perspektivama
sudionika kako bi se ucinkovito povezali rizici, njihove posljedice
i odgovarajuce mjere ublazavanja.

Osnovni doprinos ovog istrazivanja ogleda se u tome da opisani
rizici uzrokovani informacijskom asimetrijom predstavljaju
polaziSte za identifikaciju rizika u buducim gradevinskim
projektima. Njihove posljedice ukazuju na projektne ciljeve na
koje mogu utjecati, Sto je vazno pravodobno prepoznati vet u
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Assoc.Prof. Josip Stipcevi Monitoring seismic activity following 2020 Petrinja earthquake
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Autor za korespondenciju The series of earthquakes in the Petrinja area began on Monday, 28 December 2020, at

6:28 am. local time (CET), with an earthquake of magnitude M, = 5.1 (M, = 4.9), which
was felt across most of central Croatia. Its epicentre was southwest of Petrinja, near
Strasnik village. This was soon followed by earthquakes of local magnitude 4.6, 7:49
_ KresimirKuk magphys-geophys. M- and magnitude 3.8 at 7:51 am. in the same epicentral area, as well as a series of
kreso.kuk@gfz.hr weaker earthquakes. Unfortunately, these relatively strong earthquakes proved to be just
foreshocks, as an even stronger earthquake of local magnitude 6.2 (M, = 6.4) occurred
the next day, 29 December 2020, at 12:19 p.m., also with an epicentre near Strasnik. The
cornerstone of this study is the vast amount of seismological data collected. We used
A . both manual and advanced machine learning techniques to analyse the newly collected

ssac.Prof. lva Dasovic ] ] ) T )
iva.dasovic@gfz.hr dataset. This resulted in a substantially expanded seismic catalogue with over 50,000
events. Seismicity analysis confirms that the largest events align with the primary dextral
strike-slip Petrinja Fault; however, the aftershock pattern evolved, revealing that stress
redistribution activated numerous secondary faults, leading to a complex spatial and
temporal distribution of seismicity. The findings provide a detailed seismological record
and crucial insights into the tectonic processes of this intraplate region.

. Dinko Sindija, PhD. Geoph
dsindija@gmail.com
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Pracenje seizmicke aktivnosti nakon potresa u Petrinji 2020. godine

Marin Seéanj, PhD. Geoph Niz potresa na podrucju Petrinje zapoceo je u ponedjeljak 28. prosinca 2020. u 6:28 po
msecanj@gfz.hr lokalnome vremenu (CET) potresom magnitude M, = 5,1 (M,, = 4,9), koji se osjetio na

vecemu dijelu sredisnje Hrvatske. Epicentar se nalazio jugozapadno od Petrinje, u blizini
sela Strasnika. Ubrzo su uslijedili potresi lokalne magnitude 4,6 u 7.49 te magnitude 3,8
u 7:51 u istome epicentralnom podrudju, kao i niz slabijih potresa. Nazalost, ti relativho
Prof. Davorka Herak snazni potresi pokazali su se tek prethodnim potresima, jer je vec sljedeceg dana, 29.
davorka.herak@gfz.hr prosinca 2020. u 12:19, zabiljeZen jos jaci potres lokalne magnitude 6,2 (M, = 6,4),
takoder s epicentrom u blizini Strasnika. Temelj ove studije Cini velika kolicina prikupljenih
seizmoloskih podataka. Za analizu novoprikupljenog skupa podataka koristeni su klasicni
postupci analize te napredne metode strojnog ucenja. Time je dobiven znatno proSiren

Academician Marijan Herak seizmicki katalog s vise od 50.000 potresa. Analiza seizmicnosti potvrduje da su najveci
marijan.herak@gfz.hr potresi uskladeni s glavnim desnim Petrinjskim rasjedom, s pomakom po pruzanju,
no evolucija naknadnih potresa pokazala je da je preraspodjela naprezanja aktivirala
University of Zagreb brojne sekundarne rasjede, sto je dovelo do sloZene prostorne i vremenske raspodjele
Faculty of Science seizmicnosti. Rezultati pruzaju detaljan seizmoloski uvid u procese u tome zariSnom
Department of Geophysics podrucju unutar tektonske ploce.
Kljuéne rijeci:

Petrinja, potres, naknadni potresi, seizmicka mreza, strojno ucenje
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1. Introduction

The Petrinja earthquake (M, = 6.4; M = 6.2) on 29 December
2020 was one of the most important earthquakes that occurred
in Croatia over the last several centuries. The mainshock was
preceded by a strong foreshock (MW =49 M = 5.0) that occurred
one day earlier, whereas the largest aftershock (M, = 4.7; M, =
4.9) was recorded on 6 January 2021. The seismicity of the area
and detailed analyses of the famous Kupa Valley earthquake are
presented in, for example, u

According to [1], the mainshock caused extensive destruction
in the epicentral area. Shaking was felt throughout Croatia and
Slovenia, as well as across much of Bosnia and Herzegovina,
Serbia, Hungary, Italy, Austria, and Slovakia, with seven
fatalities reported. Ground shaking triggered numerous
secondary effects, including liquefaction, mud boils, sand
volcanoes, landslides, and more than 100 sinkholes near the
village of Mecencani, southeast of the epicentre (Figure 1).
Further details on the impact, damage and related effects are
provided in, for example, . This large intraplate strike-
slip event drew considerable attention from the international
seismological community. A preliminary analysis of early
observations was provided by , whereas numerous
subsequent studies focused on characterising the seismic
source (e.g. ). The Coulomb stress changes following
the main rupture were examined by . Several
studies have analysed InSAR satellite data to interpret
surface deformation (e.g. ). A detailed spatio-
temporal analysis of the Petrinja earthquake sequence during
its first six months, including the relocation of more than
13,800 events using source-specific station corrections,
evaluation of epistemic location uncertainty, computation of
focal mechanisms, and assessment of competing finite-fault
models, was presented by [1]. In this study, we provide a
brief overview of the region'’s tectonics and describe the rapid
deployment of seismic instruments following the Petrinja
mainshock. Furthermore, we present an overview of the
seismicity in the Petrinja epicentral area from 2020 to 2024.
For seismicity monitoring, we employ two types of earthquake
detection in seismograms: manual and machine learning (ML)
approaches. The overall aim of this study is to outline the
seismological work conducted in the five years following the
Petrinja earthquake.

2. Tectonics and geology

The Central Croatia region, together with the Petrinja area,
lies within the transition zone between the Internal Dinarides
and SW Pannonian Basin structural units. This area has been
subjected to multiple tectonic phases since the Late Jurassic,
resulting in a complex geological and geodynamic setting.
The present-day Adria—Europe shortening is predominantly
accommodated within the External Dinarides and partly
transmitted to the Internal Dinarides and the Dinarides—

Pannonian basin transition area . The active NNE-
SSW compression within the study area is evidenced by
earthquake focal mechanism solutions and predicted
by geodynamic modelling. Throughout the Late Cretaceous
— Early Palaeogene, the broader Petrinja area formed part of
the Sava realm of the Neotethys Ocean and was subjected
to the ongoing subduction of remnant oceanic crust beneath
European-derived tectonic units. At that time, the Sava
oceanic realm was closed along the Sava Suture Zone (SS2)
Regional compression-related tectonic uplift,
folding, and imbrication of older units and associated syn-
orogenic deposits were active in the region until the Mid-
Eocene . Concurrently, thrusting propagated SW
towards the Adriatic foreland and led to the onset of the
nappe stack and formation of the Oligocene to Mid-Eocene
External Dinarides fold-thrust belt and foreland basin. In the
northern Internal Dinarides, a turnover from Late Cretaceous
to Mid-Eocene compression to Early Miocene extension
occurred along the SSZ, leading to the formation of the Sava
Depression, that is, the south-westernmost basin of the
Miocene Pannonian back-arc basin system . The Sava
Depression began to open during the Early Miocene (c. 18
Ma). This Early Miocene extensional detachment also led to
the exhumation of the Internal Dinarides and the SSZ units in
its footwall, in the form of core complexes (inselbergs in the
present-day morphology).
The opening of regional- and local-scale Miocene basins
was accompanied by the deposition of syn- to post-
tectonic sedimentary units, which are presently partly
exposed along the Sava Depression margins. In the Sava
Depression, the Early Miocene syn-rift phase presumably
lasted until the Middle Miocene (c. 13.5 Ma; ). It was
subsequently followed by a post-rift, regionally widespread
thermal subsidence phase, which is known to have started
across the Pannonian basin system during the late Middle
Miocene. Within the sedimentary fill across the Pannonian
basin system, this phase is commonly recognized by
the substantial thickness of Upper Miocene (Pannonian)
sediments (c. 11.6-4.5 Ma) and an almost complete absence
of contemporaneous extensional faulting in the central and
northwestern parts of the Sava Depression (e.g. ).
The termination of the thermal subsidence phase and onset
of the successive shortening phase were not uniform across
the Pannonian basin system, either spatially or temporally. In
the northwestern and central parts of the Sava Depression,
this shortening started by the end of the Miocene or during
the Early Pliocene c. 6 Ma; ).It was driven partly by the
The epicentral area of the Petrinja 2020-2021 earthquake
series extends for approximately 20 km in a NW-SE direction,
at a distance of approximately 7 km to the SW of the town
of Petrinja (Figure 1). It corresponds to the Hrastovica Hill,
the most prominent morphological structure in the vicinity
of Petrinja, whose highest peak, Cepelis, reaches 415 m a.s.l.
According to surface geological data , this structure is
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Figure 1. Fault traces are compiled from [20, 23, 25]; simplified geological map of wider
Petrinja epicentral area, based on the Basic Geological Map, sheets Sisak [27] and

accurately locate small earthquakes
is vital for understanding the size
and extent of the activated seismic
fault(s). The accurate determination of
seismic event depth is one of the most
challenging aspects of earthquake
analysis, as it is often the least precise
and most uncertain parameter. This
can be mitigated by enhancing the
density and sensitivity of the seismic
network, with special focus on the
deployment of stations close to the
main epicentral area. Moreover, as the
highest number of aftershocks occur
immediately following a mainshock,
prompt installation of instruments
in the affected areas is essential to
ensure adequate recording of these
events.

Bosanski Novi [28]

an asymmetric anticline characterised by gently SW-dipping
and steeply NE-dipping limb, the latter bounded by a NW-
SE striking fault (Figure 1.b). Although the throw on this
fault is presumed to be normal [27], a reverse sense of slip
was observed during the 1909 earthquake and in the 2020
aftershocks. This raises the question of whether part of the c.
300 m relief represents the thrust component accumulated
over several seismic cycles [21]. Locally, along its NE-dipping
limband hinge, this anticlineis composed of Upper Cretaceous
to Eocene rocks (basalts and pelagic limestones). These are
unconformably covered by a concordant succession of Middle
to Upper Miocene and Pliocene sediments, which are largely
exposed along the SW-dipping limb of the anticline (Figure
1.b). The youngest sedimentsin the study area are Quaternary
gravels, sands, silts, and clays deposited in the Kupa River
floodplain and along its tributaries, locally associated with
loess deposits mostly preserved in valleys but also found at
higher altitudes close to the top of Hrastovica Hill.

Owing to the strength of the earthquake and the specific
geological setting, in the aftermath of shaking in the wider
epicentral area, a large number of secondary earthquake
effects, that is, cosmic deformations on the surface, such as
liquefaction, cracks, landslides, and sinkholes, were observed
(e.g.[3,29-31]).

3. Seismic networks

When a strong earthquake occurs, it is crucial for the
seismological community to respond rapidly by deploying
a dense network of temporary monitoring instruments
throughout the broader epicentral region. This setup is
essential for detecting even the weakest tremors, many
of which would otherwise go undetected. The ability to

At the onset of the Petrinja earthquake

sequence, the seismic network around
the Kupa River was relatively sparse; the two nearest stations
to the mainshock were located 32 and 36 km away (blue
triangles in Figure 2).
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Figure 2. Seismic stationsin the greatervicinity of the Petrinja earthquake
epicentral area after installation of the OP-Net (yellow
triangles) and PN-Net (red triangles, broad-band stations).
Blue triangles represent broad-band stations operating within
the Croatian CR-Network, the temporary Zagreb network, and
stations from the Slovene (SL) and Hungarian (HU) networks.
Small, inverted triangles denote strong-motion instruments.
White circles within symbols indicate stations with collocated
accelerometers. Modified after [1]
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Fortunately, on 4-5 January 2021, a temporary six-station
network (OP-Net; yellow triangles in Figure 2) was deployed in
the epicentral area through collaboration between the National
Institute of Oceanography and Applied Geophysics—0GS (Italy)
and Department of Geophysics, Faculty of Science, University
of Zagreb-despite the travel restrictions imposed by the
COVID-19 pandemic. Shortly thereafter, by mid-January 2021,
the installation of the Petrinja Network (PN-Net; red symbols
in Figure 2) commenced, using newly acquired instruments by
the Croatian Seismological Survey (see section 3.2 here and
[1] for details). In the following section, we briefly describe the
deployment of instruments and other field operations in the
aftermath of the Petrinja mainshock and early phase of the
aftershock sequence.

3.1. Rapid instrument deployment (OP-Net)

Because of the series of earthquakes in Zagreb that began on
22 March 2020 with M, = 5.3 (M_= 5.5) mainshock and the
establishment of a monitoring network, Croatian seismologists
were left with no free instruments to set up in the Banovina area
following the late 2020 Petrinja earthquake. To address this
challenge, seismologists from the Department of Geophysics,
Faculty of Science, University of Zagreb quickly sought
collaboration with their colleagues at the National Institute of
Oceanography and Applied Geophysics (OGS, Italy). Through this
partnership, the OGS generously provided six seismographs,
each equipped with an integrated accelerometer, for rapid

Figure 3. Examples of installed temporary stations: a) Temporary stationsin Sisak; b)and Taboriste
equipped with a short period instrument (seismograph with integrated accelerometer well as 20 accelerometers with all
Lunitek Sentinel-Geo) from rapid deployment of the OP-Net; c) Temporary station in
Petrinja cemetery of the Petrinja-Net with collocated seismometer Kinemetrics MBB-2
(grey insulation box) and accelerometer Kinemetrics ETNA2 (under green insulation box);
d) accelerometer in insulation box shown at close in

installation in the epicentral area. This collaboration was critical
in ensuring that the necessary instrumentation was deployed
as quickly as possible to monitor the ongoing seismic activity.
On 4-5 January 2021, only six days following the mainshock
and amid restrictions imposed by the COVID-19 pandemic,
five of these instruments were installed at key locations in the
Banovina region at Hotnja, Sisak, Taboriste, Novo Selo Glinsko,
and Mecencani (Figure 2, [32]). The placement of the two
instruments at the locations in Sisak and TaboriSte is shown in
Figures 3.a and 3.b. Additionally, one broadband seismometer
from the Croatian seismic pool was installed at Petrova Gora
on 4 January. The strategic placement and rapid deployment
of this temporary seismic network augmented the permanent
seismic network in the area, thereby improving azimuthal
coverage and providing additional near-field observations. This
was particularly important, as it helped reduce the uncertainty
and instability often associated with the determination of
earthquake location, especially focal depth (see Figure 4). With
this improved coverage, even smaller earthquakes could be
located more reliably, providing valuable data on the ongoing
seismic activity in the region. The five short-period instruments
from OP-Net were operating until mid-April 2021, when they
were removed and returned to Italy.

This collaboration not only contributed to a better understanding
of the seismic behaviour of the Banovina area but also
highlighted the importance of international cooperation in the
field of seismology. By quickly deploying a temporary network
of high-quality seismic stations, the team was able to obtain
crucial near-field data that was essential
for monitoring aftershock activity and
future seismic hazard assessments in
the region.

3.2. Petrinja temporary seismic
network (PN-Net)

Following the initial deployment of the
six seismic stations from OP-Net, the
Croatian Seismological Survey at the
Department of Geophysics, Faculty of
Science, University of Zagreb, received
a substantial financial donation from
the Government of the Republic of
Croatia (through the Ministry of Science
and Education) for the procurement
of a complete set of seismological
instruments for seismic monitoring.
Within a very short time, 20 modern
seismometers ~ with  corresponding
digitisers and data storage units, as

the necessary auxiliary equipment,
were acquired. The instruments were
purchased and delivered promptly to
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Figure 4. Temporal evolution of the 1-c confidence radii for hypocentral locations, evaluated in
non-overlapping moving windows of 25 consecutive events over the first six months
of the Petrinja earthquake sequence. Only earthquakes with local magnitudes M =
0.5 and located with at least seven phase onset times were considered. Circled dots
mark the medians, while bars indicate the 25th—75th percentile range. The periods
of operation of temporary networks are shown in the top subplot.

enable the rapid commencement of instrumental recording of
aftershocks that were occurring in the Petrinja fault area. The
equipment was swiftly tested and configured, and the first
instruments were deployed in the field only weeks after the
mainshock.

In the initial phase, the instruments were installed in the
immediate epicentral area, in the town of Petrinja and villages
of Brest Pokupski, Hrastovica, Moséenica, Hrvatski Cuntic,
Gora, and Novi Farkasic. In the subsequent phase, temporary
seismological stations were installed in the broader epicentral
zone at five locations (Pobrdani (Sunja), Jasenovac, Lasinja,
Omanovac, and Cazma) to obtain data from a wider geographical
distribution relative to the earthquake epicentres. Several
instruments were deployed in the wider Zagreb area (Marija
Bistrica, Samobor, Zumberak, Ladvenjak, etc.) to monitor the
Zagreb earthquake aftershock sequence that started on 22
March 2020, which was still ongoing. In the following months,
continuous field inspections of the mobile seismological
network were carried out to collect data and verify operational
performance. Hundreds of gigabytes of valuable seismological
data were collected during this period. Subsequent activities
included the acquisition of new data servers, followed by the
establishment of a direct real-time data transmission link from
all temporary field stations to the operational centre in Zagreb.

3.3. Overall performance of temporary seismic
networks

The operation of OP-Net and later PN-Net had a profound
impact on the accuracy of aftershock locations. As shown in
Figure 4, the establishment of OP-Net improved the confidence
of epicentral determinations by roughly 50%, while the average
focal-depth uncertainty decreased from about +5 km to less
than =1 km. The location confidence was further improved after
the deployment of PN-Net.

el
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As discussed in the previous section,
rapid and robust response to a strong
earthquake is crucial, necessitating the
swift deployment of a dense, temporary
seismic network across the activated
fault zone. This enhancement is vital for
detecting even the weakest aftershocks
and is the primary strategy for improving
the accuracy of earthquake location,
particularly the challenging task of
determining focal depth. The resulting
high-resolution data are essential for
elucidating the complex tectonics of the
sequence. For the Petrinja earthquake,
this enhanced monitoring was critical
for mapping the spatial distribution of
seismicity across the region. While the largest events were
clearly associated with the main seismogenic structure-the
right-lateral Petrinja Fault-the confident location of thousands
of aftershocks revealed that many smaller tremors occurred
along several secondary faults activated by stress redistribution.
Consequently, the rapid deployment of the OP-Net and,
subsequently, the PN-Net was fundamental to capturing this
detailed fault geometry and understanding the full extent of the
activated zone.

Here, we present two complementary analyses, both based on
the rich seismic dataset collected over several years following
the Petrinja mainshock. First, we present comprehensive
results from the manual analysis of the collected seismograms
encompassing permanent and temporary seismic networks.
In the second part, we present the results from the automatic
analysis using the deep neural network earthquake-signal
detector, highlighting the advantages and disadvantages of
using this approach compared to manual analysis.

16-06-2021

b
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o

4.1, Petrinja earthquake series — manual catalogue

In this section, we present the results of the manual analysis
of seismic records collected between 28 December 2020 and
31 December 2024. During this period, 19,570 earthquakes
were located in the wider Petrinja epicentral area (Figure 5).
Locations for the first six months of activity are taken from the
catalogue as reported in [1], while those for the subsequent
period (July 2021-December 2024) are from the Croatian
Earthquake Catalogue (CEC) ([33]; latest revision in 2025). The
largest events are clearly associated with the main seismogenic
structure, the right-lateral Petrinja Fault (red line in Figure 5,
top). However, the spatial distribution of seismicity indicates
that many aftershocks also occurred along several secondary
faults activated by stress redistribution following the mainshock
(see also[1]). These include sources between Sisak and Petrinja,
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delineate several activated faults, all
sub-vertical or steeply dipping towards
the northeast. Profile D further suggests
My the presence of a structural discontinuity
or detachment within the Petrinja Fault
zone at a depth of approximately 11
km. A more detailed analysis of these
features lies beyond the scope of this
study.
The temporal evolution of the Petrinja
earthquake sequence is illustrated
in Figure 6. During the first four days
3 (28-31 December 2020), seismicity was
almost entirely confined to the Petrinja
Fault, which ruptured over a length of
approximately 20 km, extending south-
westward from the Kupa River towards
Cuntic. Notably, several off-Petrinja
Fault sources were already active in this
early phase, including areas northeast
of Petrinja, east of Velika Solina, and
near Donji Zirovac-about 25 km from
the Petrinja Fault. Most of the activity
o (approximately 65% of all located
events) occurred in 2021. During this
period, aftershocks propagated across
the Kupa River, delineating a diffuse,
approximately ~ N-S-trending  fault
zone characterised primarily by low-
magnitude events, mostly south of
Donji Vukojevac. Concurrently, activity
along the southeastern segment of the
Petrinja Fault intensified, extending
towards the village of Mecencani and
thereby increasing the total length of
the activated fault segment to more

L]
[T

Distance along the profile [km]

Figure 5. Top: Epicentres of all 19,570 earthquakes with magnitude M, > 0.0 of the Petrinja
sequence (2020-2024). Symbol sizes and colour scale with magnitude. The red
straight line shows the simplified surface trace of the Petrinja Fault, and arrows
show relative movement of the blocks. Black dashed lines indicate the traces
of cross-sections A-F. Bottom: Cross-sections A-F showing vertical profiles of
earthquake hypocentres that satisfy the conditions specified in subplot F (minimum
magnitude M = 1.0; maximum distance from the profile D_

= 1.0; minimal number of phases used for locations Nm,.n =
=5 km)

min

station azimuthal gap, v,
7; maximum allowed standard error of the hypocentre, ¢

max

near village Donji Vukojevac, to the northeast and west of Glina,
around Donji Selkovac and Doniji Zirovac, and to the west of
Mecencani.

Insight into the hypocentral distribution is provided by six
cross-sections (A—F) shown in the lower part of Figure 5,
which include only reliably located earthquakes that meet the
criteria specified in the figure caption. Most hypocentres are
concentrated between depths of 5 and 15 km. The profiles

than 30 km. The strongest activity in
2021, aside from that directly along the
Petrinja Fault, occurred between Sisak
and Petrinja, with additional aftershocks
of M_ = 4.0 near Velika Solina and Doniji
Zirovac.

Between 2022 and 2024, earthquake
activity gradually declined along the
north-western part of the aftershock
zone and in the Sisak-Petrinja area,
while most events persisted in the
south-eastern portion of the zone, east and northwest of
Cunti¢ (clusters A and B, Figure 6). During 2022, the initially
linear alignment of aftershock epicentres along the Petrinja
Fault evolved into a pattern concave towards the northeast.
This change reflects continuing activity within a narrow band
between Glina and Donji Vukojevac, as well as in the cluster
marked B in Figure 6, situated predominantly within the north-
eastern block of the Petrinja Fault zone. This contrasts with the

= 4 km; maximum
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Figure 6. Epicentres of the earthquakes from the Petrinja sequence
by year of occurrence (2020-2024). Total number of located
events with M, > 0.0 within each subplot is shown in the
upper-right corner. Full red line marks the simplified trace
of the Petrinja Fault. Dashed lines indicate observed trends

main Petrinja Fault activity (e.g. cluster A and the north-western
segment), where most hypocentres are in the south-western
block.

The catalogue for the Petrinja earthquake sequence is found
to be complete for M = 1.0 (see Figure 7.a) starting from 30
December 2020, that is, approximately 13 hours after the
mainshock to avoid the initial period when numerous small
aftershocks were obscured by frequent larger events. The
Gutenberg-Richter parameter b = 0.96 is slightly higher than b
=0.91 reported by [1] for the first six months and M = 1.2. The
parameters in the modified Omori law, which describe the decay
rate of aftershock occurrence, remained stable throughout the
sequence-the coefficients derived for the four-year period
(Figure 7.b) are nearly identical to those obtained by [1] for the
initial six months. This suggests that aftershock activity will
continue to decrease gradually over the coming years, with
seismicity unlikely to return to approximately pre-2020 levels
before around 2038.
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Figure 7.a) Frequency-magnitude distribution for the Petrinja
sequence (2020-2024), excluding the mainshock; b)
Modified Omori law showing the temporal variation in
aftershock activity rates (M, = 2.0) for the Petrinja sequence
(2020-2024)

4.2. Automatic earthquake detection and location

The densification of seismic networks, such as that presented in
this study, has resulted in a substantial increase in data volume
and, consequently, in the time required for manual analysis of the
collected data. In recent years, ML methods have emerged as
efficient and reliable alternatives to traditional data processing
approaches [34-36]. There are several reasons for this, most notably
the speed of data analysis: a full day of continuous data can now be
processed within minutes, which is particularly beneficial for smaller
or underfunded institutions where manual analysis of long seismic
sequences would be exceedingly time-consuming. Additionally, ML
methods allow for improved and uniform accuracy, as well as the
ability to quantify uncertainty in phase picks. Moreover, ML enables
the detection of smaller-magnitude events and improves the
identification of arrivals on noisier seismograms.

Here, the workflow and initial results from processing nearly two
years of seismic data via ML are presented, covering the period from
the onset of earthquake sequence to the end of November 2022 [37].
Continuous waveform data from the Croatian Seismograph Network
(CR), OP-Net, and PN-Net seismic networks were analysed using the
deep neural network earthquake signal detector EQTransformer[36],
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end of 2021, and 6,234 events by the end of
the study period.

To ensure that the resulting catalogue
represents real earthquakes, it was verified
against CEC ([33]; latest revision in 2025)

for the same study period. Events were
classified as ‘matched’ if their origin times
[ differed by less thantwo seconds fromthose
in CEC. For events without a corresponding
match in the manual catalogue, additional
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Figure 8. Example of EQTransformer detection and phase picking on a noisy seismogram from
station PNO3 (OP-Net). The plot shows the raw (grey) and denoised (black) seismograms,
EQTransformer earthquake detection probability (green), P-phase (yellow) probability,
and S-phase (red) probability, together with the manual pick (black dashed line). The
event occurred on 20 January 2021 at 01:50:38 UTC and is considered a newly identified

event, as it is not included in the Croatian Earthquake Catalogue

trained on the INSTANCE database [38], for detecting earthquakes
and picking P- and S-phases. The detected picks were associated,
and initial event locations were obtained using the PyOcto associator
[39]. These preliminary locations were subsequently refined using the
NonLinLoc algorithm [40], by applying source-specific station travel-
time corrections [41] to improve location accuracy. Additionally, the
probability output of the EQTransformer for each pick was used so
that picks with higher probabilities were assigned smaller pick-time
uncertainties during event location.

The initial EQTransformer analysis, with a detection threshold of
0.05 for P- and S-phases, resulted in a total of 8,953,730 seismic
phases detected, comprising 6,588,039 P-phases and 2,365,691
S-phases. This large number of detected phases is to be expected,
as the probability thresholds for P- and S-phases were set low. For
the seismic phase association process, we varied the requirements
based on the network density: for the first eight days of the sequence,
that is, prior to installation of the first temporary network OP-Net,
we required a minimum of five phases per event, and after 4 January
2021, we increased this requirement to a minimum of seven phases
per event. After applying these association criteria, we obtained
943,844 valid picks (53% of P- and 47% of S-phases). This resulted in
a seismic catalogue of 50,305 events located within the study area
(15.7°-16.8° E, 44.8°-45.8° N). Of these, 34,141 events (68%)
occurred by the end of June 2021, an additional 9930 events by the

5120 15130 quality criteria were applied: an azimuthal
gap smaller than 150°, at least ten
associated seismic phases, and a semi-
major axis of the confidence ellipsoid (as
estimated by NonLinLoc) smaller than 20
km.

An example of such an event and the
manner in which the EQTransformer detection and phase picking
operate, is shown for station PNO3 from the OP-Net network (Figure
8). The two-minute seismogram corresponds to an event with an
origin time of 20 January 2021 at 01:50:38 UTC, classified as newly
identified since it is absent from the Croatian Earthquake Catalogue
(but present in another manual dataset with only a P-phase pick).
Despite the high noise level, EQTransformer successfully detected
the event and identified both P and S arrivals with peak probabilities
of 093 and 0.87, respectively. For comparison, the denoised
seismogram obtained using the deep neural network denoising/
decomposition method [42] is also displayed, illustrating the
underlying signal structure and the ability of the model to extract
useful information from noisy data by default.

A comparison with CEC shows that 86% of its events have been
successfully matched. Of the 50,305 events in the new ML catalogue
and 22,386 events in CEC, 19,225 are common to both, whereas
3,161 CEC events are not detected. The analysis also identifies
31,080 new events, of which 9,184 meet the above quality criteria
and are considered high-probability detections (Figure 9). The new
events are concentrated near the Petrinja fault system and are
consistent with the aftershock distribution of the 2020 M, = 6.4
Petrinja earthquake. The vertical cross-sections indicate that most
events are confined to the upper 15 km of the crust, with pronounced
clustering at depths of 5-10 km. These depths are, on average, a
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Figure 9. a) Map view of the 28,409 seismic events in our machine learning catalogue, with newly identified high-probability events highlighted
in orange. Vertical cross-sections showing the depth distributions of events in the ML catalogue against longitude: b) and latitude; c),
for those matching our criteria, with newly identified events highlighted
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Figure 10. Focal mechanism solutions (FMS) for 2020-2024 from the CroFMS catalogue [21].
The solutions are shown as lower-hemisphere stereographic projection. The colour
of the compressional quadrants denotes the style of faulting (see the legend). Short
black lines indicate the orientation of the P-axes. The size of each beach-ball scales
with magnitude, as shown in the legend. Only solutions of quality = 2 are included.

6. Discussion and conclusion

The comprehensive analysis of the Petrinja
earthquake sequence from 2020 to 2024,
supported by both manual and advanced
ML techniques, provides a significantly
enhanced view of the seismic and tectonic
processes active in this crucial transition
zone between the Internal Dinarides and
the SW Pannonian Basin.

A critical element of this work was the rapid
and collaborative deployment of temporary
seismic networks, specifically the Italian-
Croatian OP-Net and subsequent PN-Net.
These deployments augmented the sparse
permanent network, leading to significant
improvements in the number of stations
and data quality. The enhanced network
density was instrumental in reducing
the uncertainty of hypocentral locations,
particularly focal depth, which is essential
for accurate fault-plane mapping (Figure 4).
It is unfortunate that the earthquake
struck an area that had not been
adequately monitored, largely due to
funding limitations in previous years. In
particular, the absence of strong-motion
instruments (accelerographs) meant that
a unique opportunity to collect ground-

few kilometres shallower than those in the manual catalogue, a
trend also noted in previous ML studies [42].

Our results indicate that the ML workflow reproduces most
manually identified events while substantially (over 50%) expanding
the catalogue.

5. Focal mechanisms

This section provides a brief report on the available first-motion
polarity focal mechanism solutions for the Petrinja epicentral area,
collected until the end of 2024, as reported in the CroFMS catalogue
[21]. Theaimis to give an overview of the complex faulting associated
with the Petrinja fault zone after the 2020 Petrinja earthquake.

As noted by [1], the largest events along the Petrinja Fault show
predominantly strike-slip faulting (Figure 10). However, almost
the same number of aftershocks occurred on reverse faults, most
notably near \elika Solina, and in the clusters north-east of Cunti¢
and south-east of Petrinja. In their study, [1] demonstrated that the
distribution of strike-slip and reverse faulting is consistent with the
Coulomb failure stress change caused by the mainshock rupture.
The P-axes trend, mostly in the SSW-NNE direction, is comparable
with the strike of the maximal horizontal stress (S, ) in this area
[21]. ltis interesting to note that the P-axis of the mainshock strikes
almost N-S, which implies an average clockwise rotation of the
P-axis in the aftershock sequence of approximately 16° [1].

acceleration data in the near-field of a large
strike-slip earthquake was lost. Such data would have been the
most valuable addition to the database of strong-motion records
in Croatia. However, the deployment of the OP-Net (comprising
both geophones and accelerographs), and later PN-Net, enabled
the recording of acceleration during the strongest aftershock on 6
January 2021, as well as during all subsequent significant events.
The ability to swiftly deploy instruments enabled the capture of
the highest-intensity aftershock period immediately following the
mainshock. Furthermore, the immense data volume was efficiently
processed using ML techniques, which substantially expanded the
earthquake catalogue by over 50%, successfully detecting thousands
of low-magnitude events missed by manual analysis and thereby
validating the use of advanced methods in post-seismic monitoring.
The detailed analysis of nearly 20,000 manually located and
over 50,000 ML-detected events (Figures 5 and 9) confirms that
the largest earthquakes occurred along the right-lateral Petrinja
fault, an active structure in the complex transition zone between
the Dinarides and the Pannonian Basin. However, the seismicity
distribution evolved over time, showing a complex pattern in which
stress redistribution after the main rupture activated numerous
secondary faults extending beyond the main fault trace. While
activity has generally decayed following the Modified Omori Law
(Figure 7.b), which predicts a gradual return to background levels
around 2038, clusters of activity have persisted in the south-eastern
areas.
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An investigation into the focal mechanism solutions (CroFMS
catalogue) revealed a complex interplay of faulting styles (Figure
10). While the major events show the expected strike-slip faulting, a
substantial number of aftershocks exhibit reverse faulting in specific
clusters. This heterogeneous pattern is consistent with the changein
the Coulomb failure stress caused by the mainshock, which validates
current models of static stress triggering. Additionally, the study
highlights an important observation: the P-axes of the aftershocks,
which align with the regional maximal horizontal stress (S, )
exhibit a noticeable clockwise rotation relative to the mainshock’s
P-axis. This rotation provides vital constraints on the local stress
field and its variations.

In conclusion, the five years of intense monitoring following the
Petrinja earthquake have yielded a remarkably detailed and robust
understanding of this significant intraplate strike-slip event. The
successful collaboration and rapid deployment of the seismic
networks, complemented by a powerful ML workflow, have created
auniquely rich dataset. This dataset not only defines the primary and
secondary faults activated by the event but also provides compelling
evidence that the heterogeneous aftershock faulting is a direct,
predictable consequence of stress redistribution. The insights gained
into the geometry and kinematics of the Petrinja fault system,
aftershock productivity, and short-term variability of tectonic stress
are important for refining seismic hazard models. These findings
enable a more reliable characterisation of the main seismogenic
faults, including their recurrence parameters, maximum expected
magnitudes, and typical focal mechanisms. This, in turn, provides
a stronger foundation for deterministic modelling of realistic
earthquake scenarios in the Banovina area, thus supporting the
development of long-term earthquake risk mitigation strategies in
Central Croatia.
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Adfreezing and freeze-thaw effects on the shear strength of the Glingdren
clay-concrete interface

The interaction between soil and structures is significantly affected by freeze-thaw (F-T) cycles,
which alter soil strength and deformation behaviour. This study investigates the effects of F-T
cycles onthe shear strength, adhesion, and interface friction angle of the Glingdren clay-concrete
interface under varying water content. Samples were prepared at 5 % below and 5 % above the
optimum water content and subjected to O, 3, 7, and 10 F-T cycles between -20 °Cand +20
°C. Direct shear tests were conducted under both freezing and thawing conditions. The results
indicate that adfreezing, ice bonding at the interface, significantly enhanced the strength of
frozen samples with shear strength increasing by 1.6-2.7 times in frozen wet-side samples and
1.05-1.19 times in dry-side samples. After thawing, dry-side samples exhibited strain-softening
and reduction in strength 0.80-0.95 times the initial value, whereas wet-side samples largely
preserved their strength. Adhesion increased slightly in dry-side frozen samples, whereas in
wet-side samples, it increased nearly threefold after the third cycle and then stabilised. The
interface friction angle exhibits different trends depending on the moisture content and thermal
state. These variations are attributed to the combined effects of ice cementation, unfrozen
water, particle interactions, and moisture redistribution at the interface.

Key words:

adfreezing, clay-concrete interface, freeze-thaw cycles, Giingoren clay, shear strength

Izvorni znanstveni rad
Aysenur Aslan Fidan, Murat Gulen, Suat Akbulut

Ucinci adhezijskog smrzavanja i F-T ciklusa na posmicnu ¢vrstocu sucelja
izmedu Gilingoren gline i betona

Ciklusi smrzavanja i odmrzavanja (F-T ciklusi) znatno utjeCu na interakciju tla i konstrukcije
jer mogu promijeniti vrstocu tla i njegovo deformacijsko ponasanje. U ovom se istrazivanju
analiziraju ucinci F-T ciklusa na posmicnu cvrstocu, adheziju i kut trenja na sucelju izmedu
Glingoren gline i betona pri razlicitim udjelima vode. Uzorci su pripremljeni s udjelima vode 5 %
nizimi5 % visim od optimalnog udjela te su podvrgnutiO, 3, 7i 10 F-T ciklusa u temperaturnome
rasponu od -20 °Cdo +20 °C. Pokusi izravnog smicanja provedeni su u smrznutome stanju i
nakon odmrzavanja. Rezultati pokazuju da je adhezijsko smrzavanje, odnosno vezivanje ledom
na sucelju, znatno povecalo cvrstocu smrznutih uzoraka. Posmicna ¢vrstoca povecala se od
1,6 do 2,7 puta kod smrznutih uzoraka s vecim udjelom vode te od 1,05 do 1,19 puta kod
uzoraka s manjim udjelom vode. Nakon odmrzavanja uzorci s manjim udjelom vode pokazali
su deformacijsko omeksavanje i smanjenje ¢vrstoce na 0,80 do 0,95 pocetne vrijednosti, dok
su uzorcis vecim udjelom vode uglavnom zadrzali svoju vrstocu. Adhezija se blago povecala
kod smrznutih uzoraka s manjim udjelom vode, dok se kod uzoraka s vecim udjelom vode
nakon treCeg ciklusa povecala gotovo trostruko, a zatim stabilizirala. Kut trenja na sucelju
pokazao je razlicite trendove ovisno o udjelu vode i toplinskome stanju uzorka. Navedene
se promjene mogu pripisati zajednickome djelovanju cementacije ledom, nesmrznute vode,
medudjelovanja cestica i preraspodjele vlage na sucelju.

Kljuéne rijeci:
adhezijsko smrzavanje, sucelje glina-beton, ciklusi smrzavanja i odmrzavanja, Giingoren glina, posmicna cvrstoca
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1. Introduction

In cold regions, the interaction between the soil and structures
is highly influenced by the F-T cycles. The freezing of water
within soil pores leads to significant changes in the soil strength
and deformation characteristics . In addition, the shear
resistance developed at the interface between frozen soil and
structural surfaces, known as adfreezing, plays a critical role in
the stability of the infrastructure embedded in or supported by
soil

Repeated F-T cycles can change the mechanical properties
of both the soil and the soil-structure interface, resulting
in variations in the shear strength . These variations
create challenges in maintaining the long-term performance
and stability of structures subjected to such environmental
conditions. Therefore, understanding soil-structure interactions
under freezing and thawing conditions is essential for the safe
and cost-effective design of geotechnical systems such as
friction piles, retaining walls, anchors, highways, embankments,
shallow foundations, and compacted layers . Most
engineering problems in frozen soil mechanics are related to
predicting the behaviour of soil under coupled mechanical and
thermal effects

The F-T cycle has four stages: prefreezing, freezing, thawing, and
consolidation. In the pre-freezing stage, the soil was compact
and exhibited high shear strength. During freezing, ice formation
causes separation of soil particles, leading to a more dispersed
structure. During the thawing stage, the soil exhibited a higher
void ratio and lower shear strength. Finally, after consolidation,
the soil gradually regains strength as it settles under load, with a
reduced void ratio compared to the thawed condition, although it
remains higher than that in the prefreezing state

The shear behaviour of the interface between the frozen soil and
structural materials is critical for evaluating the performance of
geotechnical systems in cold regions. The effect of adfreezing on
the interface shear strength has been extensively investigated

using different soil types, including silt [%], clay , sand i
and sandstone , in combination with structural materials
such as steel , concrete or ice . These

studies were conducted using temperature-controlled standard
tests , large shear tests and low-temperature
chambers [4] at different temperatures.

At a constant temperature, an increase in the initial water content
resulted in a higher interface shear strength. Conversely, at a
constant water content, decreasing the temperature results in an
increase in shear strength, which has a more pronounced effect
on adhesion . As the temperature decreased, the failure
mode transitioned from strain hardening to strain softening,
primarily because of the increase in ice content. As ice behaves as
a brittle material, it significantly influences the observed failure
behaviour

Furthermore, the higher thermal conductivity of concrete
compared to that of soil promotes the migration of unfrozen
water toward the interface. This process leads to the formation
of an ice film at the contact surface between the frozen soil

and concrete. Such moisture migration and ice film formation
significantly affect the mechanical behaviour of the soil-concrete
interface .

According to meteorological data from the Turkish State
Meteorological Service (MGM) for the period 2000-2022,
although Istanbul generally exhibits a mild climate, minimum air
temperatures during winter months-particularly in December,
January, and February-frequently fall below 0 °C and can
occasionally reach as low as -8 °C. These conditions led to
repeated F-T cycles in the near-surface layers. Therefore,
understanding the effects of such thermal conditions on the
mechanical behaviour of Gling6ren clay is critical for ensuring the
long-term stability of structures found on or interacting with this
soil. A significant portion of Istanbul’s infrastructure, including
major roads, Atatlirk Airport, railway lines, and shallow building
foundations, has been constructed using Glingoren clay

This study investigates the shear behaviour of the Glingoren
clay-concrete interface under frozen and thawed conditions,
considering the effects of F-T cycles, normal stresses, and water
content. The objective of this study is to evaluate the effects of
freezing and thawing processes on the interface shear strength
and to provide insights for improving the safety and resilience of
urban infrastructure.

2. Materials and methods
2.1. Geotechnical properties of Giingdren clay

In this study, the soil samples were collected from a site near
the Yildiz Technical University campus and belonging to a locally
known unit referred to as “Giingoren clay”. This high-plasticity
green clay is a constituent of the widely distributed Glingoren
Formation. Along with the Glrpinar Formation, it is considered
one of the most problematic soil units in Istanbul because of
its high plasticity and pronounced sensitivity to environmental
conditions The Glingoren Formation is extensively
distributed across Istanbul and is particularly prominent in areas
such as Yedikule, Kazlicesme, Osmaniye, Sirinevler, Yenibosna,
and Halkali, with thicknesses ranging from approximately 9 to
22 meters . Figure 1 illustrates the spatial distribution of
this formation on the European side of Istanbul and highlights
its geological prevalence across the urban districts.

These clays underlie critical infrastructure, including major
transportation corridors, airports, and densely populated
residential zones , making their behaviour under thermal
conditions particularly important to consider.

X-ray diffraction (XRD) analysis was conducted in the
laboratory of the Yildiz Technical University to determine the
mineralogical composition of the sample. The results indicate
that montmorillonite was the dominant mineral, exhibiting
the highest peak intensity. Other identified minerals included
illite-muscovite, kaolinite, and quartz, which were observed
at varying intensities. In addition, the coexistence of illite and
montmorillonite was confirmed by the multiple characteristic
peaks in the XRD pattern (Figure 2).
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46.2 %, respectively. According to ASTM
D2487-17 [36], the soil was classified as
high-plasticity clay (CH).

According to ASTM D4546 [37],
clays with a Pl > 40 % exhibit a very
high swelling potential. Accordingly,
Glngoren clay is characterised by a high
swelling potential, swelling pressure,
and water retention capacity. These
properties are largely governed by the
mineral composition, specific surface
area, and cation exchange capacity [38].
Montmorillonite-rich clays exhibit the
highest swelling and water-retention
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Figure 1. Geology map of the European part of Istanbul [30]
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Figure 2. XRD result of Giingoren clay

Laboratory tests were conducted on samples obtained from
the site to determine the engineering properties of the
Glingoren clay. These tests include sieve analysis [31, 32],
consistency limits [33], specific gravity [34] and compaction
tests [35]. Figure 3 shows the location of the Giingdren clay on
the Casagrande plasticity chart, and Table 1 presents its index
properties.

Table 1. Properties of Giingoren clay

Property Value
Specific gravity (Gs) 2.63
Liquid limit, LL [%] 81.50
Plastic limit, PL [%] 35.30
Plasticity index, Pl [%] 46.20
Activity, A 0.71

The soil consisted of approximately 95 % fine-grained material
with a clay fraction of 65 % based on sieve and hydrometer
analyses. Sieve analysis was applied only to the coarse fraction
retained on sieve no. 200, whereas the fine particle fraction was
characterised using hydrometer analysis. The liquid limit (LL),
plastic limit (PL) and plasticity index (PI) were 81.5 %, 35.3 %, and

capacities [39].

Mineral composition also influences the
response of clay to freeze-thaw cycles.
The expansion of montmorillonite during water absorption
can induce structural degradation during freeze-thaw cycles
and lead to softening of the soil upon thawing [40]. The results
presented in Figure 2 and 3 further confirm the freeze-thaw
cycles of Glingdren clay.
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Figure 3. Location of Giingoren clay on the Casagrande plasticity chart

All direct shear tests were conducted on soil samples
compacted on both the dry and wet-sides of the optimum
water content (wopt). The soil compaction curve is shown in
Figure 4. The maximum dry density was 1.378 g/cm? and the
optimum water content (wopt) was 28.3 %. The degree of soil
saturation was approximately 60 % on the dry-side and 85 %
on the wet-side.

A freezing-point depression test was conducted on compacted
samples representing both the dry-side (w = 23.3 %) and wet-
side (w = 33.3 %) of the compaction curve. The temperature-
characteristic curves of the samples, shown in Figure 5, indicate
that the freezing point (FP) is —=1.1°C for the dry-side sample
and -0.4°C for the wet-side sample.
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Figure 4. Standard compaction curve of Giingdren clay

Previous studies have shown that the FP of soils is influenced by
factors such as soil type, consistency limits, water content, salt
composition and concentration, loading conditions, confining
pressure, and vibrations [5, 41-44]. A lower initial water content
leads to faster freezing and greater freezing-point depression
due to changes in pore water pressure, whereas a higher water
content delays freezing and slightly increases FP, particularly
near saturation [16, 45, 46].

Inaddition, a higher water contentresulted inamore pronounced
delay in the advancement of the freezing front, whereas
a lower moisture content led to a faster freezing rate and
shorter stabilization time [45]. The FP of soil samples increased
nonlinearly with increasing water content, approaching that of
pure water (0°C) at high saturation levels [16]. These effects
are attributed to the presence of loosely bound water, which
freezes at a much lower temperature, and to the increased
water potential in soils with a higher moisture content [46].

2.2. Concrete blocks preparation and surface
roughness characterization

The surface texture and hardness of construction materials at
the contact interface play critical roles in governing the interface

a) 3 -
3 = [y side
o —— Wet side |

Temperature, T["C]

o o5 1 1.5 z 5 3

Time, t [howr]

behaviour, with increased surface roughness generally leading
to enhanced shear strength [48-50]. Although some studies
have investigated smooth soil - concrete interfaces using
plywood or steel moulds [51, 52], others have examined a
range of surface roughness conditions to better represent field
applications [53-551.

The concrete samples used to investigate the clay-concrete
interfacial interactions were cast in specially designed plywood
moulds. A water-cement-sand mixture (2:5:15 by mass)
consisting of sand with particle sizes smaller than 4 mm was
poured into the moulds, compacted, and cured by immersion
in water (Figure 6a). During casting, vibration was applied to
ensure adequate compaction and eliminate air voids, which
could affect strength and uniformity.

After casting, the moulds were covered with plastic sheets
to prevent the loss of moisture. Once the concrete had set
(approximately 18-24 hours), the samples were demolded and
subsequently cured in water under a moist cloth for 28 days to
achieve full strength. The 28-day compressive strength of the
cubic specimens (15 x 15 x 15 cm) prepared and cured under
the same conditions was determined to be 51 MPa.

To evaluate surface roughness, the samples were analysed
using an AEP Nanomap 1000WLI optical profilometer, which
generates three-dimensional surface profiles by capturing
variations in reflected light. Measurements were performed at
multiple locations using both optical and stylus profilometry to
ensure accuracy and repeatability (Figure 6.b).

OoEEEEmR
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Figure 6. Details of concrete blocks: a) concrete samples and plywood
molds b) surface roughness measurement sample

Various methodological approaches for quantifying surface
roughness have been reported [56-58]. Among these, height-
based parameters such as the normalised roughness index
() are commonly used. The normalised roughness index (R ) is
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Figure 5. Temperature-time curves of: a) Giingoren clay (experimental); b) typical freezing behaviour, according to [47]
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commonly defined as the ratio of the
maximum asperity height (R__) to the
mean particle size (D, ), as expressed
in Equation (1): The corresponding R,
value for the clay used in this study
was approximately 10.3, based on D, =
0.0028 mmandR__ =0.026 mm.

X

R

R. — “max

(1)
Ds

It is important to note that Equation (1)
was primarily developed for granular |
soils, where the mechanical response Force

. . . transducer
is governed by the interaction between ‘1

particle size and surface roughness. 1
For fine-grained soils, such as clay-silt M'“""grvll
mixtures, where the representative jifez
particle size is significantly smaller, this
parameter becomes less applicable and
cannot be used to make a meaningful
physical interpretation. In this study,
instead of using approaches based on a single characteristic
roughness height, an area-based formulation is adopted to
account for the contribution of the entire surface texture along
the interface. This formulation provides a more representative
characterisation of surfaces with irregular roughness that do
not exhibit consistent depth, spacing, or distribution.

In this formulation, the roughness parameter represents the
ratio of the actual surface area to the projected planar area
and provides a quantitative measure of the surface irregularity.
Higher values indicate a rougher surface with more pronounced
asperities, which may enhance mechanical interlocking at
the interface. Based on this calculation method, the average
roughness parameter (R ) of the concrete blocks used in this
study was determined to be 1.27.

A
Ray ="
Ay

2.3. Test procedure

(2)

For the freeze-thaw tests, the samples were compacted in
a shear box ring, considering the density and water content
for both the dry and wet-sides of the wopt determined from
the compaction curve. The soil-water mixture was initially
prepared and allowed to rest in a plastic mould for 24 h to
ensure uniformity. The mixture was compacted into shear boxes
directly onto the concrete surface, securely wrapped with a
stretch film, and placed in a desiccator to ensure homogeneous
moisture distribution after compaction. After compaction,
the samples were arranged in boxes, placed in a cabinet in an
orderly manner, and subjected to F-T cycles (Figure 7).

loe packs

Figure 7. Stages in sample preparation shown in photos: a) prepared samples b) placing
samples in a desiccator c) arranging sample in boxes d) placing samples in the freeze-
thaw cabinet

MNormal stress
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Figure 8. Schematic representation of the direct shear test apparatus

The compacted samples were then subjected to O, 3, 7, and
10 F-T cycles. During the freezing stage, the samples were
frozen at -20 °C and subsequently thawed at 20 °C. To prevent
moisture loss, ambient humidity was maintained at 80 %
throughout the thawing stage. The selected temperature range
ensures complete freezing and thawing of the pore water,
thereby eliminating partial phase change effects and reducing
experimental variability.

The direct shear test, which is a well-established method
for evaluating the shear behaviour of soils and soil-structure
interfaces [13, 51, 59, 60], was employed in this study. The
clay-concrete interface samples were tested using a shear box
apparatus with dimensions of 6 cm x 6 cm under both freezing
and thawing conditions. The tests were performed in accordance
with ASTM D3080 [61] by applying normal stresses of 50, 100,
and 200 kPa at a constant shear rate of 1.0 mm/min (Figure 8).
This methodology is consistent with numerous studies on soil-
structure interfaces under frozen and freeze-thaw conditions,
including silt-concrete [4], clay-concrete [14, 62, 63], silty soil-
steel [17], sand-steel [18], ice-frozen clay [13], clay-geotextile
[64], and soil-geogrid interfaces [65]. Most studies used shear
rates between 0.8 to 1.2 mm/min, consistent with the 1.0 mm/
min applied in this study [4, 17, 20, 63, 64, 66]. Therefore, the
experimental parameters, including the test method [13, 51,
59, 60], temperature [20, 63], shear rate [4, 17, 20, 63, 64, 66],
and applied normal stress [4,13, 14,17] were consistent with
those reported in the cited studies, supporting the validity and
comparability of the results.

The samples were labelled according to the number of F-T cycles
and thermal conditions applied during shearing. For instance, a
“3-cycles (frozen)” sample refers to a specimen tested in a frozen
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Table 2. Testing programme

Test material Water ratio [%] Freezing [°C] Thawing [°C] Cycles o [kPa] Condition
Clay-concrete 23.3 -20 +20 0,3,7,10 50, 100, 200 Frozen / Thawed
Clay-concrete 333 -20 +20 0,3,7,10 50, 100, 200 Frozen / Thawed

Ly e . 1 ke e
e e, s e

state after three F-T cycles, whereas a “3-cycles (thawed)” sample
denotes one tested in the thawed state after the same number of
cycles (Table 2).

Control tests were conducted prior to the experimental program
to assess repeatability. Under identical conditions, the variation
in the measured shear stress was found to be limited, reaching
approximately 3-4 % at 50 kPa, 2-3 % at 100 and 200 kPa for frozen
tests, whereas for thawed tests, it remained at approximately 2
% for all normal stress levels. Following the verification, a planned
test program was conducted. In addition, at least one test was
repeated for each experimental condition under normal stresses
of 50, 100, and 200 kPa.

Prior to the shear test, the metal ring of the shear box was
cooled to prevent melting, and insulation was maintained during
the experiment using ice packs and plastic covers (Figure 8). The
temperatures of the soil samples measured before and after the
test indicated an increase in temperature during shear testing
(Figure 9). However, comparison with the freezing point indicated
that the soil temperature remained close to it after testing.

In fine-grained soils, a portion of pore water remains unfrozen even
at 0°C [67-70]. Even at very low temperatures, such as -20°C,
considerable amounts of unfrozen water can persist, forming thin
films around soil particles [70, 71]. According to Konrad [6S], the
amount of unfrozen water is strongly influenced by soil structure;
open soil structures contain less capillary unfrozen water below
-2°C, whereas soils subjected to higher loading retain larger
amounts under the same temperature conditions.

The presence of this unfrozen water film affects the soil behaviour,
as ice forms adjacent to the adsorbed layer rather than in direct
contact with the soil particles [12, 72]. Therefore, the results of
the tests on frozen on clay and clay-concrete samples should
be interpreted by considering the combined presence of ice and
unfrozen water. The tested samples represent compacted soil
conditions rather than natural soil structures. Therefore, the
distribution of unfrozen water and its influence on the mechanical

.

Figure 9. Temperature measurements of soil samples: a) before and b) after the direct shear test

behaviour may differ from in situ
conditions, where the soil structure plays a
more significant role.

3. Results and discussion

3.1. Visual observation of ice film
formation at the interface

Frozen samples prepared on the wet-
side with the optimum water content
were subjected to direct shear testing
and visually examined (Figure 10). Asmooth and glossy interface
was observed, indicating the formation of an ice layer with ice
crystals present within the soil voids and along the contact
surface. This behaviour is attributed to the thermal gradient
across the interface during freeze-thaw cycling. As reported
by He et al. [20], this thermal gradient drives the migration of
unfrozen water from the surrounding soil toward the interface,
leading to the formation of ice films at the contact surface. This
mechanism is supported by previous studies [24-26, 73].

Figure 10. Ice layer and ice crystals observed on the soil and concrete
surfaces after the 7t freezing cycle

3.2. Adfreezing and F-T cycles effect on stress-strain
curve

In this study, the stress-strain curve of frozen clay-concrete
samples compacted on the dry-side of the optimum water
content closely aligns with the multi-stage deformation process
described by Liu et al. [19] for frozen soil-concrete interfaces
(Figure 11). Using large-scale direct shear tests, Liu et al. [19]
identified the curve stages as elastic deformation (a-b), plastic
deformation onset (b-c), sliding failure with shear stress reduction
(c-d), strain hardening owing to progressive deformation (d-
e), and residual shear strength (e-f). In our study, which was
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conducted using direct shear tests, the samples exhibited similar
stages up to strain hardening (d-e), but did not reach the residual
shear strength stage (e-f), likely because of the limitations of the
smaller shear apparatus. As noted by Goughnour and Andersland
[74], the ice matrix under typical pressure and temperature
conditions is significantly more rigid than the soil skeleton,
reaching its peak strength at lower strains. They often exhibit two
distinct yield points: one at approximately 1 % axial strain, and the
other at approximately 10 % or higher. This dual-peak behaviour
was also observed at the clay-concrete interface in our tests,
indicating that such a response is not limited to frozen soils alone.
No residual behaviour was observed after the second peak, and
the peak strength showed a slight increase compared with the
initial value. Moreover, this increase became more pronounced
with the number of freeze-thaw cycles.
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Figure 12. Stress-strain curves from direct shear tests for frozen clay-concrete samples with varying numbers of cycles: a) Frozen - Dry-side;

b) Frozen - Wet-side
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Figure 13. Stress-strain curves from direct shear tests for thawed clay-concrete samples with varying numbers of cycles: a) Thawed - Dry-side
b) Thawed - Wet-side

The shear stress-strain curves of the frozen clay-concrete a brittle response characterised by the disruption of the
interface for the samples prepared on the dry and wet-sides cementing ice at the interface.

of the optimum water content are presented in Figure 12. The peak stress increased with the normal stress and
For the wet-side samples, the failure mode shifted from number of F-T cycles, whereas the peak strain ranged
strain hardening to strain softening. After reaching the peak between 3 to 4 %. Residual stress increased with normal
shear stress, rapid stress reduction occurred owing to the stress but showed no clear dependence on freeze-thaw
breakdown of the cementing ice at the interface, followed cycles, and residual strain remained within the range of 5
by stabilisation at a residual level. This behaviour reflects to 6 %.
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The shear stress-strain curves obtained from the direct
shear test results for the thawed clay-concrete interface
with the initial water content on the dry and wet-sides of the
optimum are presented in Figure 13.

For thawed samples on the dry-side, the stress-strain curve
showed a strain-softening behaviour. Compared to the
frozen condition, the curve shifted from a dual-peak shape
toasingle-peak shape. The peak strain ranges between 1.5-
2.5 %, and the peak stress increased with the normal stress.
However, the peak stress is lower than the initial state and
decreases with an increasing number of freeze-thaw cycles,
indicating progressive strength loss, in contrast to the trend
observed in the frozen samples. The residual strain varies
between 4-6 %, increasing with normal stress but showing
no clear dependence on the number of cycles.

For samples thawed on the wet-side, strain-softening
behaviour was also observed. The peak strain, which ranged
from 2.5 % to 3.5 %, was higher than that on the dry-side.
Peak stress slightly increased with normal stress and
showed limited recovery with increasing cycles compared
to the initial stage, but it remained significantly lower at
approximately half of that of the frozen samples. Residual
strain remained within 4-6 %, while residual stress increases
with both normal stress and the number of freeze-thaw
cycles.

The effects of freeze-thaw cycling on the interface behaviour
are mainly related to moisture migration, ice formation, and
the accumulation of ice films at the interface [20]. Ice layers
play a key role in adfreezing strength because the shear
resistance at low temperatures is largely controlled by ice
cementation at the interface [75]. Higher initial moisture
content increases the amount of water available for freezing,
resulting in stronger ice bonding [4]. This enhances the shear
strength under frozen conditions, but also promotes brittle
failure owing to interfacial ice bonding. Previous studies [14,
19, 66, 76] have shown that increasing the water content
shifts the behaviour from plastic to brittle. Similarly, the
water content (or ice content under frozen conditions)
significantly affects the stiffness and failure modes of frozen
soils [13, 77, 78].

During thawing, the degradation of ice bonds reduces
interface shear strength, particularly peak strength [20, 21].
In contrast, the residual strength remains relatively stable
and is largely independent of the moisture content [17] and
freeze-thaw cycles [20]. The influence of temperature on the
residual strength was also limited, as shown by Zhang et al.
[41].

Peak displacementincreases with initial moisture content but
is not strongly affected by freeze-thaw cycles, temperature,
or normal stress. Similarly, the residual displacement showed
little dependence on these factors [20].

In agreement with these findings, the results indicate
that the residual shear strength varies only slightly under
different moisture and freeze-thaw conditions. It increases

with the normal stress but shows no systematic trend with
the number of cycles. Studies have shown that the residual
shear stress is less sensitive to changes in water content
than the peak shear strength [14, 191.

Unlike the peak strength, which is highly sensitive to
thermal conditions and moisture content, the residual
behaviour remains relatively stable. It is also less affected
by F-T cycles [20]. This suggests that the residual shear
strength is mainly governed by frictional mechanisms at the
interface, with limited influence from ice bonding or freeze-
thaw cycling.

3.3. Adfreezing and F-T cycles effect on peak
strength

The peak shear stress, defined as shear strength, demonstrated
a strong correlation with the normal stress (Figure 14). This
relationship followed a linear fitting function for both frozen
and thawed samples prepared on the wet and dry-sides of the
optimum water content (Table 3).

In the frozen dry-side samples, the interface strength exhibited
an adfreezing effect. However, the increase was limited
compared with the initial unfrozen strength. The peak strength
increased with the normal stress.

The effect of the F-T cycles became more noticeable as
the number of cycles increased. This is particularly evident
after 10 cycles. The highest value was obtained at 200 kPa
during the 10" cycle. The strength increases from 114.15
kPa (unfrozen) to 131.85 kPa, which is 1.16 times the initial
value. Overall, the peak strength ranges between 1.05 to
1.19 times the initial strength. This indicates that repeated
F-T cycles gradually increase the adfreezing strength owing
to ice cementation at the interface.

The opposite trend was observed for the thawed dry-side
samples. After 10 cycles, the peak strength decreases to
73.95 kPa at 200 kPa normal stress. This is 0.65 times the
initial strength and 0.56 times the frozen strength. The lowest
value occurred after 10 cycles, and the strength gradually
decreased as the number of cycles increased. After thawing, it
dropped to 0.80-0.95 times the initial strength, depending on
the normal stress level. This result highlights the detrimental
impact of repeated F-T cycles on the structural integrity of the
thawed dry-side samples.

In frozen wet-side samples, shear strength increases 1.6 to
2.7 times depending on normal stress and the cycle number,
primarily due to ice cementation at the interface driven by
water migration caused by thermal gradients between clay and
concrete. The peak strength increased with the normal stress,
and the effect of the cycles was again most visible at 10 cycles.
At 200 kPa, strength increases from 89.82 kPa to 174.79 kPa,
corresponding to 1.95 times the initial value.

After three cycles, the peak shear strength reaching 1.61 times
the initial value (144.67 kPa), 1.78 times after seven cycles
(160.01 kPa), and 1.95 times after 10 cycles (174.79 kPa).
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al. [80] showed that the peak stress
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Increased ice bonding may also change
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concrete are clearly presented in Figure 15.

(lﬁacvﬁf) 1=0.2580 +43.620 0971 | 1=0.395c+22.897 0972 The adhesion values in Figure 15a show

clear differences between the wet- and

This shows that repeated freezing enhances ice-bonding and
increases strength. This effect was stronger in wet samples,
highlighting the role of the initial water content.

After thawing, the wet samples exhibited a sharp decrease
in strength. At 200 kPa and 10 cycles, strength drops from
174.79 kPa to 93.89 kPa. This is 0.54 times the frozen strength.
However, compared with the initial unfrozen state, there was
no significant decrease. However, only a slight increase was
observed. Strength, increases from 89.82 kPa to 93.89 kPa
which is 1.05 times the initial value.

The increase in the frozen strength was due to ice cementation
at the interface. Water migrates toward the interface owing to

dry-side samples under F-T cycles.

By the 3" freezing cycle, the dry-side samples exhibited only
a slight increase in adhesion. This increase continues gradually
with additional cycles and reaches a total increase of 5.00 kPa
after 10 cycles.

This limited increase was mainly related to the low availability
of free water in the dry-side samples. The presence of air in the
voids restricts water migration, and consequently, the extent of
ice cementation at the interface.

After the third freezing cycle, the adhesion of the wet samples
increased to three timesitsinitial value. The subsequentincrease
was minimal, leading to stabilization at approximately 128.11
kPa by the 10* freeze cycle. However, despite this stabilisation,
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each cycle still showed an increasing trend, with the adhesion
gradually increasing as the number of cycles increased.

This suggests that although the initial impact of ice cementation
is significant, its influence continues to contribute to a steady
increase in adhesion with repeated freeze cycles. This behaviour
was facilitated by the movement of free water toward the
interface.

During the thawing cycles, the adfreezing effect on adhesion
gradually weakened. In dry samples, adhesion shows a
decreasing trend compared to the initial cycle, dropping
from 31.18 kPa to 22.90 kPa by the 10* thawing cycle. This
corresponds to 0.73 times the initial value and indicates that
repeated thawing reduces the interfacial bond strength.

In contrast, the wet samples showed a slight recovery
after thawing compared to the initial value. By the 10"
thawing cycle, adhesion increases from 40.64 kPa to 43.62
kPa reaching 1.07 times the initial value. This recovery
in the wet samples may be attributed to the free water
migration toward the interface. This effect became more
pronounced with repeated cycles, and the adhesion was
slightly enhanced by increasing the moisture content near
the interface.

When considering the interface friction angle of both the
frozen and thawed samples, varied trends were observed. F-T
cycles do not produce a consistent trend in interface friction,
as both dry and wet samples show fluctuations, which are
more pronounced in wet samples.

However, contrasting behaviours were observed between the
dry- and wet-side samples in the frozen state. In dry samples,
the interface friction angle in the frozen state shows a gradual
increase with each freeze-thaw cycle, reaching its highest
value at 10" cycle. This suggests that repeated freezing
enhances interlocking or structural rearrangement at the
interface, thereby improving shear resistance.

However, during thawing, the interface friction angle decreases
by approximately 2°, falling below the initial value after 10
cycles, indicating that the degradation of interfacial bonding
over successive thawing cycles weakened the shear resistance.
Among the wet samples, the frozen samples initially experienced
a sharp drop in the interface friction angle, which reduced it to
nearly half of the initial value. However, after 3¢ cycle, gradual

F-T cycles

higher ice cementation or better particle
rearrangement may occur, leading to an
improved shear resistance.

In the thawed state, the interface friction
angle significantly decreased in the initial
cycles and then stabilised. This behaviour was likely due to the
redistribution of water at the interface.

The freeze bond strength at the interface consists of two
components: ice adhesion to the concrete surface and friction
between the soil grains at the interface, as described by He
et al. [14] in their study. The influence of temperature on
the interface shear strength is primarily reflected in changes
in the cohesive forces. As the temperature decreased and
the moisture content increased, the adhesion increased
significantly, highlighting its crucial contribution to the shear
strength under frozen conditions.

In contrast, the friction angle is generally considered insensitive
to temperature variations. Sadovskiy [81] observed that freezing
increases the soil cohesion, whereas the angle of shearing
resistance remains virtually unchanged. Similarly, Wang et
al. [80] reported that, although the cohesive force increases
sharply with increasing moisture content, the internal friction
angle tends to decrease under constant surface roughness [17].
However, under frozen conditions, the moisture content
exerts a dual influence. It enhances the interface cementation
through the formation of ice crystals, whereas unfrozen water
acts as a lubricant. This reduces friction and lowers the friction
angle, particularly at higher moisture levels [17, 75].
Regarding the effects of F-T cycles, He et al. [20] found no
significant variation in the peak or residual friction angles
before or after F-T cycling. This observation aligns with the
findings of Ladanyi and Theriault [82], who also concluded that
F-T cycling predominantly affects cohesion, whereas frictional
resistance remains largely stable.

Based on the experimental findings presented above, the
underlying physical mechanisms governing interface behaviour
can be interpreted by integrating the observed responses with
established knowledge of freezing and freeze-thaw processes,
as illustrated schematically in Figure 16. The results indicate
that the interface behaviour differs fundamentally between
wet- and dry-side conditions. For the wet-side samples, a high
degree of saturation promoted water migration towards the
concrete surface during freezing owing to thermal gradients.
This led to the formation of a continuous ice layer at the
interface. This enhances adfreezing and results in a significant
increase in the shear strength. Following thawing, the elevated
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Figure 16. Mechanisms of clay-concrete interface behaviour under freeze-thaw cycles: a) wet-side mechanism; b) dry-side mechanism

moisture content improves particle contact under normal
stress, enabling the interface to retain its shear strength. By
contrast, the dry-side samples exhibited limited water mobility,
which restricted the development of a continuous ice layer. As a
result, freezing was primarily confined to the soil pores, leading
to only a marginal increase in shear strength. During thawing,
microstructural degradation and an increased void ratio weaken
the interface, thereby reducing the shear strength.

4, Conclusion

This study examined the shear behaviour of the Glingoren clay-
concrete interface through direct shear tests, focusing on the
effects of F-T cycling and adfreezing. The results obtained for
the Glingoren clay-concrete interface are as follows.

- Duringfreezing, thermal gradients between clay and concrete
induced water migration and adfreezing, as evidenced by
visible ice crystal formation at the interface.

- Dry-side frozen samples showed double-peak, multi-stage
deformation, whereas thawed samples exhibited strain
softening. The frozen wet-side samples failed in a brittle
manner, whereas the thawed samples exhibited gradual
post-peak softening.

- In frozen wet-side samples, the shear strength increased
by 1.6 to 2.7 times depending on the normal stress and
the number of freeze-thaw cycles. The samples thawed on
the wet-side retained their initial strength owing to water
migration and an increased contact surface.

- Infrozendry-side samples, the shear strength increased 1.05
to 1.19 times due to limited water content and restricted ice
cementation. After thawing, dry-side samples decreased to
0.80 to 0.95 times their initial values.

- Adhesion increased to ~5 kPa in the frozen dry-side samples
after 10 freeze-thaw cycles and tripled in the wet-side
samples after three cycles. After thawing, the adhesion
slightly recovered in the wet-side samples, exceeding the
initial value by approximately 3 kPa.

- The interface friction angle increased slightly under
frozen conditions for dry-side samples but declined after
thawing. In the wet-side samples, it initially decreased
during freezing and then recovered and stabilised across
cycles.

Limitations and recommendations

This study evaluated the shear strength under the
adfreezing effect and F-T cycles, focusing on the
macroscopic mechanical response. However, this study had
several limitations.

First, microstructural observations, such as the visualisation
of ice formation and crack development during thawing
as well as the measurement and controlled variation of
unfrozen water content, were not included, although
these factors play a critical role in governing the interface
behaviour. In addition, experiments were conducted on
compacted soil samples, which do not fully represent
the natural soil structure. Therefore, the distribution of
unfrozen water and the associated mechanical behaviour
may differ from in situ conditions, where the soil structure
plays a more significant role. Second, the effects of
strain rate and its interaction with temperature were not
investigated, despite their importance in defining the
mechanical response under different loading and thermal
conditions. Third, the behaviour was examined only at fixed
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freezing and thawing temperatures, and the influence of
different temperature levels across the freeze-thaw range
was not considered.

It should be noted that these aspects require advanced and
often specialized experimental setups. Therefore, each study
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Experimental investigation of time-dependent deformation of soft rock along
discontinuities

This study presents an experimental investigation of the time-dependent shear
behaviour of soft rock discontinuities. Three marly limestone specimens obtained from

Miodrag Bujisi€, MSc. CE the Pljevlja coal basin were tested under controlled laboratory conditions. The specimens
University of Montenegro, Montenegro had identical geometric characteristics but differed in discontinuity surface roughness
Faculty of Civil Engineering (smooth, undulating and moderately rough). A dedicated experimental apparatus was
miodragb@ucg.ac.me designed and adapted to perform long-term shear tests under constant normal loading
Corresponding author and incremental shear loading. The results demonstrate the significant influence of

discontinuity roughness on shear resistance, displacement development and test duration.
Given the limited number of published studies addressing time-dependent deformation
of soft-rock discontinuities, the presented pilot investigation provides valuable insight into
the governing mechanisms and establishes a basis for a comprehensive experimental
programme.
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Eksperimentalno ispitivanje meke stijene po diskontinuitetimu u uvjetima
ovisnim o vremenu

U okviru eksperimentalnih istrazivanja posmicne otpornosti po diskontinuitetu pri o
vremenu ovisnim uvjetima provedeni su pokusi na tri uzorka meke stijene, laporovitoga
vapnencakoja su uzorkovana iz otvorenoga bazena u Pljevljima. Uzorci su istih geometrijskih
karakteristika, pravilnoga prizmaticnog oblika, pri cemu je na svakom oblikovana umjetna
pukoting, koju odlikuju razli¢ite hrapavosti ploha diskontinuiteta (glatka, valovita i umjereno
hrapava). Uzorci su ispitivani u laboratorijskim uvjetima, pri éemu je postojeca oprema
modificirana i izraden je dio nove opreme da bi se izveo primjeren eksperiment. Imajuci
u vidu skroman broj eksperimentalnih istrazivanja vremenski ovisnih deformacija mekih
stijena po diskontinuitetu (na globalnoj razini) ovim se radomzZeli dati znanstveni doprinos
i prikazati prvi rezultati analizom podataka dobivenih konkretnim eksperimentalnim
istrazivanjem.

Klju¢ne rijeci:

meka stijena, vremenski ovisne deformacije, eksperiment, diskontinuitet, hrapavost
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1. Introduction

This paper provides analysis of the results from pilot test,
constituting more extensive experimental research within the
scope of a scientific project by authors Miodrag Bujisic, MSc and
Prof Zvonko Tomanovic, PhD. Experimental part of the scientific
project includes two segments — initial (trial) test and main test.
The objective of this paper is to analyse the results obtained
duringapilot experimental programme pilot test for the purposes
of defining the scope of physical-mechanical parameters and
the specimen loading level and determining most relevant
parameters for key series of experimental tests. The primary
objective of the project is to improve the understanding of
behaviour of soft rock mass through experimental research.
The next steps of the research within the scope of a PhD
thesis, aim to add scientific value in terms of obtaining material
characteristics of time-dependent behaviour of rock mass for
the specimens of a simple geometric shape, while contributing
to the examination of phenomenon of discontinuity impact
on obtaining the foregoing parameters. The experimental
programme was designed to investigate specimens with
discontinuities, specimen size 30x15x15(cm) under controlled
laboratory conditions, at constant normal loading with
incremental shear stress and measurement of deformations. It
is important to emphasize that this paper presents the results
of a preliminary testing phase, whose primary objective was
not the final determination of representative shear strength
parameters of discontinuities, but rather the verification of the
functionality of a specially developed experimental apparatus,
determination of the loading range, and identification of the
fundamental mechanisms governing time-dependent shearing
along artificially created discontinuities. The obtained results
represent the basis for defining the main experimental program,
which includes a larger number of specimens, a more controlled
loading regime, and a more detailed analysis of the mechanical
and geometrical characteristics of discontinuities.

2. Overview of previous research studies

Overview of previous research studies suggests that relatively
small number of scientists has engaged in experimental
research of effects of long-term loading and unloading on
time-dependent deformation of soft rocks. Time-dependent
deformation of rock mass under constant stress is defined as
creep. Creep depends on changes in stress state, temperature,
moisture, air humidity etc.

With regards to a solid rock mass (metamorphic and igneous
rocks), creep deformation is insignificant. However, contribution
of creep deformation to total value of deformation is
considerable in case of soft rock mass, such as rock salt, marl,
anhydrite, flysch sediment etc. The tests have shown that creep
deformation occurs at different rates and is characterised by
three stages, referred to as primary, secondary and tertiary
creep. Most of the previously published experimental research
in the world addressing the rock behaviour under long-term

loading at room temperatures was conducted on the rock salt
specimens. (Gimm, 1968; Dreyer, 1974; Baar, 1977; Carter et
al., 1982; Wallner, 1983; Hunche, 1994, 1995; presented by
Cristescu N.D & Hunsche U, 1998; etc.). An incomparably smaller
number of the published experimental research was conducted
at room temperatures on marl or similar soft rocks that are
characterised by significant creep deformations (clayey-mar,
Cristescu, 1988; marl, Kharchafi and Descoeudres, 1995), which
represent a realistic work environment for construction of
numerous underground structures. Within the examination of
marly materials, the papers of authors from Montenegro can be
singled out, according

When it comes to testing of soft rock specimens intersected by
discontinuities, the number of published papers is even smaller.
A theoretical approach applied in the initial stage of research of
this subject-matter to define time-dependent behaviour of rock
mass has not yielded satisfactory results

With advances in development of software tools, numerical
modelling has been improved, thus enabling modelling of
complex rheological situations which has allowed for better
perspective of time-dependent behaviour of rock mass.
Determining material parameters and constants which define
rheological models of the rock mass behaviour is generally
performed by means of laboratory or in-situ tests. A challenging
task to determine material characteristics is a consequence
of not only complex composition of rock material but also
discontinuities which form and characterise the rock mass.

In terms of determining the characteristics of discontinuous
rock masses, it is particularly important to define the range of
roughness of the shearing, discontinuous surface. In addition
to the standard, traditional methods of describing roughness
with qualitative and quantitative characteristics, in recent
years, with the technological progress of software tools, it is
possible to define certain mathematical methods that connect
the shear resistance of discontinuities and the roughness of
discontinuous surfaces. In this regard, the following papers can
be mentioned

Previous tests conducted to form models that will represent
time-dependent behaviour of rock mass are based on
the analysis of monolith specimens of simple geometric
characteristics and relatively simple stress state. Nevertheless,
it is common practice to use these simple tests to represent
with a satisfactory level of accuracy the behaviour of a far more
complex stress-strain state of a real rock mass.

3. Experimental tests
3.1. Specimen and equipment preparation

Material used for testing has been sampled from the open pit
Potrlica of the coal mine Pljevlja. A block of approximately 3.5
tons was extracted from the open pit mine, at depth of approx.
25m, measured from the terrain surface (Figure 1). Immediately
upon excavation, the material was loaded on transport
equipment and transported from Pljevlja to Podgorica (approx.

274

GRADEVINAR 78 (2026) 5, 273-281



Experimental investigation of time-dependent deformation of soft rock along discontinuities

Figure 3. Examination of uniaxial strength of specimens

180 km). Special care was taken during transportation and
unloading to preserve the in-situ structure and orientation of
the extracted block., hence rock mass with unchanged geometry
was prepared for processing.

Table 1. Uniaxial strength of cylinder-shaped specimens 12 x 5 cm

A specialised plant for processing of
stone was used to process material and
form cuboid (prism) shaped specimens
with dimensions 30 x 15 x 15 cm
(Figure 2). During the preparation of the
specimens, due to the very demanding
processing (specimens splitting during
cutting) of the soft rock mass from
nature (irregular shape of rock specimen)
into the desired shape of specimen,
the processing success rate was
approximately 50 %. Simultaneously, a
semi-quantitative analysis of specimens
was conducted the results of which
confirmed the specimens are marly
limestone, dominantly composed (93.0
%) of calcium carbonate (CaCO,), while
the remaining 7 % includes the following
components: quartz 480 % (Si0,),
siderite 1.10 % (FeCO,), muscovite 1.10 %
(KALSi,0,,0H,).

Sampled material was subjected to
uniaxial compression strength tests
(Figure 3), for different moisture content
(from water-saturated to completely
dry specimen). Resulting values for the
material with natural moisture content
are presented in Table 1. In the table,
the specimens are marked with U, to U,.
Weight of an empty container is marked
with m_, weight of a container holding a
specimen with natural moisture contentis
marked with m,, and weight of a container
holding a dried specimen is marked with
m, Uniaxial strength is marked with o,

An artificial crack (Figure 4) was formed on each specimen
intended to be tested in a trial (and subsequently in the main
part of the experiment). Crack-forming was controlled by cutting
(splitting) of specimen in the length of 1 cm at half height (at

Specimen condition | Specimens (U1-U5)—> U, U, U, u, U, W, o,
m, [g] 49 4 53 5.4 4 ~
p'E ) ' Key: U,-U,— specimens
Cylinder-shaped m, [g] 41.7 36.7 49.7 36 43.9 m, - Weight of empty
specimens with ! : ' ' : container, m, — weight
natural moisture m, [g] 37.4 33.2 45.6 327 40 of container with
content, formed from : specimen with natural
the cuboid (prism) m,-m, [g] 43 35 4.1 33 39 mglsture conter\t m2‘—>
shaped specimens weight of container with
stored at day m,-m_[g] 325 29.2 40.3 27.3 36 dried specimen
temperature, paraffin-
coated, wrapped in foil W %] 13.2% 11.9% 10.1% 12.1% 10.8% W_ =11.66%
o, [MPa] 18.14 17.98 17.11 16.28 17.02 o, =17.31
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of the mould is 5 cm, to allow for the
undisturbed shear behaviour along the
discontinuity planes. Thickness of walls
and bottom of the steel mould is 1 cm.
The specimens are fixed using a factory
produced mortar for casting and
grouting, which takes several hours to
set after having been poured to fill the
voids between the specimen and the
mould, making the specimen immovable
in the mould. When fixing both halves
of the specimen, attempts were made
Figure 4. a) Cutting a groove at the specimen centre; b) Cut groove of 1 cm depth; c) Forming to have the two halves tight fitted to
of discontinuity enable as much better simulation of the
naturally closely spaced cracks.
approximately 7.5 cm). At the cut grooves, using a cylinder ~ To overcome friction that occurs in the apparatus, the
(Figure 4c) to apply loading at a controlled rate, the specimens experiment provided for adjustment of movable parts to fit over
were divided into two, approximately
equal halves (Figure 3), followed by
forming of discontinuity planes of
different roughness (Figure 5.b).
Upon defining discontinuity planes,
all specimens were wrapped in foil.
Previously, after the geometry had been
formed, all the specimens were paraffin-
coated to preserve their natural moisture
content.
With the specimens prepared, the next
step was to design new and modify

the existing equipment to be used for | ai | “i M‘

uniaxial and triaxial creep testing of the 4

intact rock specimens. The scope of pilot . : . I \Illl .l ! u 'l
programme provided for testing of three 1 . | - :
specimens of different roughness. For il : A I
this purpose, one existing frame was

specifically prepared at the laboratory of
the Faculty of Civil Engineering.

This test frame dates to about 20 years
ago, when it was used for testing of
marly material which was sampled
from the same site for the purposes of
the research conducted by Prof Zvonko
Tomanovic, PhD. The frame operates
on the principle of lever arm and
deadweight. The apparatus is centred in
relation to the position of a specimen to
be subjected to the test and according
to the needs of the normal force loading
level. Enabling for testing of specimens
along the formed shear surfaces, steel
moulds were formed for placement of
the specimens (Figure 4.a).

Considering the height of the half-
specimen is approx. 7.5, the internal height Figure 7. a) Rings with gauges for shear stress; b) Thickness of rings |, Il and lll is d = 6.0 cm
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the cylinder-shaped steel elements, which will be described in
detail in part 3 of this paper.

In addition to the specimens, frames, benches and rollers, key
components of the equipment are elements for measurement
of change in stress and strain. For this purpose, steel rings
(dynamometers) were developed with a base plate on which
gauges for measurement of normal and shear displacements
were mounted. The steel rings are of the same diameter but
different thickness due to a different order of magnitude (forces)
occurring in the normal and shear direction respectively, which
are the subject of measurement by dynamometers (Figures 6
and 7).

With setting of all components of the equipment, specimens
prepared, and frames put in operation, all the conditions
required for commencement of the experiment were fulfilled.

3.2. Specimen testing

Trial experimental test was performed using one frame (Figure
8). The experiment included testing of three specimens of
different roughness, particularly 1) completely smooth plane
of discontinuity, 2) extremely undulating discontinuity, and 3)
moderately rough plane of discontinuity. For all three foregoing
discontinuity planes, the testing was performed under three
different constant levels of normal stress. Normal stresses of
0.1 MPga, 0.2 MPa and 0.4 MPa were applied. Limitation of the
pilot programme of the experiment is reflected in the fact that
within testing of one specimen, for each subsequently applied
vertical loading, the shear occurred along the specimen surface
that was altered to a certain extent because of the shear
occurring for the previous (lower) level of normal stress. The
vertical loading was applied using the system of lever arm and
deadweight. However, the relevance of such tests derives from
the way and sequence of tests. Namely, as the specimens were
loaded with a normal stress of 0.1 MPa in the first phase, and
then with 0.2 MPain the second phase, care was taken to inspect
the tested specimens after each phase, in fact, to establish the
degradation of the tested shear surface. Given that in the first
two phases there was no breakage or significant change in the
shape of the discontinuity surface (the change was reflected in
the form of surface marks due to friction), it was found that the
discontinuous surface was almost undisturbed and suitable for
the third phase of testing.

It should be emphasized that the experimental apparatus used
in this research represents a specially developed laboratory
system adapted for long-term time-dependent shear testing
along discontinuities. Due to the specific configuration of the
apparatus and the large dimensions of the specimens, the
testing procedure did not fully correspond to standard ISRM
direct shear testing procedures.

Within the preliminary phase of the investigation, testing was
carried out using one shear frame, while three specimens with
different discontinuity characteristics were successively tested
under normal stresses of 0.1 MPa, 0.2 MPa and 0.4 MPa. After
completion of each individual shearing phase, the specimen

was returned to its initial position, after which the next testing
stage was performed under a higher normal stress level.

The authors are aware that such a procedure, particularly in the
case of soft rock materials, may lead to partial degradation of
the contact surfaces and changes in the local contact structure
due to previous shearing. For this reason, the results presented
in this paper have a preliminary character and were primarily
used for verification of the experimental apparatus functionality,
identification of the dominant mechanisms governing
discontinuity behaviour, and definition of the methodology for
the main experimental program.

The main experimental program was planned to use all three
shear frames simultaneously, with each frame subjected to a
different constant normal stress level. In this way, repeated
shearing of the same discontinuity under different normal
stresses would be avoided, which represents one of the main
methodological limitations of the preliminary testing phase.

In order to ensure translational shearing and to limit undesirable
displacements and rotations, steel guiding restraints were
installed on the upper shear box, enabling controlled guidance
of the lower box during shear displacement. Although the
apparatus did not contain classical spherical seats characteristic
of standard direct shear devices, it enabled stable load transfer
and registration of the dominant deformation processes during
the experiment.

Horizontal loading was applied to the specimen by a large
hydraulic cylinder positioned vertically in an additional frame
with deadweight. The preferred pressure of hydraulic oil was
controlled by weight of the deadweight on the lever arm of the
frame which transferred a multiplied load of the deadweight
onto the cylinder pivot. In this way, controlled generation of
hydraulic pressure was achieved, which was further transferred
to the shearing system. By means of the oil supply system from
the large cylinder (principle of communicating vessels) and all
smaller vessels on the shear apparatus, the shear force was
applied to the lower half of the specimen (lower fixed mould), as
illustrated in Figure 8.

Figure 8. View of the apparatus during the experiment (visible
shearing of upper and lower half of the specimen)
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In the experiment, the mass of the added load was not
measured, but the horizontal forces, namely shear stress and
displacement values were measured. Namely, during the load
adding, care was taken to ensure that the loading causes
displacement due to the increase in shear stresses. Although
the load causing shear stress and displacement was not
numerically verified, care was taken to ensure that the load
increments were approximate. The loading was done by adding
concrete cylinders with a base diameter of 15 cm and a height
of 30 cm (approx. 13 kg), which is approximately 16 kN/m? after
multiplying by the frame levers. The loading was carried out
by adding one or two mentioned elements, depending on the
vertical load, that is, until the lower mold with the specimen was
started. The shear load was applied by adding the mentioned
load in the basket at the end of the lever, according to the
system of moving the oil from the press with large clip to the
presses with smaller clips, as previously explained.

Each subsequent loading was performed after the movement
of the lower mold had completely stopped, until the final
movement of 5 cm had been reached. Considering the length of
the specimen of 30 cm, it was found that after a displacement
of 5 cm, the lower mold, in addition to translational movement,
begins to “experience” rotation, which is not in accordance with
the plans and assumptions of the experiment.

Value of displacement of the lower mould, meaning differential
displacement of the lower and upper half of the specimen
along discontinuity was recorded by the mechanical device for
displacement measurement (Figure 8).

As previously mentioned, the lower mould and the ring to which
vertical loading is applied are placed on rollers to eliminate
friction during the experiment duration. During the testing,
it is required to maintain vertical loading constant, as it tends
to change because of the vertical movement over the rough
surfaces and changes in shear stress and strain. For such a
reason, testing of the main series provides for introduction
of complementary components -
equipping each load frame with optic
cameras to enable 24h coverage of the
testing. At the beginning of the trail
series, it was observed that the hydraulic
cylinder piston was fully extended in the
length of 5cm. Therefore, this length
was defined as the final displacement
of the specimen. For the purposes of
consideration and understanding of the
experiment, it was identified that at
approximately 7-8cm of displacement,
the lower half of the mould started
rotating about a shorter axis, hence
the intended experiment would lose
its meaning with such condition of the
apparatus. The defined ultimate 5cm of
displacement represents approximately
17 % of the total specimen length (Figure

Within testing of the pilot programme of specimens, the
experiment duration depended on the applied normal loading
and the roughness of the discontinuity planes. The duration of
the experiment conditioned recording of the data obtained in
different time intervals, depending on a specific case.

The experimental apparatus used in this research represents a
specially developed laboratory system adapted for long-term
shear testing along discontinuities on large-scale specimens.
Therefore, the testing procedure did not fully correspond to
conventional direct shear devices, where spherical seats are
commonly used to reduce moment effects and allow rotations.
In this preliminary investigation, the objective was to verify the
functionality of the developed system and identify the issues that
must be taken into consideration in the main experimental series.

4. Collection, processing and analysis of the test
results

Within the pilot programme of specimens, three specimens
of different roughness of discontinuity planes were tested.
For each specimen, tests were performed for three different
constant values of normal loading of 0.1 MPa, 0.2 MPa and
0.4 MPa. At specimen testing for lower values of normal stress
lower shear stress was also induced, with a shorter testing
time. This is a common feature for all tested specimens.
Maintaining the normal force constant proved to be demanding
and complex, considering that because of the specimen shearing,
meaning changes in shear stress and evident volumetric
changes resulting from shearing as well as due to the friction
of the load frame equipment, certain reduction or increase in
value of the defined normal force occurred (as a consequence
of intention towards vertical displacement of specimen in the
course of shearing), requiring the force to be controlled not later
than after one hour so as to adjust the force and retain a quasi-
constant value of the normal stress.

Figure 9. Displacement of upper half (a) in relation to the lower half (b) of the specimen along
the shear surface

Figure 10. a) View of the shear surface after test on a smooth specimen; b) View of the shear
8). surface after test on a rough specimen
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For all specimens, the testing was performed starting from the
lowest (0.1 MPa) to the highest normal stress (0.4 MPa), to
minimise damage or altering of the tested shear surface. In case
of a smooth specimen there was no concern about eventual
change in the roughness of the shear surface, while the other
two rough surfaces were not observed for any significant
change in structure of the tested shear surface (Figure 10).

As a result of shear, the specimen with smooth discontinuity
showed visible traces of the experiment (mainly in a form of
shallow striations on the sliding surface), meaning visible traces
on the surface which indicate to the shear displacement of
surfaces, however without degradation or forming of fractured
structures (Figure 10.a).

Specimens with rough discontinuities exhibited local asperity
damage and fragmentation of microstructural features along
the shear surface (fragments of small order of magnitude
compared to the specimen dimensions) (Figure 10b). These
observations suggest that the specimen with a distinctive
waviness (unevenness) largely remained undamaged with a
view to the consistency of the unevenness. This specimen as
well as the specimen with moderate roughness were observed
for damages, scattering of microstructures of the shear
surface. As expected, increasing normal stress resulted in more
pronounced damage to surface asperities.

During testing of the specimen with a smooth discontinuity
surface (S,'), the following maximum values of shear stress for
corresponding normal stress were recorded:

6, =0.1MPa— t=054MPg ¢ =02MPa— t=168MPa,
6. =0.4MPa— t =246 MPa.

For the specimen with a distinctive unevenness (S,), the
following maximum values of shear stress were obtained:

c,=0.1 MPa — t = 3.9 MPa, c,=02 MPa — 1t = 4.92 MPa,
c,=0.4MPa— 1=6.72 MPa.

For the specimen with moderate roughness of the discontinuity
surface (S,), the following maximum
values of shear stress were obtained:

01 MPa —» 1t =
02 MPa —» 1t =

3.24 MPa,
2.70 MPa,

G
n

(e} =
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The obtained shear stress values should | 2=
not be directly interpreted as classical
Mohr-Coulomb parameters of intact
rock material. The tests were performed
along previously formed discontinuity
surfaces, where the shear resistance
resulted from the combined effects
of friction, asperity interlocking, local
dilation and partial degradation of micro-
contact zones.

= 0.4 MPa — 1 = 4.86MPa. | Fam U

In discontinuities characterized by pronounced geometrical
interlockingand undulating rough contact surfaces, relatively low
normal stress levels may lead to the occurrence of high apparent
values of shear resistance angle and apparent cohesion. Such
values are a consequence of mechanical interlocking, dilation
and geometrically controlled shear resistance, rather than true
material constants of intact rock.

Also, considering that during the preliminary phase the same
specimen was successively tested under several normal stress
levels, with repositioning between individual testing stages,
partial changes in the contact structure of the discontinuity
surfaces may have occurred. Therefore, the presented values
should be regarded as preliminary results intended for
understanding system behaviour and preparation of the main
experimental program.

Additionally, considering the high calcium carbonate content of
the tested marly limestone, the possibility of local temporary
bonding effects at the discontinuity contact zones may have
contributed to the observed response, which may additionally
influence the mobilized shear resistance under low normal
stress levels. However, such effects were not specifically
investigated within the scope of this study and require further
research.

In terms of the experiment duration, the specimens with rough
surfaces of discontinuity lasted significantly longer, even up
to two months, while the specimen with a smooth surface of
discontinuity achieved maximum displacement for couple of
hours.

For better comprehension of the obtained results and due to
an extensive scope of all obtained correlation graphs, the next
steps will show correlation graphs obtained for the tested
specimens subjected to a maximum defined normal loading
of approximately 0.4 MPa. Figures 1 to 3 display changes in
normal and shear stress and displacements in correlation with
the experiment duration.

The obtained results show that the values of maximum
displacements are achieved in different time intervals
for different specimens. In case of specimens for smooth
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Figure 11. Change in stress and displacement increment during the experiment time, specimen S’
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Figure 12. Change in stress and displacement increment during the experiment time, specimen S’
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Figure 13. Change in stress and displacement increment during the experiment time, specimen S’

discontinuity surface, a maximum displacement is achieved
within couple of hours. In case of specimens with a rough shear
surface, a maximum displacement is achieved in a time interval
measured by days.

Notwithstanding the specimen with a distinctive unevenness
was tested within almost four days and the specimen with
moderate roughness in almost 65-day period, the authors
emphasize that the experiment in case of the specimen S
was conducted in the way that each subsequent increment of
horizontal loading was added only after there were no more
changes in the value of stress and displacement.

As regards the specimen with a distinctive unevenness (S,’),
the next loading step was carried out after the displacement
increment below 0.2 mm/day was achieved. Different testing
conditions (mainly deviation of normal stresses from the

| Moarnal stress [MPa)
—r | =& Shear stress [MPa]
pres = [Désplacement [mm]

5% 56 5B B0 67 BA

constant value in order to monitoring
the shearing behaviour of the specimen)
y were designed with an intention to
i:_'.\_ | 0y consider all possible testing conditions,
| so that during simultaneous testing

of specimens in three loading frames

within the scope of the main series of

. [ ... ,. the experiment, it would be possible to
collect all data with adequate results

- & g that would allow for consideration of
the phenomenology of behaviour of
the soft rock discontinuity at shear
forces — displacements in a good quality
manner and with a sufficient number of
specimens in terms of statistics.
This paper reports initial test results
for shear of discontinuities in soft rock
with a time-dependent effects. Further
tests should provide for enough data
that would form basis for rheological
modelling, and especially introduction
-t . of time-dependent deformation as a
parameter for modelling of the behaviour

100 5

=

Sl ¢ of rock mass, both the rock matrix and

the behaviour of discontinuities.
5. Conclusions

The pilot experimental programme
confirmed the functionality of the
developed testing apparatus and
demonstrated the feasibility of long-
term shear testing on large-scale
soft-rock specimens containing
artificial discontinuities. A high-quality
preparation is also reflected in the
successfully obtained test results as well
as in a minimum number of corrective
activities that will be required for the
purposes of testing of the main series of the experiment relating
to both equipment and testing protocol. Further test results
should provide sufficient data for forming of a rheological model
of shear behaviour along discontinuity of the tested soft rock,
where a numerical formulation should also include the impact
of roughness of the shear discontinuity surfaces on the shear
strength of material and time-dependent deformation. The
specimen testing showed that the time-dependent component
of the shear displacement along discontinuity participates in
the total deformation in a significantly high percent, being more
than 50 % in case of the specimen S’

It should be particularly emphasized that the presented results
have a preliminary character. The pilot tests were conducted
for the purpose of verifying the apparatus, determining the
loading range, and identifying the fundamental mechanisms
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of shearing along discontinuities, rather than for the final
determination of representative shear strength parameters.
Repeated testing of the same specimens under successively
increasing normal stress levels represents a methodological
limitation of the preliminary phase, since it may lead to partial
degradation and changes in the contact conditions along the
discontinuity surfaces. This limitation will be eliminated in the
main experimental testing series through a larger number of
tests and a more controlled loading regime.

Considering a relatively narrow scope of research, from a
general point of view, the purpose of knowledge acquired within
this research is to contribute to the understanding, perception
and studying of soft rock mass and phenomenology of shear
along discontinuity. At the same time, justification of previous
research of the same material viewed through the acknowledged
contribution in scientific papers of Prof Slobodan Zivaljevic, S. &
Tomanovic, Z.,, addressing the intact rock, are another proof that
the results of these researches of behaviour of discontinuities
will greatly contribute to a better understanding of the behaviour
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1. Introduction

Risks in construction projects can be classified into various
categories depending on their causes and nature. For example,
Thakur et al. highlight technical, logistical, environmental,
financial, socio-political, and other types of risk. Among these,
communication risks represent one of the most serious challenges,
as they account foras much as 56 % of the total risk costs in projects
. These risks may arise at any stage of a project [3] and not only
contribute to increased costs, but may also jeopardise key project
objectives . Moreover, communication risks often trigger chain
reactions leading to other types of risk
This paper focuses on the management of risks related to
information asymmetry among participants in construction
projects. Previous studies have identified these risks as a significant
issue thathas stillnot been adequately addressed .Information
asymmetry refers to a situation in which project participants do
not possess the same amount of primary information or fail to
share such information with one another, thereby hindering the
achievement of project objectives [9]. This concept is based on
principal-agent theory, which describes a relationship in which one
party (the principal) engages another party (the agent) to perform
a specific task on its behalf . In the context of construction
projects, the investor assumes the role of the principal, while the
contractor acts as the agent. Such relationships are characterized
by information asymmetry, differing levels of risk aversion, and the
tendency of each participant to maximize their own benefit, which
may lead to opportunistic behaviour
Risk assessment and management are major elements of
project management. Flanagan and Norman describe it as
a systematic approach to identifying and quantifying risks to
enable informed decision-making regarding their management.
According to International Organization for Standardization ,
risk assessment includes three main steps: risk identification, risk
analysis, and risk evaluation.
Risk identification involves recognizing and providing a detailed
description of all potential risks that may positively or negatively
affect the achievement of project objectives. Thorough and precise
identification represents one of the critical phases of the overall
risk management process. After risks have been identified, experts
assess the likelihood of their occurrence and their potential impact,
i.e., the consequences for the project. The combination of these two
elements determines the overall level or severity of risk, expressed
as: Risk = probability x impact. Upon completion of risk analysis,
relevant data are available for risk evaluation and for making
decisions on how to address the identified risks. Risk evaluation is
a phase of the risk management process in which it is determined
which risks require mitigation measures and which do not require
any further action. This step is essential for the effective allocation
of resources and achieving optimal risk management.
Principal-agent theory and the problem of information asymmetry
have become increasingly prominent in recent research within the
construction industry . A systematic literature review
indicates a lack of research related to the identification and
analysis of risks caused by information asymmetry, whereas

studies focusing on mitigation measures are more common. This
research gap highlights the need for a more detailed examination
of these risks to improve the understanding and management
of risks in construction projects. One of the reasons for the
insufficient attention given to these risks lies in their complexity and
multidisciplinary nature, encompassing psychological, sociological,
and economic aspects

Information asymmetry represents an inherent characteristic of
the relationship between clients and contractors in construction
projects. Project participants possess different objectives, levels
of knowledge, interests, and access to information, resulting in a
persistent imbalance in the distribution of information. Therefore,
the objective of managing these risks is not their complete
elimination, but rather their identification, limitation, and effective
management.

The aim of this paper is to present a framework for managing
risks caused by information asymmetry. The framework identifies
primary risks arising from information asymmetry between
investors and contractors in construction projects, classifies them
according to theoretical categories of information asymmetry, and
determines their main consequences as well as corresponding
mitigation measures. The second chapter of this paper provides
an overview of the existing literature on information asymmetry
in construction projects. In addition, the three theoretical groups
of information asymmetry risks are described. The third chapter
describes the research methodology through which the relevant
risks, consequences, and measures were identified and classified.
The fourth chapter presents the research results in the form of lists
of key risks, their consequences, and measures for their mitigation.
The fifth chapter proposes a framework for managing the relevant
risks for clients and contractors. The framework connects the
identified risks, their consequences, and mitigation measures,
thereby facilitating the management of these risks in construction
projects. The paper concludes with findings regarding the scientific
and practical contribution of this research.

2. Information asymmetry in construction
projects

The theoretical foundation of the problem of informationimbalance
in construction projects is associated with principal-agent theory
and the concept of information asymmetry. Principal-agent theory
originates from the field of economics and analyses relationships
between two parties: the principal and the agent [18]. The problem
between these two parties arises due to information asymmetry.
Information asymmetry is a situation in which one party possesses
more information regarding its characteristics, activities, or
intentions, but does not share it with the other party, often for its
own benefit [S]. Such a situation gives rise to agency costs, which
include monitoring, contracting, and other costs associated with
managing this relationship [19]. The primary objective of principal-
agent theory is to develop strategies for reducing these costs
and ensuring that agents act in accordance with the interests of
the principal, for example through contractual mechanisms and
systems of incentives and supervision
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In construction projects, principal-agent theory identifies the
relationships between project participants as agency relationships
involving information asymmetry, conflicts of interest, and agency
costs [11]. The client is the primary principal, while its agents
include designers, contractors, supervising engineers, project
managers, and other participants. Furthermore, the contractor
may act as a principal in relation to its subcontractors. Given the
number and diversity of participants, as well as the complexity
of construction projects, there exists a large number of principal-
agent relationships, resulting in numerous problems arising from
such relationships when one party does not possess complete
information about the other. In this way, the information
asymmetry present in these relationships may cause difficulties
in project planning, execution, and management. This paper
focuses on the relationship between the client and the contractor
in a construction project, where the client is the principal and the
contractor is the agent responsible for constructing the facility on
its behalf (Figure 1).

engage -
In
L
self-

interest

perfarm self

interest

Figure 1. Basic principal-agent model of participants in construction
projects (CI - Client; Co — Contractor) [21]

Inaddition to the clientand the contractor, other project participants
also play an important role in managing information asymmetry,
including the designer, supervising engineer, project manager, and,
in the case of the application of FIDIC contract models, the engineer.
The designer is responsible for the quality and completeness of
the design documentation, thereby directly influencing the level
of information asymmetry during the tendering and construction
phases. The project manager is responsible for the planning,
organisation, coordination, and control of all project activities,
including the management of scope, time, costs, quality, risks, and
communication among all participants. The supervising engineer
and the FIDIC engineer play a primary role in the interpretation
of contractual provisions, verification of completed works, and
decision-making processes that may reduce orincrease asymmetry
between the parties. These participants act as intermediaries in
the transfer of information and may significantly contribute to the
transparency and balance of contractual relationships.

Principal-agent theory recognises several types of problems,
which manifest through hidden characteristics, hidden activities
and information, and hidden intentions [22]. Such problems arise
from the asymmetric distribution of information among project
participants, which may lead to various risks. If these risks are
not recognised and managed effectively, they may significantly
jeopardise the achievement of project objectives [23].

The problem of hidden characteristics arises even before signing
a contract between the principal and the agent, that is, ex ante.
It stems from the fact that the principal is unaware of certain
characteristics of the agent, such as its performance capability

or available resources [24]. Such a situation leads to adverse
selection (AS) [20, 24].

On the other hand, problems related to hidden activities and
information arise after the contract has been signed. They refer
to a reduction in the agent's level of effort during task execution
[22]. These information asymmetries arise because the principal
cannot fully monitor the agent's activities (hidden activities), nor
accurately assess its performance (hidden information) during
task implementation [25]. Although the principal can observe the
outcome, it cannot know with certainty whether the agent has
exerted maximum effort. In such cases, this is referred to as moral
hazard (MH).

The third type of problem relates to hidden intentions, which
become apparent only after the signing of the contract [22].
In such situations, one party becomes aware that the other
is acting opportunistically but remains in a weaker bargaining
position because it has already committed certain resources to
the cooperation. This represents a situation in which a partner
remains in an unfavourable relationship due to obligations already
undertaken, commonly referred as hold-up (HU) [25].

The issue of information asymmetry in the contractual relationship
between the client and the contractor does not represent solely a
technical or organisational challenge, but also a legal issue. The
contractual relationship between the client and the contractor in
the Republic of Croatia is primarily regulated by the Obligations
Act (Official Gazette Nos. 35/05, 41/08, 125/11, 78/15, 29/18,
126/21, 114/22, 156/22, 145/23, 155/23), which defines the
fundamental elements of construction contracts, including the
rights and obligations of the contracting parties, responsibility for
the construction phase, and protection mechanisms in cases of
non-performance of contractual obligations. In the case of public
investments, the additional regulatory framework is provided by
the Public Procurement Act (Official Gazette Nos. 120/16, 114/22),
which regulates contractor selection procedures, as well as the
principles of transparency, equal treatment, and market competition.
This regulatory framework is important because information
asymmetry arises within formally defined contractual relationships.
It also determines the boundaries within which information
asymmetry may be considered lawful, for example when it arises
from natural differences in expertise, experience, and access to
information among project participants. The client may possess a
better understanding of the financial aspects of the project, including
the budget, deadlines, and expectations towards the contractor. This
may result in situations in which the contractor is not fully aware
of the client's financial constraints or objectives, which may affect
project planning and execution. On the other hand, the contractor
possesses more detailed information regarding its work, project
progress, and construction quality, which may be difficult for the
clientto monitor fully, as every form of control entails additional costs.
Such information asymmetry is unavoidable in complex projects. In
contrast, situations may also arise in which one party deliberately
withholds or distorts key information to gain an unfair advantage,
thereby violating the principles of good faith and fair dealing, as
well as the balance of contractual relationships. In this paper, the
identified risks may be interpreted through this distinction, whereby
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certain forms of information asymmetry exceed the boundaries of
lawful conduct and enter the domain of legally disputable practices.
The difference between publicand private investments significantly
affects the dynamics of information asymmetry. In public projects,
theregulatory framework provides formal mechanisms for reducing
asymmetry, including transparent procedures, the possibility of
submitting questions, and appeal mechanisms. In private projects,
such formal mechanisms are often not standardised, which may
increase flexibility, but also the risk of unbalanced relationships.
For example, in the context of public procurement, the issue of
contractor responsibility may arise when a contractor accepts
the tender conditions without submitting additional questions
or using legal remedies such as appeals. In such cases, it may be
considered that the contractor has assumed a certain level of risk
associated with information asymmetry. However, this does not
exclude the client’s responsibility for the clarity and completeness
of the documentation, particularly in situations where a lack of
information may lead to significant deviations during project
implementation. Therefore, the problem of information asymmetry
in public procurement cannot be attributed unilaterally to one
party, but must instead be viewed as the result of an interaction
between the regulatory framework, the quality of documentation,
and the behaviour of the participants.

In practice, various mechanisms are available for mitigating and
resolving the consequences of asymmetry, including contractual
provisions (e.g. clauses relating to variations, risk allocation),
procedures for clarification and amendment of documentation,
appeal procedures in public procurement, as well as judicial
protection in cases involving breaches of contractual obligations.
Although these mechanisms cannot eliminate asymmetry entirely,
they enable its legal addressing and the reduction of its negative
consequences.

Despite the existence of formal mechanisms in public procurement,
certain forms of information asymmetry remain present. This
particularly relates to implicit information concerning the project,
future changes, the organisational capacities of the contracting
authority, or actual expectations during project execution, which
cannot be fully formalised through tender documentation. The
following section of this paper describes the methodology used
to identify risks caused by information asymmetry in construction
projects and presents a framewaork for their management.

3. Research methodology

The previous chapter defined the concepts of information
asymmetry and highlighted how information asymmetry among
participants in construction projects may generate various project
risks. Given the limited application of practical methods for
managing these risks, as well as the lack of extensive scientific
literature addressing them, it was necessary to undertake the first
step towards effective management by developing a framework
for managing the relevant risks through the identification and
classification of risks, their consequences, and mitigation measures.
For this purpose, a systematic review of the relevant scientific
literature was conducted with the aim of identifying and categorising

risks associated with information asymmetry among participants in
construction projects. In addition, their consequences in construction
projects, as well as measures for their mitigation, were identified.
Defining consequences and mitigation measures is necessary
for carrying out subsequent stages of risk management, namely
risk analysis and risk mitigation. Furthermore, semi-structured
interviews were conducted to gain insight into the views of industry
experts regarding the identified risks, consequences, and mitigation
measures, as well as to supplement the preliminary lists with
additional items where appropriate. Based on the collected data,
final lists of major risks, consequences, and mitigation measures
were established.

3.1. Systematic literature review

The systematic literature review was conducted with the aim of
analysing previous scientific research addressing the phenomenon
of information asymmetry in the context of construction projects.
Part of the results of this analysis was previously published in
paper [16], whereas this article presents the results relating to the
identification of key risks caused by information asymmetry, their
consequences, and mitigation measures.

The analysed literature was retrieved from two renowned scientific
databases — Web of Science Core Collection and Scopus — which
enabled a comprehensive insight into the issue and the risks
caused by information asymmetry in the construction sector. The
following keywords were used in the search process: "asymmetric
information’, "information asymmetry, "adverse selection’, "moral
hazard, " hold-up', and " construction”. These terms were searched in
combination within the titles, abstracts, and keywords of scientific
papers. Following the search of the two electronic databases, all
retrieved records were imported into the Mendeley software. All
subsequent stages of the literature review were conducted within
this software, thereby ensuring objective analysis and precise
management of the collected sources

The collected publications were processed in accordance with
the guidelines of the PRISMA methodology , whereby a
total of 94 scientific articles met the inclusion criteria because
they contained one or maore examples of risks associated with
information asymmetry, their consequences, or mitigation
measures. Through content analysis of the collected scientific
papers, categorised lists of risks were developed for the three
categories of information asymmetry: adverse selection, moral
hazard, and hold-up. In addition, lists of consequences and
mitigation measures were also established. For additional
evaluation of the data obtained from the literature, semi-
structured interviews were conducted.

3.2. Interviews

To assess the practical relevance of the data obtained from the
scientific literature, interviews were conducted with experts
possessing extensive experience in the field of construction
projects. The key advantage of this method lies in its ability to
collect detailed and content-rich information
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Table 1. Codes used in the qualitative content analysis of interview transcripts (adapted from [21])

Code Description
+ Agreement with the item (risk, consequence, or mitigation measure)
- Disagreement with the Item
+/- Partial agreement with the item
Predefined | Reason Reason for agreement, disagreement, or partial agreement with the item
codes Addition New item added by the respondent
Example of a risk Practical example in which a risk caused by information asymmetry was identified
Example of a consequence Practical example in which a risk consequence was identified
Example of amitigation measure | Practical example in which a risk mitigation measure was identified
Market context Explanation of.dlfferfances in the occurrence of risks caused by information asymmetry depending
on the market in which the company operates
Codes . Explanation of the context of risk occurrence due to common behavioural patterns, capabilities, or
identified Participant context s ) .
inabilities of project participants
during the Expl ion of diff in th f risk d by inf i d di
analysis Project type context xplanation of di ferences |lnt e occurrence of risks caused by in ormation asymmetry depending
on the type of project (public / private)
Modification Modification or supplementation of the item

The interviews were conducted with nine experts with at least 17
years of experience in construction projects, all of whom currently
hold managerial positions. The sample was selected purposively,
with the aim of obtaining in-depth and high-quality data from
experts who had participated in large and complex projects. Such a
small, homogeneous sample is characteristic of qualitative research
focused on specific topics [28]. After nine interviews, data saturation
was observed, marking the end of further data collection. Three
respondents came from organisations operating as public clients,
two were from private construction contracting companies, while the
remaining respondents came from private companies specialising in
consultancy services, supervision, design, and project management.
Allrespondents included in the study, although some did not formally
belong to contracting organisations, possessed significant practical
experience in the execution of construction projects. Through their
professional roles, they were directly involved in project preparation
and implementation processes, which included detailed knowledge
of the roles of contractors and clients, both in the pre-contract
phase (e.g. analysis of tender documentation, risk assessment, and
decision-making regarding participation) and in the post-contract
phase (management of execution, coordination of participants,
and resolution of contractual issues). Therefore, their responses
reflected both the contractor's and the client’s perspectives, despite
their formal organisational affiliation. All respondents had worked on
projects in Croatia, while four of them also possessed international
experience in various countries. Their expertise predominantly
related to public projects, whereas private investments were
represented to a lesser extent, which is consistent with the focus
on large and complex projects, predominantly associated with public
investments in Croatia.

The questions used in the semi-structured interviews were
mostly predefined to ensure a more objective analysis; however,
respondents were given the opportunity to provide open-ended
answers. The interviews focused on the evaluation of the lists of
risks, consequences, and mitigation measures collected from the

literature, whereby the experts provided comments, expressed
agreement or disagreement, and shared examples from their own
experience, together with suggestions for improving formulations
to enhance clarity. Each respondent participated in one interview,
the duration of which ranged from 52 minutes to two hours. The
interviews were conducted at company premises, at the Faculty of
Civil Engineering, University of Zagreb, or via online platforms, with
particular attention devoted to creating a confidential atmosphere
that encouraged openness. All interviews were recorded and
transcribed, thereby ensuring a rich database for further analysis.
The interview transcripts were analysed using qualitative content
analysis in Microsoft Word. At this stage, specialised software
tools may be used; however, such tools cannot independently
identify codes, but may only partially accelerate text analysis [29,
301. Therefore, it was decided that specialised text-coding software
would not be used in this research. Some of the codes were defined
prior to the analysis, whereas others were determined during the
analysis itself. Specifically, it was established that the significance of
particular risks, as well as the applicability of mitigation measures,
varies depending on the type of project (public or private). It was also
observed that the approach to risk management differs depending
on the role of the participant (whether implemented by the client
or the contractor) and the market in which the company operates.
Consequently, it was important to use additional codes to record
the experts’ specific comments regarding the contexts in which they
were speaking. The final list of codes is presented in Table 1.

4. Results and description of the main elements
of the framework

The following section presents the results of this research,
namely the identified elements of the framework proposed
for managing risks caused by information asymmetry. The
main elements of the framework consist of the identified risks,
their consequences, and mitigation measures. First, the risks
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identified through the literature analysis and interviews with
experts are presented. These risks were classified according to
thetypes of information asymmetry, with the aim of determining
the phase of the construction project in which they may occur
and enabling further research within the defined categories.
Subsequently, the identified consequences and corresponding
mitigation measures are presented.

4.1. Primary risks caused by information asymmetry

Before signing a contract between the client (principal) and the
contractor (agent) in construction projects, circumstances often
arise in which one party does not possess complete insight into
the capabilities of the other. In such situations, adverse selection
(AS) risks occur. Table 2 presents eight risks arising from hidden
characteristics, associated with the initial phase of contractors
competing for the award of a contract — the first point of contact
between the agent and the principal. The usual contractor selection
model is based on the tenders. Owing to strong competition,
contractors frequently offer prices below market levels to secure
a contract , which may result in inaccurate estimates,
whether due to intention, inexperience, or lack of expertise .In
addition, contractors often do not possess complete information
regarding the project, its scope, or quantities of work ,
particularly when the project has not been finalised, when the
client changes requirements, or when the project involves new
technologies . Under such circumstances, contractors who are
incapable of delivering the project may submit bids, while the client
may incorrectly assess their capabilities.
Due to the complexity of construction projects, clients are
often unable to define all requirements precisely and therefore
rely on contractors to provide accurate information, thereby
creating potential information imbalance . In such situations,
demonstrating the contractor’s capability is essential, for example
through certificates, warranties, and bank guarantees. However,
the reliability of such evidence may be questionable owing to the
reduced signalling value of certificates , lack of information
regarding the contractor’s reputation, or misrepresentation
.During the tendering process, other risks may also arise, suchas
collusion between the client and the contractor, among contractors
themselves, or between contractors and subcontractors, which
negatively affects project costs and implementation
Subcontracting represents a particular challenge because the
client often does not possess complete information regarding
subcontractors, their capabilities, or intentions , while
arrangements between contractors and subcontractors, together
with inadequate disclosure of subcontractors, further increase the
risk. In addition to the risks identified through the literature review,
the experts interviewed emphasised that the financial instability of
either the contractor or the client represents a significant hidden
risk prior to contract signing, which may cause serious negative
consequences during project execution as well as after project
completion.
After the contract is signed, during the construction phase of
a project, situations frequently arise in which the activities or

information of one party are partially or completely concealed from
the other party. Risks associated with such information asymmetry
areidentified in the literature as moral hazard (MH), and six key risks
have been identified (see Table 2). The most common examples
of hidden activities include the use of lower-quality materials,
reduced quantities of executed works, concealment of errors,
and, in general, a lower level of effort by the contractor in fulfilling
contractual obligations . This occurs due to the client's
limited ability to control, whether because of a lack of expertise
or financial resources , whereby the contractor may assume
greater risks in the expectation that sanctions will not follow.
Contractor behaviour is also influenced by unforeseen conditions,
such as adverse weather conditions , and sometimes by
the deliberate concealment of information or refusal to fulfil
obligations . High-quality information exchange within the
project team can reduce the number of errors : however, in the
absence of clearly defined communication rules and a collaborative
environment, information is often delayed. Collaboration may
be improved through workshops , partnering relationships

, digital tools such as building information modelling (BIM)
and blockchain , as well as the early involvement of all
stakeholders . Differences between planned and executed
quantities of work are common [47], and their causes may include
poor planning , unforeseen events, or changes introduced
by the client . Difficulties in controlling quantities arise
from inadequate or untimely supervision. An additional risk stems
from deteriorated relationships among participants, particularly
where trust and willingness to cooperate are lacking . Poor
collaboration, unevenly distributed risks and responsibilities ,
and the absence of expectations regarding future cooperation
may encourage opportunistic behaviour by the contractor

. Subcontracting represents a particular challenge, as the
contractor must transfer the system of control and incentives to
subcontractors . The final highlighted risk relates to the low
visibility of certain construction works, which complicates the
subsequent verification of quality and quantities. In such cases,
where the legislative frameworkis weak, abuses and manipulations
in dispute resolution may occur . Within the category of
moral hazard risks, no additional items were proposed by the
experts during the interviews. All risks identified in the literature
were verified through the interviews, and their nature was further
clarified through practical examples shared by the respondents.
The final category of information asymmetry relates to the hidden
intentions of one party to place the other party in an unfavourable
position by revealing key information only once the project has
already significantly progressed. If the other party is unable to
comply with the new requirements, suspension of works or
financing may occur. This situation is known as hold-up (HU) risk,
and this research identified six key risks of this type (see Table 2). It
most commonly manifests itself during subsequent negotiations,
for example when the client requests additional or modified works
after the signing of the contract, while the contractor exploits its
bargainingadvantage to charge higher prices for such works
Due to limited alternatives, the client often accepts such conditions
to avoid project interruption. Owing to its superior knowledge of
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Table 2. Risks identified through the literature review and interviews with experts; AS - adverse selection risks, MH — moral hazard risks, HU -

hold-up risks
ID Risk Source Interviews
AS1 Poor / deficient tender documentation [23,32-37,58] verified
AS2 Contractor qualifications are unknown / unverifiable [23,35,37-39, 45, 59] verified
AS3 Inability to identify and exclude a manipulative low bid [15, 31, 43, 60, 61] verified
AS4 Collusion between participants before or during the tendering process [35, 36] verified
AS5 Misrepresentation or concealment of subcontractors [35, 40] verified
AS6 Prevented / hindered selection of a trustworthy business partner [46] verified
AS7 (Hidden) unstable financial condition of the contractor interviews added
AS8 (Hidden) unstable financial condition of the client interviews added
MH1 Concealment of information regarding the actual quality of construction (11, 32-36, 322635?2 45,50, €0, verified
MH2 Restricted information exchange between the client and the contractor 23,35, 36, AO’;‘E;;?]’ 52,59, 63, 64, verified
MH3 Subsequent project modifications [23,32-36,47,58] verified
MH4 Lack of mutual trust and understanding [43, 46, 48-50, 74] verified
MH5 Inadequate documentation of site events on the construction site [51,52, 64,70, 75] verified
MH6 Opportunistic behaviour due to one-off cooperation [46, 50] verified
HU1 Suspension of work by the contractor [38, 50, 53, 54, 70, 76—-78] verified
HU2 Restricted negotiation due to political or public influence [44,51, 54,55, 70, 77-79] verified
HU3 Suspension of information due to distrust [50] verified
HU4 Lack of knowledge regarding the contractor’s actual costs [57] verified
HU5 Withholding of payments by the client interviews added
HU6 Delays in client decision-making interviews added

the construction process, the contractor may intentionally fail to
report deficiencies in the design documentation to exploit them
at a later stage [38]. In large infrastructure projects with a high
degree of asset specificity, the client is placed in an unfavourable
position because the resources already invested cannot easily be
reallocated, while the contractor uses its advantage to impose
additional demands [50, 55, 56]. This increases transaction costs
through prolonged negotiations and potential disputes [54]. An
additional problem arises in the absence of long-term cooperation
and trust, as both parties refrain from genuine collaboration to
avoid weakening their own bargaining positions [50]. Finally, the
absence of cost-control mechanisms enables the contractor to
withhold information for the purpose of achieving financial gain at
the client’s expense [571. Within this group of risks, the interview
respondents emphasised the importance of defining more
precisely the actors responsible for causing hold-up situations.
The literature demonstrates a tendency to view the client as
the party predominantly exposed to hold-up risks; however, the
analysis of practical examples indicates that such a relationship is
not unambiguous. Based on comments related to the description
of risk HU1, three separate categories of risks were identified that
more accurately reflect real situations in construction projects:
withholding of work by the contractor, withholding of payments by
the client, and withholding of decision-making by the client.

4.2. Key consequences

Risks arising from information asymmetry may negatively affect
the achievement of project objectives. In addition to jeopardising
the project itself, these risks have broader consequences, such
as deteriorating relationships among stakeholders, which often
leads to conflicts and disputes. In the long term, information
asymmetry in construction projects also contributes to a
reduction in the overall productivity of the sector.

Adverse effects on project objectives include increased costs
[43, 47], delays in project implementation [53], reduced quality
of executed works [80], and difficulties in the implementation
of new technologies and innovations [11]. In addition, these
risks negatively affect future cooperation among partners [81],
give rise to legal disputes [55], and undermine trust and open
communication [42, 82].

In the longer term, the consequences of information imbalance
are reflected in reduced efficiency across the entire industry
[58]. Qualified contractors earn lower profits [31] or withdraw
from competitive tendering procedures [32-34], while clients
lose interest in financing projects [37]. Ultimately, companies
participating in such projects bear higher transaction costs [55].
During the interviews, respondents highlighted two additional
important consequences through real examples of risks
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Table 3. Consequences of risks identified through the literature review and interviews with experts

ID Consequence Source Interviews
[15,31-34, 36, 38, 43, 47,51, 53-55, 67, -
P1 Increased costs 76-78, 83, 84] verified
P2 | Deterioration of relationships among project participants / disputes [32-34, 40, 42, 53-55, 81, 82] verified
P3 Reduced quality [36, 40, 52,59-62, 74, 80, 81] verified
pL, Failure to achieve the peneﬁt; of new technologies and (11,37, 39, 45, 52, 66, 72, 73, 85] verified
innovations
P5 Project delays [41, 43,53] verified
P6 Contract termination interviews added
p7 Damage to organisational reputation interviews added

associated with information asymmetry: contract termination
and damage to the reputation of companies involved in the
project. The final list of key consequences of risks caused by
information asymmetry is presented in Table 3.

4.3. Key mitigation measures

The mitigation measures most frequently mentioned in the
relevant literature relate to the so-called optimal contracts and
their control during project implementation [82]. Within these, the
design of incentive mechanisms for contractors plays a particularly
important role. Contracts, for example, contain clauses intended to
encourage contractors to provide clients with accurate information
regarding costs [86, 87], execute works in accordance with the
planned schedule [71, 83], respond to unforeseen circumstances
[41], and adapt to project changes [57, 88, 89]. Additionally,
contracts should include a balanced allocation of risks [67], clearly
defined performance criteria for contract implementation [53,
54], clearly expressed intentions of the contracting parties [11],
mechanisms for price adjustments in accordance with market
changes [61], precisely defined performance requirements,
technical specifications and quality standards [58], as well as
protective instruments such as guarantees [70].

Contractual provisions should also provide rewards for contractors
in cases where works are completed ahead of schedule while
satisfying quality requirements [53], as well as where cost savings
are achieved [48, 85]. At the same time, contractors should
bear sanctions if the project is not completed within the agreed
budget and timeframe [52, 85]. Moreover, the project should
have a developed system for reporting and monitoring contract
implementation [14, 38], as well as a mechanism for evaluating
contractor performance [65].

Prior to contract signing, the client should apply various methods to
assess the characteristics of agents, contractors who compete in
tenders (screening). This may be carried out in three ways. The first
involves investigating the background, reputation, and previous
projects of companies participating in the tender procedure [84].
The second relates to the detailed analysis of submitted tenders
[83], including comparison of offered prices with market prices to
assess their justification and competitiveness. The third option is
to require financial guarantees from tenderers, such as advance
payment guarantees or bank guarantees [50], thereby confirming

their seriousness and financial capability to fulfil contractual
obligations.

On the other hand, contractors may themselves signal their quality
and reliability to clients, for example through the presentation
of certificates [37] or through marketing activities [36, 37]. One
significant risk is price dumping, which is why knowledge of
methods for calculating the optimal tender price may help to avoid
it[31].

A significant proportion of risks arising from information
asymmetry may already be limited during the contractor selection
phase. This particularly applies to situations in which the client has
the possibility of selecting a contractor with a verified reputation
[80], aligned organisational values and business culture [44, S0], or
one with whom there is already previous experience of cooperation
and an established partnering relationship [81].

Effective quality control plays a key role in reducing risks associated
with information asymmetry during the execution phase [75].
In addition to supervision itself, the cooperation of participants
and the open sharing of information and benefits from the very
beginning of the project are also important [45]. Communication
among stakeholders should be transparent, accountable [14, 70],
credible [70], honest [23], and more informal in nature [38]. Trust
between participants should be established and maintained
throughout the entire duration of the project [8].

The client should also provide contractors with non-financial
(intrinsic) forms of reward, such as enhancement of reputation, a
greater degree of autonomy and responsibility, job satisfaction,
stability, and alignment of objectives [62]. Finally, transparency
in information management may be achieved using various
information systems [39], including BIM [91, 92], blockchain
[51], software platforms for project management [46], and the
application of open-book accounting principles [47, 81]. This
reduces the scope for information manipulation and improves
coordination and decision-making.

During the interviews, respondents recognised three additional
mitigation measures for risks caused by information asymmetry:
replacement of company representatives, mediation between
participants through a third party, and the establishment of
communication protocols. Replacement of representatives
was recognised as effective in cases of personal conflicts,
disagreements, or impaired trust among project participants. The
possibility of mediation through a neutral third party was also
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Table 4. Mitigation measures determined through the literature review and interviews with experts, according [93]

ID Mitigation measure Source Interviews
. . . [8, 11, 14, 23, 38, 40, 41, 44, 4L6-48, 53,57, 61, 62, 65, -
M1 Financial incentives for the contractor (bonuses) 66, 71-73, 75,80, 82, 83, 86, 88, 89, 94-101] verified
M2 The tenderer S|gnals.|t.s characterllstlcs to the client 8,36, 37, 44, 50, 53, 55, 58, 59, 65, 66, 70, 80, 84] verified
(advertising, reputation)
M3 Cooperation and trust-building [8, 14, 23, 37, 38, 44, 45, 48, 70, 74, 77,81, 87] verified
M4 Information systems [8, 9, 36-40, 43-48, 81,91, 92] verified
M5 Regular and thorough quality control [11, 40, 42, 60, 66, 72, 73, 75, 80, 102] verified
M6 Contractually defined criteria for monitoring contractor [14,23,38, 48,51, 53, 54, 58, 61, 65] verified
performance
M7 Fair distribution of risks between the client and the [15, 43, 48, 61, 67, 81, 85, 98, 99] verified
contractor
M8 Contractual penalties [23, 46, 48,52, 53, 75, 101] verified
M9 The client reviews submitted tenders [14,31,36,72,73,78,83] verified
M10 The client verifies Fenderers (cerpﬂcates, guarantees, [14,36, 61, 70, 84] verified
financial stability)
M11 Non-financial revyard; forthe con.tractor (enhancement [40, 48, 52, 62] verified
of reputation, job satisfaction, autonomy)
M12 Selection of a tenderer with a glmlllar organisational [8, 44, 90] verified
culture (values, objectives)
M13 Replacement of company representatives interviews added
M14 Mediation between participants through a third party interviews added
M15 Communication protocols interviews added

emphasised. The largest number of respondents additionally
highlighted the importance of clearly defined communication
protocols. Although these were initially included within measure
M4 — Information systems, it was decided to present them
separately because the respondents emphasised their key role in
risk prevention, regardless of the use of information systems. The
final list of key mitigation measures for risks caused by information
asymmetry is presented in Table 4.

In the context of risk management, it is important to emphasise
that the proposed measures do not operate solely to mitigate the
consequences of realised risks, but also to reduce their probability
of occurrence. For example, tenderer verification procedures,
high-quality preparation of project documentation, clearly defined
contractual conditions, and the establishment of supervision
systems represent preventive mechanisms that may significantly
reduce the likelihood of risks caused by information asymmetry
arising. However, due to the inherent nature of such risks, their
complete elimination is generally not possible; rather, the objective
of management is to achieve an optimal balance between
prevention and consequence mitigation.

5. Framework for managing risks caused by
information asymmetry

Based on the literature analysis and interviews with
experienced construction project experts, key risks

associated with information asymmetry were identified,
together with their consequences and possible mitigation
measures. Figure 2 illustrates a framework for managing
these risks, the structure of which was developed
according to the highlighted risks, their consequences,
and the corresponding measures necessary for effective
management in construction practice.

Risks associated with hidden characteristics (adverse selection)
arise prior to contract signing, during the tendering phase.
On the other hand, risks arising from hidden information and
activities (moral hazard) and hidden intentions (hold-up) occur
after contract signing, during the construction phase, and may
persist throughout project delivery.

These types of risks most commonly affect project objectives,
both during construction and after its completion. Effective risk
management requires their timely identification, particularly
during the tendering phase, as well as their continuous
monitoring and the application of mitigation measures to
reduce their frequency or negative impact.

The proposed framework illustrates the logical relationship
betweenrisks, their consequences, and mitigation measures
throughout different project phases. Its application in
practice involves the identification of relevant risks in
a specific project phase, assessment of their potential
impact, and selection of appropriate measures for their
management.
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Identification of risks caused by information asymmetry in construction projects

|
| I
Risks in the procurement phase J | Risks during the construction phase
poar/deticient tender documentation hiding infarmation about withholding of work
real construction quality by the contractor
contractor qualifications
not known/verifiable difficult exchange of information limited negotiation due to
between the Investar a political or public influence
inability to recognize and exclude nd the contractor
manipulative low bids withholding of informatian
subsequent changes due to mistrust
collusion between participants | to the project
before or during the tender not knowing the contractors
fack of understanding and actual costs
false representation or concealment trust between
af subcontractors investors and contractors

withholding of payment
by the investor
impossihle/difficult selection of a trusted lack of records
business partner events at the construction site  withhalding of decision-making
by the investor
[hidden) unstable financial opportunistic bahaviar
status of the contractor due to a one-time collaboration

{hidden] unstable financial |
status of the investor
| | |
| FosljConsequencesedice
i . . increased costs

deterioration of relations betwean project participants/disputes
reduced quality of performance
failure to achieve the effect of technology and innovation

extension of the performance deadline

termination of the contract
declinen reputation
[
Risk mitigation measures
monetary incentives for the agent contractually defined criteria nen-financial rewards for the
[bonuses] for monitoring the wark of the contractar  agent (reputation enhancement,
satisfaction, autonomy)
the bidder signals its fair distribution of risks
characteristics to the imvestor  between the investor and the contractor choosing a bidder with a
(advertising. reputation) similar organizational culture
agread penalties (values, goals)
cooperation and building
trust the investor checks Replacing company representatives
the submitted bids
information systems mediation of participants through a
| the investor checks third party
regular and thorough the bidders (certificates, guarantees,
quality control financial stability) communication protocols
Figure 2. Framework for managing risks caused by information asymmetry
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6. Conclusion

This paper presents a framework for managing risks arising
from information asymmetry in construction projects. The
study identified and classified the principal risks associated
with information asymmetry between clients and contractors
according to the theoretical categories of principal-agent
theory. It further identified their principal consequences and
corresponding mitigation measures, thereby providing a
structured basis for systematic risk management throughout
the project life cycle.

Due to the diversity of construction projects, the framework
developed in this research has certain limitations regarding
its generalisation. The interview-based research established
that the significance of risks, as well as the applicability of
mitigation measures, varies depending on the type of project
(public or private). It was also observed that the approach to risk
management differs depending on the role of the participant
— whether it is implemented by the client or the contractor.
Therefore, it is important to apply the framework in a manner
adapted to different project types and participant perspectives
to effectively connect risks, their consequences, and the
corresponding mitigation measures.

The primary contribution of this research is the establishment
of a foundation for the identification of risks arising from
information asymmetry in future construction projects. The
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