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Miniranje na povrsinskim kopovima predstavija jedan od najsloZenijih i
najrizicnijih procesa u rudarskoj praksi, gdje sigurnost ljudi i infrastrukture
direktno zavisi od pravilnog planiranja, tehnicke kontrole i postivanja propisanih
mjera zastite. Ovaj rad daje sistematican prikaz rizika koji prate sve faze
povrsinskog miniranja, od buSenja i punjenja buSotina do detonacije i
postdetonacione inspekcije, te definira kljucne tehnicke i organizacione mjere za
njihovu prevenciju. Posebna paznja posvecena je eksplozivnim, seizmickim i
akustickim utjecajima, cija se kontrola vrsi primjenom empirijskih modela,
seizmickog monitoringa i adekvatnog projektovanja minskih polja. U radu su
analizirani relevantni zakonski propisi, medunarodni standardi i evropske
direktive koji ureduju rukovanje eksplozivima, sigurnosne udaljenosti i obavezne
postupke nadzora. Uloga geofizickih metoda posebno je naglasena kao vazan alat
u planiranju sigurnih miniranja, jer iste omogucavaju identifikaciju nestabilnih
zona i precizno odredivanje geoloSkih parametara koji uticu na raspodjelu
energije eksplozije. Dobijeni rezultati ukazuju na potrebu integrisanog pristupa
koji povezuje tehnicke, zakonske i organizacione mjere, cime se postize visi nivo
sigurnosti, efikasnosti i kontrole nad nezeljenim efektima miniranja u povrsinskim
eksploatacionim radovima.
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1. Uvod

Miniranje na povrsini bilo da se izvodi na trasama, gradiliStima, infrastrukturnim
zonama 1ili eksploatacionim lokalitetima predstavlja jednu od najrizi¢nijih faza
tehnickih operacija, s obzirom na prisustvo eksplozivnih materijala, dinamicne
sile, fragmentaciju stijenske mase i neposrednu izlozenost radnika potencijalno
Stetnim utjecajima [1-3]. Zbog toga, mjere zaStite na radu u ovom segmentu
zahtijevaju strogu tehniCku, organizacionu i zakonsku kontrolu.

Prema podacima Administracije za sigurnost i zdravlje u rudnicima (Mine Safety
and Health Administration-MSHA), svaka faza miniranja od skladiStenja i
transporta eksploziva do detonacije i pregled nakon provedenog miniranja mora
biti regulisana preciznim protokolima kako bi se sprijecile nesrece, povrede i Stete
na opremi [4]. Zastita na radu ne podrazumijeva samo koristenje li€ne zastitne
opreme, vec 1 sistemsku primjenu procedura koje obuhvataju planiranje, obuku,
tehnicku kontrolu 1 zakonsku uskladenost [5-8]. Poseban znacaj imaju procedure
za istrazivanje incidenata, koje omogucavaju identifikaciju uzroka rizi¢nih
dogadaja i definisanje korektivnih mjera, ¢ime se direktno doprinosi sigurnijem
radu na rizicnim radnim mjestima [9].

Kodeks dobre prakse za sigurnost miniranja (Blasting Safety Code of Practice) za
povrsinske operacije naglaSava da je procjena rizika temeljni korak u definisanju
zona opasnosti, odabiru eksploziva, pripremi radne platforme 1 odredivanju
sigurnosnih udaljenosti [10]. U povr§inskom miniranju, svaka operacija mora biti
prethodno analizirana kako bi se identificirali 1 procijenili svi potencijalni rizici
povezani s geoloskim uvjetima, prisustvom infrastrukture, meteoroloskim
faktorima 1 prethodnim incidentima fragmentacije stijenske mase. Ova sistemska
analiza omogucava planiranje sigurnih procedura i minimiziranje opasnosti za
radnike 1 okolinu [11].

Istrazivanja su pokazala da zadrZavanje radnika u zoni odbacivanja stijena tokom
detonacije uzrokuje vise od 40 % svih povreda u povrSinskom miniranju, $to
naglaSava potrebu za strozijim procedurama i u¢inkovitijom kontrolom sigurnosti
[12]. U modernim tehnickim sistemima miniranja, sigurnost radnika i kontrola
detonacija sve viSe se oslanjaju na digitalne alate. Ovi sistemi omogucavaju
pracenje zona miniranja u realnom vremenu, automatsko blokiranje pristupa
opasnim podruc¢jima i senzorski nadzor nad detonacijom, ¢ime se smanjuje rizik
ljudske pogreske i povecava ukupna sigurnost operacija [13,14].

MSHA dodatno propisuje obaveznu inspekciju prostora na kojem je izvrSeno
miniranje nakon detonacije, zabranu ulaska u zonu miniranja prije signala ,,all
clear®, te primjenu vizualnih i zvu¢nih upozorenja kao obaveznu proceduru [15].
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Za provodenje sigurnog postupka buSenja i miniranja posebna paznja mora se
posvetiti oznacavanju zona miniranja, pravilnom transportu eksploziva, tretmanu
neeksplodiranih sredstava i obaveznoj kontroli nakon detonacije. Ove mjere
imaju za cilj smanjenje rizika od povreda uzrokovanih sekundarnim uruSavanjem
stijena, odbacenim stijenskim fragmentima i neeksplodiranim sredstvima te
osiguranje zastite radnika i sigurnog izvodenja miniranja [16].

U povrsinskim rudarskim i gradevinskim radovima poseban izazov predstavlja
postizanje precizne fragmentacije stijenske mase bez oSte¢enja korisnog
materijala ili okolne infrastrukture. To zahtijeva pazljivo balansiranje izmedu
efikasnosti miniranja i sigurnosti radnika. Pravilna priprema busSotina, kontrola
koli¢ine eksploziva i primjena odgovaraju¢e metode aktivacije minskog polja sa
preciznom vremenskom sinhronizacijom kljucni su faktori u smanjenju rizika od
odbacenih stijenskih fragmenata i drugih nesreéa, te istovremeno doprinose
optimiziranju proces miniranja [17].

Zakonski okvir u Bosni i Hercegovini, kao 1 u zemljama EU, propisuje obaveznu
izradu Elaborata o zastiti na radu, koji mora sadrzavati procjenu rizika, plan
evakuacije, opis licne zaStitne opreme, te tehniCke mjere za sprjeCavanje
nezeljenih efekata miniranja [18,19].

Uloga geofizickih metoda u planiranju miniranja sve viSe dobiva na znacaju.
Seizmicka karakterizacija podzemlja, georadarske prospekcije 1 elektromagnetna
mjerenja omogucéavaju detaljno mapiranje pukotinskih sistema, preciznu
identifikaciju nestabilnih zona te 1 optimizaciju poloZaja buSotina. Time ne samo
da se povecava efikasnost miniranja, ve¢ se znac¢ajno smanjuje rizik od nezeljenih
efekata, poput odbacenih stijenskih fragmenata, vibracija 1 sekundarnih
urusavanja [20-24].

U konacnici, posebne mjere zaStite na radu pri miniranju na povrsini nisu samo
tehnicki izazov, ve€ 1 eticka obaveza izvodaca, nadzora i1 projektanata. Svaka
greSka u planiranju, komunikaciji ili izvodenju moze rezultirati ozbiljnim
posljedicama po zdravlje radnika.

Ovaj rad ima za cilj da identifikuje 1 analizira klju¢ne rizike pri miniranju na
povrSinskim kopovima, te da predstavi tehnicke 1 organizacione mjere zastite u
skladu sa vaZe¢im propisima i standardima. Fokus je na kontroli eksplozivnih 1
seizmickih utjecaja, tretmanu neeksplodiranih sredstava i primjeni geofizickih
metoda radi unapredenja sigurnosti i efikasnosti miniranja.
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2. Opis postupka miniranja

Miniranje na povrSinskom kopu tehniCkog kamena obuhvata niz precizno
definisanih operacija koje se moraju izvoditi u skladu s tehnickim normama,
sigurnosnim protokolima 1 zakonskim propisima. Da bi se osigurala potpuna
uskladenost sa vaze¢im zakonodavstvom i tehni¢kim standardima, neophodno je
prethodno razmotriti zakonski okvir koji definiSe obaveznu dokumentaciju, mjere
zastite i tehniCke zahtjeve za izvodenje miniranja.

2.1 Zakonski propisi i standardi za povrSinsko miniranje

Za svako miniranje na povrSinskom kopu tehnickog kamena obavezna je izrada
Plana miniranja, koji mora sadrzavati sve tehnicke, sigurnosne i organizacione
mjere u skladu sa vaze¢im propisima. Prema Pravilniku o tehni¢kim normativima
pri rukovanju eksplozivnim sredstvima i miniranju u rudarstvu [25], Plan mora
ukljucivati tehni¢ke parametre miniranja, vrstu i koli¢inu eksploziva, nacin
aktivacije, sigurnosne udaljenosti, mjere zastite na radu, geoloske i geofizicke
podatke, opis radova, mjere zaStite od neZeljenih efekata poput vibracija,
uruSavanja 1 rizika od neZeljenog rasprsivanja stijenskih komada, kao i obaveznu
inspekciju zone miniranja nakon detonacije, pregled eventualnih neeksplodiranih
sredstava 1 izdavanje signala za nastavak radova nakon potvrde da je zona sigurna.
Uskladivanje domacih propisa sa evropskim zakonodavstvom dodatno osigurava
tehnicku 1 pravnu validnost postupka miniranja. Direktiva 92/91/EEZ propisuje
minimalne zahtjeve za sigurnost i zdravlje radnika u industriji ekstrakcije
mineralnih sirovina, ukljuuju¢i obaveznu procjenu rizika, tehnicku kontrolu
eksploziva 1 evakuacijske mjere [26]. Direktiva 2013/29/EU zahtijeva da
eksplozivna sredstva budu tehnicki dokumentovana, oznacena 1 pracena kroz
sistem upravljanja sigurnoS¢u [27], dok Direktiva 2014/28/EU definiSe nadzor
nad eksplozivima za civilnu upotrebu i njihovo stavljanje na trziste [28].
Primjena medunarodnog standarda EN ISO 45001:2018 omogucava sistematsko
upravljanje zdravljem 1 sigurno$¢u na radu u svim fazama procesa miniranja, od
planiranja do pregleda minskog polja nakon miniranja [29]. Tehnicki standard EN
13631-10:2003 dodatno definiSe metode ispitivanja eksploziva u vezi sa
fragmentacijom, vibracijama i sigurnosnim udaljenostima [30].

Plan miniranja mora biti izraden 1 odobren prije pocetka operacija, a njegova
primjena je obavezna u svim fazama miniranja. Uskladenost sa navedenim
propisima predstavlja osnovu za tehnic¢ki ispravno, zakonski dozvoljeno i
sigurnosno kontrolisano izvodenje miniranja.

Primjena zakonskih propisa, tehnickih normi i sigurnosnih procedura u oblasti
miniranja potvrdena je kroz viSe stru¢nih radova koji dokumentuju primjenu
kontrolisanog miniranja u slozenim inzenjerskim uslovima. Ovi primjeri iz prakse
obuhvataju tehnicku pripremu, izvodenje i postdetonacione mjere, uz dosljednu
primjenu vazecih propisa i standarda sigurnosti [31-33].
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2.2 Priprema terena, busSenje punjenje eksplozivom i povezivanje

Prije pocetka miniranja, neophodno je izvrsiti geolosku 1 geofizicku
karakterizaciju terena radi identifikacije pukotinskih sistema, nestabilnih zona i
optimalnog rasporeda busSotina [34]. Seizmicke metode, georadar i
elektromagnetna mjerenja omogucéavaju precizno mapiranje strukture stijenske
mase [35]. Raspored, medusobni razmak 1 dubina busotina definiSu se u skladu s
lokalnim geofizickim parametrima, strukturom stijenske mase i1 tehnickim
ciljevima miniranja, uzimaju¢i u obzir zahtjeve fragmentacije, stabilnosti i1
sigurnosne udaljenosti.

Busenje se izvodi vertikalno ili pod blagim nagibom, uz kontrolu odstupanja od
projektovane osi. Svaka buSotina mora biti oznacena, ociS¢ena od ostataka, te
provjerena na dubinu i1 eventualne blokade prije punjenja eksplozivom.
Zabranjeno je busenje u prethodno koristene busotine ili u blizini neeksplodiranih
sredstava [36]. Punjenje buSotina izvodi se patroniranim ili nepatroniranim
eksplozivima, pri ¢emu se mora postovati omjer mase eksploziva i zapremine
izdvojenog stijenskog materijala kako bi se osigurala kontrolisana fragmentacija
1 ogranicilo seizmicko djelovanje. Eksploziv se ne smije nasilno utiskivati, a alat
koji se koristi prilikom punjenja minskih busotina mora biti izraden od drveta ili
plastike 1 ne smije stvarati varnice. Inicijatori (detonatori) povezuju se serijski ili
paralelno, a primjena sistema s vremenskom sinhronizacijom omogucéava
preciznu kontrolu redoslijeda paljenja radi smanjenja vibracija i optimizacije
fragmentacije [37]. Na slici 1 prikazan je Sematski raspored buSotina s oznacenim
tehnickim parametrima miniranja.
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Slika 1. Sematski prikaz rasporeda busotina sa oznacenim parametrima: precnik
busotine (d), rastojanje izmedu busotina (S), linija najmanjeg otpora (B), duzina
punjenja (L), duzina cepa (T), probusenje/dodatna dubina busotine (U) i visina etaze

(H) [38].
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2.3 Evakuacija i detonacija

Zona miniranja mora biti fizicki ogradena, jasno oznacena tablama upozorenja i
pod stalnim nadzorom ovlastenih radnika koji ucestvuju u procesu miniranja.
Minimalna udaljenost evakuacije odreduje se na osnovu prethodnih incidenata s
izletnim kamenom, uz primjenu sigurnosnog faktora 1,5 puta najvece zabiljezene
udaljenosti odbacenog fragmenta. Ova udaljenost moze se aproksimirati izrazom:

D =15 Ry

gdje je Rmax najveca zabiljezena udaljenost odbacivanja fragmenta stijenske mase
ustanovljena prilikom eksperimentalnog probnog miniranja. Navedeni izraz
predstavlja empirijsku aproksimaciju koja se koristi u nedostatku preciznih
mjerenja ili numerickih modela, te sluzi kao praktican kriterij za definisanje
sigurnosne zone evakuacije.

Prije detonacije, obavezno je emitovanje zvucnog signala u tri faze: upozorenje,
priprema i detonacija. Detonacija se smije izvrsiti iskljucivo po nalogu odgovorne
osobe, nakon potvrde da je zona u potpunosti evakuirana, da su svi elektri¢ni 1
mehanicki spojevi ispravni, te da meteoroloski uvjeti omogucavaju sigurno
izvodenje miniranja. U slu€aju prisustva olujnih nepogoda, jakog vjetra ili
smanjene vidljivosti, postupak miniranja mora se odgoditi do uspostavljanja
povoljnih uslova [39].

2.4 Pregled zone miniranja nakon detonacije

Nakon izvodenja miniranja, radna zona se ne smije napustati dok se ne emitira
zvucni signal koji nedvosmisleno oznaCava zavrSetak operacije. Ova mjera ima
za cilj sprecavanje prijevremenog ulaska osoblja u potencijalno opasno podrucje.
Po zavrSetku miniranja, obavezno je izvrsiti detaljan vizuelni pregled kompletnog
minskog polja, ukljucuju¢i odminiranu masu, pristupacne dijelove radilista i sve
povrsine koje su bile izloZzene djelovanju eksploziva. Pregled se vrsi radi provjere
prisustva zaostalih eksplozivnih sredstava, procjene stabilnosti terena 1
identifikacije eventualnih deformacija ili pomjeranja stijenske mase [40].

U sluc¢aju sumnje na prisustvo neeksplodiranog sredstva (NES), pristup zoni
miniranja dozvoljen je isklju¢ivo stru¢no osposobljenom osoblju koje raspolaze
odgovaraju¢om zastitnom opremom i primjenjuje propisane sigurnosne postupke.
Svaka intervencija mora biti dokumentovana, a daljnje aktivnosti se mogu
nastaviti tek nakon §to se potvrdi da je podrucje sigurno za rad [41].
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3. Identifikacija rizika

Miniranje na povrsini ukljucuje niz slozenih i potencijalno opasnih operacija koje
generiSu razliCite vrste rizika. Efikasna identifikacija i klasifikacija tih rizika
predstavlja osnovu za primjenu odgovaraju¢ih mjera zastite na radu. Rizici se
mogu sistematizirati u cCetiri glavne kategorije: mehanicki, eksplozivni,
seizmicki/zvuéni 1 organizacioni.

3.3 Mehanicki rizici

Mehanicki rizici u povrSinskom miniranju proizlaze iz interakcije radnika s
tehnickim sistemima, dinami¢nim radnim okruzenjem i nestabilnim stijenskim
materijalom. U kontekstu buSenja, punjenja i pripreme fronte, najceSce
identificirane mehanicke prijetnje ukljucuju kontakt s rotiraju¢im dijelovima
busacke opreme, padove s visinskih etaza, te udare od odlomljenih blokova
stijenske mase. Ovi rizici su inherentni procesu, ali se njihova ucestalost i
intenzitet znacajno povecavaju u uslovima neadekvatne tehnicke kontrole,
nedostatka prostorne segregacije i odsustva sistemske zastite.

Prema OSHA regulativi (29 CFR 1910.212), tehnic¢ki sistemi moraju biti
projektovani 1 odrzavani na nacin koji onemogucava direktan kontakt s pokretnim
dijelovima, dok se radna zona mora fizi¢ki i1 proceduralno izolovati tokom
aktivnih operacija. Empirijska istrazivanja ukazuju da je upravo nepostojanje
barijera 1 neadekvatna signalizacija najceS¢i uzrok mehanickih povreda u
rudarstvu 1 gradevinarstvu [12,42].

Li¢na zaStitna oprema, iako formalno obavezna, ne moze kompenzirati sistemske
propuste u organizaciji rada. Studije pokazuju da reflektiraju¢a odjeca, zaStitne
kacige 1 obuca s ¢elicnim vrhom imaju preventivni u¢inak samo u kombinaciji s
tehnickom kontrolom pristupa 1 obukom osoblja [43]. U tom smislu, mehanicki
rizici se ne mogu tretirati izolovano, ve¢ zahtijevaju integraciju tehnickih,
organizacionih i edukativnih mjera u okviru sveobuhvatnog sistema upravljanja
sigurnoScu.

3.4 Eksplozivni rizici

Eksplozivni rizici predstavljaju najkriti€niju kategoriju opasnosti u procesu
povrSinskog miniranja, s obzirom na neposrednu energiju oslobadanja,
nepredvidive efekte detonacije i moguénost sekundarnih incidenata. U tehnickoj
1 sigurnosnoj literaturi, najceS€e identificirani eksplozivni rizici ukljucuju:
preranu detonaciju, prisustvo neeksplodiranih sredstava (tzv. misfire),
nekontrolisano odbacivanje stijenskih fragmenata (flyrock), te prekomjernu
koli¢inu eksploziva u odnosu na projektovane parametre.

Nekontrolisano razbacivanje fragmenata stijenske mase izvan predvidene zone
miniranja, posebno je opasno zbog svoje prostorne nepredvidivosti i kineticke
energije. Empirijski podaci ukazuju da fragmenti mogu dosti¢i udaljenosti vece



Zastita i sigurnost, godina 5., broj 2

od 300 metara od epicentra detonacije, pri ¢emu se biljeze sluCajevi teskih
povreda i fatalnih ishoda [12,42]. U tom kontekstu, prostorna distribucija rizika
mora biti precizno definisana, uz primjenu sigurnosnog faktora i prethodnih
terenskih mjerenja. Prostorna raspodjela rizika wusljed nekontrolisanog
odbacivanja stijenskih fragmenata tokom miniranja prikazana je na slici 2, koja
ilustrativno definiSe zonu miniranja, sigurnosnu zonu evakuacije i moguce
putanje odbacenih fragmenata stijenske mase.

Wild flyrock
Wild flyrock

Flyrock

Flyrock

Throw

Muckpile Floor or grade

Not to scale

Blast zone

Normal flyrock zone

Blast clearance (exclusion) zone

Slika 2. Zona odbacenih stijenskih fragmenata pri miniranju — prostorna distribucija
rizika i sigurnosnih granica [44]

Za procjenu incidentnog pritiska zracne eksplozije koristi se empirijski izraz
poznat kao Kingery—Bulmash model [45]:

K_Q1/3
R

P

gdje je:
P - pritisak, izraZen u bar.,
Q - koli¢ina eksploziva, u kg,
R - udaljenost od epicentra, u m' i
K - empirijski koeficijent, zavisan od vrste eksploziva i geometrije
detonacije.

Ova formula se koristi u planiranju zone miniranja, posebno u blizini
infrastrukture, naseljenih podruc¢ja 1ili osjetljivih objekata. Neeksplodirana
sredstva predstavljaju latentni rizik koji zahtijeva specijalizovanu intervenciju.
Prema smjernicama MSHA, zona u kojoj se sumnja na prisustvo neeksplodiranih
sredstava mora biti izolovana, a pristup dozvoljen iskljucivo stru¢no obu¢enom
osoblju sa odgovaraju¢om zastitnom opremom i tehnickom podrskom.
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3.5 Seizmicki, vibracioni i akusti¢ki rizici

Detonacija eksploziva u povrSinskom miniranju generiSe seizmicke i zracne talase
koji se Sire kroz tlo i atmosferu, pri ¢emu dolazi do interakcije s okolnim
objektima, infrastrukturom i ljudskim organizmima. Ovi talasi mogu uticati na
stabilnost gradevinskih struktura, integritet podzemnih instalacija, te izazvati
fizioloske 1 psiholoske reakcije kod radnika i stanovniStva u blizini zone miniranja
[46-49].

Vibracije tla prenose se u objekat putem temelja i podruma, dok zra¢ni udar
djeluje na zidne i krovne povrSine. Rezultantno podrhtavanje moze izazvati
zveckanje predmeta, pomjeranje opreme i osje¢aj unutrasnje buke, koja kod ljudi
izaziva alarmantne reakcije, iako sama buka ima zanemariv utjecaj na
konstrukcijsku stabilnost [47-49].

U nastavku teksta, na slici 3a prikazan je mehanizam Sirenja seizmickih 1 zra¢nih
talasa generisanih detonacijom eksploziva. Talasi se prostiru radijalno od
epicentra, pri ¢emu dolazi do diferencirane interakcije s tlom ili objektom. Slika
3b prikazuje energetsku bilancu eksplozije, gdje se jasno vidi da se samo manji
dio oslobodene energije trosi na drobljenje stijenske mase. Vecéina oslobodene
energije prenosi se kroz nezeljene efekte, kao Sto su Sirenje usitnjene mase te
generisanje seizmickih i zra¢nih talasa [50].

, Potential energy of
explosives
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Slika 3. (a) Sirenje seizmickih i zracnih talasa tokom miniranja; (b) Sema energetske
bilance tijekom miniranja [51]

Prema tehnickim smjernicama, dozvoljeni nivo vibracija na granici zone
miniranja iznosi maksimalno 5 mm/s za stambene objekte, odnosno 10 mm/s za
industrijske strukture [52]. Pradenje stvarnih vrijednosti vrSi se seizmickim
monitoringom putem geofona, ¢ime se omogucava prilagodavanje parametara
miniranja u realnim uslovima [53]. Za tehnicku procjenu seizmickog utjecaja
koristi se standardizovana empirijska formula [54]:

-n

PPV=K-(%)
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gdje je:
PPV — maksimalna brzina vibracija, u mm/s,
D —udaljenost od epicentra eksplozije, u m',
Q — kolic¢ina eksploziva po odgodi, u kg 1
K,n — koeficijenti koji zavise od lokalnih geoloskih uslova i vrste
eksploziva.

Vrijednosti se odreduju terenskim mjerenjem, najces¢e metodom najmanjih
kvadrata, ¢ime se omogucava lokalna kalibracija modela i precizno planiranje
miniranja u osjetljivim zonama [54].

Pored seizmickih i vibracionih efekata, detonacija eksploziva generiSe i zracni
udar (airblast), koji nastaje usljed naglog Sirenja plinova iz eksplozije. Ovaj
impulsni talas moZze izazvati oSteCenje staklenih povrSina, poremecaj u radu
elektronske opreme, te negativan utjecaj na sluh radnika. Preporuceni prag
zra¢nog udara iznosi 120 dB za industrijske zone, dok se za naseljena podrucja
preporucuje maksimalno 115 dB [55]. Akusticki rizici se kontroliSu primjenom
zvucnih barijera, pravilnim tempiranjem detonacije i obaveznim koriStenjem
zastite za sluh.

3.6 Organizacioni rizici

Organizacioni rizici predstavljaju klju¢an faktor u sigurnosnoj analizi miniranja,
jer se odnose na sistemske propuste u planiranju, komunikaciji 1 izvrSenju
operacija. Najces¢i izvori ovih rizika ukljucuju nedostatak obuke, nejasnu
raspodjelu odgovornosti, loSu komunikaciju medu timovima, te neuskladenost sa
vaze¢im zakonskim propisima.

Prema Pravilniku o tehnickim normativima pri rukovanju eksplozivnim
sredstvima i miniranju u rudarstvu [25], izvoda¢ je duZan osigurati prisustvo
ovlastenog lica za rukovanje eksplozivima, evidentirati stru¢no osposobljavanje
radnika, te obezbijediti fizicku zaStitu zone miniranja putem signalizacije i
barijera. lako evakuacione procedure nisu eksplicitno propisane, tehnicki elaborat
mora sadrzavati mjere koje osiguravaju sigurnost radnika u zoni miniranja.

U domacoj literaturi se isti¢e da su organizacioni propusti, posebno u fazi
pripreme 1 koordinacije, Cest uzrok odstupanja u sigurnosnim parametrima
miniranja. Nedostatak formalizovanih procedura, neadekvatna komunikacija
medu timovima i nepostojanje jasnih operativnih uputa mogu dovesti do greSaka
koje se u eksplozivnim operacijama manifestuju s ozbiljnim posljedicama [56].
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4. Zakljucak

Miniranje na povrSinskim kopovima predstavlja jednu od najzahtjevnijih 1
najrizicnijih faza tehnickih operacija u rudarskom i infrastrukturnom sektoru.
Uspjesno upravljanje rizicima koji proizlaze iz ovog procesa zahtijeva sistemsku
integraciju zakonskih propisa, tehni¢kih normi, organizacionih mjera i
geofizickih metoda. Svaka faza, od planiranja i buSenja do detonacije i
postdetonacione inspekcije, mora biti precizno definisana i1 kontrolisana kako bi
se osigurala sigurnost radnika, stabilnost radne zone 1 zaStita okoline.

Analizom klju¢nih kategorija rizika utvrdeno je da eksplozivni, seizmicki i
organizacioni faktori imaju dominantan utjecaj na sigurnost operacija.
Eksplozivni rizici, poput nekontrolisanog odbacivanja stijenskih fragmenata i
prisustva neeksplodiranih sredstava, zahtijevaju primjenu empirijskih modela,
tehnickih barijera 1 specijalizovanih procedura. Seizmicki 1 akusti¢ki utjecaji
moraju se kvantitativno pratiti 1 kontrolisati putem geofona i standardizovanih
proracuna, dok organizacioni propusti, narocito u fazi pripreme i koordinacije,
predstavljaju latentni izvor nesreca koji se moze prevenirati uspostavljanjem
jasnih procedura formalizacijom procedura i obukom osoblja.

Uskladenost sa Pravilnikom o tehnickim normativima pri rukovanju
eksplozivnim sredstvima 1 miniranju u rudarstvu, kao 1 sa evropskim direktivama
1 medunarodnim standardima, predstavlja osnovu za zakonito 1 tehnicki validno
izvodenje miniranja. Primjena geofizickih metoda, poput seizmicke tomografije 1
elektromagnetne prospekcije, omogucava preciznu karakterizaciju stijenske
mase, identifikaciju nestabilnih zona 1 optimizaciju rasporeda buSotina, ¢ime se
direktno doprinosi smanjenju rizika i povecanju efikasnosti.

Zakljucno, sigurnost pri miniranju nije samo tehnicki izazov, ve¢ i profesionalna
1 eticka obaveza svih ucesnika u procesu. Samo dosljednom primjenom
validiranih podataka, uskladenih procedura i multidisciplinarnog pristupa moguce
je ostvariti kontrolisane, efikasne i1 sigurne minerske operacije u sloZenim
inZenjerskim uslovima.
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Popis slika

Slika 1. Sematski prikaz rasporeda bugotina sa ozna¢enim parametrima: prenik busotine
(d), rastojanje izmedu busSotina (S), linija najmanjeg otpora (B), duzina punjenja
(L), duzina Cepa (T), probuSenje/dodatna dubina buSotine (U) i visina etaze (H).

Slika 2. Zona odbacenih stijenskih fragmenata pri miniranju — prostorna distribucija
rizika i sigurnosnih granica.

Slika 3. (a) Sirenje seizmic¢kih i zraénih talasa tokom miniranja; (b) Sema energetske
bilance tijekom miniranja.
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Abstract:

Surface blasting represents one of the most complex and high-risk processes in
mining practice, where the safety of people and infrastructure directly depends
on proper planning, technical control, and compliance with prescribed safety
measures. This paper provides a systematic overview of the risks accompanying
all phases of surface blasting from drilling and borehole charging to detonation
and post-detonation inspection and defines key technical and organizational
measures for their prevention. Special attention is devoted to explosive, seismic,
and acoustic impacts, which are controlled through the application of empirical
models, seismic monitoring, and appropriate blast-field design. The paper
analyzes relevant legal regulations, international standards, and European
directives governing the handling of explosives, safety distances, and mandatory
supervision procedures. The role of geophysical methods is particularly
emphasized as an important tool in the planning of safe blasting operations, as
they enable the identification of unstable zones and precise determination of
geological parameters influencing the distribution of explosion energy. The
obtained results indicate the need for an integrated approach that connects
technical, legal, and organizational measures, thereby achieving a higher level
of safety, efficiency, and control over undesirable effects of blasting in surface
exploitation operations.
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1. Introduction

Surface blasting, whether carried out along road alignments, construction sites,
infrastructure zones, or exploitation areas, represents one of the most hazardous
phases of technical operations due to the presence of explosive materials, dynamic
forces, rock mass fragmentation, and the direct exposure of workers to potentially
harmful effects [1-3].

Therefore, occupational safety measures in this segment require strict technical,
organizational, and legal control. According to data from the Mine Safety and
Health Administration (MSHA), every stage of the blasting process from the
storage and transport of explosives to detonation and post-blast inspection must
be regulated by precise protocols to prevent accidents, injuries, and equipment
damage [4]. Occupational safety does not only imply the use of personal
protective equipment but also the systematic implementation of procedures that
include planning, training, technical supervision, and legal compliance [5-8].
Special importance is given to incident investigation procedures, which enable
the identification of the causes of hazardous events and the definition of corrective
measures, thereby directly contributing to safer working conditions in high-risk
environments [9].

The Blasting Safety Code of Practice for surface operations emphasizes that risk
assessment is the fundamental step in defining danger zones, selecting explosives,
preparing the working platform, and determining safety distances [10]. In surface
blasting, each operation must be analyzed in advance to identify and assess all
potential risks associated with geological conditions, nearby infrastructure,
meteorological factors, and previous incidents of rock mass fragmentation. This
systematic analysis enables the planning of safe procedures and the minimization
of hazards to workers and the environment [11].

Research has shown that retaining workers within the rock-throw zone during
detonation accounts for more than 40% of all surface blasting injuries,
highlighting the need for stricter procedures and more effective safety control
[12]. In modern blasting systems, worker safety and detonation control
increasingly rely on digital tools. These systems enable real-time monitoring of
blasting zones, automatic restriction of access to hazardous areas, and sensor-
based detonation supervision, thereby reducing the risk of human error and
increasing overall operational safety [13,14].

MSHA further prescribes mandatory post-blast site inspection, prohibition of
entry into the blasting area before the “all clear” signal, and the use of visual and
audible warnings as standard procedures [15].
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To ensure safe drilling and blasting operations, particular attention must be given
to marking blasting zones, proper transport of explosives, handling unexploded
ordnance, and mandatory post-detonation inspections. These measures aim to
reduce the risk of injuries caused by secondary rock collapses, flying rock
fragments, and unexploded materials, ensuring worker safety and controlled
execution of blasting [16].

In surface mining and construction works, achieving precise rock fragmentation
without damaging valuable material or nearby infrastructure presents a particular
challenge. This requires a careful balance between blasting efficiency and worker
safety. Proper borehole preparation, control of explosive quantities, and the
application of suitable blast-field initiation methods with precise timing
synchronization are key factors in minimizing the risk of flyrock and other
accidents, while simultaneously optimizing the blasting process [17].

The legal framework in Bosnia and Herzegovina, as well as in EU countries,
prescribes the mandatory preparation of a Safety Protection Study, which must
include a risk assessment, evacuation plan, description of personal protective
equipment, and technical measures for preventing adverse blasting effects
[18,19].

The role of geophysical methods in blasting design is gaining increasing
importance. Seismic subsurface characterization, ground-penetrating radar (GPR)
surveys, and electromagnetic measurements enable detailed mapping of fracture
systems, precise identification of unstable zones, and optimization of borehole
placement. This not only enhances blasting efficiency but also significantly
reduces the risk of adverse effects such as flyrock, vibrations, and secondary
collapses [20-24].

Ultimately, specific occupational safety measures in surface blasting are not only
a technical requirement but also an ethical obligation for contractors, supervisors,
and designers. Every error in planning, communication, or execution can result in
serious consequences for worker safety.

The aim of this paper is to identify and analyze key risks associated with surface
blasting operations and to present the corresponding technical and organizational
protection measures in accordance with current regulations and standards. The
focus is on the control of explosive and seismic impacts, treatment of unexploded
ordnance, and the application of geophysical methods to improve the safety and
efficiency of blasting operations.
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2. Description of the Blasting Procedure

Blasting at a surface quarry for technical stone involves a series of precisely
defined operations that must be carried out in accordance with technical standards,
safety protocols, and legal regulations. To ensure full compliance with applicable
legislation and technical standards, it is essential first to consider the legal
framework that defines mandatory documentation, safety measures, and technical
requirements for performing blasting operations.

2.1 Legal Regulations and Standards for Surface Blasting

For every blasting operation at a surface quarry for technical stone, it is mandatory
to prepare a Blasting Plan that must include all technical, safety, and
organizational measures in accordance with applicable regulations. According to
the Rulebook on Technical Standards for the Handling of Explosives and Blasting
in Mining [25], the Plan must include technical blasting parameters, the type and
quantity of explosives, the initiation method, safety distances, occupational safety
measures, geological and geophysical data, a description of the works, measures
for protection against undesirable effects such as vibrations, collapses, and the
risk of rock scattering, as well as a mandatory post-detonation inspection of the
blasting zone, examination of potential unexploded charges, and issuance of
clearance signals for resuming work once the area is confirmed to be safe.
The harmonization of domestic regulations with European legislation further
ensures the technical and legal validity of the blasting process.

Directive 92/91/EEC prescribes minimum requirements for the safety and health
of workers in the extractive industries, including mandatory risk assessment,
technical control of explosives, and evacuation measures [26].

Directive 2013/29/EU requires that explosive materials be technically
documented, labeled, and traceable through a safety management system [27],
while Directive 2014/28/EU defines the supervision of explosives for civil use
and their placement on the market [28].

The application of the international standard EN ISO 45001:2018 enables
systematic management of occupational health and safety in all stages of the
blasting process, from planning to post-blast inspection of the blast site [29].

The technical standard EN 13631-10:2003 further defines methods for testing
explosives concerning fragmentation, vibrations, and safety distances [30].
The Blasting Plan must be developed and approved before the commencement of
operations, and its implementation is mandatory throughout all stages of blasting.
Compliance with these regulations forms the basis for technically sound, legally
permitted, and safely controlled blasting operations.

The implementation of legal regulations, technical standards, and safety
procedures in the field of blasting has been confirmed through numerous
professional studies documenting the application of controlled blasting in
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complex engineering conditions. These case studies encompass technical
preparation, execution, and post-detonation measures, with consistent adherence
to current regulations and safety standards [31-33].

2.2 Site preparation, drilling, charging and connection

Prior to blasting, it is necessary to perform geological and geophysical
characterization of the site to identify fracture systems, unstable zones, and the
optimal layout of boreholes [34]. Seismic methods, ground-penetrating radar, and
electromagnetic measurements enable precise mapping of the rock-mass structure
[35]. The arrangement, spacing, and depth of boreholes are defined in accordance
with local geophysical parameters, rock-mass structure, and the technical
objectives of blasting, taking into account fragmentation requirements, stability,
and safety distances. Drilling is performed vertically or with a slight inclination,
with control of deviation from the designed axis. Each borehole must be marked,
cleared of debris, and checked for depth and possible obstructions before charging
with explosives. Drilling into previously used boreholes or near unexploded
ordnance is prohibited [36]. Borehole charging is carried out with cartridge or
non-cartridge explosives, respecting the ratio of explosive mass to the volume of
the separated rock mass in order to ensure controlled fragmentation and limit
seismic effects. Explosives must not be forcibly rammed, and tools used when
charging blast holes must be made of wood or plastic and must not produce
sparks. Initiators (detonators) are connected in series or parallel, and the use of
timing-synchronized systems enables precise control of firing sequences to reduce
vibrations and optimize fragmentation [37]. Figure 1 shows a schematic layout of
boreholes with indicated technical blasting parameters.
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Figure 1. Schematic diagram of the borehole layout with indicated parameters:
borehole diameter (d), spacing between boreholes (S), line of least resistance (B),
charge length (L), stemming length (T), pre-drill/additional borehole depth (U), and
bench height (H) [38].
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2.3 Evacuation and detonation

The blasting zone must be physically fenced, clearly marked with warning signs,
and kept under constant supervision by authorized personnel involved in the
blasting process. The minimum evacuation distance is determined based on
previous incidents of flyrock, applying a safety factor of 1.5 times the greatest
recorded distance of a thrown fragment. This distance can be approximated by the
expression:

D =15 Ry

where Rmax 1s the greatest recorded distance of rock-fragment ejection determined
during experimental trial blasting. The given expression represents an empirical
approximation used in the absence of precise measurements or numerical models,
and serves as a practical criterion for defining the evacuation safety zone.

Prior to detonation, an audible signal must be emitted in three stages: warning,
preparation, and detonation. Detonation may be carried out only on the order of
the responsible person, after confirmation that the area has been completely
evacuated, that all electrical and mechanical connections are functional, and that
meteorological conditions allow safe execution of the blast. In the event of severe
weather, high winds, or reduced visibility, the blasting procedure must be
postponed until favorable conditions are reestablished [39].

2.4 Post-Blast Inspection of the Blasting Zone

After blasting operations, the work area must not be vacated until an audible
signal clearly indicates the completion of the operation. This measure aims to
prevent premature entry of personnel into a potentially hazardous area. Upon
completion of blasting, a detailed visual inspection of the entire blast site must be
carried out, including the blasted rock mass, accessible parts of the work area, and
all surfaces exposed to explosive effects. The inspection is conducted to check for
the presence of residual explosive materials, assess ground stability, and identify
any potential deformations or displacements of the rock mass [40].

In case of suspected unexploded ordnance (UXO), access to the blasting zone is
permitted only to professionally trained personnel equipped with appropriate
protective gear and following prescribed safety procedures. Every intervention
must be documented, and further activities may continue only after confirmation
that the area is safe for work [41].
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3. Risk Identification

Surface blasting involves a series of complex and potentially hazardous
operations that generate various types of risks. Effective identification and
classification of these risks form the basis for implementing appropriate
occupational safety measures. Risks can be categorized into four main groups:
mechanical, explosive, seismic/acoustic, and organizational.

3.1 Mechanical Risks

Mechanical risks in surface blasting arise from the interaction of workers with
technical systems, dynamic work environments, and unstable rock material. In the
context of drilling, charging, and face preparation, the most frequently identified
mechanical hazards include contact with rotating parts of drilling equipment, falls
from elevated benches, and impacts from dislodged rock blocks. These risks are
inherent to the process, but their frequency and severity significantly increase
under conditions of inadequate technical control, lack of spatial segregation, and
absence of systematic protection.

According to OSHA regulations (29 CFR 1910.212), technical systems must be
designed and maintained to prevent direct contact with moving parts, while the
work area must be physically and procedurally isolated during active operations.
Empirical studies indicate that the absence of barriers and inadequate signaling is
the most common cause of mechanical injuries in mining and construction
[12,42].

Personal protective equipment, although formally mandatory, cannot compensate
for systemic shortcomings in work organization. Studies show that reflective
clothing, protective helmets, and steel-toe footwear provide preventive benefits
only when combined with technical access control and personnel training [43].
In this sense, mechanical risks cannot be addressed in isolation but require the
integration of technical, organizational, and educational measures within a
comprehensive safety management system.

3.2 Explosive Risks

Explosive risks represent the most critical category of hazards in surface blasting
due to the immediate energy release, unpredictable effects of detonation, and
potential for secondary incidents. In technical and safety literature, the most
frequently identified explosive risks include premature detonation, the presence
of unexploded ordnance (misfire), uncontrolled ejection of rock fragments
(flyrock), and excessive explosive quantity relative to the designed parameters.
Uncontrolled scattering of rock fragments beyond the intended blasting zone is
particularly dangerous due to its spatial unpredictability and kinetic energy.
Empirical data indicate that fragments can reach distances exceeding 300 meters
from the detonation epicenter, with recorded cases of severe injuries and fatalities
[12,42].
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In this context, the spatial distribution of risks must be precisely defined, applying
safety factors and previous field measurements. The spatial distribution of risks
due to uncontrolled flyrock during blasting is shown in Figure 2, which
illustratively defines the blasting zone, the evacuation safety zone, and potential
trajectories of ejected rock fragments.
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Flyrock

Throw
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Normal flyrock zone
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Figure 2. Zone of ejected rock fragments during blasting — spatial distribution of risk
and safety boundaries [44].

To estimate the incident overpressure from an air blast, an empirical expression
known as the Kingery—Bulmash model is used [45]:

K - Q1/3

P
R

where:
P — pressure, expressed in bar,
Q — amount of explosive, in kg,
R — distance from the epicenter, in m, and
K — empirical coefficient, dependent on the type of explosive and
detonation geometry.

This formula is used in planning the blasting zone, especially near infrastructure,
populated areas, or sensitive facilities. Unexploded ordnance (UXO) represents a
latent risk requiring specialized intervention. According to MSHA guidelines,
areas suspected of containing unexploded ordnance must be isolated, and access
is permitted only to professionally trained personnel equipped with appropriate
protective gear and technical support.

3.3 Seismic, Vibrational, and Acoustic Risks

Detonation of explosives in surface blasting generates seismic and air waves that
propagate through the ground and atmosphere, interacting with surrounding
structures, infrastructure, and human organisms. These waves can affect the
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stability of buildings, the integrity of underground installations, and induce
physiological and psychological reactions in workers and nearby populations [46—
49]. Ground vibrations are transmitted to structures via foundations and
basements, while the air blast impacts walls and roof surfaces. The resulting
shaking can cause rattling of objects, displacement of equipment, and an internal
noise sensation, which may trigger alarmed reactions in people, even though the
noise itself has negligible impact on structural stability [47—49].

In the following text, Figure 3a illustrates the propagation mechanism of seismic
and air waves generated by explosive detonation. The waves radiate outward from
the epicenter, interacting differently with the ground or structures.

Figure 3b shows the energy balance of the explosion, highlighting that only a
small portion of the released energy is used for rock fragmentation. The majority
of the energy is transmitted through undesired effects, such as the dispersion of
fragmented material and the generation of seismic and air waves [50].
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Figure 3. (a) Propagation of seismic and air waves during blasting, (b) Schematic
representation of the energy balance during blasting [51].

According to technical guidelines, the permissible vibration level at the boundary
of the blasting zone is a maximum of 5 mm/s for residential buildings and 10
mm/s for industrial structures [52]. Monitoring of actual values is performed
through seismic monitoring using geophones, which enables the adjustment of
blasting parameters under real conditions [53]. For the technical assessment of the
seismic impact, a standardized empirical formula is used [54]:

-n

PPV=K-(£)

where:
PPV — peak particle velocity, in mm/s,
D — distance from the explosion epicenter, in m,
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Q — amount of explosive per delay, in kg, and
K, n — coefficients dependent on local geological conditions and the type
of explosive.

The values are determined through field measurements, most commonly using the
least squares method, enabling local calibration of the model and precise blasting
planning in sensitive zones [54].

In addition to seismic and vibrational effects, explosive detonation generates an
airblast, which occurs due to the rapid expansion of gases from the explosion.
This impulsive wave can cause damage to glass surfaces, disrupt electronic
equipment, and negatively affect workers’ hearing. The recommended airblast
threshold is 120 dB for industrial zones, while a maximum of 115 dB is advised
for residential areas [55]. Acoustic risks are mitigated through the use of sound
barriers, proper timing of detonations, and mandatory hearing protection.

3.4 Organizational Risks

Organizational risks represent a key factor in the safety analysis of blasting, as
they relate to systemic failures in planning, communication, and execution of
operations. The most common sources of these risks include lack of training,
unclear allocation of responsibilities, poor inter-team communication, and non-
compliance with applicable legal regulations.

According to the Rulebook on Technical Standards for the Handling of
Explosives and Blasting in Mining [25], the contractor is obliged to ensure the
presence of an authorized person for handling explosives, to record the
professional training of workers, and to provide physical protection of the blasting
zone by means of signage and barriers. Although evacuation procedures are not
explicitly prescribed, the technical documentation must include measures that
ensure worker safety within the blasting area.

Domestic literature emphasizes that organizational shortcomings, especially in
the preparation and coordination phase, are a frequent cause of deviations from
the safety parameters of blasting. Lack of formalized procedures, inadequate
communication among teams, and absence of clear operational instructions can
lead to errors that, in explosive operations, manifest with serious consequences
[56].
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4. Zakljucak

Blasting at surface quarries represents one of the most demanding and high-risk
phases of technical operations in the mining and infrastructure sectors. Effective
management of the risks arising from this process requires a systematic
integration of legal regulations, technical standards, organizational measures, and
geophysical methods. Each phase, from planning and drilling to detonation and
post-blast inspection, must be precisely defined and controlled to ensure worker
safety, stability of the work area, and environmental protection.

Analysis of the key risk categories indicates that explosive, seismic, and
organizational factors have a dominant impact on operational safety. Explosive
risks, such as uncontrolled flyrock and the presence of unexploded ordnance,
require the application of empirical models, technical barriers, and specialized
procedures. Seismic and acoustic impacts must be quantitatively monitored and
controlled using geophones and standardized calculations, while organizational
shortcomings, particularly in the preparation and coordination phases, represent
latent sources of accidents that can be prevented through the establishment of
clear procedures, formalization of protocols, and personnel training.

Compliance with the Rulebook on Technical Standards for the Handling of
Explosives and Blasting in Mining, as well as with European directives and
international standards, provides the foundation for legally and technically valid
execution of blasting operations. The application of geophysical methods, such as
seismic  tomography and electromagnetic surveys, enables precise
characterization of the rock mass, identification of unstable zones, and
optimization of drill hole layouts, thereby directly contributing to risk reduction
and operational efficiency.

In conclusion, safety in blasting is not only a technical challenge but also a
professional and ethical obligation for all participants in the process. Only through
consistent application of validated data, harmonized procedures, and a
multidisciplinary approach is it possible to achieve controlled, efficient, and safe
mining operations under complex engineering conditions.
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List of Figures

Figure 1. Schematic diagram of the borehole layout with indicated parameters:
borehole diameter (d), spacing between boreholes (S), line of least
resistance (B), charge length (L), stemming length (T),
pre-drill/additional borehole depth (U), and bench height (H).

Figure 2. Zone of ejected rock fragments during blasting — spatial distribution of
risk and safety boundaries.

Figure 3. (a) Propagation of seismic and air waves during blasting; (b) Schematic
representation of the energy balance during blasting.



