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Sazetak:

Ventilacija u tunelogradnji predstavlja kljucni sistem za ocuvanje zdravija i
sigurnosti radnika u podzemnim prostorima. Ovaj rad analizira empirijske
epidemioloske studije, numericke CFD simulacije i normativne zahtjeve kako bi
se procijenila efikasnost ventilacijskih rezima. Rezultati pokazuju da kumulativna
izlozenost prasini dovodi do prosjecnog godisnjeg pada FEVI od 40 ml kod
radnika, u poredenju sa 20 ml u kontrolnim grupama, dok koncentracije CO
nakon miniranja cesto prelaze dopustene granice. CFD modeli potvrduju da
brzina strujanja od 3 m/s osigurava optimalnu disperziju prasine, ali uz poveéanu
potrosnju energije, koja moze ciniti i do 50 % ukupne elektricne potrosnje
gradilista. Analiza mikroklimatskih faktora ukazuje da povisene temperature i
visoka vlaznost dodatno poveéavaju fiziolosko opterecenje radnika, dok
inovativne tehnologije za monitoring omogucéavaju pravovremenu kontrolu
rizika. Normativni okvir, zasnovan na medunarodnim smjernicama (ITA/AITES,
OSHA) i nacionalnim propisima, postavlja minimalne standarde, ali njihova
efektivna primjena zahtijeva kontinuiran monitoring i prilagodbu lokalnim
geotehnickim uvjetima. Glavni doprinos rada je u integraciji empirijskih
podataka i CFD simulacija, ¢ime se osigurava pouzdanija procjena ventilacijskih
rezima i formuliranje prakticnih preporuka za projektante i izvodace.
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1. Uvod

Tunelogradnja predstavlja specificnu granu gradevinske industrije u kojoj se radni
procesi odvijaju u ograni¢enim i zatvorenim podzemnim prostorima [1-3], pri
¢emu su radnici izloZzeni kombinaciji fizickih, hemijskih 1 mikroklimatskih
faktora koji mogu nepovoljno uticati na njihovo zdravlje i sigurnost. Glavni izvori
zagadenja u takvim uslovima su prasina nastala busenjem i miniranjem stijenske
mase, emisije iz dizelske mehanizacije te prisustvo Stetnih plinova, poput azotnih
oksida (NOy) 1 ugljicnog monoksida (CO), koji nastaju kao nusprodukti rada
mehanizacije i primjene eksplozivnih sredstava [4-6].

Brojna istrazivanja provedena medu radnicima zaposlenim u tunelima ukazuju na
izrazenije naruSavanje respiratornog zdravlja u odnosu na radnike koji nisu
izlozeni radu u zatvorenim podzemnim prostorima. Dugotrajna profesionalna
izlozenost praSini i S$tetnim plinovima povezuje se s ceS¢om pojavom
respiratornih tegoba, kao i sa postepenim smanjenjem pluéne funkcije, posebno
vrijednosti forced expiratory volume in 1 second (FEV:). Longitudinalne studije
koje su pratile radnike tokom perioda duzeg od Sest godina pokazale su da
kumulativna izloZenost ima statisti¢ki zna¢ajan uticaj na pad FEV., nezavisno od
starosne dobi i pusackih navika, $to potvrduje direktnu povezanost radnih uslova
u tunelogradnji i respiratornih zdravstvenih rizika [5,7,8]. Sli¢ni rezultati
potvrdeni su i u drugim studijama, koje ukazuju na vecu prevalenciju hroni¢nih
respiratornih simptoma i izrazenije smanjenje pluéne funkcije kod radnika
zaposlenih u tunelima u odnosu na kontrolne grupe [4,9].

Kvalitet zraka u radnom prostoru predstavlja klju¢nu determinantu navedenih
zdravstvenih rizika, a zavisi od sloZenih interakcija izmedu izvora zagadenja,
geometrije tunela, intenziteta gradevinskih aktivnosti 1, presudno, efikasnosti
ventilacijskog sistema [10]. Osnovna funkcija ventilacije u tunelima jeste
osiguravanje dotoka svjezeg zraka na radna mjesta, razrjedivanje i uklanjanje
Stetnih plinova 1 lebde¢ih Cestica te sprjeCavanje formiranja lokalnih zona s
poviSenim koncentracijama zagadivaca.

U tom smislu, ventilacija se ne moZe posmatrati isklju¢ivo kao tehnic¢ki podsistem
gradiliSta, ve¢ kao centralni instrument upravljanja rizicima na radu [11].
Neadekvatno dimenzionirani ili loSe optimizirani ventilacijski reZimi mogu
dovesti do formiranja stabilnih zona sa slabim strujanjem zraka, u kojima se
zagadivaCi zadrZzavaju tokom duZeg vremenskog perioda, ¢ime se znacajno
povecava kumulativna izlozenost radnika [12].

Savremena tehnicka literatura sve CeS¢e koristi numericke simulacije u cilju
analize ponaSanja ventilacijskih sistema 1 disperzije zagadivaa u tunelima.
Rezultati takvih istrazivanja pokazuju da raspored ventilacijskih kanala, brzina i
smjer strujanja zraka, kao 1 stepen turbulencije, imaju odlucujuéi uticaj na
prostornu raspodjelu prasine i plinova. U nepovoljnim konfiguracijama moguce
je formiranje zona u kojima koncentracije Stetnih tvari viSestruko premasuju
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preporucene grani¢ne vrijednosti, ¢ak 1 u uslovima kada ukupni protok zraka
nominalno zadovoljava projektne zahtjeve [13,14].

Pored kontrole zagadenja, ventilacijski sistemi imaju znacajnu ulogu u regulaciji
mikroklimatskih uslova unutar tunela, ukljucujuc¢i temperaturu i relativnu
vlaznost zraka. PoviSene temperature i1 visoka vlaznost, u kombinaciji sa
zagadenim zrakom, dodatno povecavaju fiziolosko optereéenje radnika, smanjuju
radnu efikasnost i povecavaju rizik od termalnog stresa i toplotnih poremecaja
[15]. Ovi problemi su posebno izrazeni u dubokim tunelima s izrazenim
geotermalnim uticajima i dugim ventilacijskim sistemima.

Uprkos kontinuiranom razvoju tehnologije i opreme, istrazivanja iz razlicitih
zemalja potvrduju da radnici u tunelogradnji i dalje pokazuju znacajne negativne
zdravstvene ishode povezane s profesionalnom izlozenos¢u. To se prvenstveno
odnosi na povecanu ucestalost hronicnih respiratornih simptoma, smanjenje
pluéne funkcije te ve¢u pojavnost hroni¢ne opstruktivne pluéne bolesti (HOPB) u
poredenju s radnicima u manje zagadenim radnim okruzenjima [16-18].

Polaze¢i od navedenog, istrazivacki problem ovog rada usmjeren je na analizu
uloge ventilacije u smanjenju kumulativne izloZenosti radnika Stetnim cesticama
1 plinovima u tunelogradnji. Cilj rada je sintetizirati dostupna nau¢na saznanja,
empirijske podatke i rezultate numerickih simulacija radi razvoja integrirane
metodologije za procjenu efikasnosti ventilacijskih sistema. Originalnost
istrazivanja ogleda se u interdisciplinarnom pristupu koji povezuje geotehniku,
inzenjerski dizajn ventilacije, medicinu rada i sigurnosni menadzment [19-21], te
u pozicioniranju rezultata u okviru medunarodnih smjernica i standarda (WHO,
OSHA), s ciljem formuliranja prakticnih preporuka za projektante, izvodace 1
nadzorne organe.

2. Pregled literature i teorijski okvir

Ventilacija u tunelogradnji predstavlja kljucni inZenjerski i sigurnosni sustav ¢ija
je osnovna funkcija osiguravanje prihvatljive kvalitete zraka u zatvorenim
podzemnim prostorima. Njena uloga obuhvata razrjedivanje 1 uklanjanje Stetnih
plinova 1 praSine, sprjeCavanje formiranja stagnacijskih zona te regulaciju
mikroklimatskih uvjeta. Time ventilacija postaje ne samo tehnicki podsistem, vec¢
1 centralni instrument zaStite zdravlja radnika 1 upravljanja rizicima na gradiliStu.

2.1. Empirijski nalazi o zdravlju radnika

Epidemioloske i longitudinalne studije dosljedno potvrduju da radnici u tunelima
imaju povecan rizik od respiratornih simptoma i smanjenja pluéne funkcije u
odnosu na kontrolne grupe. Dugotrajna kumulativna izloZenost praSini i
plinovima povezana je sa statisticki zna¢ajnim padom FEV1, dok su kratkoro¢ne
studije pokazale izrazene promjene plu¢ne funkcije ve¢ tokom nekoliko mjeseci
rada. Empirijska mjerenja koncentracija plinova u realnim tunelima dodatno
potvrduju da ugljicni monoksid (CO) cesto prelazi maksimalno dopustene
koncentracije, osobito nakon miniranja, Sto predstavlja dominantan rizik za
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radnike. Radi preglednosti, dosadaSnja empirijska istrazivanja o respiratornim
rizicima u tunelima sistematizirana su u tabeli 1.

Tabela 1. Empirijski nalazi o zdravlju radnika u tunelogradnji

Autor / Fokus . . o Primjenjivost
godina | istraZivanja Glavni nalazi | OgraniCenja u praksi
Radnici
Bakke et izlozeni prasini Epidemioloski
al Prasina i 1 plinovima Ograniceno dokaz
@ 061) plinovi u imaju veéi na specifi¢ne povezanosti
(4] tunelima rizik od lokacije. izloZenosti 1
respiratornih zdravlja.
simptoma.
Dugotrajna
Bakke et izloZenost Potvrduje
al. Kumulativna povezana s Fokus na dugorocne
2004 izlozenost padom FEV1, | jednu regiju. zdravstvene
J g1
[5] neovisno o rizike.
dobi i1 pusenju.
Ulvestad Zabiljezeni Relevantno za
Kratkoro¢na kratkoro¢ni Ograniceno o
et al. . . e monitoring u
pluéna padovi FEV1 | na specificne
(2015) . . . realnom
funkcija kod tunelskih | radne uvjete.
[9] . vremenu.
radnika.
CO najcesce
Klanfar - prelazi MDK u Fokus na NaglaSava
Empirijska . .
et al. . . svim fazama jedan tunel potrebu za
mjerenja CO . o
(2015) i NOx gradnje, (Mala kontinuiranim
[22] posebno nakon Kapela). monitoringom.
miniranja.

2.2. CFD simulacije i numeri¢ki modeli

Numeric¢ke metode, posebno racunalna dinamika fluida (CFD), postale su klju¢ni
alat u analizi ventilacijskih sustava u tunelogradnji. One omogucavaju simulaciju
distribucije praSine i plinova pod razli¢itim konfiguracijama ventilacijskih
parametara, identifikaciju kriticnih zona 1 optimizaciju rasporeda kanala.
Istrazivanja pokazuju da CFD simulacije mogu znacajno doprinijeti preciznijem
projektiranju ventilacijskih sustava, ali se Cesto suoCavaju s ogranicenjem
nedostatka validacije u realnim uvjetima gradnje. Radi preglednosti, dosadasnja
istrazivanja zasnovana na CFD simulacijama 1 numerickim metodama
sistematizirana su u tabeli 2.
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Tabela 2. CFD simulacije i numericki modeli u tunelogradnji
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Autor / Fokus . . o . Primjenjivost
. . .. . Glavni nalazi | OgranicCenja .
godina | istrazivanja u praksi
Optimizacija .
Yang CFD rasporeda zaslil/lociii na otePr:)CI?aZluéeFD-
et al. simulacije | kanala smanjuje simulaciiama p ;u
(2022) | distribucije | koncentraciju jamd, Jau
. . bez terenskih projektiranju
[23] prasine PM2.51CO za podataka ventilacije
20-30%. ) )
Numericka
simulacija
Jiang et CFD omogucava Fokusiranana | Primjenjivou
al. kontrola preciznu specificne planiranju
(2021) | prasine pri | kontrolu Sirenja scenarije ventilacije pri
[24] busenju prasine 1 busenja. busenju.
identifikaciju
kriticnih zona.
Identifikacija
kriti¢nih zona 1 . .
Zhang o L Zahtijeva Integracija
et al Kombinacija optimizacija validaciju u empirijskih
(2024) | Mieremai | sustava kroz razliéitjim ogatejlka i
CFD integraciju . P ..
[14] empirije i tunelima. simulacija.
modeliranja.
Analiza zakona
. transporta
Nz ct CFD analiza prasine i Ogranic¢eno na ielz\rﬁg[;lg.ia
. transporta starosti zraka modelne p J
(2023) o e . metoda
prasine pod razli¢itim uvjete. .
[13] ventilacije.
metodama
ventilacije.
Vizualizacija
Colella strujanja zraka | Stariji model, Osnova za
et al. Multi-scale u tunelu, ogranicen na kasniji razvoj
(2009) | CFD model identifikacija specificne multi-scale
[25] near-field 1 far- uvjete. modela.
field zona.

2.3. Energetska optimizacija i izvedbeni problemi

Pored zdravstvenih i1 sigurnosnih aspekata, ventilacija u tunelogradnji ima i
znacajnu tehnicku i ekonomsku dimenziju. Energetska potro$nja ventilacijskih
sustava predstavlja jedan od najvecih operativnih troSkova u podzemnoj gradnji.
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Zbog toga se u literaturi sve viSe naglaSava potreba za dinamickom kontrolom
protoka zraka, kako bi se istovremeno smanjili profesionalni rizici i optimizirala
potrosnja energije. Medutim, brojna istrazivanja ukazuju da stvarna izvedba
ventilacijskih kanala ¢esto ne postize projektirane performanse, zbog problema
poput zrakonepropusnosti 1 povecanog otpora zraka. Ovi faktori mogu rezultirati
smanjenim protokom i akumulacijom zagadivaca u radnom prostoru, ¢ime se
direktno ugrozava sigurnost radnika. U nastavku su prikazani odabrani radovi koji
se bave energetskom optimizacijom i izvedbenim problemima ventilacijskih
sustava u tunelogradnji.

Tabela 3. Energetska optimizacija i izvedbeni problemi ventilacijskih sustava

Autor Fokus Glavni .« .| Primjenjivost
/ . ve . . Ogranicenja .
. istraZzivanja nalazi u praksi
godina
Optimizacija
Si, protoka Primjena Relevantno za
Cao & Dinamicka smanjuje ogranicena na odrzive
Chen kontrola protoka | profesionalne | longitudinalne projekte i
(2020) zraka rizike 1 sustave smanjenje
[26] potrosnju ventilacije. troskova.
energije.
Neadekvatna Naglasava
izvedba Numericka razliku
Chang ) .. :
kanala simulacija, izmedu
etal. | Zrakonepropusnost . S ) .
. dovodido | bez validacije projektnih
(2024) 1 otpor zraka . . .
curenja zraka u realnim parametara 1
[27] ; . o : .
povecanog uvjetima. izvedbenih
otpora. performansi.

2.4. Mikroklimatski faktori

Ventilacija u tunelogradnji ne utjee samo na koncentraciju prasine i plinova, ve¢
1 na mikroklimatske uvjete unutar podzemnog prostora. PoviSene temperature,
visoka relativna vlaznost 1 ogranien protok zraka dodatno povecavaju fizioloSko
opterecenje radnika, smanjuju radnu efikasnost i povecavaju rizik od termalnog
stresa. Ovi problemi su posebno izraZzeni u dubokim tunelima s izraZenim
geotermalnim utjecajem, gdje ventilacija mora istovremeno osigurati
razrjedivanje zagadivaca i regulaciju toplinskih uvjeta. Pored topline i vlage,
prasina i plinovi se takoder smatraju mikroklimatskim faktorima jer direktno uti¢u
na kvalitet zraka i zdravstvene ishode radnika. Savremena istrazivanja dodatno
naglasavaju vaznost kontinuiranog monitoringa mikroklime 1 primjene
inovativnih tehnologija koje omoguc¢avaju pravovremeno pracenje parametara i
smanjenje rizika od toplotnog stresa 1 respiratornith oboljenja. Radi
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sistematizacije, u nastavku se izdvajaju relevantni radovi koji analiziraju
mikroklimatske faktore u tunelogradnji, s naglaskom na njihove klju¢ne nalaze i

prakti¢nu primjenjivost.

Tabela 4.Mikroklimatski faktori u tunelogradnji

Autor c ..
Fokus . . ox Primjenjivost
/ . e Glavni nalazi Ogranicenja .
sodina istrazivanja u praksi
Kombinacija
Nath, tolﬁ;nzzi;,?ie ! Pregledni rad, | Relevantno za
Sahu & Globalna & Ja globalni fokus, | duboke tunele
. povecava rizik ey -
Lee izlozenost od termalno bez specifi¢nih S
(2026) toplini nog tunelskih geotermalnim
stresa 1 .
[15] . podataka. utjecajem.
smanjenja
produktivnosti.
Ventilacija
doprinosi
regulaciji Ogranic¢eno na Primieniivo u
Sharma | Ventilacija i temperature i tehnicki opis, o eJ:ktiJran'u
(2020) | mikroklimau | vlaznosti, ¢ime bez projextitany
. . . . .. ... | ventilacijskih
[12] tunelima se smanjuje epidemioloskih re¥ima
fiziolosko podataka. '
opterecenje
radnika.
Visoke
koncentracije
Wei, 20 f;;s;n;a%o Fokus na Primjenjivo za
Jiang Generacija i struiania & praSinu, bez procjenu
& Di distribucija wor ékuj'u analize zdravstvenih
(2024) praSine X temperature 1 | rizika i mjere
respiratorne "
[28] rizike vlage. zastite.
ukljucujuci
pneumokoniozu.
Geotermalni
Wan utjecaj stijenske Fokus na Primjenjivo za
ot alg Predikcija mase znacajno termalne duboke tunele
(202 4) temperaturnog povecava uvjete, bez s visokim
129] polja temperaturu u analize geotermalnim
dubokim prasine. utjecajem.
tunelima.
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Tehnologije za
.. pracenje Fokus na D
Sorlini . . : .. Primjenjivo za
Inovativne mikroklime tehnologije, .
ctal. tehnologije za | smanjuju rizik manje na modernizaciju
(2023) o8y W e tunelskih
30] monitoring od toplotgog empirijske projekata
stresa i podatke. '
zagadenja.
Poljski testovi
pokazali
Rojas- varijacije
Alva ct | TBM tunelska temlzeratqrfe, Stariji rad, Relevaptno za
) vlaznosti i fokus na TBM, | mehanizovane
al. gradnja - brzine zraka bez Sire rojekte
(2016) | mikroklima N proJ
;31] tokom TBM primjene. tunela.
rada; predlozene
kontrolne
vrijednosti.
Distribucija
e Fokus na T
Chang ... . | praSine i plinova o Primjenjivo za
Ventilacija i o zagadivace, S,
et al. cn s zavisi od . projektiranje
difuzija . manje na N
(2025) o protoka zraka i ventilacijskih
zagadivaca .. termalne ..
[32] geometrije . rezima.
uvjete.
tunela.

2.5. Normativni i medunarodni okvir

Pored empirijskih nalaza i numeri¢kih modela, znacajnu ulogu u oblikovanju
ventilacijskih sustava imaju medunarodne smjernice 1 nacionalna regulativa. One
postavljaju minimalne standarde za kvalitet zraka, sigurnost radnika i tehnicke
zahtjeve ventilacijskih instalacija. Smjernice medunarodnih organizacija poput
ITA/AITES osiguravaju globalnu standardizaciju, dok OSHA regulativa definira
obavezne parametre u americkoj praksi. U Bosni 1 Hercegovini, ,,Smjernice za
projektovanje, gradenje, odrZzavanje i nadzor na putevima — Knjiga II: Gradenje,
Dio 3: Posebni tehnicki uslovi za tunele* (2005) propisuju konkretne vrijednosti
za minimalnu koli¢inu zraka i brzinu strujanja u tunelima, ¢ime se osigurava
uskladenost projektnih rjeSenja s lokalnim normativnim zahtjevima. Tabela 5 daje
sazet prikaz kljuénih smjernica i1 standarda koji definiraju tehnicke zahtjeve
ventilacije u tunelima, isticu¢i njihovu primjenjivost i ogranicenja.

Tabela 5.Normativni i medunarodni okvir ventilacije u tunelogradnji

St Primjenjivos
Izvor Fokus nalazi / Ogranicenja JETJIVA
. t u praksi
zahtjevi
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Sigurna
upotreba
privremeni
h Standardizaci
ITA/AITE | Medunarod vent ilacijsk Opce smjernice, bez jat globganJ
S (2011) ne ih sistema u lokalnih praksi;
. tunelima; e : referentni
[33] smjernice specifi¢nosti. .
preporuke okvir za
za projektante.
projektiranj
el
odrzavanje.
Minimalni
standardi za .
Kvalitet . Normativni
OSHA sraka Fokus na americ¢ku okvir za
(2003) Regulativa sigurnost praksu; zahtij cva 51gu1:n'ost !
... | prilagodbu lokalnim zaStitu
[34] radnika i . .
ventilacijsk uvjetima. zdraylja
€ parametre radnika,
u tunelima.
Smjernice Propisuju
Kniica minimalnu
i Dgog} koliginu Obavezni
’ y . . zraka i o normativni
Posebni | Nacionalni . Primjenjivo samo u
tehnicki tehnicki brzinu lokalnom/regionaln dokument u
. strujanja u g projektiranju
uslovi za standard . om kontekstu. . .
tunele tunghma, 1 1zvodenju
(2005) ovisno o tunela.
[35] vrsti
radova.

3. Analiza i diskusija dosadasnjih istraZzivanja
Pregled literature pokazuje da se istrazivanja ventilacije u tunelogradnji mogu
podijeliti u nekoliko komplementarnih kategorija: empirijski nalazi, numericki
modeli, energetska optimizacija, mikroklimatski faktori i normativni okvir. Svaka
od ovih kategorija daje specifi¢an doprinos razumijevanju problema, ali tek
njihova integracija omogucava cjelovitu sliku. Empirijske studije (Bakke et al.,
Ulvestad et al., Klanfar et al.) jasno potvrduju povecan rizik od respiratornih
oboljenja kod radnika, dok CFD simulacije (Yang, Jiang, Zhang, Nie, Colella)
nude moguénost predvidanja distribucije zagadivaca i optimizacije ventilacijskih
sistema. Medutim, nedostatak validacije simulacija u realnim uvjetima ostaje
kljucni izazov. Energetska istrazivanja (Si, Cao & Chen; Chang) ukazuju na
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potrebu balansiranja izmedu sigurnosti 1 ekonomic¢nosti, dok mikroklimatski
radovi (Nath, Sharma, Wei, Wang, Sorlini, Rojas-Alva, Chang) dodatno pokazuju
da kombinacija topline, vlage, prasine i plinova povecava rizik od termalnog
stresa 1 respiratornih oboljenja, pri ¢emu su predlozene kontrolne vrijednosti 1
monitoring tehnologije klju¢ne za smanjenje optere¢enja radnika. Normativni
dokumenti (ITA/AITES, OSHA, Smjernice Knjiga II, Dio 3) osiguravaju
minimalne standarde, ali se u praksi Cesto javljaju razlike izmedu projektnih
zahtjeva i izvedbenih moguénosti.

3.1 Diskusija empirijskih nalaza

Empirijska istrazivanja provedena medu tunelskim radnicima dosljedno
potvrduju povecan rizik od respiratornih oboljenja, §to se kvantitativno ocituje
kroz pad pluéne funkcije 1 ucestalost respiratornih simptoma. Longitudinalna
studija pokazala je da se vrijednost FEV1 kod radnika s visokom kumulativhom
izlozenos¢u prasini smanjuje znatno brze u odnosu na kontrolne grupe, pri ¢emu
je zabiljezen prosjecan godisnji pad od oko 40 ml naspram 20 ml kod radnika koji
nisu bili izloZeni [4]. Ovi rezultati potvrduju da je radno okruZenje klju€an faktor
u ubrzanom smanjenju pluéne funkcije. Dodatna istrazivanja pokazala su da se
smanjenje FEV1 javlja neovisno o dobi i pusenju, $to naglasava direktan utjecaj
izloZenosti praSini 1 plinovima [5]. Sli¢ne rezultate o utjecaju busenja i sidrenja
na sigurnost radnika donosi i Filipovi¢ et al. [36], gdje se pokazuje da tehnoloski
postupci direktno utiu na stabilnost i sigurnost radnog prostora.

Analize prevalencije respiratornih simptoma takoder ukazuju na znacajne razlike
izmedu tunelskih radnika 1 kontrolnih grupa. Utvrdeno je da kroni¢ni kaSalj
pogada vise od tre¢ine radnika, dok je u kontrolnim populacijama taj udio gotovo
dvostruko manji [9]. Ovi podaci jasno ukazuju na povezanost izmedu intenziteta
izloZenosti 1 ucestalosti respiratornih tegoba. Dodatno, mjerenja provedena u
hrvatskim tunelima pokazala su da koncentracije respirabilne praSine prelaze
grani¢nu vrijednost od 3 mg/m? S§to je direktno povezano s povecanom
ucestaloS¢u respiratornih simptoma [22]. Ye et al. [37] kroz analizu defekata u
kineskim tunelima dodatno potvrduju da strukturni nedostaci i neadekvatna
ventilacija povecavaju rizik od kumulativne izloZenosti radnika.

Sveukupno, empirijski nalazi ukazuju na kumulativni efekt izloZzenosti prasini i
plinovima, s mjerljivim smanjenjem plu¢ne funkcije 1 pove¢anom prevalencijom
respiratornih simptoma. Ovi rezultati predstavljaju ¢vrstu osnovu za dalju analizu
u kontekstu numerickih modela i normativnih zahtjeva, jer jasno pokazuju da se
zdravstveni rizici ne mogu sagledati samo kroz teorijske proracune, vec
zahtijevaju kontinuirano pracenje i validaciju u realnim uvjetima.

3.2 Diskusija CFD simulacija

Numeri¢ki modeli ventilacije u tunelima, posebno oni zasnovani na CFD
metodama, omogucavaju detaljno predvidanje distribucije zagadivaca i dinamike
strujanja zraka. Jiang 1 saradnici su pokazali da koncentracija uglji¢nog
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monoksida u tunelu moze dosti¢i vrijednosti iznad 50 ppm u zonama slabog
strujanja, dok se primjenom optimiziranog ventilacijskog rezima koncentracija
smanjuje ispod 20 ppm, Sto je u skladu s preporuc¢enim sigurnosnim granicama
[24]. Yang et al. su simulacijama dokazali da brzina strujanja zraka od 3 m/s
osigurava efikasnu disperziju prasine i plinova, dok nize brzine dovode do lokalne
akumulacije i povecanog rizika za radnike [23].

CFD modeli takoder ukazuju na znacaj geometrije tunela. Zhang et al. su pokazali
da u tunelima s kompleksnim raskrsnicama dolazi do formiranja turbulencija koje
povecavaju lokalne koncentracije zagadivaca za vise od 30 % u odnosu na
linearne dionice [14]. Ovi rezultati potvrduju da projektiranje ventilacijskih
sistema mora uzeti u obzir specificnu geometriju i dinamicke karakteristike
gradilista.

Dodatno, Nie et al. su simulacijama potvrdili da maksimalne koncentracije
prasine u blizini radne fronte pri klasi¢noj potisnoj ventilaciji prelaze 1200 mg/m?,
dok se primjenom kombinovanih rezima vrijednosti smanjuju na 400—600 mg/m>.
Uveli su i pokazatelj ,,air age, pri ¢emu je u zonama slabog strujanja starost zraka
prelazila 300 s, dok je optimizacijom ventilacije smanjena ispod 100 s, §to ukazuje
na brzu izmjenu i bolju kvalitetu zraka [13]. Yin et al. [38] dodatno potvrduju da
parametri ventilacije, poput brzine i smjera strujanja, mogu optimizirati uc¢inak
zracnih zavjesa u uklanjanju prasine.

Dodatno, Zhang et al. [39] analizirali su obrasce distribucije praSine i optimizaciju
ventilacijskog sistema, potvrduju¢i da kombinacija empirijskih mjerenja i CFD
modela daje najpreciznije rezultate. Xu et al. [40] proSiruju primjenu CFD modela
na scenarije pozara, potvrduju¢i da prirodna ventilacija moze biti validirana
eksperimentalnim podacima. Ovi rezultati potvrduju da CFD simulacije ne samo
da omogucavaju predvidanje distribucije zagadivaca, ve¢ 1 kvantitativnu procjenu
ventilacijske efikasnosti.

U istom radu, Nie et al. su prikazali 1 segmentaciju strujnih zona u tunelu pod
rezimom potisne ventilacije, ukljucuju¢i mlazne, vrtloZzne i prijelazne tokove. U
nastavku je prikazana slika 1, koja dokumentira raspodjelu strujanja zraka u
tunelskom profilu i lokalne obrasce strujanja na karakteristicnim presjecima.
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Distance from working No Distance from working

Name of ficld Name of ficld

face face
1 Wall jet area 0-8m 4 Transitional airflow field area 20-35m
2 Triangular jet arca 0-10m 5 Smooth airflow field 35-75m
3 Vortex area 13-20m

(a) Overall distribution of airflow under press-in ventilation

Pointing away from the side
. of the pressure air cylinder

(3) Z=11m

" The left side points to the back of the

Ctunnel and the right side is vortex-like
\/

(4) Z=26m (5) Z=50m
(b) Local distribution of airflow under pressure-in ventilation

Slika 1.Raspodjela strujanja zraka u tunelu pod reZimom potisne ventilacije, sa
prikazom pet karakteristi¢nih strujnih zona i lokalnih presjeka [13].

3.3 Energetska optimizacija ventilacije

Ventilacija u tunelima nije samo pitanje sigurnosti, ve¢ i jedan od najvecih
potroSaca energije u podzemnim radovima. Prema dostupnim studijama,
energetski troSkovi ventilacije mogu c¢initi 1 do 40-50 % ukupne potrosnje
elektri¢ne energije na gradiliStu, $to naglaSava potrebu za optimizacijom sistema.
CFD simulacije imaju klju¢nu ulogu u pronalaZenju balansa izmedu sigurnosti
radnika i energetske efikasnosti. Yang i saradnici su pokazali da brzina strujanja
zraka od 3 m/s osigurava efikasnu disperziju prasine i plinova, ali istovremeno
zahtijeva znacajnu potroS$nju energije. Smanjenje brzine na 2 m/s moze smanjiti
potro$nju energije za vise od 20 %, ali dovodi do povecane akumulacije
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zagadivaca 1 lokalnih rizika [23]. Liu et al. [41] predlazu primjenu neuronskih
mreza za frekvencijsku kontrolu ventilacije, ¢ime se postize dodatna optimizacija
potroSnje energije uz ouvanje sigurnosnih standarda. Zhang et al. [42] dodatno
pokazuju da optimizacija ventilacije u ekstra dugim tunelima kroz racionalan
raspored kanala moZe zna¢ajno smanjiti potro$nju energije, bez kompromisa po
pitanju sigurnosti.

Nie 1 saradnici su dodatno istakli da kombinovani rezimi ventilacije (potisna +
izvlaka) ne samo da smanjuju koncentraciju prasine za vise od 50 % u odnosu na
jednostranu potisnu ventilaciju, ve¢ 1 optimiziraju potroSnju energije kroz
ravnomjerniju raspodjelu strujanja [13]. Ovi rezultati ukazuju da projektiranje
ventilacijskih sistema mora biti zasnovano na integrisanom pristupu, gdje se
sigurnosni zahtjevi i energetska odrzivost razmatraju istovremeno.

U nastavku je prikazana slika 2, koja sintetizira podatke iz Jiang et al. [24], Yang
et al. [23] 1 Nie et al. [13], te prikazuje kompromis izmedu brzine strujanja zraka,
koncentracije praSine i potro$nje energije. Optimalna zona se nalazi oko 3 m/s,
gdje je koncentracija prasine ispod sigurnosne granice, a potro$nja energije jos
uvijek prihvatljiva.

Visoka brzina,
Niska prasina,
Visoka potrosnja

Visoka ﬁ Niska brzina,
Visoka potrosnja

Potrosnja
energije
(kw)

Niska

<Niska potrosnja’h
. Visoka potrosnja
Niska

Visoka

Brzina strujanja
zraka (m/s)

Niska

Slika 2.Vizualizacija odnosa izmedu brzine strujanja zraka, koncentracije prasine i
potrosnje energije u tunelu. Slika autora, na osnovu podataka iz Jiang et al. (2021),
Yang et al. (2022) i Nie et al. (2023).

3.4 Diskusija mikroklimatskih faktora

Radovi koji se bave mikroklimom u tunelima dosljedno ukazuju na to da povisene
temperature i visoka relativna vlaznost znacajno povecavaju fiziolosko
optere¢enje radnika. Nath, Sahu i Lee kroz globalnu analizu pokazuju da
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kombinacija topline, vlage i zagadenja dovodi do povecanog rizika od termalnog
stresa 1 smanjenja produktivnosti, §to je narocito izrazeno u dubokim tunelima s
geotermalnim utjecajem [15]. Ovi nalazi potvrduju da mikroklimatski faktori
moraju biti integralni dio projektiranja ventilacijskih sistema, a ne samo sporedni
parametar.

Sharma naglasava da ventilacija ima dvostruku funkciju: osim razrjedivanja
praSine i plinova, ona osigurava regulaciju temperature i vlaznosti. Time se
smanjuje fiziolosko opterecenje radnika i povecava radna efikasnost [12]. Chen
et al. [43] dodatno naglasavaju vaznost raspodjele brzine zraka i koeficijenta
prijenosa topline u ventilacijskim kanalima, Sto direktno uti¢e na mikroklimatske
uvjete. Rojas-Alva kroz poljske testove u TBM tunelima potvrduje da
temperatura, vlaznost i brzina zraka variraju tokom rada mehanizacije, te predlaze
kontrolne vrijednosti za optimalne uvjete [31]. Njegovi rezultati ukazuju da
mikroklimatski faktori nisu stati¢ni, ve¢ se mijenjaju u zavisnosti od intenziteta
radova 1 koriStene tehnologije.

Prasina i plinovi se takoder moraju posmatrati kao mikroklimatski faktori. Wei,
Jiang 1 Di istiu da visoke koncentracije praSine u zonama slabog strujanja
povecavaju rizik od respiratornih oboljenja, ukljucujuci pneumokoniozu. Njihova
analiza prostorno-vremenske distribucije prasine pokazuje da Cestice mogu ostati
suspendovane u zraku duze vrijeme u suhim uslovima, §to direktno utice na
kvalitet mikroklime [28].

Wang dodatno naglasava da geotermalni utjecaj stijenske mase u dubokim
tunelima znacajno podize temperaturu, Sto zahtijeva posebne mjere hladenja i
prilagodene ventilacijske rezime [29]. Sorlini ukazuje na vaznost inovativnih
tehnologija za monitoring mikroklime, koje omogucavaju pravovremeno pracenje
parametara i smanjenje rizika od toplotnog stresa i zagadenja [30]. Bektasevi¢ et
al. [44] dodatno naglasavaju vaznost multidisciplinarnog pristupa preventivhim
mjerama sigurnosti u tunelogradnji, potvrdujuéi da kontrola mikroklime mora biti
povezana sa $irim sistemom zaStite na radu.

Sveukupno, nalazi pokazuju da mikroklimatski faktori u tunelima imaju
dinamican karakter i da njihova kontrola predstavlja klju¢ni element sigurnosti,
zaStite zdravlja 1 odrZivosti u podzemnim radovima. Integracija empirijskih
mjerenja, tehnoloSkog monitoringa i prilagodenih ventilacijskih reZima jedini je
naCin da se osigura stabilna 1 sigurna mikroklima u sloZzenim uslovima
tunelogradnje.

3.5 Normativni okvir - diskusija

Normativni okvir ventilacije u tunelogradnji zasniva se na medunarodnim
smjernicama, nacionalnim propisima i tehnickim standardima koji definiraju
minimalne zahtjeve za kvalitet zraka, sigurnost radnika 1 projektiranje
ventilacijskih sistema [33-35]. Pregled strucne literature ukazuje da se ovi
dokumenti u praksi Cesto koriste kao polazna tacka, dok stvarna sigurnost zavisi
od dosljedne primjene i prilagodavanja specificnim uvjetima gradilista [27].
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Nepodudarnosti izmedu projektnih parametara i izvedbenih performansi mogu
dovesti do formiranja stagnacijskih zona, povecane kumulativne izloZenosti
radnika i1 odstupanja od propisanih granica koncentracija plinova i prasine [27].
Savremeni radovi naglasavaju da normativni zahtjevi moraju biti dopunjeni
kontinuiranim monitoringom mikroklimatskih faktora i1 integracijom inovativnih
tehnologija za mjerenje u realnom vremenu [30]. BS 6164:2019 - Code of practice
for health and safety in tunnelling isti¢e da ventilacija mora biti pracena stalnim
mjerenjem koncentracija praSine i plinova, uz kontrolu temperature i vlaznosti.
Sli¢no tome, ITA/AITES Guidelines for good occupational health and safety
practice in tunnel construction naglaSavaju da medunarodne smjernice treba
dopuniti lokalnim monitoringom te da se osnovni principi zastite moraju potvrditi
empirijskim mjerenjima na gradilistu [33].

U americkom kontekstu, OSHA standardi za podzemnu gradnju (29 CFR
1926.800) propisuju minimalne vrijednosti za ventilaciju i1 kvalitet zraka, ali
njihova efektivnost zavisi od stalne validacije u realnim uvjetima, jer odstupanja
u izvedbi mogu povecati izlozenost radnika [34]. U kineskom kontekstu, JTG-
2005 [45] tehnicke specifikacije za gradnju tunela propisuju detaljne zahtjeve za
ventilaciju, Sto pokazuje da lokalni standardi imaju klju¢nu ulogu u oblikovanju
sigurnosnih rezima. Shokofe et al. [46] dodatno ukazuju da nesigurnost u emisiji
plinova moze znac¢ajno uticati na distribuciju zraka, §to potvrduje da normativni
zahtjevi moraju biti dopunjeni analizom nesigurnosti modela. Bektasevi¢ et al.
[47] kroz studiju o tunelskoj podrsci u urbanim zonama s malim nadviSenjem
dodatno potvrduju da normativni zahtjevi moraju biti prilagodeni lokalnim
geotehni¢kim uvjetima kako bi se osigurala sigurnost i stabilnost konstrukcije.

Zakljucak

Ventilacija u tunelogradnji predstavlja kljuéni faktor ocuvanja zdravlja 1
sigurnosti radnika, ali 1 jedan od najve¢ih tehnic¢kih i1 ekonomskih izazova
podzemne gradnje. Analiza dostupnih empirijskih studija pokazuje da
kumulativna izloZenost praSini i plinovima dovodi do myjerljivog smanjenja
pluéne funkcije 1 povecane prevalencije respiratornih simptoma, $to potvrduje da
se zdravstveni rizici ne mogu sagledati samo kroz teorijske proraCune, vec¢
zahtijevaju kontinuirano pra¢enje u realnim uvjetima. Numericki modeli
zasnovani na CFD simulacijama omoguc¢avaju preciznu identifikaciju kriti¢nih
zona 1 optimizaciju ventilacijskih reZzima, ali njthova pouzdanost zavisi od
validacije empirijskim mjerenjima. Energetska istrazivanja ukazuju da ventilacija
moze Ciniti 1 do 50 % ukupne potroSnje elektricne energije na gradilistu, Sto
naglaSava potrebu za integrisanim pristupom koji istovremeno uzima u obzir
sigurnost radnika 1 odrzivost sistema. Mikroklimatski faktori, poput poviSene
temperature 1 vlaznosti, dodatno povecavaju fiziolosko opterecenje radnika, dok
inovativne tehnologije za monitoring omogucavaju pravovremenu kontrolu
rizika. Normativni okvir, zasnovan na medunarodnim smjernicama i nacionalnim
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propisima, postavlja minimalne standarde, ali njihova efektivna primjena
zahtijeva prilagodbu lokalnim geotehnickim uvjetima i stalnu validaciju u praksi.
Glavni doprinos ovog rada ogleda se u integraciji empirijskih nalaza, numerickih
simulacija 1 normativnih zahtjeva, Cime se osigurava cjelovitija procjena
ventilacijskih sistema u tunelogradnji. Time se potvrduje da interdisciplinarni
pristup — koji povezuje geotehniku, inzenjerski dizajn, medicinu rada i sigurnosni
menadzment — predstavlja jedini nacin da se dugoroCno osigura sigurnost,
zdravlje i produktivnost radnika u slozenim uslovima podzemne gradnje.
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Abstract

Ventilation in tunnel construction represents a key system for preserving the
health and safety of workers in underground environments. This paper analyses
empirical epidemiological studies, numerical CFD simulations, and regulatory
requirements in order to assess the effectiveness of ventilation regimes. The
results show that cumulative dust exposure leads to an average annual decline in
FEV: of 40 ml among workers, compared to 20 ml in control groups, while carbon
monoxide (CO) concentrations after blasting frequently exceed permissible limits.
CFD models confirm that an airflow velocity of 3 m/s ensures optimal dust
dispersion, but at the cost of increased energy consumption, which can account
for up to 50% of the total electrical energy consumption of the construction site.
Analysis of microclimatic factors indicates that elevated temperatures and high
humidity further increase the physiological workload of workers, while innovative
monitoring technologies enable timely risk control. The regulatory framework,
based on international guidelines (ITA/AITES, OSHA) and national regulations,
establishes minimum standards, however, their effective implementation requires
continuous monitoring and adaptation to local geotechnical conditions. The main
contribution of this paper lies in the integration of empirical data and CFD
simulations, providing a more reliable assessment of ventilation regimes and the
formulation of practical recommendations for designers and contractors.
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1. Introduction

Tunnel construction represents a specific branch of the construction industry in
which work processes take place in confined and enclosed underground spaces
[1-3], exposing workers to a combination of physical, chemical, and
microclimatic factors that may adversely affect their health and safety. The main
sources of pollution in such conditions include dust generated during drilling and
blasting of rock masses, emissions from diesel-powered machinery, and the
presence of harmful gases such as nitrogen oxides (NOy) and carbon monoxide
(CO), produced as by-products of machinery operation and the use of explosives
[4-6].

Numerous studies conducted among tunnel workers indicate more pronounced
impairment of respiratory health compared to workers not exposed to enclosed
underground environments. Long-term occupational exposure to dust and harmful
gases is associated with a higher prevalence of respiratory symptoms and a
gradual decline in lung function, particularly in forced expiratory volume in one
second (FEV1). Longitudinal studies monitoring workers over periods exceeding
six years have shown that cumulative exposure has a statistically significant effect
on FEV1 decline, independent of age and smoking habits, confirming a direct link
between working conditions in tunnel construction and respiratory health risks
[5,7,8]. Similar results have been confirmed by other studies, reporting a higher
prevalence of chronic respiratory symptoms and a more pronounced reduction in
lung function among tunnel workers compared to control groups [4,9].

Air quality in the working environment is a key determinant of these health risks
and depends on complex interactions between pollution sources, tunnel geometry,
construction activity intensity, and, critically, the efficiency of the ventilation
system [10]. The primary function of tunnel ventilation is to ensure the supply of
fresh air to workplaces, dilute and remove harmful gases and airborne particles,
and prevent the formation of localized zones with elevated pollutant
concentrations.

In this context, ventilation cannot be viewed merely as a technical subsystem of
the construction site, but rather as a central instrument of occupational risk
management [11]. Inadequately designed or poorly optimized ventilation regimes
may lead to the formation of stable low-airflow zones where pollutants persist for
extended periods, significantly increasing cumulative worker exposure [12].
Contemporary technical literature increasingly employs numerical simulations to
analyse ventilation system behaviour and pollutant dispersion in tunnels. Such
studies demonstrate that the arrangement of ventilation ducts, airflow velocity and
direction, and the degree of turbulence have a decisive influence on the spatial
distribution of dust and gases. In unfavourable configurations, zones may form in
which pollutant concentrations exceed recommended limit values several times,
even when the overall airflow nominally meets design requirements [13,14].

In addition to pollution control, ventilation systems play a significant role in
regulating microclimatic conditions within tunnels, including air temperature and
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relative humidity. Elevated temperatures and high humidity, combined with
polluted air, further increase the physiological workload of workers, reduce work
efficiency, and raise the risk of thermal stress and heat-related disorders [15].
These issues are particularly pronounced in deep tunnels with strong geothermal
influences and long ventilation systems.

Despite continuous technological development, studies from various countries
confirm that tunnel workers continue to experience significant adverse health
outcomes associated with occupational exposure. These primarily include an
increased prevalence of chronic respiratory symptoms, reduced lung function, and
a higher incidence of chronic obstructive pulmonary disease (COPD) compared
to workers in less polluted working environments [16—18].

Based on the above, the research problem addressed in this paper focuses on
analysing the role of ventilation in reducing cumulative worker exposure to
harmful particles and gases in tunnel construction. The aim of the study is to
synthesise available scientific knowledge, empirical data, and numerical
simulation results to develop an integrated methodology for assessing ventilation
system effectiveness. The originality of the research lies in its interdisciplinary
approach, linking geotechnical engineering, ventilation design, occupational
medicine, and safety management [19-21], and in positioning the results within
international guidelines and standards (WHO, OSHA) to formulate practical
recommendations for designers, contractors, and supervisory authorities.

2. Literature review and theoretical framework

Ventilation in tunnel construction represents a key engineering and safety system
whose primary function is to ensure acceptable air quality in enclosed
underground spaces. Its role includes the dilution and removal of harmful gases
and dust, prevention of stagnation zones, and regulation of microclimatic
conditions. Consequently, ventilation becomes not merely a technical subsystem
but a central instrument for protecting worker health and managing risks on
construction sites.

2.1. Empirical findings on worker health

Epidemiological and longitudinal studies consistently confirm that tunnel workers
face an increased risk of respiratory symptoms and reduced lung function
compared to control groups. Long-term cumulative exposure to dust and gases is
associated with a statistically significant decline in FEV, while short-term studies
have demonstrated noticeable changes in lung function within just a few months
of work. Empirical measurements of gas concentrations in operational tunnels
further confirm that carbon monoxide (CO) frequently exceeds maximum
permissible concentrations, particularly after blasting, representing a dominant
risk for workers. For clarity, previous empirical studies on respiratory risks in
tunnel construction are systematised in Table 1.

376



Zastita i sigurnost, year 6., number 1

Table 1. Empirical findings on worker health in tunnel construction

Author Research Key findings | Limitations . Prz}ctlc.al
/ Year focus implications
Provides
Workers epidemiological
Bakke et exposed to dust - evidence of the
al. D;l:ésa?lil and gases have L;nEZ?g(;[o association
(2001) & a higher risk of pee between
tunnels . locations. .
[4] respiratory occupational
symptoms. exposure and
health outcomes.
Long-term
exposure is
Bakke et associated with Focused on Confirms long-
al. Cumulative a decline in 4 sinele term health risks
(2004) exposure FEV., reoi fn associated with
[5] independent of gon. tunnel work.
age and
smoking status.
Short-term
Ulvestad declines in Limited to Relevant for
et al. Short-term FEV: were specific real-time health
(2015) | lung function recorded working and exposure
[9] among tunnel | conditions. monitoring.
workers.
CO most
frequently
exceeds D
Klanfar Empirical permissible Focused on Hlihel;ih;srthe
etal. | measurements | exposure limits a single continuous air
0 an ma tunne ala .
(2015) fCO and in all 1 (Mal ualit
[22] NOy construction Kapela). quatity
phases, monitoring.
especially after
blasting.

2.2. CFD simulations and numerical models

Numerical methods, particularly Computational Fluid Dynamics (CFD), have
become a key tool in the analysis of ventilation systems in tunnel construction.
They enable the simulation of dust and gas distribution under various
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configurations of ventilation parameters, the identification of critical zones, and
the optimization of duct layouts. Studies indicate that CFD simulations can
significantly contribute to more accurate design of ventilation systems; however,
they often face limitations due to a lack of validation under real construction
conditions. For clarity, previous studies based on CFD simulations and numerical

methods are systematized in Table 2.

Table 2. CFD Simulations and numerical models in tunnel construction

Author Research . c e . Practical
/ Year focus LEGadiieR ) Mg implications
Optimization of Demonstrates
Yang et CFD duct layout Simulation- the potential of
al. simulations of | reduces PM2.5 | based model %FD i
(2022) dust and CO without field ventilation
[23] distribution concentrations data. .
by 20-30%. system design.
Numerical
) simulation Applicable to
Jla;g et CFD-based enables precise F(;Cl;i?g:n ventilation
' dust control control of dust peC] planning during
(2021) . o . . drilling =
during drilling | dispersion and . drilling
[24] . . . scenarios .
identification of operations.
critical zones.
Identification of
critical zones Inteeration of
Zhang | Combination and system Requires . rﬁ rical
et al. of optimization validation in mea pr ment
(2024) | measurements through different an de sisrliufla t?onss
[14] and CFD integration of tunnels. '
empirical data
and modeling.
Analysis of dust
. transport
Nie et CFD analysis | mechanisms and | Limited to R.ele.van.t for
al. . optimization of
of dust air age under model o
(2023) . ... ventilation
transport different conditions.
[13] o methods.
ventilation
methods.
Colella Visualization of Older Foundation for
. . model, subsequent
et al. Multi-scale airflow patterns limited to development of
(2009) CFD model in tunnels and 3 P
. . . specific multi-scale
[25] identification of ..
conditions. models.
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near-field and
far-field zones.

2.3. Energy optimization and implementation issues

In addition to health and safety aspects, ventilation in tunnel construction also has
a significant technical and economic dimension. The energy consumption of
ventilation systems represents one of the largest operational costs in underground
construction. Therefore, the literature increasingly emphasizes the need for
dynamic control of airflow in order to simultaneously reduce occupational risks
and optimize energy consumption. However, numerous studies indicate that the
actual performance of ventilation ducts often fails to achieve the designed
performance due to issues such as air leakage and increased airflow resistance.
These factors can result in reduced airflow rates and the accumulation of
pollutants in the working area, thereby directly compromising worker safety. The
following section presents selected studies addressing energy optimization and
implementation issues of ventilation systems in tunnel construction.

Table 3. Energy optimization and implementation issues of ventilation systems

e e Key findings Limitations . Prefctlc.al
/ Year focus implications
Flow Application
Si, Cao . optimization PP’ Relevant for
Dynamic limited to .
& Chen 4 reduces oy sustainable
airflow . longitudinal .
(2020) occupational o projects and cost
control . ventilation .
[26] risks and energy reduction.
. systems.
consumption.
. Inadequate duct Numerical Highlights the
Air . . . . :
Chang installation leads simulation discrepancy
leakage . . :
et al. and to air leakage without between design
(2024) . and increased validation parameters and
airflow .
[27] . airflow under real actual
resistance . iy
resistance. conditions. performance.

2.4. Microclimatic factors

Ventilation in tunnel construction affects not only dust and gas concentrations but
also the microclimatic conditions within the underground environment. Elevated
temperatures, high relative humidity, and limited airflow further increase the
physiological workload of workers, reduce work efficiency, and raise the risk of
thermal stress. These issues are particularly pronounced in deep tunnels with
significant geothermal influence, where ventilation must simultaneously ensure
pollutant dilution and thermal regulation. In addition to heat and humidity, dust
and gases are also considered microclimatic factors, as they directly impact air
quality and workers’ health outcomes. Recent studies further emphasize the
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importance of continuous microclimate monitoring and the application of
innovative technologies that allow timely parameter tracking and reduce the risk
of heat stress and respiratory diseases. For the sake of systematization, the
following section highlights relevant studies analyzing microclimatic factors in

tunnel construction, focusing on their key findings and practical applicability.

Table 4. Microclimatic factors in tunnel construction

Autho Research . c e . Practical
r/ Key findings Limitations . . .
Year focus implications
Combination of
Nath, heat, hum1d1ty, ) Relevant for
and pollution Review paper,
Sahu & . deep tunnels
Lee Global heat increases the global focus, with
exposure risk of thermal | without specific
(2026) geothermal
stress and tunnel data. ;
[15] reduced influence.
productivity.
Ventilation
contributes to
regulating Limited to
Sharma Tunnel temperature and technical Applicable
(2020) ventilation humidity, description, for designing
[12] and thereby without ventilation
microclimate reducing epidemiological regimes.
workers’ data.
physiological
workload.
High dust
. concentrations .
Wel’ Dust in low-flow Focus on dust, App llcablp
Jiang . . . | for health risk
- generation zones cause without analysis
& Di and respiratory of temperature assessment
(2024) distribution | risks, including and humidity. and protective
[28] . measures.
pneumoconiosis
icrilil?f:rf?en glf Focus on Applicable
Wang _ for deep
Prediction of rock mass thermal s
et al. o o tunnels with
(2024) temperature significantly conditions, high
fields increases without dust
[29] . ) geothermal
temperature 1n analysis. .
influence.
deep tunnels.
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Microclimate Applicable
Sorlini Innovative monitoring Focus on bp for
et al. monitorin technologies technologies, modernizatio
(2023) technolo igs reduce the risk less on 1 of tunnel
[30] & of heat stress empirical data. roiects
and pollution. Projects.
Field tests
showed
variations in
Rojas- temperature,
Alvaet | TBM tunnel humidity, and foocﬁe(r)r?t¥d]3}ll\’/[ I;E;‘;ngziog
al. construction — | airflow during s ’
. . without broader tunnel
(2016) | microclimate TBM o .
;31] operations; applicability. projects.
recommended
control values
provided.
Dust and gas
Chang Ventilation distribution Focus on Apphf:ab.le
et al. depends on pollutants, less | for designing
and pollutant . e
(2025) diffusion airflow and on thermal ventilation
[32] tunnel conditions. regimes.
geometry.

2.5. Regulatory and international framework

In addition to empirical findings and numerical models, international guidelines
and national regulations play a significant role in shaping tunnel ventilation
systems. They establish minimum standards for air quality, worker safety, and
technical requirements for ventilation installations. Guidelines from international
organizations such as ITA/AITES ensure global standardization, while OSHA
regulations define mandatory parameters in U.S. practice. In Bosnia and
Herzegovina, the “Guidelines for Design, Construction, Maintenance, and
Supervision of Roads — Book II: Construction, Part 3: Special Technical
Conditions for Tunnels” (2005) specify concrete values for minimum airflow and
air velocity in tunnels, ensuring that design solutions comply with local regulatory
requirements. Table 5. provides a concise overview of key guidelines and
standards defining technical requirements for tunnel ventilation, highlighting their
applicability and limitations.

Table 5. Regulatory and international framework for tunnel ventilation

. Key . Limitation Practical
Source Focus findings/Requireme O
nts s Applicability
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Safe use of Standardizati
temporary General on in elobal
ITA/AITE | Internation | ventilation systems | guidelines, rac%ice'
S (2011) al in tunnels; without P ’
Syt . reference
[33] guidelines | recommendations for local g
! . ramework
design and specifics. :
. for designers.
maintenance.
Minimum standards Fo{cju; on Regulatory
OSHA . for air quality, practice: framework
Regulation | worker safety, and . for worker
(2003) o requires
S ventilation . safety and
[34] . adaptation
parameters in health
to local !
tunnels. o protection.
conditions.
Guideline
s, Book II,
Part 3: . . Mandatory
Special Specify minimum Applicable regulato
peet National airflow and air PpIIce & Yy
Technical . o only in document for
o technical velocity in tunnels, : .
Condition . local/region | tunnel design
standard depending on the
s for e of work al context. and
Tunnels typ ' construction.
(2005)
[35]

3. Analysis and discussion of previous research

The literature review indicates that research on ventilation in tunnel construction
can be classified into several complementary categories: empirical findings,
numerical models, energy optimization, microclimatic factors, and regulatory
frameworks. Each of these categories contributes specific insights into the
problem; however, only their integration provides a comprehensive
understanding. Empirical studies (Bakke et al., Ulvestad et al., Klanfar et al.)
clearly confirm an increased risk of respiratory diseases among tunnel workers,
while CFD simulations (Yang, Jiang, Zhang, Nie, Colella) offer the ability to
predict pollutant distribution and optimize ventilation systems. Nevertheless, the
lack of validation of simulations under real construction conditions remains a key
challenge. Energy-related studies (Si, Cao & Chen; Chang) highlight the need to
balance safety and economic efficiency, whereas microclimatic studies (Nath,
Sharma, Wei, Wang, Sorlini, Rojas-Alva, Chang) further demonstrate that the
combined effects of heat, humidity, dust, and gases increase the risk of thermal
stress and respiratory diseases. In this context, proposed control values and
monitoring technologies are essential for reducing workers’ physiological burden.
Regulatory documents (ITA/AITES, OSHA, Guidelines Book II, Part 3) ensure
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minimum standards; however, discrepancies between design requirements and
actual implementation frequently occur in practice.

3.1. Discussion of empirical findings

Empirical studies conducted among tunnel workers consistently confirm an
increased risk of respiratory diseases, which is quantitatively reflected in reduced
lung function and a higher prevalence of respiratory symptoms. A longitudinal
study showed that forced expiratory volume in one second (FEV1) among workers
with high cumulative dust exposure decreases significantly faster compared to
control groups, with an average annual decline of approximately 40 ml versus 20
ml in non-exposed workers [4]. These results confirm that the working
environment is a key factor in the accelerated decline of lung function. Additional
studies have demonstrated that reductions in FEV:1 occur independently of age
and smoking status, emphasizing the direct impact of exposure to dust and gases
[5]. Similar findings regarding the effects of drilling and rock bolting on worker
safety were reported by Filipovi¢ et al. [36], showing that technological
procedures directly influence the stability and safety of the working environment.
Analyses of the prevalence of respiratory symptoms also reveal significant
differences between tunnel workers and control groups. Chronic cough was found
to affect more than one-third of tunnel workers, whereas the proportion in control
populations was almost twice as low [9]. These data clearly indicate a relationship
between exposure intensity and the frequency of respiratory symptoms.
Furthermore, measurements conducted in Croatian tunnels showed that
concentrations of respirable dust exceed the limit value of 3 mg/m?, which is
directly associated with an increased prevalence of respiratory symptoms [22]. Ye
et al. [37], through an analysis of defects in Chinese tunnels, further confirmed
that structural deficiencies and inadequate ventilation increase the risk of
cumulative exposure among workers.

Overall, empirical findings indicate a cumulative effect of exposure to dust and
gases, resulting in measurable reductions in lung function and an increased
prevalence of respiratory symptoms. These results provide a solid basis for further
analysis in the context of numerical models and regulatory requirements, as they
clearly demonstrate that health risks cannot be assessed solely through theoretical
calculations but require continuous monitoring and validation under real working
conditions.

3.2. Discussion of CFD simulations

Numerical models of tunnel ventilation, particularly those based on CFD
methods, enable detailed prediction of pollutant distribution and airflow
dynamics. Jiang et al. demonstrated that carbon monoxide concentrations in
tunnels can reach values exceeding 50 ppm in low-airflow zones, whereas the
application of optimized ventilation regimes reduces concentrations below 20
ppm, in accordance with recommended safety limits [24]. Yang et al. showed
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through simulations that an airflow velocity of 3 m/s ensures efficient dispersion
of dust and gases, while lower velocities lead to local accumulation and increased
risk to workers [23].

CFD models also highlight the importance of tunnel geometry. Zhang et al.
demonstrated that tunnels with complex intersections generate turbulence that
increases local pollutant concentrations by more than 30% compared to linear
tunnel sections [14]. These findings confirm that ventilation system design must
account for site-specific geometry and dynamic construction characteristics.
Furthermore, Nie et al. confirmed through simulations that maximum dust
concentrations near the working face under conventional forcing ventilation
exceed 1200 mg/m?, whereas the application of combined ventilation regimes
reduces these values to 400—600 mg/m?. They also introduced the indicator “air
age”, showing that in low-airflow zones air age exceeded 300 s, while ventilation
optimization reduced it below 100 s, indicating faster air exchange and improved
air quality [13]. Yin et al. [38] further confirmed that ventilation parameters, such
as airflow velocity and direction, can optimize the performance of air curtains in
dust removal.

Additionally, Zhang et al. [39] analyzed dust distribution patterns and ventilation
system optimization, confirming that the integration of empirical measurements
and CFD models yields the most accurate results. Xu et al. [40] extended the
application of CFD models to fire scenarios, demonstrating that natural
ventilation can be validated using experimental data. These results confirm that
CFD simulations not only enable prediction of pollutant distribution but also
provide a quantitative assessment of ventilation efficiency.

In the same study, Nie et al. also presented segmentation of airflow zones within
tunnels under forcing ventilation regimes, including jet flow, vortex flow, and
transitional flow regions. Figure 1 presents the airflow distribution within the
tunnel profile and local airflow patterns at characteristic cross-sections.

384



Zastita i sigurnost, year 6., number 1

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
Name of field Distance from working No. Name of field Distance from working
face face
1 Wall jet area 0-8m 4 Transitional airflow field area 20-35m
2 Triangular jet arca 0-10m 5 Smooth airflow ficld 35-75m
Vortex area 13-20m

(a) Overall distribution of airflow under press-in ventilation

Pointing away from the side { The bottom points to the right side of the tunnel f : f |
. of the pressure air cylinder [ and the top points to the left side of the tunnel F"d““'\ RS e RcKOrtRE TanNe]
\/ \/
< > o ~ e PR
e ~ . .
= ~ ¥ b~ X § = -

(3) Z=11m

left side points to the back of th
nnel and the ri; )

(4) Z=26m (5) Z=50m
(b) Local distribution of airflow under pressure-in ventilation

Figure 1. Airflow distribution in a tunnel under a forcing ventilation regime, showing
five characteristic flow zones and local cross-sections [13].

3.3. Energy optimization of ventilation

Ventilation in tunnels is not only a safety issue but also one of the largest energy
consumers in underground construction. According to available studies, energy
costs associated with ventilation can account for up to 40-50% of the total
electricity consumption on construction sites, highlighting the need for system
optimization. CFD simulations play a key role in identifying the balance between
worker safety and energy efficiency. Yang et al. demonstrated that an airflow
velocity of 3 m/s ensures efficient dispersion of dust and gases but simultaneously
requires significant energy consumption. Reducing the airflow velocity to 2 m/s
can decrease energy consumption by more than 20%; however, it leads to
increased pollutant accumulation and localized risks [23]. Liu et al. [41] proposed
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the application of neural networks for frequency-based ventilation control,
achieving additional energy optimization while maintaining safety standards.
Zhang et al. [42] further showed that ventilation optimization in extra-long
tunnels through rational duct layout can significantly reduce energy consumption
without compromising safety.

Nie et al. further emphasized that combined ventilation regimes (forcing +
exhaust) not only reduce dust concentrations by more than 50% compared to
single forcing ventilation but also optimize energy consumption through more
uniform airflow distribution [13]. These findings indicate that ventilation system
design must be based on an integrated approach in which safety requirements and
energy sustainability are considered simultaneously.

Figure 2 presents a synthesis of data from Jiang et al. [24], Yang et al. [23], and
Nie et al. [13], illustrating the trade-off between airflow velocity, dust
concentration, and energy consumption. The optimal zone is located around 3
m/s, where dust concentrations remain below safety limits while energy
consumption remains acceptable.

Visoka brzina,
Niska prasina,
Visoka potrosnja

Visoka ﬁ Niska brzina,
Visoka potrosnja

Potrosnja
energije
(kw)

Niska

<Visoka potrosnja
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Niska zraka (m/s)

Figure 2. Visualization of the relationship between airflow velocity, dust concentration,

and energy consumption in a tunnel. Author’s illustration based on data from Jiang et
al. (2021), Yang et al. (2022), and Nie et al. (2023).

3.4. Discussion of microclimatic factors

Studies addressing tunnel microclimate consistently indicate that elevated
temperatures and high relative humidity significantly increase workers’
physiological workload. Nath, Sahu, and Lee, through a global analysis,
demonstrate that the combined effects of heat, humidity, and pollution lead to an
increased risk of thermal stress and reduced productivity, which is particularly
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pronounced in deep tunnels with geothermal influence [15]. These findings
confirm that microclimatic factors must be an integral part of ventilation system
design rather than secondary parameters.

Sharma emphasizes that ventilation has a dual function: in addition to diluting
dust and gases, it regulates temperature and humidity. This reduces workers’
physiological strain and increases work efficiency [12]. Chen et al. [43] further
highlight the importance of airflow velocity distribution and heat transfer
coefficients within ventilation ducts, which directly affect microclimatic
conditions. Rojas-Alva, through field tests conducted in TBM tunnels, confirms
that temperature, humidity, and airflow velocity vary during mechanized
operations and proposes control values for optimal conditions [31]. These results
indicate that microclimatic factors are not static but vary depending on
construction intensity and applied technologies.

Dust and gases must also be considered as microclimatic factors. Wei, Jiang, and
Di emphasize that high dust concentrations in low-airflow zones increase the risk
of respiratory diseases, including pneumoconiosis. Their analysis of the
spatiotemporal distribution of dust shows that particles can remain suspended in
the air for extended periods under dry conditions, directly affecting microclimate
quality [28].

Wang further highlights that the geothermal influence of the surrounding rock
mass in deep tunnels significantly increases temperature, necessitating special
cooling measures and adapted ventilation regimes [29]. Sorlini points to the
importance of innovative microclimate monitoring technologies, which enable
timely parameter tracking and reduce the risks of heat stress and pollution [30].
Bektasevic et al. [44] additionally emphasize the importance of a
multidisciplinary approach to preventive safety measures in tunnel construction,
confirming that microclimate control must be integrated into a broader
occupational safety framework.

Overall, the findings indicate that microclimatic factors in tunnels exhibit a
dynamic character and that their control represents a key element of safety, health
protection, and sustainability in underground works. The integration of empirical
measurements, technological monitoring, and adaptive ventilation regimes is the
only effective approach to ensuring a stable and safe microclimate under the
complex conditions of tunnel construction.

3.5. Regulatory framework — Discussion

The regulatory framework for tunnel ventilation is based on international
guidelines, national regulations, and technical standards that define minimum
requirements for air quality, worker safety, and ventilation system design [33—
35]. A review of the professional literature indicates that these documents are
often used in practice as a starting point, while actual safety depends on consistent
implementation and adaptation to site-specific conditions [27]. Discrepancies
between design parameters and as-built performance can lead to the formation of
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stagnation zones, increased cumulative worker exposure, and deviations from
prescribed limits for gas and dust concentrations [27].

Recent studies emphasize that regulatory requirements must be supplemented by
continuous monitoring of microclimatic factors and the integration of innovative
real-time measurement technologies [30]. BS 6164:2019 — Code of Practice for
Health and Safety in Tunnelling states that ventilation must be accompanied by
continuous measurement of dust and gas concentrations, along with temperature
and humidity control. Similarly, the ITA/AITES Guidelines for Good
Occupational Health and Safety Practice in Tunnel Construction emphasize that
international guidelines should be complemented by local monitoring and that
fundamental protection principles must be verified through empirical
measurements at construction sites [33].

In the U.S. context, OSHA standards for underground construction (29 CFR
1926.800) prescribe minimum requirements for ventilation and air quality;
however, their effectiveness depends on continuous validation under real working
conditions, as deviations in implementation may increase worker exposure [34].
In the Chinese context, the JTG-2005 [45] technical specifications for tunnel
construction prescribe detailed ventilation requirements, demonstrating that local
standards play a crucial role in shaping safety regimes. Shokofe et al. [46] further
indicate that uncertainty in gas emissions can significantly affect airflow
distribution, confirming that regulatory requirements must be supplemented by
uncertainty analysis in modeling approaches. Bektasevi¢ et al. [47], through a
study on tunnel support in urban areas with shallow overburden, further confirm
that regulatory requirements must be adapted to local geotechnical conditions to
ensure structural safety and stability.

Conclusion

Ventilation in tunnel construction represents a key factor in preserving workers’
health and safety, as well as one of the major technical and economic challenges
of underground construction. The analysis of available empirical studies shows
that cumulative exposure to dust and gases leads to measurable reductions in lung
function and an increased prevalence of respiratory symptoms, confirming that
health risks cannot be assessed solely through theoretical calculations but require
continuous monitoring under real working conditions. Numerical models based
on CFD simulations enable precise identification of critical zones and
optimization of ventilation regimes; however, their reliability depends on
validation through empirical measurements. Energy-related studies indicate that
ventilation can account for up to 50% of total electricity consumption at
construction sites, emphasizing the need for an integrated approach that
simultaneously considers worker safety and system sustainability. Microclimatic
factors, such as elevated temperature and humidity, further increase workers’
physiological burden, while innovative monitoring technologies enable timely
risk control. The regulatory framework, based on international guidelines and
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national regulations, establishes minimum standards, but their effective
application requires adaptation to local geotechnical conditions and continuous
validation in practice.

The main contribution of this paper lies in the integration of empirical findings,
numerical simulations, and regulatory requirements, providing a more
comprehensive assessment of ventilation systems in tunnel construction. This
confirms that an interdisciplinary approach - linking geotechnical engineering,
engineering design, occupational medicine, and safety management-is the only
way to ensure long-term safety, health, and productivity of workers under the
complex conditions of underground construction.
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