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1 Introduction 
During the construction of numerous roads in Croatia from 2003 to the present, numerous road tunnels 
have been constructed in the Croatian coastal part of the Dinaric Alps, mostly in carbonate deposits 
(limestone, dolomites), and less frequently in some other deposits (flysch). Given the large number of 
tunnels that were built in a relatively short time, common procedures have been developed in 
exploratory works, design of tunnel excavation and support, and execution of works, and ensuring the 
stability of the support system based on the New Austrian Tunnelling Method (NATM) (Rabcewicz 
1964; Rabcewicz and Golser 1973) and the observational method (Peck 1969; Terzaghi and Peck 
1967; Nicholson et al. 1999) with an active design approach. In the initial stages of design, the results 
of the conducted exploratory works enable the classification of the rock mass using the geotechnical 
classification (RMR) (Bieniawski 1989), the Geological Strength Index (GSI) (Marinos and Hoek 
2000), and, less frequently, the Q-classification (Barton et al. 1974), and the determination of rock 
mass categories according to the RMR classification and empirical values of strength and 
deformability of the rock mass. Based on the determined characteristics of the wall mass, the 
spreading zone, and the span of the underground opening, typical primary support systems were 
determined for certain estimated rock mass categories (Bieniawski 1989). In the execution phase of the 
works, verification of the stability of the underground opening was carried out using observational 
methods, carried out by classifying and measuring the behaviour of the reinforced rock mass during 
the execution of the works. Measurements were also carried out to reduce the impact of drilling and 
blasting on the rock mass around the designed underground opening. In fact, the active design phase 
continued already at the tunnel excavation head, and on the test sections of the tunnel excavation in the 
II, III, and IV categories of rock mass, the impact of drilling and blasting outside the designed tunnel 
excavation line on the damage to the rock mass was monitored. Measurements were carried out to 
identify the depth of damage to the rock mass outside the excavation profile, including geophysical 
measurements, investigation drilling, RQD, and video-prospecting of investigation boreholes at the 
tunnel excavation head. Standard geotechnical measurements included: monitoring of deformations 
(convergence) of the excavation profile, subgrade measurements, and formation of the plasticisation 
zone through anchor pull-out tests. 

This paper will present the verification of the stability of the underground opening and some of the 
results of measurements and observations on the Mali Prolog and Šubir tunnels on the A1 Zagreb-
Split-Ploče Highway, near the town of Vrgorac, Croatia, during their construction from 2007 to 2012. 

2 Verification methodology and research implementation 
The paper will continue to describe the geological conditions and construction features of the Mali 
Prolog and Šubir tunnels on the A1 Zagreb-Split-Ploče Highway, near the town of Vrgorac, Croatia. 
Given the similar geological structure, the height of the tunnel overburden, and the tunnel cross-
sections, the experience gained during the construction and verification of the stability of the 
underground tunnel opening enabled the application of the methods under similar geotechnical 
conditions. 

2.1 Geological setting in the tunnels area 
The Mali Prolog Tunnel is a two-tube tunnel, 1,092 m long, with a maximum overburden of 170 m. It 
is located within a rock massif composed of Eocene foraminiferal limestone (V, E1,2) and Upper 
Cretaceous rudist limestone (V, K2) (Užarević 2011). Rudist limestone compose the central and 
northern part, or two-thirds of the rock length of the tunnel, while foraminiferal limestones cover the 
southern area of the tunnel.  

The Šubir Tunnel is a two-tube tunnel, 962 m long with a maximum overburden of 120 m. Šubir is 
mostly composed of Paleocene–Middle and Upper Eocene foraminiferal limestone (V, Pc-E1,2) and 
Upper Cretaceous rudist limestone (Užarević 2010). In part of the tunnel, there are deposits of Middle 
and Upper Eocene flysch (F(L); E2,3) in which blue-grey marls predominate, which are very fractured 
in contact with foraminiferal limestone. 

Both tunnels have the same horseshoe-shaped cross-section, 10.65 m wide at the bottom and 8.25 m 
high, with an approximate area of 72.35 m2, Fig 1a. In both tunnels, the excavation was carried out in 
the II, III, and IV categories of rock mass according to the RMR classification. For each of the 
excavation categories, the project defined primary support systems, and the selection of the support 

834



 

 

system d
of the ca

Fig. 1 Cro
category p

2.2 E
For the e
blasting 
advancem
drilling d
explosiv
at the fa
1b. 

At the b
correctio
carried o

2.3 O
Before t
confirme
ensure th
angle rel
of the dr
profile th
the prev
designed
blasting,

In additi
rock ma
excessiv
mechani
excavati

At the b
excavati
which is
profile is

Over pro
impact o
which is
the rock 
and incre

a 

depended on 
ategory of roc

ss section of th
primary support

Excavation
excavation o
techniques 

ment from 1
depth of the 

ves per indivi
ace was from

beginning of 
ons of the de
out on the me

Over-profile
the start of 
ed or refined
he designed 
lated to the a
rilling machi
hat cannot b
ious step of 

d excavation 
, that is, spac

ion to the te
ass, due to ca
ve over profil
ically excava
on. In both c

beginning of 
on was geod

s usually app
s acceptable 

ofile excavat
on the stabili
s rarely taken

mass outsid
easing deform

the mapping
ck mass in th

he Šubir and Ma
t system, b) Sch

n methodol
of tunnels in 

was envisag
1.0 to 1.5 m 

mining well
idual ignition

m 106 to 124

f the tunnel’s
esigned drilli
entioned sect

e excavatio
tunnel exca

d. The drillin
profile of th

axis of the tu
ne carriage t
e avoided. T
blasting so t
contour wou

ce for positio

echnological 
areless drillin
le is a more 
ated, and me
cases, unnece

the tunnel e
detically rec
proximately 2
in the constr

tion, apart fr
ity of the un

n into accoun
de the design 
mations in th

g of the face
he tunnel. 

ali Prolog Tunn
hematic view of

logy 
II, III, and I

ged, and the
(Užarević 20
ls varied, as 
n stage. For 
, with a drill

s excavation
ing and blast
tions to verif

on 
avation, the 
ng of mine bo
he tunnel, the
unnel. This a
to the already

The drilling m
that the drill
uld be as sm

oning the dril

over profile
ng and blast
acceptable c
chanical exc
essary financ

excavation, d
orded to def
25 cm from 
ruction costs

from its tech
nderground o
nt in stability

profile of th
he rock mass

 

e, walls, and 

 

nels. a) Geometr
f the mining bo

IV categories
e excavation
010, 2011). 
did the cons
the excavati

ling diamete

, test section
ting scheme,
fy the stabilit

designed dr
oreholes was
e contour ro
angle cannot 
y excavated t
machine carr
ling angle of

mall as possib
lling machine

e, excessive 
ting, is a ver
cost to the C
cavation of p
cial costs and

drilling and b
fine the tech
the designed
. 

hnological sig
opening. Firs
y analyses. Fu
he tunnel, an
s. 

b

vault of the 

ry of the cross s
rehole position

s of rock ma
n area varied
Depending o

struction of t
ion of each s

er of 45 mm

ns were selec
 and at the s
ty of the und

rilling and b
s done by co
w of mine b
be smaller t
tunnel profil

riage must be
f the contour
ble, yet suffi
e carriage fo

over profile
ry common o
ontractor tha

profile finishi
d disruption o

blasting were
hnological ov
d excavation

gnificance a
stly, it is a r
urthermore, i
d can have c

Eurock 2026

excavation a

section with sch
s at the face of 

ass, the appli
d from 71.20
on the catego
the mining w
section, the t
and a depth 

cted for con
same time, ex
derground ex

blasting sch
omputer and 
boreholes is d
than that allo
le, and this is
e positioned 
r row of min
icient to crea

or the next bl

e due to exce
occurrence. 
an a sub prof
ing can also 
of work dyna

e monitored,
ver profile. T
n line. A just

and cost imp
real extensio
it represents 

consequences

6, Skopje, RN 

and the deter

hematic view of
the tunnel. 

ication of dri
0–73.46 m2,
ory of rock m

wells, i.e., the
total number
of 1.0 to 1.

nfirmation or
xtended rese

xcavation. 

heme was te
manually. In
drilled at a m

owed by the 
s a technolog
in the over p

ne boreholes 
ate an over p
asting. 

essive dama
Sometimes, 
file that mus
cause an ov
amics are cre

, and the ove
The average 
tified geolog

pact, has a si
on of the tun

additional d
s in reducing

Macedonia 
 

rmination 

 
f III 

illing and 
, and the 
mass, the 
e mass of 
r of wells 
5 m, Fig. 

r possible 
earch was 

ested and 
n order to 
minimum 
approach 

gical over 
profile of 
from the 

profile by 

ge to the 
a certain 

st later be 
er profile 
eated. 

er profile 
value of 

gical over 

ignificant 
nnel span, 
damage to 
g stability 

835



 

 

2.4 G
The part
to over p
reinforce

During t
performe
m, and e
each of 
excavati
once a w
were up 
2010, 20

2.5 E
After ea
performe
For each
plotted. 
performe
impact 
discontin

Based on
tube and
rock ma
Accordin

2.6 V
At the tu
profile w
The bore
borehole
Video p
tunnel f
expansio
formatio
cracks re

Fig. 2 Vid
wall befor
cracks or s

2.7 G
Geophys
where vi
hole tom
(seconda
significa
velocity 

a 

Geodetic su
t of the verif
profile excav
ement of the 

the excavatio
ed at the con
each measuri
the tunnel w
on, and the c

week and aft
to 2 mm, w

011). 

Engineerin
ach blasting 
ed in order t
h tunnel face
In order to

ed, and all re
of discontin
nuities, groun

n results of e
d geological 
ass classifica
ng to the RM

Video prosp
unnel face, e
with a deviat
eholes are lo
es is equal to
rospection w

face to dete
on of existin
on of new cr
eached a dep

deo prospecting
re blasting, c) P
spalling. 

Geophysica
sical measur
ideo prospec

mography me
ary) s-waves
ant damage in

of p-waves

urvey 
fication proce
vation and ro

support linin

on of the tun
ntour of the t
ing profile h

walls. The fre
construction 
ter the displa

which met th

ng geologic
in a tunne

to obtain the
e along a tu

o define the 
elevant param
nuities, disc
ndwater, etc)

engineering 
mapping of 

ation were d
MR classifica

pecting of 
exploratory b
tion of 200 f
ocated at a he
o the length 
was carried 
ect damage 
ng cracks, a
racks reachin

pth of 1.08 m

g of the investig
Photo of the b

al measure
ements inclu
cting measur
easured chan
s propagation
n category II
s propagation

edure the sta
ck mass dam
ng.  

nnels, contro
tunnel profil

has five mea
equency of m
of the prima

acement had
he requireme

cal mappin
el, geologica
e most detaile
unnel, the m

quality of 
meters were 
continuity s
). 

geological m
f the left tunn
determined. 
ation, the rock

f the invest
boreholes wi
from the des
eight of 4.0 
of the minin

out before (
to the rock
and the for
ng a depth o

m, Fig. 2c. 

 

 

 

 

 

 

gation borehole
orehole wall a

ements in t
uded seismic
rements of th
nges in the v
n from the tu
I of rock mas
n by 20% c

b 

c 

 

ability of the
mage at the ex

l measureme
le. The meas
suring point
measurement
ary support. 
d subsided, o
ents of the G

ng of the t
al mapping 
ed picture of
ost influenti
the rock m
determined 

spacing, stat

mapping a de
nel tube face
Layering w
k mass was c

tigation bo
ith a diamet

signed excav
- 4.5 m from
ng boreholes
(Fig. 2b) and
k mass, nam
rmation of n
of 0.61 m, w

e. a) Position o
fter blasting. B

the tunnel
c cross-hole 
he explorato

velocity of lo
unnel excav
ss reaches a 
compared to

e tunnels incl
xcavation co

ents of the d
suring profile
s; one in the
ts was every
After 7 days

once every s
Geotechnical 

tunnel face
and categor

f the geologi
ial discontinu

mass accordin
(rock mass s
te of disco

eveloped geo
e of the tunn

was not iden
classified to 

orehole 
er of 102 m

vation contou
m the vertical
s drilled in t
d after the b

mely: over-p
new cracks.
while the sp

 

of video prospe
Black arrows in

l 
tomography 
ry boreholes

ongitudinal (p
ation contou
depth of 1.6 

o the undistu

Eurock 2026

ludes geodet
ontour, and th

displacements
es were insta
e crown of th
y day in the 
s, measurem
six months. T

Design of t

e 
rization of 
ical structure
uity systems
ng to RMR
strength, RQ

ontinuities, m

ological profi
nels were est
ntified or is 

adequate tun

mm were drill
ur towards th
l alignment, 
the tunnel fa
blasting of t
profile excav

The imagin
palling and e

cting borehole,
ndicate position

in the tunne
s were perfo
primary) p-w

ur towards th
m, Fig. 3, w

urbed rock m

6, Skopje, RN 

tic measurem
he need for a

s (convergen
alled every 5
he tunnel an
first seven d

ments were ca
The measure
the tunnels (

the rock m
e on the tunn
s were meas

R, categoriza
QD, assessme
mutual influ

file of the rig
tablished, on
weakly pro

nnelling cate

led in the si
he rock mass
and the leng

ace (Antičev
the excavatio
vation, spall
ng data sho

expansion of

 

, b) Photo of th
ns with expand

el side at the
ormed. Seism
waves and tr
he rock mass
with a reducti
mass, from3

Macedonia 
 

ments due 
additional 

nce) were 
50 to 100 
nd two on 
days after 
arried out 
ed values 
(Užarević 

ass were 
nel route. 
sured and 
ation was 
ent of the 
uence of 

ght tunnel 
n that the 
onounced. 
gory. 

de of the 
s Fig. 2a. 
gth of the 
vić 2011). 
on of the 
ling, and 
owed the 
f existing 

he borehole 
ded existing 

e location 
mic cross-

ansversal 
sif. More 
ion in the 
3036 m/s 

836



 

 

to3753 m
propagat

Fig. 3 Res
green p-wa
m/s; in red

2.8 R
During t
bearing 
methods
include 
expected
tunnel pr
Total of 
between 
of the tu
capacity
5 pieces 
capacity

3 Di
This pap
during th
near the
overburd
both tun
undergro
construc
carried o
the tunn
explorato
anchor p
classifica
accordin
category
checking
borehole
prospect
walls of 
II catego
between 

m/s). In cate
tion velocity

ults of seismic 
aves from 3.300
d more than p-w

Rockbolt pu
the excavati
capacity of 

s for rockbo
determining 

d during tunn
re-cut. The r

f 5 rockbolts 
 the installat

unnel, contro
 of 120 kN. 
for every ne
 with deform

iscussion
per presents t
he constructi

e town of V
den and the c
nnels, the ex
ound tunnel 
cted in simil
out to verify 
el constructi
ory wells, g
pull-out tests
ation). All m

ng to the req
y and therefo
g the effect 
es in the tunn
ting of invest
the tunnel pr

ory of rock m
 visual and g

gory III rock
y of p-waves 

cross-hole tom
0 to 3.750 m/s; 

waves from 4.10

ull-out tes
ion of the tu

the anchors
lt testing (IS
the bearing

nelling. The 
rockbolts are
with a leng

tion and testi
ol tests of roc
The test freq
ext 200. Mor

mations withi

n and con
the methods 
ion of the M

Vrgorac, Croa
cross-section

xperience ga
opening enab
lar geotechn
the efficienc

ion, explorat
geological m
s were carrie
measurements
quirements o
fore changes

of blasting 
nel face, car
tigation bore
rofile (Antič
mass up to 1
geophysical 

k mass, the d
is smaller by

mography in the 
in yellow p-wa

00 m/s.  

ts 
unnel, prelim
s was contro
SRM 1974).

g capacity of
tests were c

e installed in
th of 3 m w
ng of the roc
ckbolts were
quency was 5
re than 95% 
in 10 mm, an

nclusion
used in the v

Mali Prolog a
atia. Given 
ns of the tunn
ained during 
bled the veri
ical conditio
cy of the leng
ory drilling, 

mapping of th
d out in II, I
s taken gener
f the geotech
 in the sub
on the rock

rried out befo
eholes showe
čević 2011). G
1.6 m, and in
measuremen

 

damage zone
y 15% from 2

wall of the Tun
aves from 3.800

minary and 
olled by a p
. Preliminary
f rockbolts i
arried out be

n the same w
were tested fo
ckbolts was n
e carried out,
5 pieces for t
of the tests 

nd rarely up t

verification o
and Šubir tun
the similar 
nels, as well
the constru

ification of t
ons. During 
gth of the ro
geophysical

he tunnel fa
III and IV ca
rally confirm
hnical projec
-work system

k mass, the 
ore and after
ed damage to
Geophysical
n III categor
nts lies in th

e is deeper b
2700 m/s to 

nnel Šubir. In b
0 to 3.900 m/s; 

control tests
pull-out test 
y tests or pr
in geological
efore the star
ay as they w

or force until
not shorter th
, which were
the first 100 
of the contro
to 25 mm. 

of the stabili
nnels on the 
geological s
l as the parti
ction and ve
the applicatio
the tunnel c
ckbolts of th
l seismic me
ce, geodetic
ategories of r

med the value
ct, with min
ms applied 
method of v

r blasting, w
o the rock m
l measuremen
ry up to 2.5 m
he fact that th

Eurock 2026

by 2.5 m, bu
2295 m/s. 

 
lue p-waves fro
in orange p-wa

s of rockbol
according t

roving the u
l soil condit
rt of the tunn

will be during
l failure (ma
han 7 days. D
e tested up to
installed roc

ol rockbolts m

ity of the und
A1 Zagreb-S

settings, the 
ally simultan
erification o
on of the me
construction
he primary tu
easurements, 
 convergenc
rock mass ac
es and behav

nimal deviati
in the tunne
video-prospe

was used. The
mass to a dept

nts showed d
m. The reaso
here are mic

6, Skopje, RN 

ut the reducti

om 3.100 to 3.3
aves from 3.900

lts are fores
to ISRM's S
usability of r
tions similar
nel excavatio
g tunnel cons
ax 150 kN). 
During the ex
o the demand
ckbolts, and t
met the requ

derground ex
Split-Ploče H
height of th

neous constr
of the stabili
ethods to bot
, investigatio
unnel suppor
video-prosp

ce measurem
ccording to t

viour of the r
ons in the ro
els. As a m
ecting of ex
e results of t
th of 1.08 m 
deeper dama
on for this d
crocracks tha

Macedonia 
 

ion in the 

00 m/s: in 
0 to 4.100 

seen. The 
Suggested 
rockbolts 

r to those 
on on the 
struction. 
The time 
xcavation 
ding load 
thereafter 
uired load 

xcavation 
Highway, 
he tunnel 
ruction of 
ty of the 

th tunnels 
ons were 
rt. During 
pecting of 
ments and 
the RMR 

rock mass 
ock mass 

method of 
xploratory 
the visual 
from the 

ge, in the 
difference 
at are not 

837



   Eurock 2026, Skopje, RN Macedonia 
 

 
 

visible, and the propagation and change in the speed of p-waves can detect them. Using the methods of 
video-prospecting of investigation boreholes at the tunnel head and geophysical seismic measurements 
at the tunnel side, which are not standard methods within the framework of observational methods, 
make a significant contribution to determining the damage to the rock mass due to the execution of the 
works (Antičević 2011). Both methods indicate damage values, which allow a clearer interpretation of 
the degree of damage to the rock mass in stability analyses, as well as for the purposes of better 
assessment of technological conditions for reducing over-profile excavation 
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