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1. INTRODUCTION

Tunnel excavation in hard rock is usually done by drill+blast method as the most efficient method, especilally for short tunnels with lengths up to 2 – 3 km. Negative effects of blasting are well known, so when tunnel route is located in urban zones these effects are much more exagerated and blasting must be carefully controlled or another excavation method has to be applied.  

Blasting technology has been greatly improved recent years using NONEL and electronic detonators. Combining 20 to 30 delay times of NONEL detonators it is possible to make controlled blasting in urban areas or close to existing tunnels in traffic with no damage and almost no negative seismic effects. 

Making such controlled blasting requires great knowledge and experience. There are some standard schemes, but on every new job first few test blastings will show how shock waves propagate through the rock and what is response of surrounding objects like industrial buildings, houses, pipelines, etc.

2. BLASTING  ON TUNNEL “ZARANAC“
Tunnel “Zaranač“ is a part of new motorway Zagreb – Split – Dubrovnik and is placed near small village Dugopolje. Tunnel consists of two tubes with lengths 375 m and 300 m. Standard excavation cross section is 75-86 m2.

The maximum overburden is 30 m, average 20 m. Tunnel passes through limestone, more fractured in portal and fault zones, with clay beds. Generally, it is typical karst region, which means that rock can have uniaxial compressive strength up to 120 MPa. Rock in tunnel was categorized with RMR classification, which is standard in Croatia.

Tunnel axes is aligned parallel with resident houses, at distance of  90 – 100 m. Above tunnel at the top of the hill is placed large water tank. From water tank is set down concrete pipeline towards machine room. Pipes have diameter 800 mm and they are buried 1.5 m in ground. The machine room is placed near eastern portal, only 14 m above tunnel roof (figures 1 and 2). The whole system supplies area of almost 20 000 people with fresh water.  Any damage to pipeline can cause very expensive repair and negative effects to tunnel contractor. 

There were very limited data about condition of pipeline, water tank and machine room. The only known fact was that whole area is in active seismic zone, so all the buildings must been built to withstand IX degree of earthquake, according to MCS scale which was used at the time of construction as design standard.

The drill and blast method was chosen for excavation. The usage of large pick hammers was considered, but due to expected high rock strength and time of completion, it was estimated that this is more expensive and time consuming method.  
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Figure 1 - View to village Dugopolje and machine room 
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Figure 2 – View to machine room and central watertank from the eastern portal

Drilling was done with ATLAS COPCO L2C jumbo, equipped with ABC regular system. Four blasting schemes were programmed and main difference was in spacing of contour holes. Typical blasting pattern consisted of 115 – 120 holes charged with plastic explosive GOMA 2 ECO ( 40 and emulsion explosive RIOGEL 2. NONEL system PRIMADET LP was used for initiating blastholes. The total number of delay times was 26, from 100 – 9000 ms. It was planned to advance with 1.0 round in portal zone and 3.0-4.0 m in RMR category III and II.  

Excavation started with right tube, full face, subsequently followed with left tube at distance of 50 m. In portal zones the advance was 1.0 m per round, and soon was increased to 2.0 m. Two new blasting seismographs INSTANTEL MINIMATE BLASTER were used for continous blasting vibration monitoring since beginning of tunnelling. The reports were presented using standard DIN 4150. Instruments were usually placed on surface directly above tunnel roof and beside the nearest houses. Contractor decided that the maximum allowed vibration velocities had to be 15 mm/s for resident houses, and 50 mm/s for water tank and machine room. The biggest problem was how the concrete pipeline would react on blasting, because there were no actual data for such case.

Advance rates of 2.0 m showed good results, with vibrations up to 25 mm/s above tunnel roof. Contractor's wish was to advance with round of 3.0 m in RMR class II and III. Advancing of 2.5 m increased vibration velocities to more than 50 mm/s. Immediately advance was shortened again to 2.0 m, and then to 1.0 m when tunnel  face was close and below machine room. Last 75 m of right tube was excavated with advance rate not more than 1.5 m in RMR class III and IV. The left tube was excavated with the same advance rates. 

Here the vibration control limited the excavation round (table 1). The risk of damaging water supply system and surrounding houses was to high. The consumption of NONEL detonators was much higher than expected, but consumption of explosive (kg/m3) stayed as planned. There were lot of complains from local residents, but no house was damaged during tunnel blasting. Even so, there were no damage to pipeline and machine room. This was achieved with constant effort to improve blasting scheme and strict control of charging per delay time and amount of explosive. The average charge per delay was between 5 – 9.6 kg . Plastic explosive was mostly used because of its high detonation velocity. This means in practice that seismic waves produced by blasting have higher frequencies and surface objects can withstand stronger earthquakes. Seismic reports from surface blasting on tunnel portals showed that when blasting with powder and ANFO explosives, frequency range was three times lower, despite vibration velocities of only 12 mm/s with 15 kg of explosive per drillhole.

TABLE 1

TUNNEL ZARANAČ, SEISMIC MEASUREMENTS

	DATE
	LOCATION OF SEISMOGRAPH
	PVS (mm/s)
	CHARGE (kg/delay)
	ADVANCE (m)

	
	
	
	
	

	28.09.04.
	above west portal
	19.60
	3.6
	1.0

	29.09.04.
	beside tunnel, 62 m from the face
	10.30
	3.6
	1.0

	29.09.04.
	on the surface in tunnel axis, above the face
	29.20
	3.6
	1.0

	30.09.04.
	on the surface in tunnel axis, above the face
	24.80
	3.6
	1.0

	06.10.04.
	on the surface in tunnel axis, 50 m from the face
	19.40
	3.6
	1.0

	07.10.04.
	on the surface in tunnel axis, 58 m from the face
	15.10
	4.6
	1.5

	08.10.04.
	on the surface in tunnel axis, 52 m from the face
	10.20
	4.7
	1.5

	13.10.04.
	on the surface in tunnel axis, 25 m from the face
	20.80
	8.0
	2.0

	13.10.04.
	on the surface in tunnel axis, 15 m from the face
	42.10
	8.0
	2.0

	15.10.04.
	resident house, 90 m from tunnel
	11.70
	9.0
	2.0

	15.10.04.
	on the surface in tunnel axis, 18 m from the face
	34.60
	9.0
	2.0

	19.10.04.
	machine room, 150 m from the face
	1.30
	10.0
	2.0

	20.10.04.
	resident house, 90 m from the tunnel
	13.80
	10.0
	2.0

	20.10.04.
	machine room, 145 m from the face
	2.07
	10.0
	2.0

	20.10.04.
	resident house, 92 m from the tunnel
	12.70
	10.0
	2.0

	21.10.04.
	resident house, 105 m from the tunnel
	7.83
	11.0
	2.5

	22.10.04.
	machine room, 120 m from the face
	2.92
	11.0
	2.5

	03.11.04.
	machine room, 80 m from the face
	7.01
	9.0
	2.0

	04.11.04.
	machine room, 75 m from the face
	4.59
	9.5
	2.0

	04.11.04.
	resident house, 110 m from the face
	8.45
	9.6
	2.0

	10.11.04.
	machine room, 45 m from the face
	17.00
	9.6
	2.0

	10.11.04.
	resident house, 95 m from the face
	8.00
	9.6
	2.0

	11.11.04.
	machine room, 55 m from the face
	11.60
	9.6
	2.0

	11.11.04.
	machine room, 42 m from the face
	32.10
	9.6
	2.5

	17.11.04.
	machine room, 17 m from the face
	54.30
	8.0
	2.5

	17.11.04.
	machine room, 25 m from the face
	41.60
	8.0
	2.0

	18.11.04.
	machine room, 16 m from the face
	29.20
	5.0
	1.2

	18.11.04.
	machine room 12 m from the face
	38.50
	5.0
	1.2

	19.11.04.
	resident house, 145 m from the tunnel
	3.05
	5.0
	1.0

	19.11.04.
	machine room, above tunnel face
	48.10
	5.0
	1.0

	19.11.04.
	machine room, 14 m from the face
	32.90
	5.0
	1.0


3. BLASTING THE RIGHT TUBE OF TUNNEL “VELIKI GLOZAC“

Motorway Rijeka – Zagreb was completed in 2004 after years building section by section. Part of motorway that passes through mountain region of Gorski Kotar was built in half profile. This very demanding section has 10 tunnels and several long viaducts. Increased traffic asked for urgent completion to modern full profile motorway and the client, ARZ, decided to finish the whole section.

The project started with excavation of second tubes on tunnels “Veliki Glozac“ and  “Cardak“. This was the first time in Croatia that tunnels were excavated using drill and blast method while already excavated tubes were in traffic. That required strict seismic regime requested by client, careful blasting and traffic regulation.

Designer's specifications allowed maximum vibration velocity of 50 mm/s in existing tubes, seismic monitoring of every blasting and presenting seismic reports according to DIN 4150-3. 

Left tube of tunnel “Veliki Glozac“ is 1130 m long, it has three lanes, and cross section of excavation was 110 – 140 m2. Tunnel lining is min. 30 cm thick and reinforced in whole length. Right tunnel tube is 1126 m long, it has 2 lanes and excavation cross section of 73 – 86 m2 (figures 3 and 4), two passages for pedestrians and large passage for vehicles in the middle. Distance between left and right tube is 15 - 30 m. Tunnel passes through limestone of high strength, and the only expected problem were presence of large caverns. Excavation was full face from both portals by JV of two contractors.
When planning excavation rounds for the right tube, the following factors were considered:

· distance between  two tubes,

· general condition and thickness of lining, reinforcing
· caverns and caves found during excavation of left tube,

· blasting rounds in 24 hours period permitted by client.
Since the same contractor did all concreting works in left tube, the general condition was well known. Tunnel lining was in excellent condition, and the fact that it was reinforced meant that that it would be possible to increase advance round. The client, ARZ, permitted three blastings in 24 hours period. Very dense traffic during whole year did not enable more interuptions. 

Experience gained on tunnel “Zaranac” was used for making blasting schemes. Again was used drilling machine ATLAS COPCO L2C, guided with three lasers. The objective was to find most appropriate scheme that would allow advance of 2.5 m, or even 3.0 m.

Every blasting was monitored in the left tube with two INSTANTEL MINIMATE BLASTER seismographs. Triaxial geophones were installed on concrete wall, close to tunnel face in the right tube. Traffic was stopped during blasting 300 m from both portals, and no vehicle was allowed to be in left tube. Client’s engineer was present at every blasting. Safety measures during whole duration of project are very strict and no accident has occurred yet.
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Figure 3 – Tunnel “Veliki Glozac”, western portal
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Figure 4 – Cross section of tunnel “Veliki Glozac”, right tube 

Blasting pattern consisted of 113 - 116 holes charged with plastic explosive GOMA 2 ECO (40. Contour holes were charged with DANUBIT BHV (23. Standard “V” cut was drilled in the middle, and later was repositioned sideways. The idea was that repositioning “V” cut right of tunnel axis  could decrease vibration velocity. 
NONEL system PRIMADET LP was used for initiating blastholes. The total number of delay times was 26 to 30, from 100 – 9500 ms. More delay times were obtained with inserting NONEL connectors PRIMADET EZTL 42 and 67 ms.
Right tube was excavated predominantly in RMR classes II and III (figure 5). Average round was 2.5 m. Despite limited blasting rounds of 3 per 24 hours, tunnel breakthrough was according to plan in 4 months. The rest of work is still in progress and tunnel will completed by the end of October 2006.
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Figure 5 – tunnel face in RMR class III
The analyze of 394 seismic measurements is shown on figure 6. Only 16 or 4% blastings had vibration velocity greater then 50 mm/s, which is excellent result. This was done using the same principles like those on tunnel “Zaranac”. Specific consumption of explosive was 1.35 kg/m3 – the same as designed. Plastic explosive was main charge. The accurate drilling of contour holes also contributed in great manner to keep vibration velocities inside limits.
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Figure 6 – Analyze of seismic monitoring

[image: image7.png]SEIZMICKI SNIMAK

Z Instantel

Date/Time Vert at 11:27:47 October 29, 2005 Serial Number  BE10269 V 8.01-1.0 Minimate Blaster

Trigger Source Geo: 1.00 mn/s Battery Level 6.5 Volts

Range Geo 254 mm/s Calibration  June 17, 2005 by Instantel.Inc

Record Time 100 sec at 2048 sps, Name L269AVA2.1B0

Job Number: 58 Scaled Distance 10.0(20.0 m, 4.0 kg)

Notes DIN4150

Location:

Client , , . .

User Name: ° T ' ' '

General

Extended Notes "

Post Event Notes

73+375,50

Veliki Glozac

Viadukt ol L

X

s %

Microphone  Disabled £ ¥

PSPL NA =

ZCFreq NA £ x x

Channel Test N/A H x
s ¥

Tran  Vert Long

PPV 146 386 147 mms

ZCFreq 5200 128 128 Hz

Time (Rel.to Trig) 9353 3692 3032 sec

Peak Acceleration 164 323 114 g

Peak Displacement 0.0893 0.0967 0.0609 mm

Sensorcheck Passed Check Check

Peak Vector Sum 408 mm/s at 3 692 sec

Frequency (Hz)
N/A:  Not Applicable Tran:+ Vert:x Long:o

v | | | | | | | | | |
I
|
|

|
|
|
|
|
|
|

Vert 0.0

Tran 0.0

|
|
| | | | | | | | | | |
y 3 t t t t t t t t t t
[ 10 20 3.0 40 5.0 60 7.0 80 2.0 100

Time Scale: 0 50 sec/div Amplitude Scale: Geo: 10.00 mm/s/div
Trigger=p— — — 4

Printed: August 1, 2006 (V 7.1 - 7.1) Format Copyrighted 1996-2003 Instantel Inc.




Figure 7 - Typical seismic report for blasting on tunnel “Veliki Glozac“
4. CONCLUSION
Tunnel excavation using drill+blast method in urban zones or close to existing objects is often replaced with pick hammers or road-headers. But when rock has high uniaxial compressive strength, more then 100 MPa, the excavation capacity of pick hammers is small and in range 10 m3/h. Compared with drilling and blasting for standard tunnel face of 75 m2, blasting is in great advantage because whole operation can be done in 2 hours for 1.0 m round.
Tunnels “Zaranac” and “Veliki Glozac” are example where careful blasting design and constant seismic monitoring enabled efficient excavation in such conditions, with no damage to surrounding objects and resident houses. Modern blasting seismographs are easy to use and give accurate data, so after each blasting, scheme can be quickly changed if vibration velocities are out of given limits. 

Usage of NONEL detonators and connectors has many advantages compared to electric detonators in tunnelling. The most important are safety and fast work. Number of delay times is 26 - 30, but, for very sensitive projects it still is not enough. In that case programmable electronic detonators offer wide variety of possibilities. Their greatest disadvantage their high price, 5-10 times more than NONEL. 
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