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Abstract 

This paper deals with an innovative assessment approach of environmental damage and effects on nearby 

communities caused by blast vibrations generated during tunnel excavation. Moreover, a mathematical 

model that evaluates particle vibrations at a specific point of interest located at a certain distance from 

the source on the basis of the depth of detonation, tunnel axis position, explosive charge and the number 

of holes blasted per delay is presented. A new proposal is presented for the assessment of damage levels. 

A case study in a populated area surrounding the portal of Portugal’s Marão tunnel is conducted. The 

case study presents vibration data recorded during the detonation of explosive charges around land 

occupied by humans. Data processing was performed using the multiple linear regression method to 

obtain the propagation law of vibrations for the area under study, and damage assessment was performed 

based on Portuguese standard NP 2074 and international standard ISO 2631 for human comfort. 

 

Key words: Blasting, tunnel, environment, blast damage, human comfort 

 

Resumen 

Este artículo aborda un enfoque innovador para la evaluación del daño ambiental y los efectos en las 

comunidades cercanas causados por las vibraciones generadas por explosiones durante la excavación de 

túneles. Además, se presenta un modelo matemático que evalúa las vibraciones de partículas en un punto 

específico de interés, ubicado a cierta distancia de la fuente, en función de la profundidad de la 

detonación, la posición del eje del túnel, la carga explosiva y el número de barrenos detonados por 

retardo. Se propone un nuevo método para la evaluación de los niveles de daño. Se lleva a cabo un estudio 

de caso en una zona poblada alrededor del portal del túnel de Marão, en Portugal. El estudio de caso 

presenta datos de vibración registrados durante la detonación de cargas explosivas en terrenos habitados. 

El procesamiento de los datos se realizó mediante el método de regresión lineal múltiple para obtener la 

ley de propagación de vibraciones en el área de estudio, y la evaluación del daño se efectuó con base en 

la norma portuguesa NP 2074 y la norma internacional ISO 2631 para el confort humano. 

Palabras clave: Voladuras, túnel, medio ambiente, daño por explosiones, confort humano. 

1. INTRODUCTION 

 

Rock tunnelling using explosives must be 

performed by scientific procedures 

fundamentally based dynamics of rock 

mechanics science, which enables better 

understanding of blasting actions in surrounding 

rock masses. For environmental control of 
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tunnel blasting effects requires blast local 

vibration characterization and design blasting 

patterns based in maximum explosive charge 

detonate per delay. 

According to Dinis da Gama (1998), only 5 to 

15% of the energy released by the det onation of 

explosives in rock is used effectively to fragment 

the rock. This means that the largest explosive 

energy is transferred to the surrounding 

environment and causes diverse environmental 

effects such as ground vibrations, airblast (shock 

waves propagating through the atmosphere), 

flyrock, dust and over-breaking of the remaining 

rock, which may cause instability of adjacent 

lands.  

Vibration is the most common cause of concern, 

and there have been protests by people living 

near areas where these activities are conducted. 

 

Several countries have established standards to 

control blasting-induced vibrations: Germany: 

DIN 4150, Australia: AS 2187, Switzerland: SN 

640312ª, Sweden: SS4604866, USA: USBM (RI 

8507), UNE: 22-381-93, Portugal: NP 2074 and 

ISO 2631 (Navarro Torres VF, 2013). 

 

2. MATHEMATICAL MODELLING TO 

CONTROL GROUND VIBRATIONS IN 

TUNNELS 

 

For the process of detonating cylindrical 

explosive charges in rock hole surrounding 

perpendicular section to a explosive charge axis, 

define three zones: explosive cavity, transition 

zone, and seismic or elastic zone (Fig. 1). 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

The first zone, where the explosion occurs, is 

originally occupied by an explosive charge (Q) 

and is associated with hydrodynamic 

mechanisms of detonation. The second zone has 

a greater extent and may be divided into four 

distinct zones: hydrodynamic, plastic, 

fragmented and fractured. Finally, there is a third 

region called elastic or seismic zone comprising 

non-fractured intact material, indicating that the 

tension occurring here would be below the 

elastic limit of the rock. This zone is significant 

for ground vibration problems resulting from 

rock excavation with explosives. 

 

The most widely accepted mathematical model 

to determine particle vibration velocity was 

proposed by Dinis da Gama, C. (1993) and 

Holmberg, R. (2000), which considers the 

energy (Q) as the vibration source and the 

distance (D) from the source as key variables. 

 
cb DaQV −=                                                            (1) 

 

Here a, b and c are coefficients obtained from 

measurements in situ and are determined by 

multiple regression analysis. 

To evaluate tunnel vibrations, Navarro Torres 

VF (2010) developed a mathematical model 

considering simultaneous explosive charges 

detonation of several holes around the F point, 

which is the source of energy detonation. Using 

the model, the vibrations at several points 

including point S located on the outer surface, 

specifically on a line perpendicular to the tunnel 

axis, and point P located anywhere on the 

external surface (Fig. 2) can be calculated. 

 

 

 

 

 

 

 

 

 

 Fig. 1 Distinct zones defined in a rock around an explosive charge 

after a blast (according to Atchison, 1968, cited by Carlos Dinis da 

Gama, 2001) 

 

Where: 

 

1-Explosive cavity 

2-Transition zone 

2a-Hydrodynamic zone 

2b-Plastic zone 

2c-Fragmented zone 

2d-Fractured zone 

3-Seismic or elastic zone. 
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a) The vibration velocity at point P anywhere 

outside of the rock mass caused by a number of 

holes (n) detonated by an explosive charge (Qf ) 

for each delay and hole can be calculated from 

equation (1) as follows:  

 

  c

p

b

f DQnaV
−

= .                                    (2) 

 

b) Consider the vibrations at point S located on 

the straight adjacent line perpendicular to the 

tunnel axis on the outer surface caused by a 

linear explosive charge (q).  

 

This particular case is significant because it 

constitutes the most unfavourable case of the 

distance from the source (Ds), that is, from the 

central part of the hole to any point on the outer 

surface located on the line perpendicular to the 

tunnel axis. The vibration velocity at point S can 

be given by  
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d) Let us consider the vibrations at superficial 

points located anywhere (X) as a function of 

the  

 

rock mass attenuation coefficient () caused by 

a linear explosive charge (q). 

 

In addition to the distance (Ds) between the 

central part of the charged hole to any point (S) 

located on the outer surface on the line 

perpendicular to the tunnel axis, it is also 

subjected to the distance (Dp) between the 

source (F) and any point on the outer surface P 

(Fig. 2). The vibration velocity at point X can be 

given by the following equation, where L is the 

length of the hole: 
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Applying the model for a granitic rock with 

coefficients a = 700, b = 0.75, c = 1.50,  = 

0.0003(5 Hz) and for holes with 3.1 m of 

explosive charge detonating at 20 m depth (h), 

the vibration propagation law results in equation 

5 (Fig. 3). 

 

( ) )20(0003.0.75.0.
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Tunnel 
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explosive 

D 

P 

Fig. 2  Explosive charge in a hole and vibration points on the outer 

surface 
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Fig. 3 Attenuation of particle velocity (mm/s) at points on the external surface for explosive charges of length 3.1 m 

detonated at 20 m depth 

 

3. PROPOSED METHODOLOGY FOR 

PREVENTING ENVIRONMENTAL 

DAMAGE CAUSED BY BLASTS IN 

TUNNELS  

 

Rock mass dynamic properties determined from 

vibration data and further processing enable 

characterization of rock types and prediction of 

ground vibration propagation mechanisms 

(Dinis da Gama, 1988). 

 

It is essential to obtain parameters from vibration 

data, which allows analysis of vibration velocity 

and frequency as well. These experimental data 

(fieldwork) are obtained from engineering 

seismographs installed with multiple geophones 

suitably located on the ground in relation to blast 

design. Geophones convert mechanical 

vibrations into electrical energy with an intensity 

proportional to the oscillating motion of the 

ground. 

 

The maximum value of velocity recorded in the 

vibration event is termed the ‘peak velocity sum’  

(PVS), and it is presented in seismograms as the 

output of the resultant vectors (L, V, T) 

corresponding to three coordinates at the same 

instant of time (t) (equation 6). However, it is 

usual that the largest component of all meassure 

at the corresponding instant of time, usually 

being 5 to 10% greater than this peak (Dowding, 

1992). 

 

=vmax | ( ) ( ) ( )tvT
tvV

tvL
222 ++ |         (6) 

 

Navarro Torres VF et al. 2004 proposed a 

methodology to control ground vibrations 

caused by rock blasting (Fig. 4), which permits 

obtaining results to simulate various scenarios. 

To determine the maximum admissible 
explosive charge per delay for a given situation, 

the important parameters are the distance to the 

sensible local from the vibration, rock particle 

vibration and their frequency. 
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Fig. 4 Methodology to control ground vibrations caused by blasts 

Implementation of this methodology allows 

controlling blast vibrations in a systematic and 

effective manner, providing a ready tool to 

obtain immediate results when adjustments in 

blast design are necessary.  

 

4.  CASE STUDY ON MARÃO TUNNEL, 

PORTUGAL  

 

4.1. Site characteristics and blasting design 

 

The case study was carried out in the portal of 

Marão tunnel, Portugal, throughout its building 

process, using 23 vibration records which 

correspond the number of blasts performed in 

the North portal between PK 19+281 and 

19+574 and 30 records that also correspond to 

blasts in South portal between PK 19+401 and 

19+576. The total of 53 records was then 

monitored in 25 points located in the houses or 

buildings located in the surrounding area to the 

portals (Fig. 5).  

 

 

 

 

 

 

 

 

 

 

 

 



36 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

The typical blast design was the burn-cut type 

with four empty holes placed on the central part, 

at 4 m depth. Spanish Riodin explosives with 18 

to 80 ms of delay were used (Fig. 6, 7) (Tables 

1, 2, 3, 4). 

 

 
 

 

 

 

 

 

 

 

 

 

Fig. 6 Vibration measurement points and blasting points 
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Table 1. Blast accessories and details. 

 
 

 

 

 

 

 

 

 

 

 

 

Table 2 Blast locations and details in Marão tunnel 

Detonators- Type 

Riodet AI-MR  Riodet AI-R 
Number Quantity Time (ms)  Number Quantity Accumulated 

time (ms) 
 

0 1 0  18 3 450 
1 1 25  20 2 500 

2 1 50  22 2 550 

3 1 75  24 4 600 

4 1 100  26 2 650 
5 1 125  28 4 700 

6 1 150  2 8 1000 

7 1 175  3 5 1500 

8 1 200  4 6 2000 
9 2 225  5 8 2500 

10 2 250  6 2 3000 

11 2 275  7 10 3500 

12 2 300  8 8 4000 

14 2 350  9 22 4500 

16 2 400  10 24 5000 

Total 21 400  11 14 5500 

    12 2 6000 

    Total 126 6000 

 

   Riodin Riodin   
Location Holes Hole length Quantity 

40/400 

Quantity 

26/200 

Quantity 

32/200 
Anfo Detonating 

cord 12  Cut 21 3,2 1 0 14 0 0 

Cut 

auxiliary 
0 3,2 0 0 0 0 0 

Floor 23 3,2 1 0 14 0 0 

Stoping 64 3,2 1 0 14 0 0 

Contour 39 3,2 0 10 0 0 3,2 

Auxiliary 0 3,2 0 0 0 0 0 

Total 147       
 



38 

 

 

Table 3 Blast delays and details in Marão tunnel 

 

 

 

 

 

 

 

Table 4 Blast data in Marão tunnel 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To determine the propagation law of vibrations, 

the seismograph Sinco model S-6-eak Vibration 

Monitor registers equipped with two sets of three 

geophones and a seismograph Instantel 

Minimate Plus installed with two geophones 

were used in sensitive areas surrounding the 

portal.  

Aiming to quantify vibrations in the surrounding 

area of the Marão tunnel nascent portal, some 

locations and the respective blast sites were 

chosen. Blasts were carried out between PK 19 

+ 281.6 and 19 + 574 in the North Tunnel and 

between PK 19 + 401 and 19 + 576 in the South 

Tunnel. Moreover, 53 registered values of peak 

particle velocity (mm/s) (Tables 5 and 6) were 

used. This information was then processed by 

multiple linear regression analysis involving 

three main variables. 

 

 

Type Mass (kg) Boxes Length (m) 

40/400 79,38 3,2  
26/200 60,84 2,4  
cordel 12 1,50  125 

ANFO 0,00   
32/200 378,00 15,1  
cordel 6 0,00   
Total 519,72   

 

 Mass (kg) Time(ms) 

Maximum explosive instantaneous charge  59,29 5500 

Data 

Hole (m) 6,10 

Subdrilling (m) 4,00 

Stemming (m) 0,80 

Efficiency 0,95 

Ripping ml 3,80 

Empty drilling 102  
Production drilling  48 mm 

Total drilling ml 588,00 

Area (m2) 85,00 

Volume m3 323,00 

ml/m3 1,82 

kg/m3 1,61 
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Table 5 Peak velocity sum (PVS) for different explosive charges and distances registered in the North 

tunnel. 

Point V(mm/s) Q(kg) D(m) Pk Postscript 

A 0,552 59,29 363,8 19+410,7 Platform 

1a 0,268 59,29 428,4 19+410,8 R/C 
5 0,5 59,29 610,6 19+410,9 Sill 
1a 0,075 49,5 277,6 19+571 R/C 
6 0,089 49,5 364,2 19+572 R/C 
1b 0,221 49,5 277,9 19+573 1st floor 
1c 0,194 49,5 277,3 19+574 Cave 
1b 0,792 59,29 432,5 19+407 1st floor 
1c 0,228 59,29 432,1 19+408 Cave 
E 0,075 59,29 616,4 19+403 Sill 
F 0,164 59,29 597,6 19+404 R/C 
2a 0,162 59,29 630,6 19+405 1º piso 
2b 0,098 59,29 629,6 19+406 R/C 
3b 0,075 59,29 1000,2 19+398,5 Sill 
O 0,164 59,29 872,1 19+398,6 Sill 
4 0,127 59,29 993,2 19+398,7 Sill 
G 0,127 59,29 1107,4 19+398,8 Rock 
7a 0,127 49,5 521,5 19+546,5 Rock 
7b 0,127 49,5 535 19+546,6 Sill 
8b 0,477 29,28 337 19+281,3 Sill 

P 0,254 29,28 420,9 19+281,4 Sill 

Mb 0,24 29,28 344,7 19+281,5 Sill 
8c 0,553 29,28 326 19+281,6 Rock 

 

The seismograph presents the vibration velocity 

in three directions: vertical, longitudinal and 

transversal, and adds them automatically to 

obtain the peak velocity sum to construct the 

seismogram chart. For successive 

measurements, ‘triggers’ of 0. 127, 0.130, 0.230 

and 0.51 mm/s for the Instantel seismograph 

were used.  

 

The locations of the measuring stations as well 

as the blast design coordinates have enabled 

determining the distances between the holes 

with maximum explosive charge and the 

location of evaluation. 

Statistical processing of the recorded data using 

the software Mlinreg.bas has allowed obtaining 

the propagation law of vibrations as a function 

of vibrations v (mm/s), the maximum explosive 

charge per delay (kg) and the distance D (m) by 

the following equation with a correlation of 

0.87: 

 
69.183.091.482 −= DQv  (7) 
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Table 6 Peak velocity sum (PVS) for different explosive charges and distances registered in the North 

tunnel. 

Point V(mm/s) Q(kg) D(m) Pk Postscript 
6 0,089 27,79 393,6 19+543,6 R/C 
5 0,104 27,79 488,6 19+543,7 Sill 
C 0,381 27,79 286,3 19+543,8 R/C 
B 0,898 27,79 235,7 19+543,9 R/C 
C 0,222 49,5 254 19+575 R/C 
D 0,287 49,5 214,4 19+576 House 
1a 0,209 27,79 310,7 19+541,4 R/C 
6 0,104 27,79 396,4 19+541,5 R/C 
1b 0,608 27,79 311 19+541,6 1st floor 
1c 0,128 27,79 310,5 19+541,7 Cave 
3a 0,075 27,79 852,3 19+538,7 Sill 
I 0,164 27,79 745,4 19+538,8 R/C 
J 0,127 27,79 862,8 19+538,9 R/C 
K 0,127 27,79 897,7 19+538,10 Sill 
3a 0,075 27,79 854,3 19+536,6 Sill 
O 0,164 27,79 728,9 19+536,7 Sill 
H 0,537 27,79 380,5 19+536,8 Sill 
N 0,226 27,79 426,1 19+536,9 R/C 
8a 0,567 27,79 433,02 19+534,8 Sill 
8b 0,224 27,79 452,9 19+534,9 Sill 
7a 0,51 27,79 518,4 19+534,10 Rock 
7b 0,51 27,79 531 19+534,11 Sill 
M 0,224 27,79 408,2 19+532 Sill 
P 0,328 27,79 446,2 19+533 Sill 
8a 0,51 27,79 432 19+534 Sill 
8c 0,51 27,79 423,2 19+535 Rock 
8b 0,671 29,28 384,9 19+401 Sill 
P 0,298 29,28 425,5 19+402 Sill 
Mb 0,27 29,28 373,7 19+403 R/C 
8c 0,449 29,28 363,8 19+404 Rock 

 

This equation may be represented in a 

logarithmic graphic for various admissible 

vibration standards (Fig. 8). 

 

4.2. Assessment of vibration level in the nascent 

Portal surrounding area 

 

Based on the determined propagation law of 

vibrations for the area under study, vibration 

variations in the nascent Portal surrounding area 

can be evaluated. 

This assessment was performed considering the 

quantity of explosive charges detonated by delay 

(59.3, 49.5, 29.2 and 27.8 kg) and the 

corresponding distances between the evaluation 

points and the vibration sources (Fig. 9). 
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Fig. 7 Variations in explosive charge and vibration velocity versus distances for the area under study 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8 Vibration velocity amplitudes versus points of evaluation according to the determined 

propagation law of vibrations and those recorded. 

 

It can be observed that the largest vibration 

amplitude would have occurred at points A, B, C 

and D, gradually decreasing as the distance 

increases. 

It is interesting to observe that the vibration 

amplitudes decrease noticeably over short 

distances (Fig. 10). This is because there is a 

large attenuation of vibrations caused by the 

influence of the free face in the front of the 

tunnel, where the wave propagation experiences 

a total reflection due to the change in impedance 

of the rock mass, where vibrations and air in the 

underground atmosphere are generated. 
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Fig. 9. Vibration behaviour according to the propagation law of vibrations for a blast using 49.5 kg of 

explosive charges per delay 

 

Applying Portuguese standard NP 2074 for the 

area under study, we have considered the bass 

ground as “grauváquicas” schist (α = 2.0), a 

weak quality of residences (β = 0.5), and more 

than three blasts per day (γ = 0.7). As a result, 

the admissible value of vibration velocity was 

V´L = 0.7 cm/s = 7 mm/s 

 

The amplitudes of vibration caused by blasts 

with the applied explosive charges had been well 

inferior to the admissible value of Portuguese 

standard NP 2074 (Fig. 11). 

 

 
Fig. 10 Amplitudes of vibrations versus points of evaluation in comparison to the admissible value of 

Portuguese standard NP 2074 
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In Portugal, there are no official standards to evaluate human comfort based on the admissible value of 

vibration velocity. Consequently, it is recommended that the evaluation should be based on ISO 2631 

procedures (Table 7), which was elaborated by a working group comprising specialists from participant 

countries of the International Standardization Organization located in Switzerland.   

 
Table 7 Admissible values of vibration velocity for human comfort in different localities according to 

ISO 2631 (1989). 

Location Period Threshold value of particle velocity vibrations 

for human comfort. 
Hospitals 

Day- or 

night- time 
0.10 mm/s 

Residences 
Day- or 

night time 

0.20 to 0.40 mm/s 

0.14 mm/s 

Offices 
Day- or 

night- time 
0.40 mm/s 

Workshops 
Day- or 

night- time 
0.80 mm/s 

 

Comparison of the amplitudes of velocities (according to the propagation law of vibrations) with the 

admissible values of ISO 2631 reveals that some points have exceeded the admissible values (Fig. 12). 

 

 
Fig. 11 Amplitudes of blast vibration versus points of evaluation compared with ISO 2631. 

Therefore, blast design optimization is a 

necessity to reduce vibrations to admissible 

levels. 

 

5. CONCLUSIONS 

 

The developed mathematical model for 

controlling ground vibrations due to blasts is a 

powerful tool in tunnel engineering. 

 

The constants a, b, c and α are related to 

geological, geotechnical and blasting conditions.  
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There was no damage to the surrounding 

buildings, according to NP 2074. However, there 

is human discomfort in eleven residences near 

the portal, according to ISO 2613. 
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