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BRZINE SEIZMIČKIH VALOVA KAO POKAZATELJ MOGUĆNOSTI OTKOPAVANJA 

SEDIMENTNE STIJENSKE MASE 

Sažetak: Odabir tehnologije otkopavanja predstavlja jedan od vrlo važnih i zahtjevnih zadataka prilikom planiranja 

iskopa u čvrstim stijenama, bilo na površinskom kopu ili građevnoj jami. Raznolikost značajki stijenske mase ima velik 

utjecaj na učinkovitost primjene određene tehnike i tehnologije otkopavanja. Što je stijenska masa raspucanija, lakše će 

se otkopavati. Diskontinuiranost je dobro poznata karakteristika stijenskih masa, pogotovo sedimentnih, a ta se značajka 

vrlo uspješno istražuje primjenom neinvazivnih, brzih i relativno jeftinih seizmičkih geofizičkih metoda. Rezultat 

seizmičkih istraživanja su brzine kompresijskih ili primarnih P-valova, te posmičnih ili sekundarnih S-valova. Neke od 

metoda iz literature kao glavni pokazatelj za procjenu mogućnosti otkopavanja stijene koriste navedene brzine seizmičkih 

valova. U ovom radu prikazana je primjena više takvih metoda na primjeru kategorizacije stijenske mase za potrebe 

iskopa u trajektnoj luci Žigljen na otoku Pagu. Prilikom terenskih mjerenja korištene su geofizičke metode plitke 

refrakcijske seizmike (SRS) i višekanalne analize površinskih valova (MASW). Na temelju izmjerenih brzina seizmičkih 

valova, stijenska masa na istražnoj lokaciji je prema svim korištenim metodama klasifikacije kategorizirana kao materijal 

koji se ne može strojno kopati, nego je potrebno miniranje uz primjenu minskih bušotina i eksploziva. 

Ključne riječi: otkopavanje stijenske mase, brzina seizmičkih valova, geofizičke seizmičke metode, kategorizacija 

materijala za iskop, miniranje.   

SEISMIC WAVES VELOCITIES AS AN INDICATOR FOR ASSESSING 

EXCAVATABILITY OF SEDIMENTARY ROCKS 

Summary: The selection of excavation technology is one of the very important and demanding tasks when planning 

excavation in solid rocks, whether on a surface mine or construction pit. The variety of rock mass characteristics greatly 

influences the application efficiency of a particular excavation technique and technology. The discontinuous rock mass 

is easier to excavate compared to solid rock mass. Discontinuity is a well-known characteristic of rock masses, especially 

sedimentary ones, and this feature is very successfully investigated using non-invasive, fast and relatively inexpensive 

seismic geophysical methods. The results of seismic investigations are the velocities of compression or primary P-waves 

and shear or secondary S-waves. Some of the methods from the literature use the mentioned seismic wave velocities as 

the primary indicator for assessing the possibility of rock excavation. This paper presents the application of several such 

methods on the example of rock mass categorization for excavation in the ferry port Žigljen on the island of Pag. During 

field measurements, geophysical methods of shallow refractive seismic (SRS) and multichannel analysis of surface waves 

(MASW) were used. Based on the measured seismic wave velocities, the rock mass at the investigation site was 

categorized as a non-mechanically excavated material according to all classification methods employed. Therefore, 

blasting with the use of blast holes and explosives is recommended for excavation. 

Key words: rock mass excavation, seismic waves velocity, geophysical seismic methods, categorization of excavation 

material, blasting.    
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1. INTRODUCTION 

Natural rock masses are fractured (discontinuous), heterogeneous, anisotropic and already in a natural state of 

stress. When designing any excavation in the rock mass, the question arises about the most appropriate excavation 

technology, which is greatly dependent on the characteristics of the rock mass that is planned to excavate. According to 

these features, the rock mass is classified using different empirical classifications to assess excavation technologies 

applicability and efficiency [8]. According to the main working mechanism, excavation technologies are divided into two 

basic groups: Blasting and Mechanical excavation [10]. Furthermore, according to the basic mechanism of extracting 

pieces of rock from the rock mass, mechanical excavation can be divided into digging with an excavator, dozer ripping 

and breaking with a hydraulic hammer. 

Many of the mentioned classifications are based on empirical evaluation systems [1, 6, 16], there are also graphical 

methods [10, 15], while some authors [3, 9] propose the use of seismic wave velocities as a direct indicator of the rock 

mass susceptibility to excavation. In the territory of Yugoslavia, there was a Building Standard GN 200 [5] that 

categorized the excavation material, also based on measured seismic wave velocities [12]. Currently, the rulebook on 

general technical conditions for road works [7] is valid in the territory of Croatia. 

The use of seismic wave velocities as a direct indicator of the rock mass excavatability has several advantages, 

such as the short duration of the investigations, non-invasiveness and low costs. Long and expensive investigations are 

often not acceptable to investors, which was a good incentive to apply exactly such methods in this research and 

classification of the rock mass. For the purpose of rock mass classification in the ferry port Žigljen on the island of Pag, 

data were collected using geophysical seismic methods: shallow seismic refraction (SRS) and multi-channel analysis of 

surface waves (MASW). Based on the measured velocities of pressure and shear seismic waves, the material at the 

investigation location was categorized for excavation purposes. 

The island of Pag is one of the largest Croatian islands and stretches in an NW-SE direction. The location is located 

on the border of Dalmatia and Kvarner. The island can be reached from the south side by bridge or by ferry to Žigljen in 

the north of the island from the port of Prizna. According to the basic geological map of Croatia, the investigation area is 

built of rudist limestones from the Senonian period (Figure 1a). Figure 1b shows an orthophoto of the Žigljen ferry port. 

 

Figure 1. Geographical and geological characteristics of the northern part of the island of Pag: a) Part of the basic geological map 

of Croatia [4]; b) Orthophoto of the Žigljen ferry port with a view of the geophysical investigation line 

2. METHODS 

The possibility of excavating a rock mass depends not only on the characteristics of the intact rock but primarily 

on the structural properties of the rock mass [2]. The more fractured the rock mass, the easier it will be to excavate. 

Discontinuity is a well-known characteristic of rock masses, especially sedimentary ones, and this feature is very 

successfully investigated using seismic geophysical methods such as SRS and MASW. In this paper, the results of seismic 



 

investigation methods were applied to assess the possibility of surface excavation of the rock mass through several 

classifications that use the velocities of the seismic waves as a direct indicator of the rock mass excavatability. 

2.1. Geophysical seismic investigation methods 

Seismic energy propagates from the seismic source in all directions in the form of seismic waves. There are four 

main seismic wave types, each is characterized by specific particle motion. Body waves include P and S-waves, while 

surface waves include Love and Rayleigh waves (L-waves and R-waves). Shallow Seismic Refraction (SRS) is a basic 

geophysical survey method which uses P and S-waves for seismic refraction in profiling and tomography. MASW is the 

newest and recently most frequently applied seismic technique for underground mapping, using Rayleigh waves to 

determine the profile of S-waves. The basic features of seismic investigation methods are shown in Figure 2. 

 

Figure 2. Body and surface seismic waves generated by a sledgehammer and received by an array of geophones [9] 

2.1.1. Shallow seismic refraction (SRS) 

The SRS method is a geophysical method that enables the determination of elastic wave velocities in layered soil 

as a function of depth. Seismic waves propagate from a source located at the surface, then refract at different seismic 

velocities layer boundaries and return to the surface to an array of geophones. The detection of the occurrence of the first 

disturbances on a series of installed geophones always refers to a direct wave or a refracted wave. This fact directs research 

attention only to observing the first arrivals of seismic energy, so the relationship between the distance from the source 

to the geophone and the arrival time can be used to interpret the depth of refractor layers. 

As a result of the SRS investigation, lithology, rock strength, crack density, degree of weathering or metamorphosis 

and locations of cracked zones are determined. It is applicable in engineering geology, geotechnical engineering, and 

investigation geophysics [11]. However, it is well known in applied geophysics that the SRS method has certain 

limitations. For example, the method is not applicable in the event of velocity inversion (the velocity of P-waves decreases 

with depth) or if very thin layers are present at the location (hidden layers).  

2.1.2. Multi-channel Analysis of Surface Waves (MASW) 

The MASW method has been actively used since the late 1990s to solve problems in engineering geophysics [13, 

14]. The term "multi-channel" indicates that a multi-channel seismograph collects the seismic data set. The MASW is 

based on the spectral analysis of surface R-waves. Their dispersive properties directly offer important information about 

S-wave velocities in rocks.  

The MASW investigation procedure can be divided into two main parts. The first part is field data collection, and 

the second refers to processing and interpreting field data. Data processing begins with a dispersion analysis, with which 

a dispersion curve is obtained for each field record. After that, the variations of S-wave velocities by depth are obtained 

by inversion or back analysis.  

Compared to the SRS method, MASW can be used to search for cavities and karst formations in the rock mass, 

and there is no limitation in exploring lower velocity layers below higher velocity ones. 

 

 

 

 

 

 

 

 

 

 

SOURCE 

GEOPHONES DIRECTION OF 

PROPAGATION 

Slowest Slower Faster Fastest 

L-waves R-waves 

 

S-waves P-waves 

Surface waves 

Take 67% of source energy 

(dispersive) 

Body waves 

Take 33% of source energy 

(non-dispersive) 



 

2.2. Used rock mass classifications for excavation purposes 

The classifications used to assess the excavatability of the rock mass using different geomechanical parameters, 

such as the uniaxial compressive strength of the rock, the distance between discontinuities, the degree of weathering and 

the like. In this paper, the velocities of the seismic waves measured in the field were used, so several rock mass 

classifications were chosen accordingly for the purpose of excavation. The selected classifications are described in more 

detail below. 

2.2.1. Classification according to Weaver 

Weaver (1975) devised a classification system for evaluating rock mass rippability based on P-wave velocities and 

several geological factors [16]. Given that detailed geological investigations at the research location were not carried out 

due to short deadlines, for this paper, only part of the classification was used, based on P-wave velocities (Table 1). 

Table 1. Classification system for evaluating rock mass rippability based on P-

wave velocities according to Weaver [16] 

ROCK CLASS I II III IV V 

DESCRIPTION Very good Good Satisfying Bad Very bad 

VP [m/s] > 2150 2150 – 1850 1850 – 1500 1500 – 1200 1200 – 450 

RIPPING 

POSSIBILITY 

Impossible to 

ripping, only 

blasting 

Extremely 

heavy ripping 

or blasting 

Very hard ripping Hard ripping Easy ripping 

2.2.2. Classification according to GN 200  

One of the first known classifications of soil for excavation in the territory of the Republic of Croatia and the 

former Yugoslavia was the Construction Norm GN 200 [5]. GN 200 divides all geological formations into seven 

categories. The first three categories include topsoil (category I), coherent clayey materials (category II), and sand and 

gravel (category III), while rocks appear in category IV. Table 2 shows the division of categories from IV to VII based 

on the possibility of mechanical excavation without explosives. 

Table 2. Classification of materials from categories IV to VII according to GN 200, 

based on the possibility of mechanical excavation without explosives  

MATERIAL 

CATEGORY 

TYPE AND DESCRIPTION 

OF MATERIALS 

VELOCITY OF P-WAVES,       

VP [m/s] 
EXCAVATION METHOD 

IV 
mixed rock material, 

weathering rock, scree 
1000 - 2000 Dozer with ripper 

V 
soft sedimentary rocks (marl, 

sandstones, and clay stones) 
2000 - 3000 

Dozer with ripper, occasionally 

explosive 

VI 
solid rock (limestones and 

dolomites) 
2050 - 5000 

Explosive in the amount of   

300 g/m3 

VII 
hard, tough rock (eruptives, 

quartzites, etc.) 
5000 - 7000 

Explosive in the amount of   

500 g/m3 

2.2.3. Classification according to IGH  

The rulebook on general technical conditions for road works [7] is currently a valid classification on the territory 

of Croatia and has its roots in GN 200. According to IGH (2001), the excavation materials are divided into three classes 

(A, B and C). Class A includes all types of hard and very hard, compact rocks (eruptive, metamorphic, and sedimentary) 

in a healthy state, including possibly thinner layers of loose material on the surface or such rocks with localized loam 

nests and local weathered or crushing zones. For the excavation of class A material, blasting is recommended for the 

entire excavation. Even for class B materials (semi-solid stony soils, flysch deposits, including loose soils, homogeneous 

marls, friable sandstones and mixtures of marl and sandstone), partial blasting with direct mechanical excavation is 

recommended. Only class C materials (clay, sand, gravel, mixed soils) can be excavated without using of explosives but 

directly using suitable machines. 



 

2.2.4. Classification according to Jug et al. 

One of the newer classifications for use in surface excavations of a sedimentary rock mass. The excavatability 

classification system has been developed based on seismic S-wave velocities determined by the MASW [9]. Following 

the subject classification, sedimentary rocks are divided into four classes, depending on the measured velocities of S-

waves, and an excavation method is recommended for each class (Table 3). 

Table 3. Sedimentary rock mass classification for assessing excavatability on 

surface excavations [9] 

Class of 

sedimentary 

rock mass 

Measured VS 

(m/s) 

Appropriate excavation 

method 

I > 1200 
Blasting  

(blast holes and explosive) 

II 1000 - 1200 
Breaking  

(hydraulic hammer) 

III 600 - 1000 
Ripping  

(dozer ripper) 

IV < 600 
Digging  

(bucket excavator) 

3. RESULTS 

After the conducted field geophysical surveys, the results were interpreted. The classification of materials for the 

excavation of the new ferry pier in the port of Žigljen was carried out following the classifications presented in the 

previous chapter. 

3.1. Results of geophysical investigations 

Geophysical investigations were carried out using SRS and MASW methods, described in the previous chapter. 

Both methods were performed on the same geophysical investigation line (Figure 1b), 69 meters long. The seismic device 

consisted of 24 vertical geophones with a frequency of 4,5 Hz. The geophone distance was 3 m. The positions of 

geophones 1 and 24 are shown in Figure 1b. The measurement data were interpreted with the SeisIMAGER 4.0.1.6 

application, OYO Corporation 2004-2009. 

3.1.1. SRS results 

During the interpretation of the SRS investigation, picking and time correspondence with the appropriate refractors 

were used. A correct image of the subsurface was obtained by applying computer-aided tomography (CAD), and possible 

ambiguity due to the inversion of velocities by depth was reduced. Figure 3 shows the results of the tomographic 

interpretation of the SRS profile, Žigljen. 

 

Figure 3. 2D velocity SRS profile of compressional seismic waves measured at ferry port Žigljen 

On the 2D profile of the compressional seismic waves, it is visible that the crumbly material/rock lies on the surface 

to a depth of 1 - 3 m, with P-wave velocities of 1000 to 2000 m/s. Deeper than the surface layer lies a solid rock mass 

with VP = 2250 - 4500 m/s. Deeper than 10 m, P-wave velocities occasionally exceed values of 5000 m/s. 



 

3.1.2. MASW results 

In the interpretation of MASW measurements, the fundamental or basic mode was used. Figure 4 shows the result 

of the MASW interpretation, i.e. the shear wave velocity profile VS along the depth of the rock mass in the middle of the 

investigation line. From the interpretation of the MASW recording results, it is evident that the velocities of shear waves 

in the surface part up to a depth of 3 m are VS = 1150 - 1200 m/s. Deeper than the cover and the transition zone of rock 

weathering, seismic velocities correspond to solid sedimentary rock, Vs > 1300 m/s. At depths greater than 6 m, S-wave 

velocities above 1600 m/s are reached, up to a maximum of 2100 m/s. 

 

Figure 4. 1D velocity MASW profile of shear seismic waves measured at ferry port Žigljen 

3.2. Classification of rock mass according to excavatability 

As can be seen from the results of geophysical investigations, two zones of sedimentary rock mass, i.e. rock 

material for excavation, were detected. The first zone is the surface rock mass of uneven thickness, from 1 meter to a 

maximum of 3 meters. It is a medium-sized rock. The blocks are of medium size, the frequency and width of the cracks 

are medium, as well as the size of the crack’s surfaces, and they are partially filled with clay. Deeper than the surface 

zone, solid rock mass was confirmed as the second zone, mostly at depths greater than 3 meters. Thus, in the second zone, 

weakly weathered rock mass predominates, the blocks are large, the frequency of cracks is low, the cracks are rare and 

large, and their width is small, cracks are rarely covered with a film of clay. Table 4 shows the classification of the rock 

mass according to excavatability in the area of the ferry port of Žigljen. 

Table 4. Classification of the rock mass according to excavatability in the area of 

the ferry port of Žigljen 

ROCK 

MASS 

ZONE 
DEPTH DESCRIPTION VP [m/s] VS (m/s) 

CLASSIFICATION OF THE ROCK MASS 

ACCORDING TO EXCAVATABILITY 

Weaver GN 200 IGH Jug et al. 

I 
0 – 3 m, 

unevenly 

surface rock 

mass 
1000 - 2000 1150 - 1200 

Very hard to 

extremely 

heavy  ripping, 

or blasting 

Dozer with 

ripper 
Blasting 

Breaking  

(hydraulic 

hammer) 

II 3 - 7 m 
near-surface 

solid rock mass 
2250 - 4500 1300 - 2100 

Impossible to 

ripping, only 

blasting 

Explosive, 

300 g/m3 
Blasting Blasting  



 

4. DISCUSSION 

The results of the seismic geophysical investigation at the location Žigljen on the island of Pag show that 

compressional or primary P-wave velocities obtained using shallow refraction seismic (SRS) already in the near-surface 

rock layers are greater than 3000 m/s and have an increasing trend with depth. Shear or secondary S-wave velocities 

obtained using multichannel analysis of surface waves (MASW) also increase with depth. Thus, in the near-surface layers 

of the rock material, the VS has values of around 1200 m/s, while at a depth of around 5 meters, it is over 1500 m/s. 

Most rock mass classifications, according to excavatability, showed the possibility of mechanical excavation of 

the surface material using a dozer with a ripper or a hydraulic hammer (Table 4). However, given that the planned 

excavation depth is 6 meters in total, the excavation cannot be carried out without using explosives, i.e. blasting. All used 

classifications have confirmed the stated fact (Table 4). 

Looking at the investigation results, the given dimensions of the excavation and the problem of classifying the 

rock mass for the needs of the excavation, it was decided that the complete excavation would be carried out by blasting. 

Two facts support this. The first is that the surface rock will not cause problems when drilling blast holes because it is not 

too crushed. On the other hand, mechanical excavation of the surface material would create an uneven surface unsuitable 

for drilling rig access, given that the surface layer is of uneven thickness. 

5. CONCLUSION 

Based on the results of the research carried out in this paper, several conclusions are drawn: 

 The selection of the most appropriate rock mass excavation technology (blasting or mechanical) largely depends 

on the characteristics of the rock mass to be excavated.  

 Long-term and expensive studies to assess the applicability of excavation technologies are often not acceptable 

to investors, so classifications using seismic wave velocities for assessment have proven to be more acceptable.  

 This paper showed that the rock mass could be classified for excavation purposes quickly, non-expensive and 

relatively simple with geophysical seismic investigation methods (SRS and MASW). Geophysical seismic 

methods are user-friendly, fast, and non-destructive.   

 Seismic P and S-waves were used to assess the ease of surface excavation of sedimentary rock mass, using 

several suitable classifications from the literature, norms, and regulations. 

 Ultimately, it was shown and proven that blasting (blast holes and explosives) is the most suitable excavation 

technology for excavating and expanding the Žigljen ferry port on the island of Pag. 
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