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Abstract
In the present study, a new approach on the application of seismic methods for assessing the excavatability of sedimentary rocks
for surface excavations is proposed. The excavatability classification system has been developed based on seismic S-waves
velocities determined by the multichannel analysis of surface waves. Prior to practical excavations carried out with different
excavation methods (blasting, hydraulic breaking, ripping and digging), extensive field and laboratory studies were performed on
eight sedimentary rock sites displaying a wide range of weathering and strength conditions in the area of Croatian karst
(Dalmatia, Istria, Gorski Kotar). The investigation involved parameters of intact rock, such as compressive strength and point
load strength, and parameters of rock mass such as seismic P-waves and S-waves velocities, geological strength index, discontinuity spacing and rock quality designation from borehole core. A new classification was proposed by comparing the measured
VS and applied excavation methods on the studied sites. Estimates of several existing classifications were used for comparison
and verification. It was found that the estimates of the proposed model are comparable with the estimates of previous research.
The proposed method is not applicable to igneous and metamorphic rocks, or for subsurface excavatability assessments.
Keywords Excavatability assessment . Sedimentary rocks . Seismic S-waves . MASW . Surface excavation method

Introduction
The selection of the most appropriate excavation method is
one of the most important tasks during the design and construction of various engineering objects in rock masses (surface mines, highways and rail routes, foundations). These decisions are particularly important as they affect and determine the cost and time required for the entire project
(Liang et al. 2017a).
The term excavatability is used as a broad term that refers
to the ease of excavation of rock and rock masses and includes
the following methods: (a) digging when easy/very easy excavation conditions exist, (b) ripping for moderate to difficult
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excavation conditions and (c) blasting for very difficult excavation conditions (Tsiambaos and Saroglou, 2010). If the main
purpose of the excavation work is to break rock into smaller
fragments by using a hydraulic hammer, the fourth method
can be called (d) breaking. Cutting is also one of the known
mechanical technologies for rock mass excavation, when cutting machines such as TBMs and roadheaders are used.
However, cutting is currently not applicable to the rock mass
surface excavation in Croatia because there are no cutting
machines available. Therefore, cutting as a mechanical excavation technology is not included in this research.
Previous studies that proposed different classifications for
the excavatability method assessment showed that the most
common classification methods require a combination of geological mapping, investigation core drilling and laboratory
testing of intact rock samples to get input data (Kirsten
1982; Singh et al. 1987; Karpuz 1990; Basarir and Karpuz
2004; Khamehchiyan et al. 2014). Therefore, the application
of such methods can significantly extend research and increase the cost. Long-term and expensive researches are often
not acceptable to investors. Methods that use seismic wave
velocity properties to predict rock excavatability (Atkinson
1971; Bailey 1975; Church 1981; Caterpillar Inc 2015) are
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much more acceptable, because they are non-invasive,
fast and inexpensive (Setchell et al. 2016; Soupios and
Kokinou 2016).
The possibility of rock mass excavation depends not only
on the properties of intact rock, but also primarily on the
structural properties of the rock mass (Bieniawski 1989). If
the rock mass is more discontinuous, it will be easier to excavate. Discontinuity is a well-known characteristic of sedimentary rock mass and is very successfully investigated using
seismic geophysical methods. The discontinuity condition
within the rock mass influences the change of the travelling
velocity of seismic waves. Seismic methods were applied in
oil exploration and rock excavation between 1920 and 1930
(Liang et al. 2017a). For shallow geological surveys and the
determination of seismic rippability parameters, the shallow
seismic refraction (SSR) method is most commonly applied,
whose final interpretation is a model of the subsurface ground
structure, depicted by P-wave velocities (Atkinson 1971;
Bailey 1975; Church 1981; MacGregor et al. 1994;
MacGregor 1998).
However, the application of the existing methods and classifications for the excavatability assessment based on seismic
P-waves velocity can lead to poor estimates in terms of
rippable, marginal or non-rippable rocks. A close examination
of the fundamentals of the SSR method reveals a big limitation regarding its validity and correctness of its results in nearsurface studies. SSR only works if the velocity at which motions propagate through the Earth increases with depth. It is
nearly impossible to detect a lower velocity layer, especially
one with a thickness less than one-third of the overlying
higher velocity layer (Whiteley and Greenhalgh 1979;
Kalachand and Kaila 1996; Barton 2006). For this reason, this
study proposes a new approach in the application of seismic
methods for assessing the excavatability of sedimentary rocks
on surface excavations.

Previous research on the estimation
of excavatability
The methods that are available to predict the excavatability
can be categorised into three classes of methods: assessment
based on seismic velocity, graphical method and grading
method. Franklin et al. (1971) presented one of the first graphic methods, based on the correlation between the uniaxial
compressive strength of intact rock (σci) and the spacing of
discontinuities (DS) in the rock mass. Weaver (1975) designed
the first grading system, taking into account the following
features of the rock mass: seismic P-waves velocity, hardness,
weathering and spacing, persistence, orientation and separation of discontinuities. However, one of the first developed
models for excavation assessment was proposed by the
Caterpillar Inc. in the late 1950s (Church 1981). This model

predicts rock mass rippability primarily based on seismic velocity of longitudinal P-waves (VP) in the rock mass for different rock types, and the assessment procedure was later updated along with the company’s latest bulldozers (Caterpillar
Inc, 2015). In general, a lower seismic velocity indicates a
very fragmented rock mass which is easier to be excavated
and vice-versa, higher seismic velocities indicate solid rock
mass which is more difficult to be excavated. Other researchers proposed different models based on their investigations and Caterpillar’s proposal (Atkinson 1971; Bailey 1975;
Church 1981; MacGregor et al. 1994; Tonnizam et al. 2010;
Moustafa Sayed 2015). Komatsu Ltd. also has ripper performance charts for their bulldozer models (Komatsu 2013).
In addition to the already mentioned Weaver (1975), some
researchers, beside VP also took into account other rock features. Minty and Kearns (1983) proposed a classification of
the rock mass rippability based on the rock mass VP, the intact
rock strength through point load test index (PLTi), rock mass
weathering degree (RMW), discontinuity spacing (DS), joint
persistence (JP) and joint separation (JS). Singh et al. (1987)
also combined VP with PLTi, RMW and DS, but they also
added the intact rock tensile strength (σt) and abrasivity (Ab)
into the classification model. Karpuz (1990) and Basarir and
Karpuz (2004) proposed a rippability classification system for
coal measures and marls. The most important factors in their
ratings are the strength parameter, measured either by σci or
PLTi, followed by VP, DS, RMW, joint roughness coefficient
(JRC) and intact rock hardness (Hd).
On the other hand, there are highly recognised methods for
the excavation assessment that do not use seismic wave velocities as the input parameter. Kirsten (1982) proposed a classification system that allows the classification of an entire
range of materials, from the weakest soils to the hardest rocks.
The system takes into account the features of the rock mass
such as rock mass strength (σcm), number of joint sets (NJS),
joint orientation (JO), JRC and DS. The end result is the
excavatability index (EI). Scoble and Muftuoglu (1984) proposed a classification of the rock excavatability based on
RMW, σci , DS and the spacing of bedding planes in a
layered rock mass. McLean and Gribble (1985) examined
intact rock samples and proposed a connection between σci
and Hd (rebound) obtained by Schmidt hammer to estimate
the rock mass rippability. Hadjigeorgiou and Scoble (1988)
included theoretical and physical modelling in the digging
process, and the model was corrected in terms of the geological environment. The characteristics of the rock masses that
are included in their classification model are PLTi, NJS,
RMW, DS and JO. One of the most recent assessments on
rock mass excavatability was proposed by Pettifer and
Fookes (1994). The chart for excavation assessing is based
on PLTi and DS. Based on statistical results, Liang et al.
(2017b) introduced the Excavation Index of Sedimentary
Rock (EISR). It was found that the effective rock parameters
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to get the EISR are PLTi, Hd (rebound), σci, density (γ), indirect tensile strength (ITS), DS, JP, JO, the existence of iron pan
and moisture content.
Various rock mass classification systems have also been
used for the excavatability assessment. Abdullatif and
Cruden (1983) presented an assessment of the ease of an excavation in relation to rock mass quality using the rock mass
rating (RMR) system (Bieniawski 1973, 1989) and Quality
Index (Q) system (Barton et al. 1974). However, RMR and
Q classifications are primarily intended to assess the quality of
rock mass in tunnel construction. Therefore, it is considered
that the above classifications are not suitable for the
excavatability assessment of rocks on surface excavations. A
similar conclusion was made by Kramadibrata (1996), whose
research showed that Kirsten’s (1982) system is more appropriate compared with systems using the RMR and Q classification. For the estimation of rock mass quality for surface
excavation, the application of the Geological Strength Index
(GSI), proposed by Hoek et al. (1998) and Marinos and Hoek
(2000) is much more appropriate. The advantage of the proposed classification is that it is an easy qualitative tool for the
quick assessment of excavatability (Tsiambaos and Saroglou,
2010). Therefore, classification systems using GSI will be
used for comparison and control of a newly proposed
approach in the application of seismic methods for assessing
the excavatability of sedimentary rocks on surface
excavations. Hoek and Karzulovic (2000) proposed GSI value
ranges for different excavation methods. They concluded that
rock mass can be dug by an excavator if the GSI < 40 and σcm
is less than 1 MPa, and that ripping is possible in rock masses
with the GSI value in the range of 40 to 60 and the strength of
up to 10 MPa. However, if the rock mass has a value of GSI >
60 and the strength > 15 MPa, the only applicable excavation
method is blasting. Tsiambaos and Saroglou (2010) proposed
a rock mass classification method with respect to the ease of
Fig. 1 Body and surface seismic
waves generated by a sledge
hammer and received by an array
of geophones. The directions of
particle motion in the ground are
shown in simplified form

excavation, based on GSI and Is50. As a result of their research, two classification GSI diagrams were proposed, the
first for rock masses with Is50 values below 3 MPa and the
second for rock masses with Is50 values greater than 3 MPa.
Unlike some of the above-mentioned classifications, this one
introduces an excavation method in which the rock mass is
broken down by hydraulic hammers. The authors pointed out
that this excavation method is suitable for the transition zone,
between ripping and blasting.

Seismic waves
There are four main types of seismic waves, each
characterised by its specific particle motion, as can be seen
in Fig. 1. The seismic energy generated by a seismic source
radiates outward from the shot point spreading in all directions. The two main types of waves are body waves (P- and Swaves) and surface waves (Love and Rayleigh waves). Pwaves or primary waves, also known as compressional waves,
are the fastest kind of seismic waves. They can move through
solid rock and fluids, which is reflected as a major disadvantage. Namely, VP is greater in saturated rock mass as compared
with dry rock mass (Barton 2006; Pasquet et al. 2015). In that
case, higher VP velocities indicate higher quality and less discontinuity on the rock mass than it actually is. Since cracks in
sedimentary rocks are often filled with water, there is a great
possibility of estimation error when applying P-waves. Swaves or secondary waves, also known as shear waves, are
slower than P-waves and can only move through solid rock,
not through any liquid medium. Therefore, it is much more
reliable to apply S-waves instead of P-waves in sedimentary
rocks, especially if there is the possibility that they are saturated with water (Aki and Richards 2009).
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Surface waves have a lower frequency than body waves
but carry considerable amounts of energy and as a result are
easily distinguished on a seismogram. They propagate parallel
to the earth’s surface without dissipating or spreading energy
in the earth’s interior. A Rayleigh wave or R-wave rolls along
the ground and moves the ground up and down, and side-toside in the same direction that the wave is moving (Fig. 1). Rwaves are more widely used than Love waves or L-waves, as
they permit a simpler acquisition. Their propagation in a heterogeneous medium exhibits dispersive behaviour. The term
dispersion implies that different frequencies have different
phase velocities. Rayleigh wave velocity, or phase velocity,
depends most on the velocity of the S-waves in the medium.
Thus, the Rayleigh wave propagation velocity (VR) is a good
indicator of VS. The VR is less than VS, and their relationship
depends on the Poisson coefficient (ν). For ν = 0.25, it is assumed that VR is 92% of VS (Stokoe et al. 1994), and for the
entire range of the Poisson coefficient (0–0.5), this ratio
changes from 0.88 to 0.95 (Aki and Richards 2009).

Geophysical seismic survey methods
Seismic reflection and refraction approaches are the principal
seismic methods. P-waves and S-waves are used for seismic
reflection and refraction in vertical seismic profiling and seismic tomography. Surveys applying seismic reflection, which
uses reflection properties of elastic waves at boundaries between different rock formations, are extensively used in the oil
industry. The underlying principle behind the seismic refraction technique is the measurement of travel times of the seismic waves refracted at the interfaces between the subsurface
layers of different velocities. Seismic refraction surveys (SRS)
are applied in the fields of engineering geology, geotechnical
engineering and exploration geophysics (Kovačević et al.
2013). Previous research shows that SRS can be applied for
estimating rippability before excavation (Atkinson 1971;
Bailey 1975; Church 1981; MacGregor et al. 1994;
Tonnizam et al. 2010; Moustafa Sayed, 2015). However, in
applied geophysics, it is known that the SRS method has some
limitations which can lead to errors and false estimates. The
seismic refraction is commonly performed in areas where the
geology is not complex and observations are generally
interpreted in terms of layers, which have dip and
topography. Seismic refraction requires that velocities
increase with depth. A lower velocity layer beneath a higher
velocity layer will not be detected by seismic refraction and
will lead to errors in depth calculations. There are many
publications that describe seismic reflection and refraction in
detail and can be found in Williams et al. (2003) or Milsom
and Eriksen (2011) and references therein.
The MASW (multichannel analysis of surface waves) is the
latest developed and most commonly used seismic technique

for mapping the subsurface, using properties of Rayleigh
waves to determine S-waves profiles (Park et al. 1998, 1999;
Foti, 2000; Strelec et al. 2017). The term multichannel indicates that the seismic dataset is acquired using a recording
instrument with multiple channels. When delineating the subsurface information, the concept of a number of channels
plays a similar role to that of the bit and pixel concept in digital
imaging technology. The MASW method is based on the
spectral analysis of surface waves and has been actively used
since the late 1990s and early 2000s to solve problems in
engineering geophysics (Park et al. 1998, 1999; Foti, 2000,
Foti et al. 2011). The method is based on the dispersion properties of R-waves, which directly provides important information about the shear wave velocity propagation in the ground
to a depth of 30 m and even up to 100 m with the integration of
passive low-frequency sources (Louie 2001; Strelec et al.
2017). The most important property of R-waves is the wave
velocity frequency dispersion. The active MASW (Park et al.
2007) overall procedure can be divided into two main groups
of actions, wherein the second group is divided into two steps.
The first group is the field procedure of data acquisition, acquiring multichannel field records. The second group is field
data processing. The first step of data processing is the dispersion analysis which extracts one dispersion curve from one
field record. The dispersion curve or phase velocity curve
represents phase velocity in dependence of frequency, where
phase velocity is the R-wave propagation velocity at each
particular frequency. The second step of data processing is
inversion (Xia et al. 1999), i.e. the back-calculating shearwave velocity (VS) variation with depth (called 1D VS profile)
that gives the theoretical dispersion curve closest to the measured (extracted) curve (one 1D VS profile from each curve). A
2D (surface and depth) VS map is then constructed through an
appropriate interpolation scheme by placing each 1D VS profile at a surface location corresponding to the middle of the
receiver line. Field procedures and data processing steps are
shown in Fig. 2 and briefly explained in Park et al. (1999).
Compared with the SRS method, MASW can be used to determine the presence and location of voids and karst features,
and there is no problem with layers of lower velocity under
layers of higher velocity (Williams et al. 2003; Foti et al. 2011;
Kesarwani et al. 2012).

Study sites and geological settings
Field investigations have been carried out on eight sedimentary rock sites in the karst area of Croatia (six sites in
Dalmatia, one site in Gorski Kotar and one site in Istria).
The locations of these sites are shown on the map in Fig. 3.
According to the basic geological map of Croatia, the local
geology of the sites is as follows:
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Fig. 2 MASW field procedures and data processing
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Fig. 3 Locations of study sites on the basic geological map of Croatia (according to Borović et al. 2019)
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1. Seget Donji (Fig. 4a): according to sheet K 33-21 Split
(Marinčić et al. 1971), the investigated area is composed of
massive Cretaceous deposits, which corresponds to bedded
limestones and limestones with rare layers of dolomite.
2. Obrovac (Fig. 4b): according to sheet K 33-140 Obrovac
(Ivanović et al. 1976), the rocks of the site are composed
of Paleogene (Eocene and Oligocene) sediments. The
most widespread sediments are conglomerates.
3. Mokošica, Dubrovnik (Fig. 4c): according to sheet K 34-37
Trebinje (Natević and Petrović 1963), the location is situated
on massive Quaternary and Paleogene deposits. The most
widespread sediments are flysch-sandstones and marls.
4. Kladnice (Fig. 4d): according to sheet K 33-9 Drniš
(Ivanović et al. 1977), the investigated area is composed
of Cretaceous limestones and dolomites.
5. Jasenice (Fig. 4e): according to sheet K 33-140 Obrovac
(Ivanović et al. 1976), the investigated area is situated in the
carbonate rock formations composed of crystalline limestone
from Lower Cretaceous and breccias from the Paleogene.
6. Pula (Fig. 4f): according to sheet K 33-112 Pula (Polšak
1967), the investigated area is composed of massive
Cretaceous deposits, which correspond to thinly stratified
limestones with rare deposits of dolomite, marl and breccia.
7. Split (Fig. 4g): according to sheet K 33-21 Split (Marinčić
et al. 1971), it is apparent that the investigated area of the
project is composed of massive flysch Paleogene deposits.
8. Vrbovsko (Fig. 4h): according to sheet K 33-91 Črnomelj
(Bukovac et al. 1984), the location is composed of massive Triassic and Jurassic sediments, which corresponds
to dolomites.

results, Fig. 5 shows a comparison of the SRS and MASW
methods. Figure 5 a shows the 2D VP model obtained with the
SRS method, and Fig. 5b the 2D VS model of rock mass on the
same section (study site Pula). By comparing these two
models, it is obvious that the VS model is much more detailed
and shows a lower velocity layer below a higher velocity
layer. SRS requires that shear velocities increase with depth,
and a potential lower velocity layer beneath a higher velocity
layer (velocity inversion) will not be detected in this method
and will lead to possible errors in depth calculations, particularly in deeper profiles (Williams et al. 2003; Foti et al. 2011).
The rock drilling, coring and sampling procedure was performed at all study sites. For drilling purposes, wireline equipment and a double-tube core barrel were used, which offers
better recovery by isolating the rock core from the drilling
fluid stream (Mayne et al. 2001). The wireline drilling equipment allows the inner tube to be uncoupled from the outer tube
and raised rapidly to the surface by means of a wireline hoist.
Clear water is used as drilling fluid. A photo of the borehole
core from the study site Obrovac is shown in Fig. 6.
The borehole core from core drilling was used to determine
rock quality designation (RQD), and selected core samples
were used for laboratory tests. The uniaxial compressive
strength (UCS) and point load tests (PLT) were carried out
by following the ISRM procedure (ISRM 1981, 2007). The
test results in the form of σci and Is50 are given in Table 1.
The field characterisation of rock masses in terms of rock type
consists of determining the intact rock strength values through
the field strength index R (ISRM 1981), VP and VS, geological
strength index (GSI), RQD and DS. The characteristic geotechnical profile of Seget’s location is shown in Fig. 7, while the
overall results of all field investigations are given in Table 2.

Results of field investigations and laboratory
testing

Development of a new seismic excavatability
classification system

All field investigations and laboratory testing were conducted
in accordance with the International Society for Rock
Mechanics suggested methods (ISRM 1981, 2007). Field investigations included geophysical seismic methods (SRS and
MASW), engineering geological mapping and exploratory
core drilling.
The receiver spread for the SRS and MASW profiles
consisted of 24 vertical 4.5-Hz geophones, with receiver
spaced out 3.0 m. The recorded data analysis was based on
identifying direct refracted seismic waves (primary P- and
secondary S-waves) to develop travel time-distance plots from
first pick breaking, whereas the final seismic wave velocity
profiles were determined by inversion methods, using
SeisImager/2D version 3.3 computer software (Geometrics
Inc and OYO Inc 2003). For more details, look in Sheehan
et al. (2005). As an example of geophysical field research

Practical excavations of rock masses on the studied sites included the following excavation methods: digging, ripping,
hammer breaking and blasting. In most cases several methods
were combined. Weathered and very poor quality rock mass
was dug by using hydraulic excavators CAT320 and FH
EX215 with a bucket (Fig. 8a). Partially weathered and blocky
rock mass, poor to fair quality, was ripped by using dozers
CAT D7, CAT D8 and Komatsu D85 with single shank rippers
(Fig. 8b) or hydraulic excavator CAT320 with hydraulic hammer Krupp HM1000 (Fig. 8c). Non-weathered, very blocky
and very good to excellent quality rock mass was blasted by
using explosives, which were placed in drilled blast holes
(Fig. 8d). The value of the powder factor (PF) in the performed blastings ranged 0.3–0.6 kg/m3. The excavation
methods applied at the individual studied sites are presented
in Table 2, last column. At the study site Donji Seget, the

J. Jug et al.

Fig. 4 General geology of studied sites, according to the basic geological map of Croatia. a Seget Donji. b Obrovac. c Mokošica. d Kladnice. e Jasenice.
f Pula. g Split. h Vrbovsko
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application of all four methods of rock mass excavation (digging, ripping, breaking and blasting) was planned, but the
excavation contractor did not have a bulldozer with ripper
available, so instead of ripping breaking with a hydraulic hammer was applied.
The new classification method proposed in this study is
based on the existing classification methods that use seismic
P-wave velocities to estimate rock mass excavatability. In
general, a lower velocity indicates very fragmented rock mass
(easy excavation) and higher velocities indicate solid rock
mass (difficult excavation) (Atkinson 1971; Bailey 1975;
Weaver 1975; Church 1981; Komatsu 2013; Caterpillar Inc
2015; Moustafa Sayed, 2015). However, the new classification proposed in this study introduces a novel approach that
will enable the improvement of existing seismic methods for
assessing the excavatability of rock masses. A different approach to field measurements is introduced, other types of data
are measured and the positive characteristics of the existing
methods (fast, relatively simple and inexpensive investigations) are retained. Previous field measurements were performed with the SRS method that has some disadvantages,
as described previously. The new approach foresees the application of the MASW method for field measurements. MASW
has a number of advantages compared with conventional seismic methods (e.g. SRS): (a) MASW is the latest seismic technique for mapping the subsurface; (b) it is very detailed in
terms of soil layers (Figs. 5 and 9), because it uses the multichannel approach in measuring; (c) it has no problem

Fig. 6 Photo of a borehole core from the investigation site in Obrovac

Fig. 5 Results of geophysical seismic investigations from the site in Pula. a 2D VP model. b 2D VS model
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Table 1

Results of laboratory tests on samples of intact rock from boreholes

Site

Rock type

Data ID

σci (MPa) range

σci (MPa) average

Is50 (MPa) range

Is50 (MPa)
average

Seget Donji

Limestone

SD1
SD2
SD3
SD4

10–25
25–40
40–55
55–70

22.5
32.5
47.5
62.5

0.4–1.1
1.0–1.8
1.7–2.1
2.4–2.8

0.7
1.4
1.9
2.6

SD5
O1
O2
O3
O4
M1
M2
K1
K2
K3
J1
J2
P1
P2
S1
S2
S3

70–115
–
22–54
60–72
81–116
22–39
37–54
10–25
25–50
50–90
114–154
173–204
6–17
23–48
–
10–22
28–54

92.5
–
38
66
98.5
30.5
45.5
17.5
37.5
70
134
188.5
11.5
35.5
–
16
41

2.9–4.5
–
0.5–1.7
2.4–2.9
3.0–3.3
1.1–1.6
1.9–2.2
0.4–1.00
1.0–2.3
2.2–3.9
5.2–7.1
7.9–9.3
0.3–0.9
1.2–2.6
–
0.5–1.9
2.2–5.9

3.7
–
1.1
2.6
3.1
1.3
2.0
0.7
1.6
3.0
6.1
8.6
0.6
1.8
–
1.2
4.0

V1

36–48

42

1.6–2.2

1.9

V2

67–82

74.5

3.0–3.7

3.3

Obrovac

Conglomerate

Mokosica, Dubrovnik

Flysch sandstone

Kladnice

Limestone-dolomite

Jasenice

Limestone breccia

Pula

Limestone

Split

Flysch

Vrbovsko

Dolomite

determining a lower velocity layer beneath a higher velocity
layer (Fig. 5) and (d) it uses the dispersion properties of
Rayleigh surface waves. R-waves carry considerable amounts

of energy and, most importantly, directly provide important
information about the VS in the surface rocks. S-waves, unlike
P-waves used in previous classifications (Atkinson 1971;

Fig. 7 Characteristic engineering geological profile of the investigation site in Seget Donji

Limestone

Conglomerate

Flysch

Limestone-dolomite

Limestone breccia

Limestone

Flysch

Dolomite

Seget Donji

Obrovac

Mokosica

Kladnice

Jasenice

Pula

Split

Vrbovsko

R2
R3
R3-R4
R4
R4–R5
R1
R2–R3
R4
R4–R5
R2–R3
R3
R2
R3
R4
R5
R5
R2
R3–R4
R1
R2
R3
R3
R4

K3
J1
J2
P1
P2
S1
S2
S3
V1
V2

R (ISRM 1981)

SD1
SD2
SD3
SD4
SD5
O1
O2
O3
O4
M1
M2
K1
K2

Data ID

1200–1800
1000–1400
1400–2100
400–700
800–1000
200–250
300–500
600–900
450–600
700–1000

450–600
600–800
800–1000
1000–1200
1200–1500
400–550
600–800
800–1200
1200–2000
250–350
350–600
400–600
800–1200

VS (m/s) range

2500–4200
1800–3500
3500–5100
750–1600
1800–2500
300–500
500–1000
1300–1700
1000–1400
1500–2300

800–1300
1200–1600
1600–2400
2200–2600
2600–3400
800–1200
880–1700
1760–2600
2600–4400
750–1200
1600–2200
900–1400
1200–2400

VP (m/s) range

60–70
45–50
60–65
15–25
35–45
5–10
15–25
40–45
20–25
30–35

15–25
20–30
30–45
50–60
60–80
5–15
15–25
30–40
40–50
20–35
40–60
15–25
35–45

GSI range

75–85
35–65
70–90
10–20
30–60
0
15–30
50–70
30–40
40–60

10–20
25–40
40–60
60–75
75–90
0
15–30
35–60
70–90
15–30
35–70
10–20
35–60

RQD range

20–80
5–20
30–45
1–10
10–30
<3
1–10
5–40
5–15
10–50

1–10
12–25
25–50
50–80
80–150
1–4
6–15
18–25
30–45
1–15
20–50
1–5
5–20

DS (cm) range

Blasting (PF = 0.5 kg/m3)
Blasting (PF = 0.3 kg/m3)
Blasting (PF = 0.5 kg/m3)
Digging (CAT320)
Ripping (CAT D8)
Digging (FH EX215)
Digging (FH EX215)
Digging (FH EX215)
Digging (CAT320)
Ripping (Komatsu D85)

Digging (CAT320)
Breaking (Krupp HM1000)
Breaking (Krupp HM1000)
Breaking (Krupp HM1000)
Blasting (PF = 0.6 kg/m3)
Digging (CAT320)
Ripping (CAT D7)
Ripping (CAT D8)
Blasting (PF = 0.4 kg/m3)
Digging (CAT320)
Digging (CAT320)
Digging (CAT320)
Breaking (Krupp HM1000)

Excavation method

R, field strength index; VS, S-waves velocity; VP, P-waves velocity; GSI, Geological Strength Index; RQD, rock quality designation; DS, discontinuity spacing; PF, powder factor

Rock type

Results of field investigations and practical excavations

Site

Table 2
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Fig. 8 Practical excavations. a digging in Split. b Ripping in Vrbovsko. c Hammer breaking in Seget Donji. d Blastfield preparation in Kladnice

Bailey 1975; Weaver 1975; Church 1981; Komatsu 2013;
Caterpillar Inc, 2015; Moustafa Sayed, 2015) can only move
through solid rock and not through any liquid medium. This is
very important to consider as groundwater can greatly influence the spread of P-waves through the subsurface and thus
increase the measured VP value in surface rocks. By using Swaves instead of P-waves, the possibility of error due to the
presence of water in the rock mass can be avoided.
Based on the results of field seismic investigations and practical excavations (Table 2) on eight sedimentary rock sites in the
karst area of Croatia, a new classification for assessing the
excavatability of sedimentary rocks on surface excavations is
proposed in Table 3. The proposed classification suggests 4
classes or categories of rock mass quality for the 4 most widely
used excavation methods, depending on the measured S-wave
velocities using the MASW method. To visualise improvements introduced by the new approach, Fig. 9 shows the rock
mass excavation profiles, based on the geophysical cross sections of the measured VS and VP that were shown previously in
Fig. 5. Figure 9 a shows the section of practical excavation, Fig.
9 b shows the excavatability estimates according to the new
proposed seismic method based on the measured VS and Fig.

9c shows the excavatability estimates according to the method
proposed by Caterpillar Inc. for dozer Cat D8R (Caterpillar Inc,
2015), based on the measured VP. By applying the VP profile
and the classification proposed by Caterpillar Inc., it is possible
to predict digging only in a shallow surface layer of rock mass
(Fig. 9c). By applying the new classification proposed in this
study, it is possible to predict digging of the area on the left side
of the VS profile (Fig. 9b), which coincides with the actually
performed excavation (Fig. 9a). Practical excavation was mostly done by ripping, but a part of it was also done by digging, as
predicted by the new proposed classification. Thus, two
benches of 5 m in height were formed (Fig. 9a) and digging
was carried out using a hydraulic excavator CAT320.

Verification of the proposed classification,
results and discussion
Existing methods for the assessment of rock excavatability
were used to verify the newly proposed classification for
assessing the excavatability of sedimentary rocks on surface
excavations. Table 4 shows a comparison of the proposed

New approach in the application of seismic methods for assessing surface excavatability of sedimentary rocks

Fig. 9 Excavation sections from the site in Pula. a Practical excavation. b
Excavatability estimates according to the newly proposed seismic method
based on the measured VS. c Excavatability estimates according to the

method proposed by Caterpillar Inc. for dozer Cat D8R (Caterpillar Inc
2015), based on the measured VP

Digging
Digging-ripping
Ripping
Hammer (and blasting)
Blasting
Digging
Digging
Ripping
Ripping
Digging
Ripping
Digging
Ripping
Hammer (and blasting)
Hammer (and blasting)
Hammer (and blasting)
Digging
Ripping
Digging
Digging
Ripping
Digging
Ripping
Dig
Dig
Rip
Rip
Blast
Dig
Dig
Dig
Rip
Dig
Rip
Dig
Rip
Rip
Rip
Blast
Dig
Rip
Dig
Dig
Rip
Dig
Rip
Hard digging
Easy ripping
Hard ripping
Very hard ripping
Blasting required
Easy digging
Easy ripping
Hard ripping
Hard ripping
Hard digging
Hard ripping
Hard digging
Easy ripping
Very hard ripping
Hard ripping
Extremely hard ripping or hydraulic breaking
Hard digging
Easy ripping
Easy digging
Hard digging
Hard ripping
Easy ripping
Hard ripping
Rippable
Rippable
Rippable
Rippable
Marginal
Rippable
Rippable
Rippable
Marginal
Rippable
Rippable
Rippable
Rippable
Marginal
Marginal
No data
Rippable
Rippable
Rippable
Rippable
Rippable
Rippable
Rippable
Rippable
Rippable
Rippable-marginal
Marginal-non-rippable
Non-rippable
Rippable
Rippable
Marginal-non-rippable
Non-rippable
Rippable
Rippable
Rippable
Rippable-marginal
Non-rippable
Marginal-non-rippable
Non-rippable
Rippable
Marginal-non-rippable
Rippable
Rippable
Rippable
Rippable
Rippable-marginal
Digging
Ripping
Ripping
Breaking
Blasting
Digging
Ripping
Ripping-breaking
Blasting
Digging
Digging
Digging
Ripping-breaking
Blasting
Breaking-blasting
Blasting
Digging-ripping
Ripping
Digging
Digging
Ripping
Digging
Ripping
Digging
Breaking
Breaking
Breaking
Blasting
Digging
Ripping
Ripping
Blasting
Digging
Digging
Digging
Breaking
Blasting
Blasting
Blasting
Digging
Ripping
Digging
Digging
Digging
Digging
Ripping

classification method with several existing, most commonly
used methods. Percent matching estimates of the new classification with estimates of existing classifications is shown
on the graph (Fig. 10).
Methods proposed by Caterpillar Inc. for dozer Cat D8R
(Caterpillar Inc, 2015) and Komatsu Ltd. for dozer D375A
(Komatsu 2013) differentiate 3 categories of rock mass: (a)
rippable, (b) marginal and (c) non-rippable. Therefore, the
following meanings of the terms were adopted: (a) rippable
means a rock mass that can be ripped and eventually dug, (b)
marginal denotes rocks that can certainly be broken with a
hydraulic hammer and (c) non-rippable rocks need to be
blasted. The Caterpillar Inc (2015) method, compared with
the proposed classification from this study, shows an excellent match (100%) (Fig. 10, blue column), and the matching
is also very good when compared with the Komatsu (2013)
method (over 80%) (Fig. 10, orange column).
The proposed classification was also compared with the
chart recommended by Pettifer and Fookes (1994), and it
shows a fairly good matching (65%) (Fig. 10, grey column).
However, the rock mass data from this study indicate that the
difficulty of excavation is underestimated, as in the study of
Tsiambaos and Saroglou (2010). For this reason, in the present
study, for the material falling into the category of the chart
where rippers are proposed in three cases, hydraulic hammers
were required and in three cases blasting was used (Table 4).
The classification proposed by Hoek and Karzulovic
(2000) uses σcm, with GSI for the assessment of rocks
excavatability. In this study, the rock mass strength is estimated based on other research results (σci and GSI), and σcm
is not easy to estimate. The following is an example of Hoek
and Karzulovic’s determination of σcm: In example of a 15m-high slope in weak sandstone, the compressive strength of
the intact rock is σci = 10 MPa, the Hoek-Brown constant is
m i = 17 and GSI = 60. These values give a rock mass
strength σcm = 1.4 MPa, and this is reduced to 0.7 by reducing the GSI to 40″. Therefore, it can be assumed that the poor
assessment of σcm in this study resulted in only 60%
matching with Hoek and Karzulovic classification (Fig. 10,
yellow column). Another disadvantage of this method is the
fact that it does not recognise breaking with the hydraulic
hammer like the excavation method.

Seget Donji SD1
SD2
SD3
SD4
SD5
Obrovac
O1
O2
O3
O4
Mokosica
M1
M2
Kladnice
K1
K2
K3
Jasenice
J1
J2
Pula
P1
P2
Split
S1
S2
S3
Vrbovsko
V1
V2

Blasting (blast holes and explosive)
Breaking (hydraulic hammer)
Ripping (dozer ripper)
Digging (bucket excavator)

> 1200
1000–1200
600–1000
<600

Data ID Practical
New seismic VS method Caterpillar
(2015) CAT D8R
excavation method

I
II
III
IV

Site

Appropriate excavation method

Table 4

Class of sedimentary Measured
rock mass
VS (m/s)

Comparison of the proposed new classification with practical excavation results and selected existing classifications

Table 3 The proposed new sedimentary rock mass classification for
assessing excavatability on surface excavations

Komatsu (2013) Pettifer and
D375A
Fookes (1994)

Hoek and
Tsiambaos
Karzulović (2000) and Saroglou (2010)
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Fig. 10 Percent matching
estimates of the new classification
with the estimates of existing
classifications

Finally, the last method recommended by Tsiambaos and
Saroglou (2010) is used for comparison and verification of our
model. Their classification method takes into account the PLTi of
the intact rock and the rock mass structure. Two GSI classification charts are used, the first for rock masses with Is50 ≤ 3 MPa
and the second for rock masses with Is50 ≥ 3 MPa. Comparing
the estimates of this classification with respect to our estimates of
the proposed classification, the matching is found to be very
good (82%) (Fig. 10, red column).
Based on the extensive geophysical field study, laboratory
and geological data on eight sedimentary rock sites in the karst
area of Croatia, a new classification for assessing the
excavatability of sedimentary rocks on surface excavations
is proposed (Table 3). The proposed classification suggest 4
classes or categories of rock mass quality for the 4 most widely used excavation methods, depending on the measured Swave velocities using MASW method: (1) for the massive,
very blocky and very good to excellent quality rock masses
with VS values higher than 1200 m/s, blasting is required; (2)
for sedimentary rocks with VS values between 1000 and
1200 m/s that belong to the transitional zone between ripping
and blasting excavation methods, it is proposed that hydraulic
breakers are used prior to ripping and blasting; (3) rock masses
with VS values between 600 and 1000 m/s can be generally
ripped and (4) rock material with VS values less than 600 m/s
can be dug with the bucket excavator. Newly proposed classification is compared with several existing and most commonly used excavation assessment classification methods
and matching estimates found to be very good (Fig. 10).

field and laboratory studies were performed on eight sedimentary rock sites (Limestone, Conglomerate, Flysch, Dolomite,
Breccia) with a variety of weathering and strength conditions
(23 data) in the area of Croatian karst.
The proposed classification method in this study is based
on S-waves velocities (VS) that were measured using the multichannel analysis of surface waves (MASW) method, due to
the disadvantages of P-waves (travels through solids and liquids) and seismic refraction surveys (in SRS there is a problem
with velocity inversion) used in the existing seismic classifications for the estimation of excavatability.
By new approach in the application of seismic methods
for assessing surface excavatability of sedimentary rocks,
it was found and proposed that blasting is required when
the measured VS values are greater than 1200 m/s, hence
blasting is usually required. For sedimentary rocks with
VS values between 1000 and 1200 m/s, it is proposed that
they must be excavated with hydraulic breakers. It was
found that successful ripping is generally achieved for
rock masses with measured VS values between 600 and
1000 m/s, while the rock material with VS values less than
600 m/s can be dug with the bucket excavator.
Based on the results presented in this study, it is highly
recommended that the proposed classification be used only
for assessing the excavatability of sedimentary rocks on surface excavations. For future work, it is necessary to explore
the possibility of applying the proposed methodology to assess the ease of excavation of magmatic and metamorphic
rocks, as well as the possibility of its application in subsurface
excavations.

Conclusions
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Seismic S-waves were used for the assessment of the ease of
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