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Abstract

Fracture frequency (FF) is necessary for fracture quantification in rock mass classification systems and plays an impor-
tant role in the mechanical properties of rock mass. To date, laboratory studies on the effects of jointed rock on rock
velocity have been limited to high FF conditions and have not incorporated lithological variations. This study aimed to
estimate the FF indirectly by determining its relationship with wave velocity in carbonate and silicate rocks. Two carbon-
ate (CA1and CA2) and two silicate (CR1 and CR2) rocks were drilled from four sites on the Java Island in Indonesia, and
their characteristics were identified through petrographic tests, physical property measurements, and ultrasonic veloc-
ity tests. Artificial joints were made in the core samples of these rocks to create varying joint spacing, especially at low
frequencies between o and 24 joints per metre. We successfully obtained new empirical equations expressing the rela-
tionship among the FF, intact rock P-wave velocity (Vp,), and jointed rock P-wave velocity (Vp.). For CA1, CA2, CR1, and
CRz, the Vp,/Vp, ratios were 1-0.0172FF, 1-0.0301FF, 1-0.0371FF, and 1-0.0349FF, respectively. The coefficient of determi-
nation of the equation for each lithology showed that the porosity, velocity, and density affected the fitting of the data to
the equation. Overall, the findings of this study can be used to optimise the utilisation of geophysical methods for geo-
technical monitoring, especially the identification of FF in lithology contrast between carbonate and silicate rocks or

rocks with different compaction levels.
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1. Introduction

Fracture frequency is one of the indicators for deter-
mining the rock mass class and the geotechnical proper-
ties of rock mass on site (Laubscher, 1990; Sen, 2014;
Sen and Sadagah, 2003). In the exploration stage, frac-
ture frequency data are usually obtained from direct
joint measurements on rock core samples (Higgs, 1984;
He et al., 2021; Khorzughi et al., 2018; Panek, 1984).
Indeed, this method requires heavy funding and a long
time for core drilling. In the production operation stage,
fracture frequency data can be obtained by directly
measuring the exposed rock mass in surface excavation
and underground space (Sriwidada and Kurnia, 2017;
Gumede and Stacey, 2007; Kim and Song, 2019;
Priest, 2004). However, the condition of the unexposed
rock mass is also disturbed by the excavation that is not
covered in the mapping range. Therefore, an indirect
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method is required to predict the fracture frequency af-
fected by excavation, thereby enabling a wider spatial
coverage.

Given the presence of joints in the rock mass and frac-
ture frequency in the field impact wave propagation
(Varma, et al., 2021; Moos and Zoback, 1983), there is
an opportunity to quantify the relationship between the
fracture frequency and wave velocity through laboratory
experiments. The characteristics of velocity changes are
expected to be understood through direct laboratory
measurements of rock samples representing rock mass
in fields. Estimating the fracture frequency from geo-
physical information of wave velocity can be very valu-
able if a conversion method to link it exists.

In addition to fracture frequency, rock lithology is an
important factor that must be understood in engineering
identification at project sites (Matula, 1969; Marinos et
al., 2019; Mandrone, 2006). Oil and gas deposits are
often formed by the migration of sedimentary carbonate
rocks through heterogeneous sedimentary lithologies
(Ahr, 2011; Zhou et al, 2020). Moreover, mineralised
zones are often formed in carbonate rocks penetrated by
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Figure 1. Drilling locations of rock samples from Java Island. CA1: Limestone from Wonosari Formation, East Java.

CA2: Limestone from Sentolo Formation, Yogyakarta. CR1: Andesite from Beser Formation, West Java.

CR2: Gabbro from Mount Parang, Central Java (modified from Samodra et al., 1992; Rahardjo et al., 1995;
Koesmono et al., 1996; Asikin et al., 1992)
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magma or bordered by igneous rocks (Pollard, 2005;
Dugdale et al., 2009; Voudouris et al., 2008) such as
skarn deposits, which are mined massively by under-
ground mining methods (Brannon et al., 2020).

An empirical equation model expressing the relation
between fracture frequency and P-wave velocity was pre-
viously developed using ultrasonic velocity measurement
on drill core samples in the laboratory (Kurtulus et al.,
2012; Huang et al, 2014; Leucci and De Giorgi, 2006;
Varma et al, 2017). Artificial fractures in the tested sam-
ple approached those in the rock mass model with varying
fracture spacing. However, the sample size and fracture
spacing remained limited. The dimensions of the samples
examined in these studies ranged from 0.6 m with a max-
imum of 7 joints to 0.2 cm with a maximum of 3 joints.
Thus, these studies examined the effect of fracture spac-
ing on fracture frequencies of more than 6.67 joints per
metre, which is equivalent to poor or very poor rock mass.
As a result, these studies are less relevant for application
to rock mass classes with a smaller fracture frequency
range, which represent a more competent rock mass.

Microseismic monitoring has been widely applied in
underground mines (Cai et al., 2014; Wang et al., 2018,
Hidayat et al., 2024; Qian et al, 2018) for seismic hazard
assessment and velocity mapping. Seismic tomography is
commonly used to map the seismic wave velocity near an
excavation zone. Seismic tomography can be optimised
by understanding the characteristics of V_ and fracture
frequency in heterogeneous lithologies. In addition to in
situ fracture identification, seismic tomography can po-
tentially aid in monitoring crack propagation due to the
use of hydraulic fracturing in oil production well drilling
activities or rock mass preconditioning in underground
mines (Martyusheyv et al., 2024; Cordova et al., 2023).

This study aimed to build empirical equations for
monitoring velocity changes upon transitioning from
competent rock mass to fractured rock mass. Ultrasonic
velocity measurements were performed with joint densi-
ties ranging from 0 to 24 joints/metre. Owing to the
availability of long samples from four sites, our study
objective was feasible. In addition to the joint density
scale, we also analysed the influence of rock lithology.
Carbonate and silicate rocks were measured to deter-
mine the impact of different lithological characteristics
on velocity changes due to fracture frequency variations
and optimise their use in heterogeneous rocks. The em-
pirical equations obtained in this study can be used for
geotechnical monitoring using seismic velocity, espe-
cially for the identification of fracture frequency in dif-
ferent lithology.

2. Materials and methods
2.1. Location of core drilling

The rock samples tested in this study consisted of car-
bonate sedimentary rocks and silicate igneous rocks. We

conducted core drilling on rock samples on Java Island,
Indonesia. Java Island is on the southern edge of the
Southeast-Asian plate, bordering the Indo-Australian
plate that is inclined to the north. This geological setting
causes Java Island to be tectonically active, as evidenced
by geomorphic indicators in the form of living and raised
coral reefs, volcanoes, and fault scarps (Verstappen,
2010). The genesis of rocks on Java Island is related to
the activity of quaternary plates and sedimentation pro-
cess; thus, carbonate and silicate rocks are formed on
this island. The location of sample drilling is presented
on the map in Figure 1. The detailed location of each
formation is indicated in geological maps. The samples
were selected as representatives of carbonate rocks and
silicate (igneous) rock samples so that this study could
cover the heterogeneity of lithology.

The first carbonate rock sample CAl is limestone
from the Wonosari Formation, Pacitan, East Java. The
Wonosari Formation is dated to the Middle to Late Mio-
cene, or approximately 5 to 16 million years ago
(Wibowo et al., 2023). The Wonosari Formation com-
prises layered and reef limestone. The second carbonate
rock sample CA2 is the limestone obtained from the
Sentolo Formation, Yogyakarta. The Sentolo Formation
is dated to the Middle to Late Miocene (12 — 22 million
years ago) (Akmaluddin and Agustin, 2019). These
carbonate rock samples, CA1 and CA2, were studied to
represent typical carbonate rocks that were often on hy-
drocarbon, hydrothermal, or geothermal traps.

The first igneous rock sample CR1 is an andesite rock
from the Beser Formation, West Java. The Beser Forma-
tion is the oldest volcanic rock unit in West Java. The
Beser Formation can be dated to late Pliocene, or ap-
proximately 1.8 — 3.6 million years ago (Haryanto and
Sudjradjat, 2018). The second igneous rock sample
CR2 is a Gabbro rock from Mount Parang in the Karang
Sambung Formation, Central Java. Mount Parang is a
tertiary volcanic rock interpreted as an intrusion. Gab-
bro, also called Diabase, from Mount Parang, is estimat-
ed to be 26-39 million years old, and is dated to Eocene—
Oligocene transition (Mareta et al., 2020). Both silicate
rock samples, CR1 and CR2, represent typical rocks
found in the mineralized zones found in ore mines.

2.2. Sample characterisation

The four drill cores were petrophysically tested to un-
derstand the characteristics of the samples and perform
their rock velocity analysis. The petrophysical parame-
ters tested in the laboratory were density and porosity
because these two parameters were closely related to the
velocity of seismic waves passing through the rock
mass. Porosity, density, and velocity are indicators of the
compaction rate of rocks. The samples were then pre-
pared into thin sections to identify their mineral content
and rock petrology characteristics. The percentage of
mineral composition was determined by calculating the
interpretation of mineral distribution in sections using
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the point counting technique. The mineral present at
each examined point was identified, the occurrences of
each mineral were counted across a set number of points.
The percentage of each mineral was calculated by com-
paring its count to the total number of points examined.
This information was used as a reference for the miner-
alogical characteristics of the rock and its rock velocity.

2.3. Sample preparation

Advanced measurements were utilised to accurately
measure the wave velocity of jointed rocks. Fractured
sample models were prepared using a diamond rock cut-
ter from irregular core drilling samples into samples cut
across the axis of the borehole. The purpose was to
measure the fracture frequency range from 0 to 24 joints
per metre. The spacing between artificial joints and the
cutting planes of the rock samples were arranged in var-
ious configurations and calculated as the number of
joints per metre. For example, to obtain a sample with a
fracture frequency of 2 joints per metre, three core piec-
es of approximately 30—40 cm length were arranged in
parallel. The length of the prepared sample was adjusted
to the available core fragments. Figure 2 presents sev-
eral examples of rock-cutting configurations to obtain
varying fracture frequencies. The surfaces of the cut
rock sample planes were smoothened using sandpaper to
achieve uniform roughness of the joints, so that identi-
cally smooth surfaces can be obtained for planar joints.
Vaseline was applied to the surface of the joints to assist
in the propagation of waves passing through joints.

The existing joint and/or fractures in the core sample
were not taken into account when creating the artificial
joint. The variation in the direction and surface rough-
ness of existing joints or fractures was difficult to control
as an independent parameter in this study. Fractions of
core samples were sorted visually. Only intact drill core
fractions were selected to make artificial joints in order
to ensure that the measured wave velocity difference
would actually occur because of the variation in joint
space.

2.4. Ultrasonic velocity measurement

Ultrasonic velocity measurements using sound waves
with frequencies above 20 kHz were conducted to test
the impact of fracture frequency on variations in the
wave velocity in rock samples. Following the Interna-
tional Society of Rock Mechanics (ISRM)’s suggested
method for determining sound velocity through the ul-
trasonic pulse transmission technique, a series of stand-
ard tests were performed (Ullusay, 2015). The testing
was conducted using Sonic Viewer Oyo 2i in the Geo-
physical Instrumentation and Rock Characterization
Laboratory in Institut Teknologi Bandung.

In the experimental procedure, the specimen was care-
fully positioned between two transducers with identical
characteristics (see Figure 3). A high-voltage pulse was
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Figure 2. Photo and illustration of certain examples
of sample configuration to obtain fracture frequency
variation. Fracture frequency is calculated by dividing the
number of fractures by the total length of the sample.
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Figure 3. A simplified diagram illustrating the fundamental
elements of an ultrasonic apparatus. This study transformed
a group of rock cores into jointed rock samples with a total
sample length ranging from 0.3 to 1 m. The cores were cut
perpendicular to their axis to create artificial joints using a
rock cutter to form parallel joints.

then applied to one of these transducers, which generated
ultrasonic waves. These waves propagated through the
specimen and were captured by another set of transducers
designed specifically for receiving them. The frequency
range used in this setup included P-200 kHz and S-100
kHz transducers, chosen specifically for measuring joint-
ed rock samples. An ultra-high-speed A/D converter cap-
tured waveform data from the received waves to accu-
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Figure 4. Recorded P waves from rock samples. The arrival times of these waves are indicated by

black dots marking the picking point.

rately measure propagation time. These data could be
visualised on a display as waveform patterns. Analysing
these patterns with precision made it possible to deter-
mine propagation times with great accuracy.

In this study, all artificial joints were made in the di-
rection transverse to the axis of the drill core because the
orientation of the fracture affected the wave velocity,
where the greatest deceleration occurred in fractures
perpendicular to the direction of wave propagation.
Therefore, the relationship obtained from these meas-
urements considers the differences in natural fracture
orientation that might occur in the rock mass. Wave-
forms from 170 measurements of intact and fractured
rock samples were analysed to determine the wave ar-
rival times. These waves were analysed using the Sonic
Viewer software to record their time function, with wave
arrival times determined by identifying the first break on
waveform visualisations (an example of wave travel
time determination is shown in Figure 4). Wave velocity
was measured and calculated using Equation 1.

Vp=— (1)

Where:
V, —the P-wave velocity of measured sample (km/s),
L —the total length of the measured sample (km),
T, — the travel time of ultrasonic P-wave (s).

The V_ values were plotted on a graph to show the
distribution pattern of the relationship with fracture fre-
quency. Fracture frequency (sometimes called joint
number or crack density) was quantified in the number
of joints per metre. The fracture frequency (FF) was
calculated using Equation 2.

J
FF=—* 2
: @

Where:
FF — the fracture frequency (m),
Jn —the number of joints in sample configurations
(joints),
L —total length of the measured sample (m).

2.5. Construction of empirical equations

The relationship between FF and Vp was examined
using empirical equations tailored to different lithology

types. The linear correlation model, its equation, and the
coefficient of determination (R?) for each lithology and
rock group were analysed. Equation 3 is an empirical
linear equation model obtained from experimental tests
in the laboratory. VpJ./V p, 1s the ratio between the frac-
tured sample and intact sample’s wave velocity. The FF
multiplier coefficient in empirical equation A indicated
the degree of influence of FF on the change of P waves.
The greater the value of A, the easier the FF reduced the
wave velocity in fractured rocks. R? was utilised to eval-
uate the reliability of the equations because it described
the accuracy of the data on the predicted value of the
equation (Lee Rodgers and Nicewander, 1988; Tarald-
sen, 2021). The correlation relationship between param-
eters in the data and the equation was described by coef-
ficient r, i.e. the root of R? (see Table 1).

Vp ;
Vp,

=1- AFF 3)

Where:
Vpj — the P-wave velocity of jointed sample (km/s),
Vp0 — the P-wave velocity of intact sample (km/s),
A —the coefficient of decrease,
FF - the fracture frequency (m™).

Table 1. Interval of coefficient of determination,
coefficient of correlation, and its description
(Lee Rodgers and Nicewander, 1988)

Coeﬁicien.t ) Coeﬂicient‘ Description
of determination (R?) | of correlation (r)

0.00 - 0.36 0.00-0.19 Very weak
0.04-0.15 0.20-10.39 Weak

0.16 —0.35 0.40—0.59 Moderate
0.36 — 0.62 0.60 —0.79 Strong

0.64 —1.00 0.80 — 1.00 Very strong

3. Results and discussion

3.1. Petrophysical and mineralogical
characteristics

A set of core samples of hard rock was prepared for
the measurement. As shown in Figure 5, sample CAl
has the lowest P-wave velocity (3.37 km/s) and the high-
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Figure 5. Physical and dynamic properties of samples: (a) natural density (in g/cm3),
(b) porosity (in %), and (c) ultrasonic velocity (in km/s).
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Figure 6. Petrograph of thin sections of carbonate rocks captured under parallel polarisation light (PPL)
and cross-polarisation light (XPL): (a1 and az) CA1 - Wonosari Limestone, and (b1 and b2) CAz-Sentolo Limestone.
Abbreviations in figure: skl, Skeleton; cal, Calcite; opq, Opaque minerals; arg, Grain aggregate.

est porosity (21.04%). Sample CA2 has average Vo, den-
sity, and porosity values of 5.91 km/s, 2.43 g/cm’, and
4.44%, respectively. CR1 has the highest average V_and
density of 6.6 km/s and 2.9 g/cm?, respectively. CR2 has
average Vp, density, and porosity values of 5.64 km/s,
2.59 g/em?®, and 4.43%, respectively.

The prepared CAl, CA2, CRI1, and CR2 samples
have average natural densities of 2.11, 2.43, 2.90, and
2.59 g/cm?®, and porosities of 21.04%, 4.44%, 4.90%,
and 4.43%, respectively. The rock velocity increases in
the order CA1 < CR2 << CA2 <CRI. Evidently, silicate
igneous rocks (CR1 and CR2) with high density and
relatively lower porosity have relatively higher ultrason-
ic velocities, namely 6.60 and 5.64 km/s, respectively.
While CA2 has the lowest ultrasonic velocity, i.e. 3.37

km/s, it also has the lowest natural density, with porosity
up to nearly 21%. As for CA2, its velocity is almost the
same as that of CR2, with a density of more than 2.4 g/
cm’® and porosity less than 5%. In general, the results of
petrophysical characteristic tests provide a fairly con-
sistent pattern suggesting that rock velocity will be high
if density and porosity are low. This aligns with the re-
sults of previous studies on calcarenite rock samples
conducted by Rahmouni et al. (2013).

3.1.1. Carbonate rocks

The bioclast and matrix have been identified on thin
sections with a polarisation microscope under parallel
polarisation light (PPL) and cross-polarisation light to
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determine the rock name. The following subsections ex-
plain the petrography of two carbonate rock samples
(shown in Figure 6).

3.1.1.1. CA1

CA1 was the first limestone sample drilled from the
Wonosari Formation Karts area, Pacitan, Central Java.
Thin sections of this carbonate sedimentary rock were
brown and clastic in texture and had a grain size less
than 0.5-2 mm. The sediment was supported by allo-
chems, subrounded to angular grain shape, poor sorting,
and long contact grain. The rock comprised skeletal
grains, opaque minerals, aggregate grains, and calcite.

The bioclast and matrix composing Wonosari lime-
stone are indicated in Figures 6al and 6a2 by abbrevia-
tions.

* Skeletal foraminifera (25%): brownish white, sub-
rounded grain shape, 2 mm grain size, present cen-
trally, in sections as allochems.

» Skeletal (5%): brownish white, subrounded grain
shape, 0.9 mm grain size, present centrally, in sec-
tions as allochems.

* Opaque mineral (3%): black, angular grain shape,
grain size 0.07 mm, present in a scattered manner.

 Grain aggregate (7%): brownish grey, subrounded
grain shape, grain size 1 mm, present in a scattered
manner, in sections as allochems.

* Calcite (5%): white, subrounded grain shape, grain
size 0.1 mm, present in a scattered manner, in sec-
tions as allochems.

» Calcite (45%): brown-black, subrounded grain
shape, grain size > 5 microns, present in a scattered
manner, in sections as sparite.

 Calcite (10%): brown-black, subrounded grain
shape, grain size < 5 microns, present in a scattered
manner and abundant in sections as micrite.

The sample was classified as Limestone, based on the
mineral identified in this petrography analysis. Its spe-
cific rock name was biosparite, according to Folk’s clas-
sification diagram for gravelly sediment (Folk, 1959) or
Packstone, according to Dunham’s classification system
for carbonate sedimentary rocks (Dunham, 1962).

3.1.1.2. CA2

CA2 was the second carbonate rock sample drilled
from the Sentolo Formation, Kulon Progo, Special Re-
gion of Yogyakarta. The thin section was identified as
brown carbonate sedimentary rock, clastic texture, grain
size less than 0.5-2 mm, supported by allochems, sub-
rounded to angular grain shape, poorly sorted, long con-
tact grain, and composed of skeletal grains, opaque min-
erals, aggregate grains, and calcite.

The bioclast and matrix composing Sentolo Lime-
stone are indicated in Figures 6b1 and 6b2. At first
glance, the second sample is similar to the first sample.

The difference is the composition of calcite, especially
the percentage of micrite, which is more dominant than
sparite.

* Calcite (30%); brown-black, subrounded grain
shape, grain size < 5 microns, present in a scattered
manner and abundant in sections as micrite.

» Grain aggregate (20%): grey-brown, subrounded
grain shape, grain size 2 mm, present centrally, in
sections as allochems.

 Skeletal (15%): grey, rounded grain shape, grain
size 0.9 mm, present centrally, in sections as allo-
chem.

* Calcite (15%): brown-black, subrounded grain
shape, grain size > 5 microns, present in a scattered
manner in sections as sparite.

* Opaque mineral (7%): black, subrounded grain
shape, grain size 0.03 mm, present in a scattered
manner.

 Skeletal (5%): colourless, subrounded grain shape,
grain size 1.5 mm, present centrally.

* Calcite (8%): white-brown, subrounded grain
shape, grain size 0.1 mm, present in a scattered
manner.

Based on the mineral content identified in this thin
section, the sample was classified as Limestone. The de-
tailed rock name was biomicrite according to Folk’s
classification diagram for gravelly sediment (Folk,
1959), as well as Grainstone, according to Dunham clas-
sification system for carbonate sedimentary rocks (Dun-
ham, 1962).

Both carbonate rocks tested in this study were of the
same rock type, i.e. limestone. However, their texture
and grain size were totally different as identified by pe-
trography. Skeletal foraminifera and grain aggregates,
i.e. the two main constituents of CA1, had sizes of 2 and
1 mm, respectively. Dominant calcite in CA1 had a grain
size >5 microns (sparite), whereas dominant calcite in
CA2 had a grain size less than 5 microns (micrite). Skel-
etal in CA2 had a grain size of 0.9—-1.5 mm. Overall,
CA1 had a grain texture and CA2 had a fine texture. The
genesis and depositional environment of limestone con-
trol their difference in compositions and texture. CA1,
biosparite, is a limestone composed of calcium carbon-
ate (CaCQ:s) formed from the remains of marine organ-
isms (such as shells, fossils, and other body parts of or-
ganisms) that are fragmented and dispersed in a larger
calcium carbonate matrix. Biosparites form in high-en-
ergy environments, such as shallow waters, beaches, or
coral reefs, where fragments of organisms can collect. In
contrast, CA2, biomicrite forms in calm water environ-
ments, such as the deep seabed, where fine organic par-
ticles can slowly settle. Biomicrite is a limestone formed
from fine calcium carbonate derived from the accumula-
tion of small organic fragments or microscopic materials
such as the remains of plankton and other microorgan-
isms. The relationship between the composition and tex-
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Figure 7. Petrograph under parallel polarisation light (PPL) and cross-polarisation light (XPL) of thin sections:
(a1 and a2) CRy, and (b1 and b2) CR2. Abbreviations in figure are: Pl = Plagioclase, Px = Pyroxene, Md = Groundmass,
Hb = Hornblende, Opq = Opaque minerals, Cp = Clinopyroxene.

ture from petrography and the physical properties of
both limestones can be concluded. Calm water environ-
ment tends to deposit biomicrite, a type of limestone
with fine texture, high density, and high velocity. Mean-
while, high-energy environment deposits biosparite, a
type of limestone that is more porous than biomicrite
and has a grain texture.

3.1.2. Silicate rocks

Thin sections of silicate rocks showed all mineral
phases that were present in the sample (see Figure 7).

3.1.2.1. CR1

CR1 was the first silicate rock sample drilled from the
Beser Formation, Baleendah, South Bandung Basin,
West Java. The volcanic igneous rock section showed
porphyrophanitic texture, holocrystalline, pilotaxitic,
massive structure, crystal size less than 0.1 — 3 mm,
composed of plagioclase phenocrysts, pyroxene, horn-
blende, and opaque minerals in a fine-grained mineral
groundmass, as indicated by Figures 7al and 7a2.

* Phenocrysts consisted of plagioclase (40%), pyrox-
ene (7.4%), hornblende (1.4%), and opaque minerals
(3.8%). Plagioclase was colourless in PPL and grey
in XPL, measuring 0.25-3 mm, prismatic, subhedral,
showing albite twinning, and of andesine type. Py-
roxene was reddish clear and cream, orange, blue,
and purple in XPL. Pleochroic pyroxene, measuring
0.2—1.7 mm, and with a short prismatic shape, subhe-
dral, bidirectional cleavage, moderate darkness, with
a darkness angle of 4245 degrees, had a pyroxene
type twin, namely the mineral augite. Hornblende
was light brown in PPL and dark brown in XPL. It
was pleochroic, measuring 0.8-2.4 mm, and had a
long prismatic, subhedral form with 30-degree
oblique extinction. Opaque black minerals in PPL
and XPL, have crystals sized 0.1-0.7 mm, tabular
shape, and euhedral crystal form.

* The groundmass (47.4%) was clear brownish in
PPL and dark grey in XPL, present in fine material
measuring less than 0.1 mm, short prismatic shape,
and consisted of microcrystalline plagioclase.

From the results of mineral identification, we deter-
mined that the rock sample was classified as andesite,
according to the Quartz, Alkali Feldspar, Plagioclase,
Feldspatoid (QAPF) diagram classifying intrusive igne-
ous rocks (Streckeisen, 1978).

3.1.2.2. CR2

The second silicate rock sample drilled on Mount Pa-
rang was an intrusive body between the Melange Karang
Sambung sediment and the Totogan Formation in Kebu-
men, Central Java. The section under the microscope
was identified as a mafic plutonic igneous rock, colour-
less, colour index 42%, holocrystalline, medium-coarse
phaneritic, crystal form, subhedral - anhedral, crystal
size 1-5 mm, inequigranular porphyritic, special diaba-
sic texture, composed of plagioclase, sericite, clinopy-
roxene, and opaque minerals, as indicated by Figures
7b1 and 7b2.

The mineral composition consisted of plagioclase
(65%), opaque minerals (5%), sericite (5%), and clino-
pyroxene (25%).

 Colourless plagioclase, low relief, subhedral crystal
form, refractive index n mineral > n surrounding
mineral, indicating albite mineral twinning. The
sample contained phenocrysts measuring approxi-
mately 3 mm of labradorite type and microlites
about 1 mm in size. Labradorite type was present
locally in the section.

* Opaque black mineral, high relief, anhedral crystal
form, present locally in the section.

* Sericite appeared as a black mineral with low relief
and an anhedral crystal form. It was scattered
throughout the section.

* Clinopyroxene was creamy, medium relief, showed
two-way cleavage, anhedral crystal form, present
locally in the section.

According to the QAPF classification of volcanic
rocks for field use (Streckeisen, 1976), the sample was
Gabbro, i.e. a mafic igneous rock. According to the Clas-
sification of Rocks (Travis, 1955), the sample was Dol-
erite, Diabase or Microgabbro.

The silicate rock samples tested had different compo-
sitions related to their genesis. Both contained plagio-
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Table 2. Summary of characteristics of tested rock samples

Middle Miocene to . o o .
CA1l |Limestone | Wonosari |Pliocene 3.3740.19 |2.11 | 21.04 Cala(EY /(:))’ SLECH (30/))’ (liralon
Gl o o) aggregate (7%), Opaque mineral (3%)
Early Miocene to Late : o o :
CA2 |Limestone |Sentolo | Miocene 5.9120.14 |243 |4.44 |Calcite (53%), Skeletal (20%), Grain
(12225 million years 420) aggregate (20%), Opaque mineral (7%)
Late Pliocene Groundmass (47.4%), Plagioclase (40%),
CR1 | Andesite |Beser o 6.60+0.68 |2.90 |4.90 |Pyroxene (7.4%), Opaque mineral (3.8{%),
(1.8-3.6 million years ago) Y
T Hornblende (1.4%)
Mount Eocene—Oligocene Plagioclase (65%), Clinopyroxene (25%),
o [k Parang (26-39 million years ago) SHIEED) 2 i Opaque mineral (5%), Sericite (5%)

clase in varying percentages. CR1, andesite, was domi-
nated by groundmass (47%) and plagioclase (40%).
CR2, Gabbro, was dominated by plagioclase (65%) and
clinopyroxene (25%). Andesite is typically formed as a
product of volcanic activity near subduction zones. The
cooling process occurred relatively fast and the mineral
texture was finer, as indicated by microcrystalline pla-
gioclase in ground mass of CR1 that had fine material
measuring less than 0.1 mm. In this ground mass, phe-
nocrysts were distributed with crystal sizes of 0.1-3
mm. CR2, Microgabbro, was formed in intrusive zones
at shallow depths. The slower magma cooling process
produced larger crystal sizes than andesite. As an indica-
tor, the minerals composing CR2 had crystal sizes of 1-5
mm. Minerals in both silicate samples interlocked to
form igneous rocks with high density and velocity. How-
ever, the density of CR1 and the velocity of CR2 were
reported with more precise data ranges.

Table 2 highlights the characteristics of the tested
rock samples to facilitate the analysis of their relation-
ship with changes in rock velocity due to fracture fre-
quency. CA1 and CA2 have similar mineral content (cal-
cite, skeletal, grain aggregate, and opaque minerals) but
different percentages. CA1 has a higher content of cal-
cite (60%) and skeletal material (30%) than CA2. CA2
has higher grain aggregate and opaque minerals than
CALl, 20% and 7%, respectively. With relatively higher
Vp and density, and lower porosity than CA1, CA2 also
contains a higher percentage of aggregate grains and
opaque minerals. However, the calcite and skeletal con-
tent of CA2 is lower than that of CA1. CR1, which has a
relatively smaller composition of plagioclase and pyrox-
ene than CR2, has a velocity, density, and porosity
slightly higher than CR2. Thus, samples CR1 and CR2
have relatively typical density and velocity. As explained
previously by petrography, physical, and dynamical
tests, CA1 and CA2 have different velocity, density, and
texture, whereas CR1 and CR2 have different mineral
content. The genesis, depositional environment, and for-
mation age of the four samples are different. Further-
more, the velocity response of each sample was analysed
to the artificial joint treatment with various spacings.

3.2. Empirical equations of fracture frequency
and P-wave velocity

Ultrasonic velocity measurements of rock samples
with artificial fractures and varying spacing have been
conducted in the laboratory on four lithologies. The dis-
tribution of P-wave velocity data from the measurement
results against fracture frequency is plotted in Figure 8.
For all lithologies, P-wave velocity decreases with in-
creasing fracture frequency. Based on the data distribu-
tion, the decrease is significant in lithologies with high
P-wave velocities: CA2, CR1, and CR2. The P-wave
velocity of CA1, which has the lowest intact rock veloc-
ity, still falls within a range similar to the other three
lithologies when the variation in fracture density is ap-
proximately more than 10 joints per metre. Evidently,
the decrease in P-wave velocity due to the addition of
fractures in low-velocity limestone (less than 4 km/s) is
not as significant as that in silicate and carbonate rocks
that have high velocities (more than 5 km/s).

To quantify the correlation for each lithology, we de-
termined linear trendlines of linear equations between
fracture frequency and velocity. These trendlines were
used to derive empirical equations to estimate fracture
frequency from relative changes in the P-wave velocity
of fractured rocks to the velocity of intact rocks.

Figure 9 shows the distribution of P-wave velocity
data from laboratory measurements grouped according
to lithology. The proposed empirical equations for lith-
ologies CAl, CA2, CRI, and CR2 are V| /V =1-
0.0172FF,1-0.0301FF, 1 —0.0371FF, and 1 “o. 0349FF
respectively. V . is the P-wave velocity of jointed rock,
Vp, is the P-wave velocity of intact rock, and FF is frac-
ture frequency. Thus, the effect of adding fractures to
velocity from the largest to the smallest is in lithologies
CR1, CR2, CA2, and CAl, respectively.

Based on the R? of the four lithology trendlines, we
quantified that the distribution of wave velocity data for
the fractured sample CA1 was the most dispersed com-
pared to the other three lithologies. The correlation be-
tween fracture frequency and wave velocity was strong-
er in lithologies with high V, (more than 5 km/s) and
with R? above 0.7. Therefore, from our results, using
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samples (km/s)

P-wave velocity data
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Figure 8. P-wave velocity of the artificial jointed rock sample obtained from ultrasonic velocity measurements
in the laboratory. In general, there is a decrease in P-wave velocity for all lithologies. The decrease is significant
in lithologies with high P-wave velocities (more than 5 km/s), high density (more than 2.4 g/cm?3), and low porosity
(less than 5%): CAz2, CR1, and CR2. CA1, which has the lowest intact rock velocity (3.71 km/s), lowest density (2.11 g/cm3),
and the highest porosity (21.04%), shows the range of Vp that is not much different from the other lithologies
when the fracture frequency is approximately more than 10 joints/metre.

P-wave velocity of jointed rock/Pwave
velocity of intact rock ¥ ,;/V )

CAl, CA2, CR1, CR2

Fracture frequency (m')

CA1y=-0.0172x + 1
R?=0.4499
e CRI1
CA2y=-0.0301x +1
R?=0.8163 = CR2
s CAl
CR1y=-0.0371x +1
R*=0.6795 A CA2
CR2y =-0.0349x + 1 Linear (CR1)

R?=10.9668

Linear (CR2)

Linear (CA1)
Linear (CA2)

20 25 30

Figure 9. Trendline of velocity data. The ratio of jointed rock velocity to intact rock of CA1 constructs the linear correlation,
v, /V = 1-0.0172FF, with a coefficient of determination R? = 0.4499, classified as a strong correlation. The ratio of jointed rock
Veloc1ty to intact rock of CA2 constructs the linear correlation, V_/V_ =1-0.0301FF, with a coefficient of determination
R = 0.8136, classified as a very strong correlation. The ratio of Jomtecli rock velocity to intact rock of CR1 constructs the linear
correlation, V_/V_ =1-0.0371FF, with a coefficient of determination R* = 0.6795, classified as a very strong correlation.

The ratio of ]omted rock velocity to intact rock of CR2 constructs the linear correlation, V /VP =1-0.0349FF,
with a coefficient of determination R*> = 0.9688, classified as a very strong correlation.

rock wave velocity values with empirical equations to
assist in interpreting or predicting fracture frequencies
for rocks with V 'more than 5 km/s is highly recom-
mended. Meanwhile, for carbonate rocks with less com-
pact characteristics, empirical equations can still be used
with a lower confidence level.

Subsequently, we grouped the samples into two li-
thology groups, i.e. carbonate rocks and silicate rocks,
as shown in Figures 10 and 11. Based on the grouping,
the following empirical equations were obtained: for
carbonate rocks (CA1 and CA2), Vm/V =1-0.0246FF,
and for silicate rocks (CR1 and CR2) v /Vp =1-
0.0361FF. The decrease in V_due to the addition of frac-
ture frequency was more s1gn1ﬁcant in silicate rocks
than in carbonate rocks, as indicated by the FF multiplier
coefficient, i.e. 0.0361 > 0.0246. The carbonate rock

data were also more spread out than silicate rocks, with
R? coefficients of 0.6027 and 0.8520, respectively. How-
ever, this does not apply generally to all carbonate rocks.
Carbonate rocks with high Vp, such as CA2, showed a
more concentrated data distribution on the trendline. The
differences in density, porosity, and ultrasonic velocity
between CA1 and CA2 affected the variation in the de-
crease in ultrasonic velocity measurement results in
fractured rock samples.

Although the composition of CA1 and CA2 was rela-
tively typical, consisting of calcite, skeletal, grain ag-
gregate, and opaque minerals (listed in Table 2), differ-
ent percentages caused differences in velocity. When
considering the level of compaction, CA1, deposited in
the Wonosari Formation, is younger than CA2, which
was taken from the Sentolo Formation. CA2 was thought
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Figure 10. Trendline of velocity data of CA. The ratio of jointed rock velocity to intact rocks constructs
the linear correlation, ij/Vp0 =1-0.0246FF, with a coefficient of determination R> = 0.6027,
classified as a strong correlation.
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Figure 11. Trendline of velocity data of CR. The ratio of jointed rock velocity to intact rocks constructs
the linear correlation, ij/V , = 1-0.0361FF, with a coefficient of determination R* = 0.8520,
classified as a very strong correlation.

to have undergone a sedimentation and compaction pro-
cess over a longer period; thus, its porosity was reduced.
CA2 also had relatively higher grain aggregate and
opaque minerals than CA1.

The difference in porosity in the silicate rock sample
was less significant than in the carbonate rock sample.
However, in silicate rocks, porosity also affected the R2.
CR1 had a porosity of 4.90%, and the coefficient of de-
termination was 0.6795 that was lower than CR2,
0.9668, with a porosity of 4.43%. The density, porosity,
and ultrasonic velocity differences between CR1 and
CR2 were less significant than between the carbonate
rock samples. Therefore, besides the fracture frequency
having a more significant influence on rock velocity, the
confidence level in predictions in silicate rocks would be
higher than in carbonate rocks because the properties of
carbonate rocks were more heterogeneous.

We also provided a general equation for all lithologies
of the samples measured in this study (see Figure 12).
Obviously, carbonate rocks were partly located above
the data distribution area, and silicate rocks were con-
centrated in the lower area of the data distribution. The
proposed empirical equation, V./V, =1 - 0.0271FF,

can predict fracture frequency from wave velocity for
various rock types.

The relationship equation between ultrasonic velocity
and fracture frequency has been quantified as a result of
the study. An example of its application is for prelimi-
nary exploration when the scope of the study area is re-
gional. The equation can be employed to obtain an over-
view of the distribution of rock mass quality through
fracture frequency prediction. We believe that the equa-
tion obtained from this study can be applied on various
types of other carbonate or silicate rocks because the
velocity parameter in these equations is expressed as a
ratio, between the Vp of fractured rocks and the Vp of the
intact rock itself. The increase in fracture frequency has
an impact on the decrease in velocity and also depends
on the intact rock’s velocity. The intact rock’s velocity
itself will produce the prediction results of our equations
that applies specifically to certain rocks, which makes it
relevant for direct use on rocks from other sites. Notably,
the prediction uncertainty is inherently linked to the in-
tact velocity of the measured rock. Rocks with low intact
velocities are more sensitive to changes in V_ due to the
presence of fractures. An example is clearly seen in
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Figure 12. Trendline of velocity data of CR and CA. The ratio of jointed rock velocity to intact rocks constructs
the linear correlation, ij/Vpo =1-0.0271FF, with a coefficient of determination R? = 0.6976,
classified as a strong correlation.
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CAL, which has a velocity of less than 4 km/s. The range
of data variance along the linear trend line is relatively
more spread out, thus the equation we obtained is very
helpful for rocks with high velocities (>5 km/s) and re-
quires attention for rocks with low velocities (<4 km/s).
We also plotted the coefficient of determination against
the porosity, velocity, and density of each lithology to
analyse the physical properties and characteristics against
the prediction accuracy of the constructed equation.
Through the visualisation in Figure 13, we can conclude
that, generally, R? is highly determined by porosity, ve-
locity, and density. The effects were characterized spe-
cifically for carbonate and silicate rock lithology.

In terms of petrography, CA1 has a higher percentage
of calcite and skeletal than CA2. CA1 has a lower den-
sity and velocity than CA2. The porosity of CA1 is also
relatively lower. The range of velocity, density, and po-
rosity data for CA1 is wider than CA2. Thus, for these
carbonate rock samples CA1 and CA2, the difference in
R? is largely determined by the density of the sample
grains. A denser and more compact sample with a nar-
rower data range, CA2, provides better R

CR1 has a higher velocity than CR2 with a wider
range. The density and porosity are relatively equiva-
lent. Relatively, the difference in values and ranges of
CR1 and CR2 properties is not as significant as between
CA1 and CA2. Therefore, the difference in velocity does
affect not clearly on the difference in R2 in silicate rock

<« Figure 13. A combined plot shows the correlation
between determination and properties of rocks. (a) The
coefficient of determination tends to be negatively related to
porosity. A high porosity sample (CA1) has a lower coefficient
of determination than a low porosity sample (CA2, CR1, and
CRz2). (b) The determination coefficient is positively related
to velocity. Low-velocity samples (CA1) have a lower
coefficient of determination than high-density samples
(CA2, CR1, and CR2). (¢) The determination coefficient

is positively related to density. Low-density samples (CAz1)
have a lower coefficient of determination than

high-density samples (CA2, CR1, and CR2).
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Table 3. Summary of empirical equations relating to the fracture frequency (FF), P-wave velocity of intact rock
(VPO), P-wave velocity of jointed rock (ij), and their coefficient of determination (R?)

No. |Lithology Empirical equation of FF and Vp | (R?)

1 CA1 (Wonosari Limestone) V,/V,,=1-0.0172FF 0.4499
2 CA2 (Sentolo Limestone) V,/V,,=1-0.0301FF 0.8163
3 CR1 (Beser andesite) V,/V,,=1-0.0371FF 0.6795
4 CR2 (Mount Parang Gabbro) V,/V,,=1-0.0349FF 0.9668
5 Carbonate rocks (CA1 & CA2) V,/V,,=1-0.0246FF 0.6027
6 Silicate rocks (CR1 & CR2) V,/V,,=1-0.0361FF 0.8520
7 Carbonate and silicate rocks (CA1, CA2, CR1, CR2) Vpi/V o 1-0.0271FF 0.6976

samples since the samples are relatively typical. In this
silicate rock, the mineral composition and the rock gen-
esis are expected to play a greater role in the difference
in R%. CR1 is a volcanic rock, while CR2 is a plutonic
rock. According to its petrography, CR1 is relatively
more heterogeneous than CR2 because CR1 is com-
posed of matrix minerals embedded in the ground mass.
Meanwhile, CR2 is an intrusive body and composed of
interlocked minerals.

Thus, we conclude that the R? in carbonate rocks and
silicate rocks is determined by different parameters. In
carbonate rocks, differences in R? are largely influenced
by factors related to density (including velocity and po-
rosity). Meanwhile, the difference in R? in silicate rocks
is defined by the genesis of the rock, which affects the
heterogeneity of its minerals. In addition, when viewed
from the age of the formation (age information is listed in
Table 2), there is a similar pattern between carbonate
rocks and silicate rocks. CA2 and CR2 that have higher
R? are older formations than CA1l and CRI1. Earlier-
formed rocks experienced more historical stress than lat-
er-formed rocks. Thus, the compaction factor is also con-
sidered to play a role in determining R? of all samples.

The equations produced in this study include a wider
range of fracture frequency with considerable data. The
constructed equations (listed in Table 3) complement
previous studies’ results that conducted the measure-
ments on rock samples with tight joint spacing and lim-
ited data (less than 10 data) on marble, calcarenite, and
gypsum samples (Kurtulus et al., 2012; Huang et al.,
2014; Leucci and De Giorgi, 2006; Varma et al., 2017;
Sarglou and Kallimogiannis, 2017). The results of this
study emphasised that the presence of joints in rocks re-
duced the wave propagation velocity. The shorter the
joint space in the measured sample, the lower the P-
wave velocity is, forming a linear equation trend. The
correlation between fracture frequency and the obtained
velocity is classified as strong to very strong; this is indi-
cated by the determination coefficient of all equations
being more than 0.45 - 0.97. The fracture frequency can
explain the variance of the velocity ratio (ij/Vpo); thus,
these equations will be reliable for estimating fracture
frequency at sites. The range of fracture frequency of
rock samples measured in this study, namely 0-24 joints

per metre, is wider in scope than published laboratory
measurements.

Based on a correlation study between velocity with
fracture frequency and RQD at several sites against eight
lithologies, Sjogren et al. (2006) found that the predic-
tion accuracy increased if the more competent rock mass
was also considered. Boadu (1997) found that low ve-
locity in seismic measurements in the field were associ-
ated with fractured zones. In this study, the measured
samples represented competent rocks in the field, with a
fracture frequency of less than 10 joints per metre and
fractured rocks up to 24 joints per metre. With a larger
amount of data (170 data) conducted in this study and an
analysis that considers the sample characteristics of car-
bonate and silicate lithology, the equations from this
study show high confidence in terms of R* and cover a
wide range of fracture frequency in estimating fractures
from P-wave velocity.

4. Conclusions

In this study, the effect of fracture frequency on seis-
mic velocity has been examined through ultrasonic ve-
locity measurements in the laboratory for various frac-
ture frequencies and lithologies. Artificial joints were
added to the rock drill core using a diamond rock cutter
to create fractured rock models with various joint spac-
ings. We successfully created an empirical equation that
related the ratio of fractured rock velocity to intact rock
velocity (Vp/Vp,) and fracture frequency. The differ-
ences in physical and dynamic properties affected the
correlation, while a strong correlation between \A and
fracture frequency was found in silicate rocks. Rock
compaction in carbonate rocks (indicated by porosity)
was assumed to affect the dispersion of the data and the
degree of influence of the fracture frequency on V . The
CA1 data with less compact characteristics (indicated by
the high porosity, low velocity, and low density) showed
a more dispersed decrease in the Vpattern. Thus, the
empirical equation for interpreting fracture frequency
from seismic velocity for silicate and carbonate rocks
with \A higher than 5 km/s and porosity lower than 5%
had a higher confidence level than carbonate rocks with
low V_and porosity greater than 20%. The equations ob-
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tained in this study showed high confidence in terms of
R2. Therefore, the study findings may be useful in inter-
preting on-site seismic exploration data in areas with li-
thology contrast, for example, at the contact boundary of
carbonate and silicate rocks or on rocks with different
compaction levels.
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SAZETAK

Empirijska jednadzba procjene ucestalosti pukotina karbonatnih
i silikatnih stijena pomocu odredivanja brzine prolaska P-valova

Frekvencija pukotina (fracture frequency FF) nuZna je za kvantifikaciju pukotina pri klasifikaciji stijenske mase i znatno
utjeCe na mehanicka svojstva stijenske mase. U proslosti su laboratorijska istrazivanja o u¢incima raspucanosti stijena na
brzinu prolaza ultrazvu¢nih valova kroz stijene bile usmjerene na uvjete visokoga FF-a te nisu ukljucivale litoloske razli-
ke. Cilj je ovoga rada procijeniti FF na temelju odredivanja njegova odnosa s brzinom prolaza ultrazvu¢nih valova u
karbonatnim i silikatnim stijenama. Dvije karbonatne (CA1i CA2) i dvije silikatne (CR1 i CR2) stijene uzorkovane su na
Cetirima lokacijama na otoku Javi u Indoneziji. Njihove su karakteristike odredene na temelju petrografskih analiza,
odredivanjem fizi¢kih svojstava i ispitivanjem brzine prolaza ultrazvuénih valova. U uzorcima tih stijena napravljene su
umjetne pukotine kako bi se stvorio razli¢it razmak pukotina, posebno na niskim frekvencijama izmedu o i 24 pukotine
po metru. Napravljene su nove empirijske jednadzbe koje izraZavaju odnos izmedu FF-a, brzine prolaza P-valova kroz
intaktne stijene (Vp ) i brzine prolaza P-vala kroz raspucale stijene (Vp,). Omjeri Vp,/Vp, bili su za CA11-0,0172FF, za
CA2 1-0,0301FF, za CR11-0,0371FF i za CR2 1-0,0349FF. Koeficijent determinacije jednadzbe za svaki varijetet pokazao je
da su poroznost, brzina i gustoca utjecali na podatke u jednadzbi. Zakljuceno je da se rezultati ovoga rada mogu koristi-
ti za optimizaciju kori$tenja geofizi¢kih metoda za geotehni¢ko pracenje, posebno za identifikaciju FF-a u litoloskome
kontrastu izmedu karbonatnih i silikatnih stijena ili stijena s razli¢itim razinama kompaktnosti.

Kljuéne rijedi:
karbonati, silikatne stijene, frekvencija pukotina, ultrazvu¢no mjerenje, brzina vala u stijeni
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