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Abstract

The derivation of geomechanical properties from petrophysical/geophysical data is not only of great importance in the oil
industry but also in mining, geothermal projects and tunnelling, for reduction of costs and to improve security. For the oil
industry and geothermal sector, it is mainly important for drilling rate and the stability of the borehole and, as a result, the
economic factor. A key issue is that geomechanical properties, which can support a better planning of a project, cannot be
measured in the borehole or on the surface directly. In this study, the focus is put on anisotropic effects on the correlation
between static and dynamic properties, which is neglected in most studies but important because values can vary extremely.
Therefore, measurements in the geotechnical laboratory of compressional and shear wave velocity during uniaxial compres-
sion strength test were taken. Additionally, typical properties like bulk and grain density as well as porosity were determined
too. Different samples (carbonate—silica schist, marble and phyllite) from the "Zentrum am Berg"-research tunnelling centre
at the "Erzberg" in Austria were used. Shown are correlations between uniaxial compression strength and compressional
wave velocity as well as for static and dynamic Young’s modulus including their anisotropic effect. The results are promising
and provide an opportunity for further applications on log data.

Keywords Static Young’s modulus - Dynamic Young’s modulus - Correlations - Uniaxial compression strength -
Anisotropy

Introduction properties especially uniaxial compression strength (UCS))

cannot be only very difficult and expensive but also cannot

The derivation of geomechanical properties from petro-
physical/geophysical data is not only of great importance in
mining but also in geothermal projects, in geotechnics and
in tunnelling or the oil industry. These data can, for exam-
ple, help within the tunnel excavation and as result optimize
technologies, reduce costs and improve security. For the oil
industry and the geothermal sector, it is mainly important
for drilling rate and the stability of the borehole (e.g. Mody
et al. 2008; Nes et al. 2005; Nygard et al. 2007) and as a
result the economic factor. The problem is that most relevant
geomechanical properties (static elastic moduli, strength

Communicated by Michal Malinowski (CO-EDITOR-IN-
CHIEF)/Jadwiga Anna Jarzyna, prof (ASSOCIATE EDITOR).

< Nina Gegenhuber
nina.gegenhuber @unileoben.ac.at

Montanuniversitaet Leoben, Erzherzog-Johann Strasse 3,
8700 Leoben, Austria

be measured in the borehole or on the surface directly, but
only in laboratories on rock samples. This also gives just an
idea of rock strength in the field itself, because it is just a
point information.

Many studies focus on the correlation between uniaxial
compression strength and various petrophysical properties
like compressional or shear wave velocity, density, poros-
ity and water content for different rock types, which can
be found countless in the literature. Chen and Hu (2001)
presented data for weak sandstones, Oyler et al. (2008) show
sonic travel time versus UCS for coal measure rocks, and
Jabbar (2011) shows the correlation not only between UCS
and compressional wave velocity (v,), but also points load
test, including influencing factors like water content. None
of them take mineralogical or pore space anisotropy into
account.

Altindag (2012) summarized in his paper empirical equa-
tions from various papers for the correlation between v, and
UCS for different rock types. Additionally, he presents an
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own set of data and correlations for sedimentary rock types.
Same was done by Karami et al. (2012) where literature
equations are presented and further data by themselves for a
water convey tunnel (limestone samples) are shown. Chang
et al. (2006) gave 31 equations summarized from the litera-
ture. A first good overview for geomechanical properties in
the oil industry is given in the book of Fjaer et al. (2008),
which covers physical backgrounds, measuring methods,
models, correlations and applications of geomechanical
properties. A compilation of empirical relationships was
published by Schoen (2015) or Horsrund (2001).

Most papers focusing on anisotropy of UCS never use
it to correlate the data with petrophysical data. They pre-
sent anisotropy data with varying UCS in different direc-
tions and the description of these effects (e.g. Ajalloeian
and Lashkaripour 2000; Nasseri et al. 2003; Karakul et al.
2010; Sroglou et al. 2004; Buhiyan et al. 2013). Al-Harthi
(1998) measured UCS and compressional wave velocity in
15° steps of varying directions on sandstone samples, but did
not put those in relationship to each other for a correlation.

Other papers focus on the prediction from geomechanical
properties from well-log data, like Tokle at el. (1986); Butel
et al. (2014) or Memarian (2006). Correlations of dynamic
and static Young’s modulus are presented by van Heerden
(1987) or Najibi et al. (2015). Jiang and Sun (2011) pub-
lished the relationship between static and dynamic properties
for Xishan Rock CIiff Statue.

In this study, the focus is put on anisotropic effects on the
correlation between static and dynamic properties. This is
neglected in most studies, but important because values can
vary extremely as you can see in the result section. There-
fore, measurements in the geotechnical laboratory of com-
pressional (v,,) and shear (v,) wave velocity during uniaxial
compression strength test were taken. Different samples
(carbonate—silica schist, marble and phyllite) from the "Zen-
trum am Berg"-research tunnelling centre at the "Erzberg"
in Austria (http://www.zab.at/) were used.

Shown are correlations between uniaxial compression
strength and compressional wave velocity as well as for
static and dynamic Young’s modulus including the aniso-
tropic effect. The resulting equations give the opportunity
for further applications on well-log data.

Samples and methods

Samples

Samples were taken in the new research tunnels at the “Erz-
berg” (Austria) during the excavation with blasting and
digger. A first set of measurements on these samples were

conducted in the laboratory. These data and results presented
here will be used also in follow-up projects, with focus on

@ Springer

better exploration and followed by a better excavation for
tunnels. Selected lithologies are carbonate—silica schist,
marble and phyllite. Smaller specimens are drilled in the
geotechnical laboratory at the Montanuniversitaet Leoben
from the big samples from the tunnel excavation. Two sets
of samples have been used: (a) length: 2.5 cm and diameter
5 cm for compressional and shear wave velocity, bulk and
grain density and effective porosity and (b) length: 10 cm
diameter: 5 cm for compressional and shear wave veloc-
ity during UCS. The sample set (a) was saturated overnight
(12 h) in a brine (1 g NaCl and 1 1 distilled water) for the
measurements of v, and v, and the determination of effective
porosity with the principle of Archimedes. Sample set (b)
were not saturated for these geotechnical experiments. For
the measurements in different directions, if an anisotropy
was visible, samples are drilled normal and perpendicular to
schistosity (Fig. 1) to deliver minimum and maximum val-
ues. There are different sources of anisotropy; in this case,
it was simplified to a two-axial anisotropy. Two rock types
were selected according to the geological description where
both of them cover set (a) and (b) samples.

Rock type 1 in the study area includes pebble slate with
transitions into a limestone silicate rock or even limestone
marble. The carbonate silica rock shows up to cm-large
carbonate bulbs (anchorite, siderite) and a high quartz con-
tent. It is fine-grained, indistinctly banky or slate to massive
with light to dark grey colour. The predominantly medium-
sized fissures healed with quartz, calcite or dolomite. The
dividing surfaces are mostly flat and rough and sometimes
silty. The strength of the rock is high, locally very high. The
strength is partially reduced due to the tectonic stress and
small-scale folding. Locally, there is also light grey to dirty
white, fine-grained marble, which appears thin-banked to
banked, but mostly appears rather massive. Fissure areas

x-direction y-direction

Fig. 1 Basic principle of sample preparation: normal and perpendicu-
lar to schistosity drilled
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are mostly closed, but also show mm-to-cm-thick calcite
fillings, locally also with iron oxide. Partitions are silty in
some areas. Shale and fracture areas are only mechanically
effective.

Lithologies of rock type 2 occurring in the study area
are carbonate—silica rocks and phyllite. The carbonate—silica
rocks are grey, dark and greenish grey pebble schist with
activated lime bulbs, which are also referred to as quartzitic
slate. This shows an alternating bearing made of sericite
quartz slate and chlorite quartz slate, some of which are
carbonate. The slates are thin-banked to platy and fissured.
Slate surfaces are pronounced; dividing surfaces are flat or
wavy to smooth. Both dividing and slate areas are often silty
and sericitic. Fissures have healed in the mm-to-cm range
and mostly with quartz or calcite/dolomite. Phyllite is also
quartzitic slate to quartzite phyllite, which is thin-banked,
subordinate plate-shaped. The rock is severely to moderately
disassembled and fractured. Most of the slate surfaces are
flat to smooth, and partitions are often covered with silt or
sericite.

Both lithologies were strongly tectonically overprinted
and sometimes intensely folded. They show moderately high

Fig.2 One selected rock sample: phyllite, normal and perpendicular
to schistosity drilled

to high rock strengths. The nature of the dividing surfaces
increases the partial mobility of individual fracture bodies.
The anisotropies, which can be seen in the data especially
for the phyllite, are often not proper evenly layers, but often
metamorphic bent (Fig. 2 right).

Table 1 gives the minimum and maximum values of the
first selected samples at tunnel meter from 370 to 440 m for
compressional and shear wave velocity dry, bulk density,
grain density and effective porosity, Young’s modulus static
and dynamic, uniaxial compression strength and shear and
compressional modulus.

Measuring method

Compressional (v,) and shear wave (v,) velocity dry and
brine saturated were measured first with an ultrasonic device
on the smaller (diameter: 5 cm, length: 2.5 cm) set of pre-
pared samples, additionally to the bigger ones for the geo-
technical measurements. Bulk density was calculated with
measured length, diameter and mass dry on these samples.
Samples are thereafter dried overnight (12 h) at 105 °C.
Porosity was calculated from grain density (measured with
a helium pycnometer) and from measurements using the
principal of Archimedes. The effective porosities from pyc-
nometer were used, where data were available.
Additionally, compressional and shear wave veloci-
ties were measured during uniaxial compression strength
test on selected bigger samples (diameter: 5 cm, length:
10 cm, Fig. 2). The machine-constructional part of the
experimental set-up was planned in a way so probes from
the company “Geotron Elektronik” (Pirna, Germany)
were not exposed to the high forces during the uniaxial
compression test. With this set-up, forces up to 2500
kN could be controlled (Pittino et al. 2015; Gegenhu-
ber et al. 2017). A singular mechanical impulse having
a frequency of 250 kHz produced by a signal genera-
tor was sent through the sample. The arriving signal got

Table 1 Measured and
calculated minimum and

maximum data from the
laboratory for the samples from
370 to 440 tunnel meters

Parameter Unit Phyllite Carbonate-silica schist Marble
Bulk density (p) [g/cm’] 2,69-2,81 2,69-2,75 2,65-2,77
Compressional wave velocity (vp) [m/s] 2908-7126 3577-6321 4838-6142
Shear wave velocity (vg) [m/s] 1835-4096 2417-4463 3257-3934
Shear modulus () [GPa] 9-46 17-37 13-42
Compressional modulus (k) [GPa] 11-92 12-81 23-68
Lamé-Konstante (4) [GPa] 0,10-69,13 0,07-66,54 0,17-52,16
Young’s modulus Eg [GPa] 22-116 35-93 36-97
Poisson ratio dynamic [1 0,01-0,34 0,01-0,33 0,02-0,33
Grain density [g/cm3] 2,81-2,87 2,81-2,82 2,73-2,78
Effective porosity [%] 0,5-1,9 0,6-1,5 0,9-1,5
Young’s modulus E [GPa] 40-80 36-63 60-65
Uniaxial compression strength [MPa] 105-171 80-180 34-171
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forwarded to a storage oscilloscope and a computer. A
self-made program (Gegenhuber and Steiner-Luckabauer
2012) detected the first arrival of the two wave modes and
calculated the wave velocities (v, and v,) with the length
of the specimen and including dead time. The dead time
is the time of the signal through the probes without any
sample.

For the measurements during the uniaxial compression
strength test, a cylindrical rock sample was positioned
between the two pressure plates, in which the probes were
integrated. For an optimal result and uniform stress state,
an additional spherical mounted pressure plate next to the
fixed pressure plate was used. The sensors for the axial
and radial changes were directly applied on the specimen.
At the beginning, the specimen became loaded with a low
axial pressure, and all sensors, except of the load cell,
were adjusted. The following pressure stages were used
and held for the required measuring time of v, and v,. The
presented v, and v, data are taken from the last measure-
ment before the sample broke.

Figure 3 shows one example of measurement of v, and
v,/vg with the geomechanical cycle including loading
and unloading at the beginning till the sample broke. At
the beginning, always two loading and unloading cycles
have been carried out for all these measurements. From
10 MPa on, stress was increased into steps of 10 MPa till
the sample broke. To derive the static elastic modulus, at
the beginning circumferential strain-controlled loops have
been carried out with 5-20-5-30-5 MPa. Due to the fact
that the material was so brittle, the loading values have
been held low. Most of the material broke abruptly and
was destroyed completely.
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Results and interpretation

This section will give an overview on the different results
including direct correlations between static and dynamic
properties and a discussion on the influence of porosity and
anisotropy for a better understanding of the results.

(a) Relationship between v, v,, porosity and bulk
density

First of all, the focus will be a petrophysical understanding
of the samples. Therefore, Figure 4a and b shows vp and v,
versus effective porosity (a) and bulk density (b). Data are
grouped by lithology. As it can be seen, data do not scat-
ter a lot and there is hardly any trend of increasing v, or v,
versus increasing bulk density or effective porosity. These
should be better visible, but this trend is “overlapped by the
anisotropic effect”.

One sample shows a slightly higher porosity value and
does obvious not fit to the rest of the data set. This is a phyl-
lite sample, which had a lot of cracks. The second sample,
which does not fit properly, can be seen in the plot with
density and shows lower bulk density than the rest. This is a
carbonate—silica schist. The same sample, drilled in the other
direction, does not show lower density. The other carbon-
ate—silica-schist samples used for measurements (not UCS-
v,/V,, and therefore not shown here) show also slightly lower
bulk density values than the phyllite samples. Scatter shows
that for the rock types not only the porosity but also density
controls v, and v,. Probably also pore shape and orientation
have an influence. Further studies carried out in the future
could determine whether that this is the case.
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Fig.3 v, (right) and v /v, (left) versus applied stress for one representative phyllite sample
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Fig.4 Compressional and shear wave velocity dry a versus bulk density and b versus effective porosity, full circles show v, empty circles show

Vs

(b) Correlation between v, and UCS—the anisotropy
influence

Figure 5 shows the correlation between UCS and v,,. Data
are grouped focusing on their directional dependence
(Fig. 5b). The first approach of these correlations included
a separation by lithology (Fig. 5a), which are important for
correlations (e.g. Gegenhuber et al. 2017). The expected
trend that v,, increases when UCS increases can be observed.
Compressional wave velocity in x-direction is higher than
in y-direction in contrast to UCS data, which are lower in

y-direction.
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Fig.5 a UCS versus compressional wave velocity, in yellow data in
x-direction, in blue in y-direction, additionally shown are calculated
correlation line, comparison including the previous data set (Gegen-
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Correlation lines were derived the same way; then, it
already worked well for our first set of data (Fig. 5a),
where v, was calculated using Budiansky and O’Connell
(1976) as inclusion model for low porous rocks. This
approach was also applied on the correlation between
compressional wave velocity and thermal conductivity
for deriving a thermal conductivity log (Gegenhuber und
Kienler 2017). Velocity values range between 5250 and
6300 m/s in both directions and UCS from 40 to 180 MPa,
a rather large range. Therefore again, it is important to
take anisotropic effects into account for correlations
between petrophysical and geotechnical properties.
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huber et al. 2017), b blue and yellow lines are the same than as Fig. 4
a and in red an additional correlation line from Horsrud (2001) is
added
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Table2 Correlation equations for uniaxial compression strength
(UCS) and compressional wave velocity (vp) in the two derived
directions (x and y) for all lithologies as presented in Fig. 4a and b

Correlation

Equation

UCS-v, x-direction
UCS-v,, y-direction

UCS=4.2E-12%v 3.6
UCS=14E-19*v"5.51

Anisotropy is essential for tunnel excavation, reservoirs
and drilling.

The next step was to test different correlation equa-
tions for v, and UCS from the literature, due to the fact
that UCS cannot be calculated with any inclusions model
directly. Description of the empirical correlation between
UCS and v, (or DTC) frequently uses a power law: y = axP
where x is Vs ¥ is UCS, coefficients a and b are empiri-
cal parameters. The derived equations are summarized in
Table 2. We apply one equation for comparison: Horsrud
(2001) derived for North Sea shale:

Vp 2.93
UCS =0.77 - =125-107-v** R*=0.99
< 1000) Y

where UCS is in MPa and v, in m/s.

Figure 5a shows the correlation results for our previous
set of data, where we had no anisotropic effects present
and other rock types. Included are the new data from the
“Erzberg” and two new correlation lines for the direc-
tional dependence. As it can be seen, there is no clear
trend visible. Lithologies are mixed up in combination
with the old dataset. Only the separation between x and
y direction is obvious. Some of the new data cannot be
explained with the correlation equation. Figure 5b shows
additionally the correlation by Horsrud (2001), which
support the data. Further data need to be included to
strengthen the correlations. Specially the rock-type effect
is probably not a driving factor in the correlation of v,
and UCS than expected.

Further studies with more data are expected to support
this theory, where lithology differences need to be con-
sidered and where other influences become more control-
ling. At the moment high limestone values from the study
before, fit to the phyllite data in y-direction, whereas the
correlation line of Gyps/Anhydrite fit to data in x-direc-
tion. As it can be seen, lithology influence is not that dom-
inant in this dataset. Therefore, the anisotropy was used
for a detailed analysis. Anisotropy, mineralogical or pore
space is often neglected in correlation studies, but it is of
great importance for drilling or casing, where the direction
of the layers of rocks has a big influence. Drilling perpen-
dicular or parallel to schistosity will have a big difference
for the drilling rate.
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(C) Correlation between static and dynamic Young's
modulus

Further interpretation focusses on the correlation and
understanding of static and dynamic Young’s modulus with
respect to anisotropy. Figure 5 shows the correlation between
Young’s modulus dynamic Eg4, versus static E
the correlation for the x-direction is presented. Y-direction
did not deliver any good results for the correlation, as it can
be seen in Fig. 6, nearly all E,,, values are located around
65GPa. This is properly a result of the metamorphic influ-
ence on schistosity, where, as already seen and mentioned,
layers are folded and not proper parallel to each other.

Eg4yn and Eg, have higher values in y-direction than in
x-direction. Additionally presented is a comparison with an
equation by King (1983), in: Schoen 2015) igneous and met-
amorphic rocks. The correlation line is similar to our derived
correlation. Also, here the value range of dynamic and static
Young’s modulus is very high (30-70GPa for E;,, and 60 and
110GPa for Eg4y,)). In Table 3, all correlation equations for
Young’s modulus are summarized. These equations could
further be applied on well-log data to derive static values
from sonic log data, if direction of anisotropy is known.

For the correlation between Eg,/E, and E,, correla-
tions in both directions fit well (Fig. 7). However, looking
on regression coefficient (see Table 3), the correlation for
x-direction is a better fit. In contrast, correlation of E,y,,/E
and Eyy, correlation of y-direction is the better one.

Again, the separation between the two directions is
obvious. It can be assumed that especially for y-direction

Here only
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Fig.6 Edyn versus Estat, correlation line only for x-direction, black
line shows comparison with an equation by King (1983), in: Schoen
2015)
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Tab.Ie 3 Correl.atlon equations Correlation Equation D
derived for static and dynamic
Young’s modulus 1 E yyu/Eqa — Eqyy x-direction Egyn/Eqq =2.211%e-0.007* By, 0.119
2 Egyn/Egtar — Eayn y-direction Egyn/Eqta =0.444%e70.0127* By, 0.737
3 Egyn/Estac = Egtar X-direction Egyn/Ega = 13.882*E, A~ 0.59 0.745
4 Egyn — Egeae X-direction Egyn=0.5754*E, +40.198 0.601
Estat static Young’s modulus, Edyn dynamic Young’s modulus, R? regression coefficient
(a) 18 (b) 1 x-direction /
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Fig. 7 Ratio of Edyn/Estat versus a Estat und b Edyn, color: yellow: x-direction, blue: y-direction, dots are measured values, lines are calculated

correlations, numbers correlate with the equations can be found in Table 3

inhomogeneities are present because of the folding of the
samples.

Conclusion

Correlations between geomechanical and petrophysical/
geophysical properties are of great interest, not only in min-
ing and tunnelling but also in the oil industry, geothermal
sector and hydrogeological fields. This paper addresses
correlations of compressional wave velocity and uniaxial
compression strength as well as dynamic and static Young’s
modulus including the understanding of anisotropic effects.
Metamorphic samples from the “Erzberg” in Austria are
used for these.

One main problem in y-direction is that schistosity is
folded and no proper layers can be seen, which leads to some
inhomogeneities and made the correlations difficult. Impor-
tant is that anisotropic effects are although strongly visible
and show that it is essential to take them into account.

The correlation between UCS and v, shows good
results. The resulting equations can further be applied on
well-log data, to derive geomechanical properties directly

in the field. Velocity values range between 5250 and
6300 m/s in both directions and UCS from 40 to 180 MPa,
which is a big range.

The correlation between static and dynamic Young’s
modulus worked well in x-direction (normal to schistos-
ity), but not in y-direction (parallel to schistosity). This
behaviour is caused by different effects of inhomogeneities
on the different physical measuring principle:

— Dynamic measurement with small stress magnitude and
extremely short stress time application, static measure-
ment with large stress magnitude and long time stress
application;

— Dynamic response is controlled by elastic material
properties but static by elastic and nonelastic.

The investigated rock types are anisotropic and inhomo-
geneous at various scales. We can conclude that the indi-
vidual rock components and their orientation and shape
affect dynamic and static measurements different; this dif-
ference—in our case—is very strong for the y-direction.
Therefore again, it is important to take anisotropic effects
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into account for correlations between petrophysical and
geotechnical properties.
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