1 030 | https://doi.org/10.3311/PPci.14946
Creative Commons Attribution ®

Periodica Polytechnica Civil Engineering, 63(4), pp. 1030-1037, 2019

Estimation of the Poisson’s Rate of the Intact Rock in the
Function of the Rigidity

Benedek A. L6gd™, Balazs Vasarhelyi'

' Department of Engineering Geology and Geotechnics, Faculty of Civil Engineering, Budapest University of Technology and
Economics, H-1521 Budapest, P.O.B. 91, Hungary
* Corresponding author, e-mail: logo.benedek@epito.bme.hu

Received: 07 September 2019, Accepted: 24 September 2019, Published online: 14 October 2019

Abstract

Although Poisson’s ratio is one of the basic rock mechanical parameters, it is less investigated than the other parameters. It can be
assumed, that this material constant depends on the rigidity of the rock, among the others. The goal of this research is to find a
theoretical relationship between the rigidity of the intact rock and Poisson’s ratio. It was assumed that there is a connection between
the internal friction angle (or cohesion) and rigidity of the isotropic, linear elastic material, using the Mohr-Coulomb theory. Based
on these equations from different published limit equilibrium, six different equations were compared. It is published that the rigidity
value is equal (within the experimental error) to the Hoek-Brown material constant (m) which value is well-known for many different

rock types. Plotting the published Poisson’s ratio in the function of the rigidity of the intact rock the optimal connection was chosen.
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1 Introduction

The knowledge of the Poisson’s rate value is important
during the rock engineering process. It can be measured
from classical uniaxial compressive strength tests, accord-
ing to the ISRM suggestion [1]. The definition of Poisson’s
ratio can be stated as the ratio of transverse strain to axial
strain induced by unconfined axial deformation. Theory of
elasticity gives limiting range of Poisson’s ratio as:

-1<v<0.5. Q)]

Also note that, strictly, there is a sign with v, so that (+)
means an elongation strain with lateral contraction and a
compression strain with lateral expansion. No rock is known
that might give a (-) ratio where there is lateral expansion
with elongation or lateral contraction with compression. It
means, that the Poisson ratio of the rock materials usually:

0.1 <v < 04. )

Firstly, Kumar [2] investigated the effect of the Poisson’s
ratio on the intact rock properties. He showed the impor-
tance of this material constant in the rock mechan-
ics. According to his results, there is linear relationship
between the Young’s modulus (%), uniaxial compressive
strength (s, ), tensile strength (s,) and the Poisson’s ratio (v):

» [E increases with decreasing Poisson’s ratio [2];

» Compressive strength increases with increasing
Poisson’s ratio [2];

» Tensile strength decreases with increasing Poisson’s
ratio [2].

Aydan et al. [3] carried out several laboratory tests of
squeezing rocks in Japan. It was assumed that the Poisson’s
ratio of rocks trends to approach 0.5 as the uniaxial
strength approach to zero and as the strength increases it
tends to converge a value between 0.2 and 0.25. The rela-
tion between Poisson’s ratio (v) and uniaxial strength (s, in
MPa) is the following for squeezing rocks [3]:

v= 0.25(1 +e 0% ) ©))

Analyzing the porosity and the density he found, that
small change in Poisson’s ratio there is a big change in
porosity and there is a linear relationship between the
density and the Poisson’s ratio. Gercek [4] compared to
other basic mechanical properties of rocks, Poisson’s
ratio is an elastic constant of which the significance is
generally underrated. There are a considerable num-
ber of diverse areas, in rock mechanics which require a
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prior knowledge or estimation of the value of Poisson’s
ratio. His paper examined the values and applications of
Poisson’s ratio in rock mechanics. Following a historical
account of the initial controversy, whether it was a mate-
rial constant or not, the effects of Poisson’s ratio in the
elastic deformation of materials, intact rocks, and rock
masses are briefly reviewed. Also, the reported values of
Poisson’s ratio for some elements, materials, and minerals
are compiled while typical ranges of values are presented
for some rocks and granular soils.

In addition to it Poisson’s ratio classifications are rec-
ommended for isotropic intact rocks. Note, according to
the results of Davarpanah et al. [5], the Poisson’s ratio
highly depend on the stress, as well. Testing of Westerly
granite by Walsh [6] showed that Poisson’s ratio is not con-
stant but continuously increases throughout loading, vary-
ing from 0.2 to 0.3 between 30 and 60 % peak strength
where elastic behavior is typically assumed. This uncer-
tainty can result in CI values that differ by up to £40 % for
a change of £0.05 in the Poisson’s ratio assumed [6].

Unfortunately, in many cases it is not possible to deter-
mine the Poisson’s ratio of the intact rock. Typical ranges
of values for Poisson’s ratio of some rock types were
collected by Gercek [4] presented in Fig. 1 and the sug-
gestion of American Association of State Highway and
Transportation Office [7] in Table 1.

It can be assumed, that the Poisson’s ratio depend on
the rigidity of the intact rock — increasing the brittleness of
the rock material the Poison’s ratio should be decreasing.
Vasarhelyi [8] assumed a linear relationship between the
Hoek-Brown material constant (m,) and the Poisson’s ratio:
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Fig. 1 Typical ranges of values for Poisson’s ratio of some rock types
(collected by Gercek [4])

increasing the Hoek-Brown constant (m;) the Poisson’s
ratio linearly decreases:

v=0.257-0.003m,. @)

Recently, Kumar et al. [9] investigated the influence of
the unconfined compressive strength to the Poisson’s rate.
Analyzing six different rock types (such as: basalt, granite,
schist, limestone, sandstone and shale) they received, that

Table 1 Typical values of Poisson’s ratio of intact rocks (after [7])

Rock type No. of values Poisson's ratio Stal?de.trd
maximum minimum Mean deviation
Granite 22 0.30 0.09 0.20 0.08
Gabbro 3 0.20 0.16 0.18 0.02
Diabase 6 0.38 0.20 0.29 0.06
Basalt 11 0.32 0.16 0.23 0.05
Quartzite 6 0.22 0.08 0.14 0.05
Marble 5 0.40 0.17 0.28 0.08
Gneiss 11 0.40 0.09 0.22 0.09
Schist 12 0.31 0.02 0.12 0.08
Sandstone 12 0.46 0.08 0.20 0.11
Siltstone 3 0.23 0.09 0.18 0.06
Shale 3 0.18 0.03 0.09 0.06
Limestone 19 0.33 0.12 0.23 0.06
Dolostone 5 0.35 0.14 0.29 0.08
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the Poisson’s rate linearly increasing in case of increas-
ing uniaxial compressive strength (UCS). These published
results are summarized in Table 2.

2 Theoretical background

Using the Mohr-Coulomb theory (Fig. 2), the internal fric-
tion angle (p) in the function of the rigidity (R) can be
determined. According to Andreev [10] there are several
definitions for calculating the rigidity (R) of the rock mate-
rial. In this paper it was suggested to determine it in the
ratio of the uniaxial compressive strength (s.) and the ten-
sile strength (s,) of the rock material, i.e.:

R=2c )

Knowing this ratio, using the Mohr-Coulomb theory,
the internal friction angle (¢) can be determined using the
following equation:

=arc sin
¢ R+

©)

The internal friction angle (¢) in the function of rigidity
(R) is plotted in Fig. 3.

Similarly, a lower bound estimate of cohesion (c)
for rock would be obtained most simply by assuming a
straight-line, rather than a curved tangent between the uni-
axial tension (¢,) and uniaxial compression (g,) Mohr cir-
cles (see Fig. 2). The simple equation for the lower bound
cohesion intercept (c), derived from Mohr circle geometry,
was given in Barton [11]:

c:%(ac-at)? (7

According to Cai [12], when the rigidity of the intact rock
R > 8, the error for approximating the Hoek-Brown constant
m. [13, 14] is less than 1.6 % (see Fig. 4). It means that the
Hoek-Brown constant can be calculated from the ratio of the
uniaxial compressive strength (s.) and tensile strength (s,).

Table 2 Summary of Poisson’s ratio (v) and UCS relationships (f,) [9].

v and UCS relationship

Rock [UCS (MPa)] /[, range
Basalt v=10.235+0.0002f, 170-415
Granite v =10.246 + 0.0002f, 70-276
Schist v=0.16 + 0.00057f, 35-105
Limestone v=10.186 + 0.0016f, 35-170
Sandstone v=0.136 +0.00227f, 28-138
Shale v=0.208 + 0.00606f, 7-40

Lol
Ot Oc o

Fig. 2 The theoretical figure of the Mohr-Coulomb failure criterion

with the ¢ and ¢ value

Internal friction angle (¢)

oo,

Fig. 3 The internal friction angle in the function of the rigidity of the
rock material according to the Mohr-Coulomb theory
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Fig. 4 Relationship between error in m; (Hoek-Brown material constant)
estimate and the strength ratio R, according to Cai [12]

The Hoek-Brown constants (m,) of the intact, isotropic
rocks are usually well-known. These values of the most
important rock types were collected in Table 3 (using the
published data of Hoek [15]. According to Table 3, the
minimal value of m; is 2 (e.g. claystone) and the maximum
value is 35 for some granitic rocks.



Table 3 Values of m; for intact rock group (after [15])

Texture
coarse medium fine very fine
Sedimentary rock types
Conglomerates Sandstone Siltstone Claystone
(21 £3) (17+4) (7+2) 4+2)
Breccia Greywacke Shales
(19+5) (18 £3) 6+2)
Crystalline Sparitic Micritic Dolomites
limestone limestone limestone
(12+3) (10+2) 9+2) 9+3)
Chalk
(7+2)
Metamorphic
Marble Hornfels Quartzite
©+3) (19+4) (20 +£3)
Metasandstone
(19+£3)
Migmatite Amphibolite
(29 +3) (26 £ 6)

Gneiss Schist Phyllite Slate
28 £5) (12+3) (7+3) (7+4)
Igneous

Granite Diorite
(32+3) (25+5)
Granodiorite
(29 + 3)
Gabbro Dolerite
(29 +3) (16 £5)
Norite
20+ 5)
Porohyrite Diabase Peridodite
20+5) (15+5) 25+5)
Rhyolite Dacite Obsidian
(25+5) 25+3) (19 +£3)
Andesite Basalt
25+5) (25+5)
Agglomerate Breccia Tuff
(19+3) (19+5) (13+£5)

3 Relationships between rigidity and Poisson’s rate value
Zhang et al. [16] summarized the most important rela-
tionships between the internal friction angle (¢) and the
Poisson’s rate (v) of the intact solid material. All of these
equations based on Mohr-Coulomb theory, and they
used the different equilibrium methods by Stagg and
Zienkiewicz [17]. The following correlations were col-
lected by [16]:

v:%(l—sin(p) (8a)

cos’ ¢

“Trcos'd o
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_ arctan [cos ¢—(1-sing)tan (ﬂ

V= 90° (10a)
. 1—-sing (11a)
2+sin¢
tan [45° - ¢j
v 2 (12a)

1+ tan(45° —¢J
2

Replacing the ¢ value in Eq. (6), these relationships can
be rewritten to the following form, which are independent
to the internal friction angle (¢) — i.e. depend on only the
rigidity (R) of the intact rock (note: as it was mentioned
earlier, the R is in most cases equal to the m; Hoek-Brown
material constant):

1
Y R+1 (8b)
4R
_ 9b
TR T6R+1 ©b)
. 1
v = arcsin (10b)
R+1 R
(R+1)-,[——- .
R (R+1)
2
_ 11b
v 3R+1 (110)
! (12b)

VvV = .
\/EH

According to the published collection of [16], the
Poisson’s rate can be calculated from the cohesion (c) and
the uniaxial compression (s,) of the intact rock material,

as well, i.e.:

v=" (13a)
oC

or

y=—2¢ (14a)
oc+2¢’ 2

Using Eq. (7), the following form can be used the fol-
lowing form (which are independent on the strength and
the cohesion of the rock, i.e. depend on only the rigidity)

v=— (13b)

or
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o (14b)

\/R?+l.

4 Results and discussion

The above presented methods (Egs. (8)-(14)) were plot-
ted in Fig. 5, which illustrates that when using these equa-
tions, Poisson’s ratio decreases as rigidity increases. This
non-linear behavior also indicates higher sensitivity until
R = 10. In case of brittle rocks (R > 10) the influence of the
rigidity is not so significant. Based on these relationships,
Poisson’s ratio is equal to 0.5 in case of R =1 (i.e. plastic
material). Reaching the maximum rigidity of the rock (i.e.
R =35) the minimum Poisson’s rate is between 0.02 (using
Eq. (10)) and 0.14 (Eq. (12) and (14)). According to the pub-
lished data the lowest Poisson’s rate is around 0.1.

In Fig. 6, the minimum and maximum Poisson’s ratio
values (v) are plotted in the function of the Hoek-Brown
constant (m,) of the rock (according to Table 3, applying
the average values), using the both results of Gercek [4]
from Fig. 2 and the suggestion of AASHTO [7] (Table 1).
There are only two points out of the line: the shale and silt-
stone from the list of AASHTO [7]. Note, the Hoek-Brown
constant of these types of rock are usually very sensitive.

These applied data (minimum, maximum values of the
Poisson’s rate (v) and the Hoek-Brown material constant —
m;) are summarized in Table 4.

Comparing the different relationships Eq. (12), (14) is
the best fit curve. It means, Eq. (15) is assumed between
the relationship of the rigidity and the Poisson’s rate
value, depending on the ratio of the uniaxial compressive
strength (o,) and tensile strength (o,):

Ve (15)

Poisson' rate (v)

2 5 8 1 14 17 20 23 26 23 32 35
Rigidity of intact rock (R)

Fig. 5 Prediction of the Poisson’s ratio in the function of the rigidity of
the intact rock — equations according to [16]

Table 4 Summarized the applied values of different rock types: average
Hoek-Brown constant, minimum and maximum Poisson’s rate values
(1): Gerceek [4]; (2): AASHTO [7]

Hoek-Brown . s
Poisson’s rate value (v)

Type of the rock constant

m, min max
Andesite (1) 25 0.20 0.35
Basalt (1) 25 0.10 0.35
Basalt (2) 25 0.16 0.32
Claystone (1) 4 0.25 0.40
Conglomerate (1) 21 0.10 0,40
Diabase (1) 15 0.10 0.28
Diabase (2) 15 0.20 0.38
Diorite (1) 25 0.20 0.30
Dolerite (1) 16 0.15 0.35
Dolomite (1) 9 0.10 0.35
Dolomite (2) 9 0.14 0.35
Gneiss (1) 28 0.10 0.30
Gneiss (2) 28 0.09 0.40
Granite (1) 32 0.10 0.32
Granite (2) 32 0.09 0.30
Granodiorite (1) 29 0.15 0.25
Greywacke (1) 18 0.08 0.22
Limestone (1) 8 0.10 0.32
Limestone (2) 8 0.12 0.33
Marble (1) 9 0.15 0.30
Marble (2) 9 0.17 0.40
Marl (1) 7 0.12 0.32
Norite (1) 20 0.10 0.32
Quartzite (1) 20 0.10 0.32
Quartzite (2) 20 0.08 0.22
Sandstone (1) 17 0.05 0.40
Sandstone (2) 17 0.08 0.46
Shale (1) 7 0.05 0.31
Shale (2) 7 0.03 0.18
Siltstone(1) 7 0.13 0.35
Siltstone(2) 7 0.09 0.23
Tuff (1) 13 0.10 0.27
Schist (2) 10 0.02 0.31
Gabbro (2) 27 0.16 0.20

As it was demonstrated previously and applied in this
research, the rigidity of the rock (R) is equal to the Hoek-
Brown material constant (m,), thus R =~ m,, [12] i.e.:

1
1% Zm. (16)
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Fig. 6 Plotted maximum and minimum Poisson’s rate (v) of the intact
rock in function of the rigidity (R) — using the published values of
Gercek [4] and AASHTO [7] using curve of Eq. (12), (14)

In Fig. 7 the predicted Poisson’s ratio from Hoek-Brown
constants were plotted in the function of the published
Poisson’s rate (the data were collected in Table 5). The
published data usually near to the predicted data — the dif-
ferences usually between +0.05, but except the shale and
siltstone from [7] between £0.1 line.

5 Conclusions

The goal of this theoretical research was to investigate
how the Poisson’s ratio of the intact rock relates to the
rigidity of the material. According to the different the-
ories the Poisson’s ratio decreasing in case of increasing
rigidity. Comparing the different equations and suppos-
ing that the rigidity of the rock is equal to the Hoek-
Brown material constant m;, we received the best results
using Eq. (17):

\4 Zﬁ. (17)
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Fig. 7 Comparing the predicted Poisson’s rate to the published

Poisson’s rate
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Table 5 Comparison the calculated (predicted) Poisson’s ratio to the

published values
Predicted Published Poisson’s rate value (v)
Type of rock . X
Poisson’s rate  Gercek [4] AASHTO [7]

Andesite 0.17 0.28
Basalt 0.17 0.23 0.23
Claystone 0.33 0.33
Conglomerate 0.18 0.25
Diabase 0.21 0.19
Diorite 0.17 0.25 0.29
Dolerite 0.20 0.25
Dolomite 0.25 0.23 0.29
Gneiss 0.16 0.20 0.22
Granite 0.15 0.21 0.20
Granodiorite 0.16 0.20
Greywacke 0.19 0.15
Limestone 0.26 0.21 0.23
Marble 0.25 0.23 0.28
Marl 0.27 0.22
Norite 0.18 0.21
Quartzite 0.18 0.21 0.14
Sandstone 0.20 0.23 0.20
Shale 0.27 0.18 0.09
Siltstone 0.27 0.24 0.18
Tuff 0.22 0.19
Schist 0.24 0.12
Gabbro 0.16 0.18

As it is well-known, the Hoek-Brown constant depend
on many things, e.g. water content (see e.g. [18] or heat-
ing cycles [19], among the others. Recently, Vasarhelyi et
al. [20] analyzed the Hoek-Brown equation and suggested
minor modification of it for Hungarian granitic rocks.

According to the publication of [§8], in the rock engi-
neering practice, the knowledge of the Poisson’s rate value
of the rock mass is highly important. The Poisson’s rate
value highly depend on the quality of the rock mass, thus
in the increasing if the Geological Strength Index (GSI)
increasing [8, 21]:

v, =-0.002GSI+v, +0.2 . (18)

Where v, and v, is the Poisson’s ratio of the rock mass
and the intact rock, respectively, and GSI is the Geological
Strength Index.

Aydan et al. [22] also investigated the influence of the
rock mass quality for the Poisson’s ratio. They found the
following relation between the ratio of the Poisson’s ratio
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of rock mass (v,,) and intact rock (v,), in the function of
Rock Mass Rate (RMR):
Vi RMR

=0.5-0.2 : (19)
RMR +0.2(100~RMR )

i

Using Eq. (17) the connection between the rock mass
quality and the Poisson’s ratio of the rock mass (v,,) can
be calculating more precisely.

We know well, that Poisson ratio is a composition
parameter. A better material characterization can be
achieved by the theoretical established Lamé coefficients,
the isotropic invariants of the elastic material. This is
rather apparent considering the time dependence of the
laboratory experiments (see [23] and Fig. 8).

The rheological properties of rocks are universal [24]
and may not be neglectable at the standardized laboratory
time scales and that could be the reason of the observed
uncertainty of the data.
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