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Abstract
The usage of numerical simulation tools in rock engineering has been the undisputed state of the art for decades. Not only 
for rock engineering applications in the field of underground and surface stability analysis, but also for the simulation of the 
rock-cutting process. With increasing computing capacity and as a consequence thereof, increased capabilities of available 
constitutive laws, the determination of reliable input parameters is critical. The detailed characterization and implementa-
tion of stress–strain relations, including the hardening and softening regime, is a major task. While efficient guidelines and 
established procedures exist for compressive loading, the current state of the art for tensile loading in the majority of the 
cases is inadequate. Samples often fail invalidly, either due to poor preparation or due to the impact of undesired bending and 
torsional loading. For that reason, an innovative purely mechanical test setup is proposed in this article, which eliminates the 
identified confounding effects. Furthermore, an alternative procedure for the investigation of rock dilatancy under unconfined 
conditions is presented. Although dilatancy is normally associated with multiaxial stress states and determined by triaxial 
compression tests, the behaviour of unconfined rock under far field compression represents an essential load case in rock 
cutting, but also in the surroundings of underground openings. The proposed procedure is based on torsion tests because of 
their capability to generate stress states of pure shear without exhibiting axial splitting and related negative effects. With the 
help of numerical simulations, a reasonable range for the dilatancy can be estimated and compared to common methods of 
determination via unconfined compression tests.
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1 Introduction

The use of numerical simulation tools in rock mechanics 
has been the undisputed state of the art for decades. With 
increasing capacity and as a consequence thereof increased 
complexity of available constitutive laws, the determina-
tion of reliable input parameters is of great importance. 
Without including the various other methods currently 
available, the focus of this article is on finite-element anal-
ysis, which implicitly indicates a continuum mechanics 
approach. In depth, knowledge about the stress–strain curve 
for a wide range of loading situations is crucial to create 
realistic results from simulations. The two major aspects in 
this article deal with the stress–strain relations for tensile 

loading and an alternative approach for the investigation 
of rock dilatancy for unconfined conditions. The concept 
of dilation was first introduced by Reynolds (1885) as the 
change of volume due to the change of shape or distortional 
strain. Subsequently, the phenomenon and effects of dilation 
were extensively investigated in the field of soil mechan-
ics, important achievements were gained among others by 
Rowe (1962) and Roscoe (1970). Nearly, at the same time, 
pioneering work on rock dilation was performed by Brace 
et al. (1966) and Cook (1970). In the subsequent decades, 
a number of comprehensive and detailed studies about the 
treatment of the dilatancy angle in rock mechanics, including 
historical developments and state of the art methods, were 
performed. Some of the renowned contributions were pro-
vided by Alejano and Alonso (2005), Zhao and Cai (2010), 
Walton and Diederichs (2015) and others, who established 
different models to integrate the dilatancy angle into prac-
tical rock engineering. Basically, confining pressure and 
effective plastic strain dependence of the dilatancy angle 
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are approved facts. Therefore, the authors will not expand 
further on this topic in general, but on particular aspects 
related to the current article. Remarkably, the majority of 
past approaches were more or less based on the fundamen-
tal work of Vermeer and De Borst (1984), who defined a 
mathematical formulation for the calculation of the dila-
tancy angle for loose and cemented granular materials. Soil 
or rock elements under consideration were assumed to be 
macroscopic and large enough to contain many particles as 
micro-elements. Their solution is based on non-associated 
plasticity theory with all its assumptions and restrictions as 
well as experimental data from triaxial compression tests 
and direct shear tests of various types of soil and rock. Bol-
ton (1986) derived a similar solution for the computation of 
the dilatancy angle.

Vermeer and De Borst (1984) recommend focusing atten-
tion on the pre-peak hardening behaviour, since the post-
failure softening behaviour of soil, rock and concrete, as 
shown for example by Rudnicki and Rice (1975) or Ger-
stle et al. (1980), is not objective due to non-uniformity of 
the strain over the specimen and the associated size effects. 
Bazant (1976) additionally emphasizes the influence of geo-
metric boundary conditions related to grain size and sample 
dimensions for a mathematical treatment of strain-softening 
of concrete. Although the smeared strain measurement in 
uniaxial and triaxial compression tests over the entire speci-
men is not ideal, the relatively insensitive ratio of volumetric 
strain to axial strain increments can be adequately deter-
mined. However, this requires the volumetric strains to be 
measured via the amount of displaced fluid from the pressure 
cell. For unconfined but also triaxial compression tests, the 
alternative technique is to measure strains directly at the 
specimen, via extensometers or strain gauges. Indeed, the 
results are distorted by slabbing/splitting in the post-failure 
region and the occurrence of shear bands and bifurcation. 
Bifurcation results in the separation of the specimen into 
two, more or less, rigid bodies, causing severe impairment 
of the calculation of volumetric strains by measuring axial 
and lateral strains directly at the specimen. Consequently, 
the dilatancy angle cannot be determined reliably and a com-
parison method to estimate the dilatancy angle is considered 
to be a worthwhile supplement to conventional methods.

Partly as a consequence of the described complexities, 
several researchers report inconclusive data for the dilatancy 
angle at different positions along the stress–strain curve. Ale-
jano and Alonso (2005) and Zhao and Cai (2010) relate their 
calculated (negative) dilation angles to the concave shape of 
the stress strain curve, due to closure of micro cracks which 
cause rather inelastic than plastic strains. Arzua and Alejano 
(2013) even indicate a dilation angle of minus infinity for 
similar reasons and decide to only apply their concept in 
the post-failure region. However, Walton et al. (2014) and 
Kwasniewski and Rodríguez-Oitabén (2012) conclude in 

accordance with the fundamental work of Brace et al. (1966) 
and Martin and Chandler (1994), that predominately axial 
cracking occurs in loading direction at lower axial stress 
levels, causing inelastic lateral strains. Due to zero or very 
small plastic axial strains, their calculations lead to excep-
tionally high dilatancy angles of 90° at the very beginning 
and still more than 80° at the peak region. However, as dem-
onstrated by Vermeer and De Borst (1984), the theoretical 
maximum value for the dilatancy angle is limited by the 
friction angle. Considering that both properties are not con-
stant but mobilized by straining and that the peak friction 
angle is reached at low damage, it is reasonable to assume 
that the dilatancy angle is mobilized in a similar manner. 
In any case, the maximum possible value for the dilatancy 
angle is the peak friction angle, which hardly exceeds 65°. 
The computed high dilatancy angles were related to the 
applied definition of plastic strains. Obviously, at least two 
types of inelastic strain occur, namely, crack closure and 
axial splitting, which are not caused by shear distortion. 
In combination with the fact that axial splitting is mainly 
caused by tensile failure at material heterogeneities, these 
inelastic strains must not be used in the calculation of the 
dilatancy angle. An interesting approach to solve this issue 
is presented by Walton and Diederichs (2015), who attempt 
to separate true plastic strains from other inelastic strains, 
dependent on a user-defined yield stress and constant elas-
tic parameters. Nevertheless, Vermeer and De Borst (1984) 
verify that the dilatancy angle gradually increases to a limit 
dilatancy angle, which is nearly constant at and close to the 
peak region, but still distinctly smaller than the angle of fric-
tion, normally 20° less. This conclusion is based on sound 
theoretical and experimental evidence, but is in contrast to 
the suggestions of Alejano and Alonso (2005) and Walton 
et al. (2015) to set the dilatancy angle for unconfined con-
ditions equal to the friction angle for modelling purposes. 
Regarding these inconclusive results, an alternative method 
to investigate dilatancy under unconfined conditions up to 
the ultimate strength of the material was developed. An 
important constraint was the requirement that confounding 
effects such as crack closure and axial splitting should not 
affect the results.

This alternative method is based on an inverse determi-
nation procedure. Two series of torsion tests with one sedi-
mentary rock (Imberg sandstone) and one crystalline rock 
(Neuhauser granite) were performed. The rock specimens 
were hourglass shaped and equipped with strain gauges 
with three measurement directions (0°/45°/90°) and also 
additional axial strain gauges. In addition, a video exten-
someter, measuring the axial strains contactless, was used. 
The inverse procedure exploits the fact that torsional load-
ing generates pure shear stresses at the cylindrical middle 
section of the sample, causing plastic volumetric strains to 
occur as consequence of rock dilatancy. Thus, in contrast 
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to a non-dilatant material, considerable axial strains occur 
during rock testing and the magnitude of these axial strains 
is directly related to the dilatancy angle. Furthermore, seri-
ous overestimation of the dilatancy angle, due to inelastic 
strains caused by axial splitting and crack closure, is avoided 
because of the overall low stress level and the stress state 
of pure shear. Pure shear stress directly implies an aver-
age normal stress of zero for elastic material behaviour. To 
estimate the associated dilatancy angle, the finite-element 
software package Abaqus 6.13 was used to model the experi-
ments numerically. To enable a reasonable estimation of the 
dilatancy angle, a precise model of the experimental setup 
in combination with an appropriate constitutive model was 
required. The Concrete Damaged Plasticity model (CDP 
model), providing a general capability for modelling con-
crete and other quasi-brittle materials, was used as consti-
tutive law and will be described in more detail in the next 
chapter. Simulations with various dilatancy angles were 
performed and based on the conformity between numeri-
cal and experimental results, a range for the dilatancy angle 
could be estimated. Obviously, only a range of ca. ± 5° for 
the dilatancy angle can be expected from this procedure. 
However, concerning the general accuracy related to data 
for rock and rock mass, an estimation of the dilatancy angle 
to ca. ± 5° is deemed as adequate. Already, a verification 
whether the dilatancy angle for unconfined loading is close 
to the friction angle or distinctly below is a highly relevant 
information. Furthermore, to the author’s knowledge, this is 
the first application of torsion tests on rock at atmospheric 
pressure and one of the few ever performed. Paterson and 
Olgaard (2000) also conducted torsion tests on rock, but at 
high confining pressures and with the purpose to study the 
deformation behaviour in the Earth’s crust.

Not only was the dilatancy angle investigated but also the 
tensile strength and stress–strain characteristics for tensile 
loading. The situation is quite different for the determina-
tion of the entire stress–strain curve for intact rock in uni-
axial tension and compression. Based on the fundamental 
work of Wawersik and Fairhurst (1969), Rummel and Fair-
hurst (1970) and Wawersik and Brace (1970), procedures 
to reliably determine nearly the entire stress–strain curve 
in compression exist. Following the ISRM suggested meth-
ods (Fairhurst and Hudson 1999), unconfined compression 
tests were conducted reaching far in the post-failure locus. 
Several unloading–reloading cycles were performed to quan-
tify the introduced damage by evaluating the degradation of 
the secant modulus along the post-failure curve. These tests 
enabled also the calculation of the dilatancy angle in the 
established form as a comparative measure to the outcome 
of the torsion experiments. However, the maximum com-
pressive stress during the torsion experiments was rather 
low, not even exceeding 20% of the unconfined compressive 
strength; therefore, rock damage or failure in compression 

was insignificant. For uniaxial tension loading, the situation 
is completely different. The complete stress–strain curve, 
including post-failure data, is actually a highly relevant 
information for many constitutive models, but no method 
could be found yet to experimentally determine the post-
failure behaviour of brittle rock in uniaxial tension. The low 
tensile strength of common rock types requires high stand-
ards on the test setup, and the fixation of the sample in the 
testing machine is much more complex than for compres-
sion tests. Despite following the valuable ISRM suggested 
methods for determining the direct tensile strength of rocks 
(Bieniawski and Hawkes 2007), samples often fail invalidly, 
either due to poor preparation or the impact of undesired 
bending and torsional loading. Therefore, an improved test 
setup, operating purely mechanically, was developed by 
the Chair of Subsurface Engineering together with Sand-
vik Mining and Construction G.m.b.H and the Institute of 
Physics at the Montanuniversität Leoben. In combination 
with an optimized specimen geometry, reliable and repeat-
able results for the rock mechanical behaviour under uniaxial 
tensile loading could be achieved up to failure. The method 
and the differences to the state of the art methodology are 
presented in this article.

2  Theory

2.1  Dilatancy Angle and Concrete Damaged 
Plasticity Model

In accordance with the definition of dilatancy as the change 
in volume associated with shear distortion of an element in 
the material, the dilatancy angle ψ defines the ratio of plastic 
volume change over plastic shear strain. Vermeer and De 
Borst (1984) present the mathematical framework to calcu-
late the dilatancy angle from triaxial tests data. Therefore, 
the authors will not extend on the derivation of the sub-
sequent equations, which are considered the most relevant 
equations for the current article, but reference to the original 
paper. However, Eq. (1) is actually exactly valid only for 
simple shear and gives the best meaning for the dilatancy 
angle:

The plastic volumetric strain rate is �̇�pv and �̇�p is the rate 
of plastic distortion. To enable another form of presentation, 
Vermeer and De Borst (1984) made use of the following 
definition of �̇�p to derive Eq. (3), where �̇�p

i
 with i = 1, 2, 3 are 

the principal plastic strain rates:
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Equation (3) can be simply derived by assuming plane 
strain conditions, by applying Eq. (2) and the common defi-
nition of plastic volumetric strains as the sum of the plastic 
principal strains. For plane strain, the component �̇�p

2
 has to be 

zero. Equation (1) can then be rewritten in form of Eq. (3), 
which forms the basis for almost all calculations of the dila-
tancy angle by other researchers. Vermeer and De Borst 
(1984) prove that Eq. (3) is also valid for three-dimensional 
stress states in common triaxial testing:

The model proposed by Lubliner et  al. (1989) forms 
together with the modifications suggested by Lee and Fenves 
(1998) the basis for the Concrete Damaged Plasticity model. 
The dilatancy angle is in that respect defined according to the 
stress–dilatancy equation of Rowe (1972). As shown by Ver-
meer and De Borst (1984), both definitions blend into each 
other and are commonly used to introduce hardening behav-
iour via the mobilized friction angle and the mobilized dila-
tancy angle. In other words, the experimental evidence of the 
variation of soil parameters with plastic strain and confining 
pressure is considered. However, a partly different approach 
is pursued for the implementation of the dilatancy angle in 
the CDP model by the finite-element software Abaqus 6.13. 
By definition, the model is primarily intended to provide a 
general capability for the analysis of concrete structures, but 
is also suitable for the analysis of other quasi-brittle materials, 
such as rock, mortar, and ceramics. The constitutive relations 
capture the effects of irreversible damage associated with the 
failure mechanisms that occur in quasi-brittle materials under 
confining pressures up to five times the ultimate compressive 
stress. To incorporate the dependency of the plastic strain com-
ponents on confining pressure, a hyperbolic Drucker–Prager 
flow rule is used, stated via Eq. (4) and illustrated in Fig. 1c 
(Dassault Systèmes 2013). Input parameters include the dila-
tancy angle ψCDP and the eccentricity ε, which defines the rate 
at which the function approaches the asymptote (straight line). 
Hence, the dilatancy angle is not constant, but changes with 
the value of ε, as observable in Fig. 1c. For low eccentricity 
values, the dilatancy angle ψCDP remains more or less constant 
over a wide range of confining pressure, and with increas-
ing values for ε, the confining pressure dependence of ψCDP 
increases as well. However, in the CDP constitutive model, 
the dilatancy angle is defined slightly different to the common 
definition given by Vermeer and De Borst (1984). Equation (5) 
shows the formulation applied in the CDP model and Eq. (6) 
shows the simple way of conversion to the common definition, 
given in Eqs. (1) or (3). Equation (5) was actually derived for 
the linear Drucker–Prager flow rule by Jiang and Wu (2012), 
but is also valid for the hyperbolic flow rule. Definitions for 

(3)sin𝜓 = −
�̇�
p
v∕�̇�

p

1

2 − �̇�
p
v∕�̇�

p

1

.

the hydrostatic stress p̄ and the von Mises equivalent effective 
stress �̄� are given in Eqs. (7) and (8):

(4)G =

√(
∈ 𝜎t0tan𝜓CDP

)2
+ q̄2 − p̄tan𝜓

(5)tan𝜓CDP =
3�̇�

p
v

2�̇�p

Fig. 1  Yield surfaces in the deviatoric plane, corresponding to dif-
ferent values of Kc (a), yield surface in plane stress (b) and several 
hyperbolic Drucker–Prager flow potentials in the p–q plane (c) (Das-
sault Systèmes 2013)
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The model uses concepts of isotropic damaged elasticity 
in combination with isotropic tensile and compressive plas-
ticity to represent the inelastic behaviour of concrete. Fol-
lowing established definitions by Gross and Seelig (2017), 
isotropic damage implies that defects have no preferential 
direction considering their spatial distribution; thus, the state 
of damage can be described simply by a scalar damage vari-
able d, for tension dt and compression dc, which are assumed 
to be functions of the plastic strain in tension ̃�pl

t
 and com-

pression ̃�plc  and may have values between 0.0 (undamaged) 
and 1.0 (fully damaged). The relation between the Cauchy 
stress tensor σ and the effective stress tensor �̄ is provided 
via Eq. (9). Softening behaviour in tension as opposed to 
initial hardening followed by softening in compression is 
implemented features, see Fig. 2. The shape of the yield 
function is primary based on the initial uniaxial tensile yield 
stress σt0, initial uniaxial σc0 and equibiaxial σb0 compres-
sive yield stress, the ultimate uniaxial compressive stress 
σcu (UCS), and a constant form factor Kc, which depends 
on the ratio of the second deviator invariant of the tensile 
meridian and compressive meridian. According to Lubliner 
et al. (1989), straight meridians can be reasonably assumed 
and, therefore, constant values for Kc as well. In Fig. 1, the 
yield surface and the plastic potential are displayed in differ-
ent stress spaces, where the dependence of the shape of the 
yield surface in the deviator plan on the magnitude of Kc is 
clearly visible in Fig. 1a. The difference between an ordinary 
Drucker–Prager yield surface (Kc = 1) is obvious.

Utilization of isotropic damage concepts requires obvi-
ously a fine discretization to minimize direction depend-
ence of the results. An indirect method to determine the 
magnitude of damage is to measure the degradation of the 
elastic stiffness with increasing plastic strain by performing 
a sufficient number of unloading–reloading cycles during 
testing, for compression as well as for tension, since the 
results are expected to be different. The elastic constants of 
initial secant modulus E0 and Poisson’s ratio are required 
input parameters for the virgin state. The described correla-
tions are displayed in Fig. 2 for uniaxial compression and 
tension, and experimental stress–strain curves are directly 

(6)� = arcsin
(
2

3
tan�CDP

)

(7)p̄ = −
�̄�1 + �̄�2 + �̄�3

3

(8)q̄2 =
[(
�̄� − �̄�2

)2
+
(
�̄�2 − �̄�3

)2
+
(
�̄�3 − �̄�1

)2]
.

(9)�̄ =
�

1 − d
.

implemented in tabular form in the constitutive model. Con-
sequently, the magnitude of the plastic strain components 
depends not only on the dilatancy angle, but also on the 
damage behaviour. The determination procedure for the 
input parameters will be presented in a later chapter. For 
more general and detailed information about capabilities and 
limitations of the constitutive model, the authors reference 
to the comprehensive manuals provided by the supplier of 
the software.

2.2  Determination of Rock Behaviour due to Tensile 
Loading

The reliable determination of the stress–strain behaviour of 
rock under tension is an indispensable component of the 
input parameters not only for the CDP model, but also for 
other higher order constitutive models. Although the experi-
mental implementation is related to several difficulties, the 
low tensile strength of rock requires high standards for the 
test setup and the clamping of the sample into the testing 
machine, which is far more complex than for compression 
testing. Due to the difficult realization of uniaxial tensile 

Fig. 2  Response of concrete to uniaxial loading in tension (a) and 
compression (b) (Dassault Systèmes 2013)
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tests in the past, several indirect methods and correlations 
to related rock mechanical parameters were frequently used 
to estimate the direct tensile strength (Perras and Dieder-
ichs 2014). However, even if these methods allow a rea-
sonable estimation of the direct tensile strength, the entire 
stress–strain curve cannot be derived. Hence, direct tensile 
tests are unavoidable if the true stress–strain characteristics, 
at least up to the ultimate strength level, are required. Mellor 
and Hawkes (1971) presented two test methods to meas-
ure the tensile strength by diametrical compression of solid 
discs and annulus/hoops. These tests where solid discs are 
used are better known as Brazilian tests and are very com-
mon in the field of rock engineering. Provided the material 
shows linear-elastic behaviour until failure, the stress field 
throughout the disc can be accurately calculated analytically. 
According to Mellor and Hawkes (1971), the Brazilian test 
leads in reality to a biaxial stress field, rather than a uniaxial 
stress field. The second test which was mentioned requires 
samples in the form of a hoop and also diametrical compres-
sion. For the ring test, a steep stress gradient occurs, which 
leads to a small volume of material being critically stressed.

Broch and Franklin (1972) proposed a method to reduce 
the number of unconfined compression tests via the point 
load test (Missouri Highway and Transport Department 
1981). Garner (1961) observed during his analysis of the 
rock cutting process with drill bit inserts that rupture of the 
sample occurred due to tensile failure. Hence, this test could 
also be used to indirectly estimate the tensile strength as 
an index parameter. In the field of petroleum engineering, 
hydraulic fracturing tests, e.g., according to Haimson (1968) 
or Hubbert and Willis (1957), are widely used. Zoback et al. 
(1977) conducted laboratory tests to identify the influence 
of the fluid penetration on the results using intact and pre-
fractured rock. Due to penetration of the sample or existing 
micro cracks, the stress level which leads to failure during 
hydraulic fracture tests might be unknown and the influence 
on the test results cannot be estimated. Comparability is only 
achieved by empirical methods. A method preventing pen-
etration of the fluid was developed by Singh (1974), using a 
sleeve-fracturing device (dilatometer) in the form of a flex-
ible tube inserted into the bored hole. Despite the variety of 
available indirect testing methods for the determination of 
the tensile strength, a general major drawback is the assump-
tion of linear-elastic material behaviour up to peak strength. 
Rock material seldom shows linear stress–strain relations 
up to the peak value. Therefore, indirect tests are not ideally 
qualified to define input parameters for higher order consti-
tutive models and might, therefore, only be used as index 
values (Mellor and Hawkes 1971).

Accordingly, direct tensile tests need to be performed to 
gain sufficient information about the stress–strain relations. 
Subsequently, the state-of-the-art testing methods and their 
possible shortcomings are presented to explain why the 

development of an improved testing procedure was required 
for the current purpose. Hawkes and Mellor (1969) released 
a summary of the different methods of tensile tests for rock, 
which differ with respect to sample shape, attachment of the 
sample and connection with the loading frame. Grosvenor 
(1961) proposed cylindrical specimens and mechanical 
clamping, while Obert et al. (1946) fixed the specimen with 
cement into metal collars. Grosvenor (1961) suggested also 
to cast the specimen into collars, but with different materials. 
Gradually, the method of gluing or casting cylindrical sam-
ples into metal caps was established and is nowadays part of 
the suggested methods for rock characterization of the inter-
national society of rock mechanics (Bieniawski and Hawkes 
2007). The distinct disadvantage of cylindrical specimens 
is that location and stress level of rupture are influenced 
by the fixation of the specimens, which often fail at the fix-
ing point before reaching the true uniaxial tensile strength. 
In addition, bending and torsion-free fixation in the pulling 
system has to be ensured. This is mostly realized with flex-
ible connectors such as cables or chains, which results in 
significantly reduced stiffness of the testing equipment and 
thus a deteriorated quality of test run control. Alternatively, 
Blümel (2000) developed the modified tension test (MTT), 
using a cylindrical sample, which is over cored from the top 
and from the bottom by two axial core holes with different 
diameters. Loading is applied on one side with a load plate 
and on the other with a load ring in a testing machine for 
compressive testing. Failure occurs by reaching the tensile 
strength in the area between the overlapping drill holes. 
With this testing method, the uniaxial tensile strength can be 
determined, but not the stress–strain behaviour. Finally, no 
adequate technique was found to derive stress–strain curves, 
ensuring bending and torsion-free fixation of the sample in 
combination with a high stiffness of the loading frame and 
straightforward implementation into common laboratory 
equipment.

3  Experimental Setup and Results

3.1  Rock Type Description

The direct tension tests as well as the torsion tests were per-
formed with the same types of rock, where both show very 
homogenous grain size distribution. The crystalline rock was 
termed Neuhauser granite and is an intrusive rock of the 
Bohemian Massif, fine to medium grained with predominant 
mineral phases: quartz, feldspar, and biotite, see Fig. 6. The 
samples were extracted from a quarry in Upper Austria. The 
second rock type was a sedimentary rock, termed Imberg 
sandstone, originating from a quarry close to Dortmund, 
Germany. Predominant mineral phases are quartz, carbon-
ates, feldspar, and muscovite. Besides the rock mechanical 
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testing methods under consideration in the current article, 
many tests were performed by the Chair of Subsurface Engi-
neering on both types of rock, including uniaxial compres-
sion tests (UCT), uniaxial tension tests (UTT) according to 
ISRM, triaxial compression tests (TCT), wedge splitting 
tests (WST), and Brazilian tests (BT). From the long test-
ing history, it appears possible that the properties of Imberg 
sandstone vary, depending on the location of mining (mainly 
depth) in the quarry in a certain range. Hence, the input 
parameters for the numerical simulation were defined only 
by results from experiments, where the specimens were 
drilled out of the same block of rock as the torsion and ten-
sion test specimens. In addition, results from tests performed 
in the last 5 years are illustrated in Table 1, where BTS is 
the Brazilian tensile strength. The totality of all performed 
Brazilian tests in the last 5 years shows a standard deviation 
of less than 15%, and this is considered as usual natural 
variation. The virgin secant modulus was defined as stiff-
ness in the mostly linear-elastic region between the end of 
the concave-up curve and crack damage stress (Martin and 
Chandler 1994). Different secant moduli were considered for 
tension and compression in the later evaluation because of 
experimental evidence. This is not only true for the currently 
tested rock types, but also for many rock types in general 
(Haimson and Tharp 1974; Sundaram and Corrales 1980; 
Stimpson and Chen 1993; Yu et al. 2005). The Poisson’s 
ratio was estimated in the same region and was taken as a 
constant value. The reader might be a little surprised by the 
similar values of the UCS for granite and sandstone, but this 
observation is explained by the high degree of cementation 
and the poorly rounded grains of Imberg sandstone.

3.2  Direct Tensile Test

Caused by the different methods for the determination of the 
tensile strength with direct and indirect methods the results 
often exhibiting a wide range. Only with direct tensile tests, 
the true stress–strain characteristics can be defined. For indi-
rect testing methods, a more or less accurate estimation of 
the uniaxial tensile strength is possible, without any infor-
mation about the stress–strain curve. Based on the findings 
from direct tensile tests according to the suggested methods 
of ISRM (Bieniawski and Hawkes 2007) and the problems 
with fracture at the clamping position due to stress concen-
tration (Franklin and Dusseault 1989), an improved testing 
concept was developed. Obvious differences to the ISRM 

suggested methods are the pure mechanical sample fixation 
and the shape of the rock specimen, as illustrated in Fig. 3.

3.2.1  Experimental Setup

Hoek (1964) proposed the use of non-cylindrical samples. 
Due to the state-of-the art machining technologies with 
computerized numerical control (CNC), it is nowadays pos-
sible to prepare rock samples with any shape. The use of 
dog bone-shaped samples for direct tensile tests is actually 
state of the art in many engineering disciplines, including 
concrete testing (Yoshitake et al. 2012; Moradian and Shek-
archi 2016) and also rock testing (Gorski et al. 2007). The 
primary purpose normally is to improve the clamping area 
using simplified dog bone-shaped samples. Because of the 
resulting high stress gradients in the clamping area, dog 
bone-shaped specimens were replaced by a more or less 
hourglass-shaped geometry for the current experiments. The 
applied hourglass-shaped design was defined and optimized 
with the help of a finite-element analysis. Ensuring a uni-
axial stress state with the greatest stress magnitude in the 
middle of the sample which forced rupture to localize in the 
middle part of the sample, therefore, precluding failure at the 
clamping position. Because of the cylindrical shape of the 
middle section, strain measurements with strain gauges were 
feasible similar to common cylindrical rock samples. The 
smallest diameter of the sample was 25 mm, ca. 10 times 
the maximum measured grain size of Neuhauser granite, 
where the grain size varied between 0.25 and 2.5 mm. For 
sandstone, this aspect poses obviously no critical issue, since 
the minimum sample diameter was more than 40 times the 
maximum grain size.

Using the presented concept, the time-consuming prepa-
ration work of cementing samples in metal caps was omitted. 
Furthermore, the cementation process constitutes a potential 
source of error in terms of misalignment. Although a bend-
ing and torsional moment-free linkage system is required 
by the ISRM-suggested methods, experimental evidence 
shows that this request is hardly feasible with state of the 
art-testing equipment. As a result, many rock samples fail 
close to the fixing points and/or show failure mechanisms 
related to bending and torsional stresses, leading to inva-
lid results. To achieve reliable and repeatable results, the 
used fixation device was designed and manufactured at 
the Montanuniversitaet Leoben. Figure 3 illustrates the 
novel fixation device which could be easily installed in the 

Table 1  Rock mechanical 
parameters of Neuhauser granite 
and Imberg sandstone

Rock type UCS, MPa BTS, MPa Density, kg/m3 Secant modulus 
(compression), GPa

Poisson’s ratio

Neuhauser granite 145 ± 17.3 9.7 ± 0.7 2650 62 ± 7.8 0.16
Imberg sandstone 145 ± 15.5 10.7 ± 0.9 2560 41 ± 3.1 0.16



418 T. Stoxreiter et al.

1 3

available servo-hydraulic rock testing machine MTS 815. 
This machine is characterized by a high frame stiffness and 
a modular setup, thus different experimental test rigs can 
be used. The basic features were as follows: the hourglass-
shaped sample (1) was mechanically clamped at both ends in 
the two sleeves (2) without gluing. The connection between 
the testing machine and fixation device was done via two 
connecting rods (3). To ensure bending and torsion-free 
fixation in combination with self-centering properties, the 
contact between sleeve and connecting rod was made with 
spherical ends. The glue-free connection guaranteed fast 
change of the samples between the test runs. Admittedly, the 
general testing effort was somewhat shifted from the sample 
installation to the specimen preparation. The rock specimens 
were prepared with high accuracy by a mason, using CNC 
technology. Clearly, higher costs for sample preparation 
need to be considered than for ordinary cylindrical-shaped 

samples. However, it is believed that the distinctly increased 
reliability and repeatability justify the increased costs. The 
force measurement was done with a redundant system of 
two load cells (4) with 25 kN and 250 kN measuring range. 
For the strain measurement, basically, four strain gauges 
with a measuring grid length of 6 mm were applied in the 
middle of the sample. The tests were carried out under dis-
placement control with a defined rate of 0.05 mm/min. The 
servo-hydraulic rock press was controlled with a MTS Flex-
Test FT60 controller and for data acquisition the processed 
input signals were transferred to a universal measurement 
amplifier HBM QuantumX MX840A (5) as an analog sig-
nal. In addition, a measurement amplifier HBM QuantumX 
MX1615B (5) especially for strain gauges was used and 
both were time synchronised via FireWire. Two LVDTs 
HBM WI/2MM-T (6) were applied via a magnetic fixture to 
check the movement of the sleeves and ensure a pure axial 

Fig. 3  Test setup for the novel tensile test with 1, hourglass-shaped sample; 2, sleeves; 3, connecting rod; 4, load cells; 5, measurement ampli-
fiers; 6, LVDTs
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movement without tilting. The data acquisition was done 
with a frequency of 300 Hz and the measured values were 
visualized on a computer and stored for post processing.

3.2.2  Results

All performed tests showed the expected fracture behaviour 
with one single tension crack at the reduced cross section 
of the sample perpendicular to the loading direction. Due to 
these observations, it was reasonably assumed that a pure 
tension failure occurred and the true tensile strength was 
determined. Figure 4 shows the mean value of the meas-
ured strain vs. the applied stress for the six tests conducted 
with Imberg sandstone. Furthermore, test results from direct 
tension tests according to ISRM, conducted at the Chair of 
Subsurface Engineering, are illustrated in Fig. 4. For reasons 
of clarity, the measurement results were piecewise linearized 
and the cutoff of the measured values was done at the maxi-
mum tensile stress, at which the tests were terminated any-
way. Obviously, the simplification of linear-elastic material 
behaviour until failure is not valid for this type of sandstone. 
Up to a stress of ca. 3 MPa, all experiments showed lin-
ear elastic stress–strain relations and subsequently started 
to deviate distinctly from linear elastic behaviour, indicat-
ing increasing inelastic strains. Although the results for the 
ISRM compliant direct tension tests showed an acceptable 
scattering, the different test runs started to diversify at a rela-
tively low stress level compared to the improved procedure, 
although the small grain size and homogenous structure of 
Imberg sandstone definitely constituted ideal testing proper-
ties. It is not really surprising that the results for Neuhauser 
granite yielded greater scattering concerning the maxi-
mum tensile strength. The deviation from linear behaviour 
occurred at the same stress level as for Imberg sandstone, 
approximately at 2.9 MPa. Rock specific reasons might 
have been the higher ratio of minimum sample diameter to 

maximum grain size, but also the petrographic nature of 
the granite. In contrast to the homogenous cement matrix 
of the sandstone, the strength was distinctly influenced by 
the bond strength of the mineral grains. Nevertheless, five 
out of eight of the ISRM compliant experiments showed an 
adequately narrow distribution, while the other three experi-
ments differed from the observed behaviour. The results are 
illustrated in Fig. 5, where deviating test results are marked 
with a rectangle. 

One might attribute these observations to natural 
scattering and consequently statistical methods might 
be used. However, if 5/8 tests show a similar behaviour 
and 3/8 tests show in principle the same behaviour, but 
fail at a much lower stress level, poor test conditions 
are the most probable explanation. Especially, as these 
effects were not observed during direct tensile tests with 
the proposed setup. Admittedly, also these experiments 
yielded a relatively high distribution, but still to a much 
less extent. A possible explanation for the scattering was 
the slight misalignment of single strain gauges and the 
therewith related measurement error. Another salient 
difference, especially for the experiments with granite, 
was the shape of the stress–strain curve. While the ISRM 
compliant experiments yielded only slightly non-linear 
behaviour, the current experiments showed distinct non-
linear stress–strain relations. This difference was most 
likely caused by the type and location of strain measure-
ment. With the proposed test setup, the strains were meas-
ured with strain gauges along a distance of 6 mm at the 
location of maximum axial stress. In contrast, the strains 
at the ISRM compliant experiments were measured with 
extensometers with 50 mm measurement length. While 
for the strain gauges, the influence of single grains could 
have had an impact on the results, the long measure-
ment distance of the extensometers led inevitably to a 
smeared measurement of strains at the location of strain 

Fig. 4  Results for direct tension tests with Imberg sandstone for experiments with a proposed new test setup and b setup according to ISRM
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localization and the associated strains in the neighbour-
ing regions, as proposed by Hillerborg (1985). Compar-
ing the secant modulus for uniaxial tension with the one 
for uniaxial compression, a significantly lower value was 
determined for tensile loading. The tensile secant modu-
lus of Imberg sandstone was about 30.5 GPa in contrast to 
41.0 GPa for compression. Similar results were found for 
Neuhauser granite with ca. 54.0 GPa for tensile loading 
and 62.0 GPa for compression. All results are summarized 
in Table 2. In addition, the natural water content of the 
tested rock types was determined according to the ISRM 
suggested methods. Interestingly, the BTS and UTS were 
in good accordance for the proposed new setup for both 
rock types, but only for Neuhauser granite for the ISRM 
compliant experiments. The evaluation of the measure-
ment results showed that all four strain gauges measured 
almost equal strain values, hence a bending-free clamping 
and fixation could be assumed. This impression was sup-
ported by location and type of rupture, exemplarily illus-
trated in Fig. 6. The results of the LVDT measurement are 
not considered for the test evaluation, because they simply 
showed the continuous re-arrangement of the clamping 
to ensure centric, bending-, and torsion-free loading and 
represent, therefore, not the behaviour of the rock itself. 

3.3  Torsion Test

Torsion tests are commonly used for material characterisa-
tion purposes in the engineering industry. In general, hour-
glass-shaped samples are twisted and torque and torsion are 
measured. Furthermore, combined loading situations can be 
tested, see, for example, Zarroug et al. (2003). Because of 
the wide usage in other fields, the very first intention was to 
check the applicability for rock mechanical purposes. Rap-
idly, the idea was born to use torsion tests to estimate the 
dilatancy angle. Uncertainties related to the accurate deter-
mination of the occurring plastic volumetric strains and the 
plastic axial strains resulted in the concept to measure the 
total axial strains and apply an inverse determination pro-
cedure for the dilatancy angle by numerical simulations. 
Hence, the stress–strain curves derived from the direct ten-
sion tests were directly implemented in the evaluation of the 
torsion tests. As already described in the theory chapter, the 
characteristic stress–strain curves for uniaxial tension and 
compression are direct input parameters for the CDP model. 
For that reason, highly accurate and reliable results were 
required for both types of loading. However, this require-
ment is effectively appropriate for any numerical simulation 
with the purpose to describe the rock mechanical behaviour 
realistically, so actually, no additional effort was caused by 
the proposed method.

Fig. 5  Results for direct tension tests with Neuhauser granite for experiments with a proposed new test setup and b setup according to ISRM

Table 2  Summarized results for 
direct tension tests

Experiment type Rock type Num-
ber of 
tests

Tensile 
strength, 
MPa

Mean 
deviation, 
MPa

Mean 
devia-
tion, %

Young’s 
modulus, 
GPa

Water 
content, 
%

ISRM compliant Neuhauser granite 10 8.61 1.48 17.2 56.2 0.12
Proposed setup Neuhauser granite 6 8.79 0.82 9.3 53.9
ISRM compliant Imberg sandstone 8 6.20 0.26 4.2 28.7 0.24
Proposed setup Imberg sandstone 6 10.62 0.43 4.0 30.4
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3.3.1  Experimental Setup

As usual in the engineering industry, the samples used for 
the torsion tests had a reduced cross section in the middle 
of the sample to ensure stress concentration in this area. 
The geometry was based on common dimensions in metal 
or plastic testing and was optimized by numerical model-
ling. The minimum sample diameter was 26.5 mm. The 
experiments were conducted at the Chair of Mechanical 
Engineering, Montanuniversitaet Leoben, using a test bench 
for static and dynamic pure torsion tests, as illustrated in 
Fig. 7. The basic test bench consisted of an electric motor, 
mounted behind the fixed bearing (1), a floating bearing 
(2) to ensure free axial expansion of the sample during the 
test and collet chucks (3) to fix the specimen. The torsional 
moment was measured by a HBM 1 kNm torque sensor at 
the floating bearing side. To evaluate different measurement 
concepts, three different versions were applied. For the cur-
rent test series, a video extensometer (4) from the company 
Messphysik Materials Testing GmbH was used to measure 
the axial displacement contactless over a length of approx. 
75 mm. The video extensometer needed to be calibrated to 
the actual distance to the rock specimen by a standardized 
procedure and remains in the same position throughout the 
tests. In addition, axial and rosette strain gauges (5) with a 
measuring grid length of 6 mm were mounted at the reduced 

cross section which had a nearly perfect cylindrical shape. 
Second, several experiments were conducted with three axial 
strain gauges without video extensometer, and as a third 
version, some experiments were conducted with the video 
extensometer measurement only. Sample shape and testing 
procedure remained the same for all tests. The applied load-
ing rates varied between 0.03°/s and 0.07°/s, which are com-
mon values for metal testing.

3.3.2  Experimental Results

Two test series of torsion tests on Imberg sandstone and 
Neuhauser granite were successfully conducted. Since 
the authors were not aware of any other results for torsion 
tests on rock under atmospheric conditions, no guidelines 
and recommendations were available. Therefore, a certain 
learning curve was necessary. The applied testing procedure 
and measurement methods were adequate; however, some 
shortcomings were identified. For the sandstone specimens, 
any type of measurement setup worked out very well, as 
illustrated in Fig. 8. The occurring strains were averaged for 
all strain gauges measuring in the same direction. For gran-
ite, the scattering of the video extensometer measurements 
was significant, see Fig. 9, where the strain gauges yielded 
more consistent results. However, for granite, the strain 
measurement was difficult due to the very small occurring 

Fig. 6  Results of direct tension test a granite and b sandstone
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strains; therefore, only the maximum torsional moment 
could be obtained for some experiments. As the distortion 
of the rock sample did not yield any significant impact on 
the strain gauge measurements, the measurement setup with 
three axial strain gauges and without video extensometer 

was preferred for granite testing. The results, displayed in 
Figs. 8 and 9, are a mixture of all three measurement setups; 
hence, curves with the same label for the video extensometer 
and for the strain gauge measurements were not necessarily 
from the same experiment. For Imberg sandstone, this fact 
is actually irrelevant, since all conducted experiments yield 
very similar results. Curves marked with * were terminated 
before failure, because the sample was slipping inside the 
collet chucks, identified by a constant torsional moment with 
increasing distortion. While collet chucks are a sufficient 
clamping device for metal samples, for rock testing, they 
appear to be not perfectly appropriate. Changes for future 
experiments could be expected using rectangular end sec-
tions at the sample and an appropriate seating. Due to this 
fact, no proper distortion vs. torsional moment curves or 
distortion vs. stress curves could be produced. The minimum 
diameter of the sample was identified as another point for 
potential improvement. Two samples broke already during 
installation in the testing machine. For the current testing 
setup the maximum diameter, and because of the defined 
shape also the minimum diameter, were limited by the maxi-
mum available size of the collet chucks. With rectangular 
end sections, this limitation could be removed.

The onset of plastic strains was detected by the over-pro-
portional increase in axial strains, clearly visible in Figs. 8 
and 9. Especially, the video extensometer measurements 
in Fig. 8b emphasize this observation. The magnitude of 
these occurring axial strains is directly related to the occur-
ring volumetric strains and, therefore, also directly to the 
dilatancy angle. This statement is supported by the results 
of the numerical simulation. As shown in Fig. 12, a mate-
rial with a dilatancy angle ψCDP of 0.1° exhibits actually no 
axial strains, while an increasing dilatancy angle results in 
increasing axial strains. The threshold stress, which causes 
the axial strains to increase over-proportionally, could be 

Fig. 7  Experimental setup for torsion test with a sandstone sample 
mounted and the components: 1, fixed bearing; 2, floating bearing; 3, 
collet chucks; 4, video extensometer; 5, strain gauges

Fig. 8  Results of torsion tests with Imberg sandstone for strain measurement with a strain gauges and b video extensometer
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identified by the numerical simulation as the stress, where 
inelastic strains first occur in the model. This threshold 
stress is in turn equivalent to the position at the tension 
stress–strain curve, where the material behaviour deviates 
from linear-elastic. For sandstone, the associated torsional 
moment in the experiments was different for the strain 
gauge-based and video extensometer-based measurement. 
This is because of the stress concentration at the middle sec-
tion of the specimen with the minimum cross-sectional area, 
with a minimum section modulus, where the strain gauges 
were applied. In contrast, the video extensometer captured 
the strains over a distinctly larger distance with increasing 
cross-sectional area. Thus, the shear stresses reduced along 
the specimen because of the increasing section modulus. 
Hence, for the estimation of the shear stress at the middle 
of the specimen, the strain gauge measurement-based value 
of approx. 10 Nm has to be used. This also applies for the 
experiments with Neuhauser granite. With the reasonable 
assumption of linear elastic behaviour up to this threshold 
stress level as described above, the shear stress τ was calcu-
lated with Eq. (10) at the cylindrical middle section of the 
specimen, where Mt is the torsional moment and Wp is the 
polar section modulus:

The associated shear stress for the onset of plastic strains 
was estimated to be around 2.75 MPa. Interestingly, Neu-
hauser granite yielded a similar value. Indeed, applying 
Eq. (10) implicitly assumes equivalent stiffness for tension 
and compression, which is not valid for the tested rock types, 
and therefore, the calculated values are not completely exact. 
Regarding the maximum torsional moment, both rock types 
resulted in very similar values as well, for Neuhauser granite 

(10)� =
Mt

Wp

.

54.6 ± 6.8 Nm and for Imberg sandstone 56.8 ± 2.9 Nm. This 
observation can be explained by the type of failure. Fig-
ure 10 shows exemplarily two failed rock samples after tor-
sional loading. Both samples failed in a direction of approx. 
45° to the specimen axis. This is the direction of maximum 
principal normal stresses in the elastic region. Although the 
direction of the maximum principal stresses rotates a little 
with plastic distortion, the deviation to 45° should only be a 
few degrees. The obvious conclusion is that both rock types 
failed due to normal stress in tension. This result could be 
expected for brittle materials, but still had to be validated. 
Hence, there exists a direct relation between the stress–strain 
curve from the direct tension test and the torsional moment 
vs. axial strain curve from the torsion test. This fact became 
also apparent in the stress value for the onset of plastic 
strains. The torsional moment vs. axial strain curves con-
stitute the basis for the later comparison of experimental 
and numerical results and the associated estimation of the 
dilatancy angle. Contrary to uniaxial compression tests or 
compression tests at low confining pressure, the results 
were not influenced by axial cracking or crack closure as 
described by Walton et al. (2014). First, because the axial 
strain gauges were placed in a direction of maximum shear 
stress and not in the direction of the principal normal stress 
as in compression testing. Second, the overall stress level 
was very low, so that no axial splitting due to compressive 
loading was observed. These features constitute, therefore, 
a major benefit to ordinary compression testing:

The occurring maximum shear stress could be roughly 
estimated by assuming two boundary cases. The first case 

(11)�p =
4

3
×

Mt

Wp

.

Fig. 9  Results of torsion tests with Neuhauser granite for strain measurement with a strain gauges and b video extensometer
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concerns total plastic behaviour for the entire cross-sectional 
area of the sample in a perfectly plastic manner. For a brittle 
material such as rock, this case is obviously unrealistic, but 
provides an upper limit for the ultimate load τp. The second 
case concerns purely elastic strains, which means that by 
reaching the yield stress, the ultimate load is reached as well. 
This case might be treated as a lower limit for the ultimate 
load if the reason for failure is shear stress and not normal 
stress. The two limit cases were calculated with Eqs. (10) 
and (11) given by Hibbeler (2006). Applying 56.8 Nm for 
Imberg sandstone yields a maximum stress of 15.5 MPa for 
the total plastic state, while the particular case of purely 
elastic strains until failure results in a stress of 11.6 MPa, so 
very close to the direct tensile strength of Imberg sandstone. 
For Neuhauser granite, the perfectly plastic case resulted 
in a stress of 14.9 MPa, and in the case of purely elastic 
strains, the maximum stress was 11.1 MPa. These values 
are distinctly higher than the results of the direct tension 
tests. For specimen with purely elastic material behaviour 
and constant cross section, the principal normal stresses are 

equal to the principal shear stresses in the case of pure tor-
sional loading. Furthermore, the average normal stress is 
zero. Consequently, the calculated failure stresses for the 
purely elastic case using Eq. (10) can actually not be higher 
than the direct tensile strength, because the maximum shear 
stress and the maximum tensile stress are equal in this ideal-
ized case. The fracture pattern clearly shows that the failure 
in each test was caused by reaching the tensile strength, as 
expected for brittle materials. However, because of the dif-
ferent stiffness for tension and compression and the natural 
imperfections, concerning isotropy and homogeneity of the 
properties, related to rock material, an entire accordance 
between the calculated maximum shear stress and the ten-
sile strength was not anticipated. For Imberg sandstone, the 
difference is less than 1.0 MPa and is, therefore, regarded 
as insignificant. Nevertheless, the direct tensile strength 
of Neuhauser granite is distinctly less than the calculated 
lower limit of the maximum shear stress. This observation 
has severe implications, because it means that the ultimate 
tensile stress during pure torsional loading was considerably 
higher than could be expected from the direct tension tests, 
although failure occurred clearly due to normal stresses. One 
explanation for these results might be found in the different 
petrographic natures of the two rock types. Imberg sandstone 
consists of minute grains embedded in a cemented matrix 
and can reasonably be treated as homogeneous and isotropic. 
In contrast, Neuhauser granite is a polycrystalline material, 
consisting of mineral grains connected at their grain bounda-
ries. Each grain and each connection via a grain boundary 
have different properties. In the case of uniaxial tension, 
the weakest link fails, and due to the associated stress re-
distribution, other connections fail as well, leading finally 
to the ultimate failure of the sample. In contrast, the stress 
state during torsional loading is different, normal stresses 
and shear stresses are of equal magnitude, and shear stresses 
might relocate grains and therewith increase the overall 
resistance. The underlying mechanisms are expected to be 
similar to the effect of dislocation movement and accumula-
tion on an atomic scale, what explains the increased resist-
ance compared to uniaxial loading. This observation signifi-
cantly affects also the results of the numerical simulation, 
since the constitutive equations cannot cover such effects 
correctly. As direct shear tests can actually not be applied to 
intact rock with considerable shear strength, the conducted 
torsion tests represent an alternative procedure to assess the 
shear behaviour of rock.

3.4  Numerical Model

The results of the numerical simulation had to very accu-
rately reproduce the real rock mechanical behaviour in 
terms of stress–strain relations, damage, and failure. No 
mesh sensitivity in the results was permitted. These high 

Fig. 10  Rock specimen after torsion testing with three axial strain 
gauges a Neuhauser granite and b Imberg sandstone
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requirements on the results of the numerical simulation 
demanded an appropriate numerical model and a suitable 
constitutive law. The CDP model, described in Chapter 2, 
is able to accurately simulate the behaviour of brittle 
materials due to tensile and compressive loading and was, 
therefore, the material model of choice. To improve the 
capabilities of the material model further, a subroutine 
was implemented with two major tasks. To implement the 
experimentally confirmed different stiffnesses in tension 
and compression, the first task was to evaluate for each 
element if the absolute value of the maximum principal 
stress is larger than the absolute value of the minimum 
principal stress. If this was true, the tensile secant modulus 
was assigned to the element and vice versa. The second 
task was to delete elements according to a certain deletion 
criterion. There were several reasons for deleting the ele-
ments. First, any type of destructive rock testing, regard-
less of whether uniaxial or triaxial compression test, direct 
or indirect tension test or torsion test results finally in the 
macroscopic fracture of the sample. Although this process 
could also be made visible by strain localization without 
deleting the elements, several disadvantages are associated 
therewith. Especially, for experiments dealing with vio-
lent failure, mostly because of tensile stresses, where the 
samples fail and the resistance to the applied moment or 
force drops instantaneously to zero. This behaviour can be 
simulated best by deleting the elements, because elements 
located in the strain localization area would still exhibit 
some resistance to the applied load and therewith associ-
ated extremely large plastic strains would occur. Further-
more, extremely distorted elements drastically decrease 
the computation speed, especially for the chosen explicit 
solution scheme. The size of the maximum stable time step 
depends on the dimensions of the smallest element. The 
smaller the characteristic length of the smallest element 
is, the smaller is the maximum stable time step. Element 

distortion reduces the characteristic length of an element 
additionally. Hence, the smaller the stable time step is, 
the more calculation steps have to be made and the longer 
the simulation takes. However, the results for simulations 
without deleting elements are also presented for the sake 
of comparison. The deletion criterion was based on two 
quantities, different for compression and tension: if the 
equivalent plastic strains and the principal stress exceeded 
a defined threshold value, the element was deleted. These 
values were determined from direct tension and uniaxial 
compression tests in two stages. The first stage was the sub-
division of the total strains in elastic and inelastic strains 
at the peak value from the experimental stress–strain 
curves. The equivalent plastic strains were approximated 
via the inelastic strains and applied as starting values for 
the second stage, which was a reasonable procedure for a 
uniaxial stress state. Subsequently, the direct tensile and 
uniaxial compression tests were modelled and simulated, 
and the equivalent plastic strains for the deletion criterion 
were iteratively adopted until the resulting numerical and 
experimental stress–strain curve were nearly equal. The 
inelastic strains due to crack closure for the compression 
testing were not considered and the stress–strain curve was 
idealized as linear elastic in this region. The comparison 
of the numerical and experimental results for the direct 
tension test for Imberg sandstone and Neuhauser granite is 
illustrated in Fig. 11, where for the compression tests, the 
same excellent agreement was achieved. The mean value 
curve of the experimental results, displayed in Figs. 4 and 
5, was used as input parameters for the CDP model. The 
stress–strain curves for compressive loading were cutoff at 
the peak, although experimental values for the post-failure 
region were available. The reason for doing so was that 
the occurring compressive strains during the torsion tests 
were purely elastic because of the low stress level. Thus, 
only the linear-elastic constitutive equations prevail and 

Fig. 11  Comparison of numerical and experimental results for direct tension test a Imberg sandstone and b Neuhauser granite
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no inelastic compressive strains occur. For the modelling 
of additional rock mechanical tasks, the compression post-
failure behaviour can easily be incorporated.

Beside the stress–strain curves for tension and com-
pression and the dilatancy angle, several other parameters 
were required for the material law, which were already 
described in Chapter 2 and are shown in Table 3. Accord-
ing to the results of experimental studies by Schickert and 
Winkler (1977) and Mills and Zimmerman (1970), Kc 
could be reasonably assumed to be constant with a value 
0.667. Furthermore, as stated by Lubliner et al. (1989), 
the term in the yield function related to Kc vanishes for all 
stress states except for triaxial compression. Since none of 
the presented experiments exhibits triaxial compression, 
the value of Kc is completely irrelevant for the purpose 
of this paper. The ratio of equibiaxial-to-uniaxial com-
pressive strength was estimated based on experiments 
conducted with concrete (Lubliner et al. 1989), granite 
(Yun et al. 2010), and sandstone (Maso and Lerau 1980), 
yielding an approximate range. However, by projecting the 
encountered stress states during the presented experiments 
on their approximate position at the yield surface in plane 
stress (red points in Fig. 1b), it becomes clear that the ratio 
of equibiaxial-to-uniaxial compressive strength does not 
significantly affect the current results, because the shape 
of the yield surface in this area is principally defined by 
the values for uniaxial compression and uniaxial tension. 
The eccentricity ε controls by definition the dependency 
of the dilatancy angle on the confining pressure (Dassault 
Systèmes 2013). Since the hydrostatic stress component 
yields low values throughout the entire torsion test, no sig-
nificant impact on the dilatancy angle was expected. Fur-
thermore, for plane stress conditions as during the torsion 
tests, the volumetric plastic strains are only dependent on 
the dilatancy angle and not on the eccentricity. It can also 
be seen graphically from Fig. 1c) and mathematically from 
the formulation of the plastic potential that with increasing 
stress level, the contribution of the constant term below 
the square root in Eq. (4), containing the eccentricity, the 
tensile strength and the dilatancy angle, vanishes rap-
idly compared to the von Mises equivalent stress. Hence, 
no significant impact from the three parameters: Kc, the 
ratio of equibiaxial-to-uniaxial compressive strength 
and the eccentricity ε should be observed. To prove this 

hypothesis, numerical parameter studies with distinctly 
larger and smaller values than the chosen values were con-
ducted for Imberg sandstone. The values are displayed in 
brackets in Table 3. No significant impact on the numerical 
results of the torsion tests was identified by the variation of 
these parameters, so the values found in the literature and 
default values were applied for all other simulation runs. 
In addition, the Poisson’s ratio was varied and did not 
show any significant effect on the results as well. Never-
theless, the CDP model has the capabilities to simulate the 
evolution of the dilatancy angle and the plastic potential 
with confining pressure and damage because of the eccen-
tricity ε and the dependency of the occurring strains on the 
effective stress which incorporates the scalar damage vari-
able. Indeed, for the purpose of the presented experiments, 
it is required to eliminate the influence of these param-
eters as far as possible to estimate the dilatancy angle for 
unconfined conditions without confounding effects and the 
torsion tests fulfil these requirements. Summarizing the 
current considerations shows that all needed input param-
eters for the CDP model can be derived from experiments, 
except for the eccentricity, where only approaches for an 
experimental determination exist (Jankowiak and Lody-
gowski 2005). The uniaxial stress–strain relations and the 
relation between inelastic strains and damage have to be 
provided in tabular form to the software. The scalar dam-
age variable D is defined according to Eq. (12) and can 
be determined, together with the elastic constants and the 
stress–strain relations, from compression and direct ten-
sion tests by conducting unloading–reloading cycles over 
the entire stress–strain curve and measure the variation 
of the secant modulus E* compared to the virgin secant 
modulus E0, see Cieslik (2018). As already mentioned, 
the damage evaluation by this method is only possible for 
compressive loading at the moment. Values for Kc and the 
ratio of equibiaxial-to-uniaxial compressive strength can 
be either derived experimentally or reasonably estimated 
on the basis of available literature:

An explicit numerical solution scheme with a low 
value of Rayleigh stiffness proportional damping was 

(12)D = 1 −
E ∗

E0

.

Table 3  Input parameters of Neuhauser granite and Imberg sandstone for the CDP model

Rock type Poisson’s ratio Density, kg/m3 Secant modulus 
compression, GPa

Secant modulus 
tension, GPa

Eccentricity �
b0

�
c0

Kc

Neuhauser granite 0.16 2650 62.0 54.0 0.1 1.12 0.667
Imberg sandstone (0.08)

0.16
(0.30)

2560 41.0 30.5 (0.05)
0.1
(0.5)

(1.05)
1.12
(1.25)

(0.50)
0.667
(0.80)
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used. To reduce the computation time, the loading rate 
was increased to 30°/s, which is a common procedure in 
quasi-static simulations with an explicit solver. The criti-
cal loading rate was determined by performing simula-
tions with various loading rates and define the value at 
which dynamic effects were introduced. Therefore, 30°/s 
was close to the maximum allowable loading rate without 
having significant dynamic effects. As an implicit assump-
tion for the application of this procedure, the material must 
have no strain rate dependence. The numerical model is 
illustrated in Fig. 13 and consists of about 72,000 eight-
node brick elements with reduced integration. The mesh 
size in the middle section of the rock sample is 1.0 mm 
and 1.8 mm at the end section. Besides the rock sample, 
the collet chucks were modelled as continuum elements. 
Various simulation runs were performed to investigate if 
the compressive loading during the tensioning of the collet 
chucks had a significant influence on the results. There-
fore, a friction contact formulation was modelled between 
the collet chucks and the rock specimen; subsequently, dif-
ferent radial loads were applied on the outside of the collet 
chucks. No significant influence on the numerical results 
was observed; hence, the more efficient solution was cho-
sen to use a tie connection between the collet chucks and 
the rock sample without radial loads. The residual bound-
ary conditions were applied to the collet chucks, represent-
ing the real situation with one fixed and one floating bear-
ing. The distortion of the sample was applied via the fixed 
bearing. The circumferential nodes at the end positions 
of the strain gauges and the video extensometers were 
stored as node sets. The axial displacement of all nodes of 
each node set was averaged and the difference in axial dis-
placement between the two node sets was calculated and 
divided by the axial distance between the two node sets 
to obtain the axial strains. This procedure was obviously 
conducted separately for the strain gauge measurement and 
for the video extensometer measurement. In Fig. 13, the 
two node sets for the evaluation of the video extensometer 
measurement are highlighted.

3.5  Results

The results of the numerical simulation for Imberg sand-
stone and Neuhauser granite are illustrated in Fig. 12. For 
comparison with the experiments, the strain gauge measure-
ments were used, where only the experimental mean value 
curves were linearized in sections. In Fig. 13, the numerical 
model is shown after the sample failed in the simulation. 
The real fracture behaviour was reproduced in the simula-
tion and the qualitative agreement was high. The following 
facts should be recalled: The major input parameters were 
experimentally determined stress–strain curves for uniaxial 
compression and tension and the deletion criterion is based 

Fig. 12  Comparison of numerical and experimental results for the 
torsion tests a Imberg sandstone and b Neuhauser granite. The green 
rectangles mark the end of the curve with element deletion. The suffix 
# means without element deletion and the suffix MC means Mohr–
Coulomb plasticity model

Fig. 13  Numerical model at the end of the simulation with the nodes 
at the position of video extensometer measurement marked
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on the occurring equivalent plastic strains in combination 
with the uniaxial tensile strength, respectively, the uniaxial 
compressive strength. The onset of plastic strains, recogniz-
able by the over-proportional onset of axial strains in Fig. 12, 
occurred as expected at exactly the same stress level as in 
the direct tension tests. For Imberg sandstone, the numeri-
cal results for a dilatancy angle ψCDP of 20° are in good 
agreement with the experimental results. As described in 
Chapter 2.1, the dilatancy angles derived from the inverse 
determination of the CDP model needed to be adapted to 
the common definition by Eq. (6). Hence, a value of 20° for 
ψCDP equals 14° for ψ. The curve for the simulation without 
element deletion exhibits the best conformity over the entire 
range of the torsional moment vs. axial strain curve. Thus, 
regarding the estimation of the dilatancy angle, no element 
deletion procedure was required. However, for the purpose 
of simulating the macroscopic fracture behaviour of rock, 
for various types of loading, this procedure still is an inter-
esting option. Although the results reveal that the deletion 
criteria have potential for improvement. Recalling that the 
deletion criteria were based on experimental results and that 
direct tension tests and unconfined compression tests could 
be simulated very accurately, the slight error is accepted for 
the torsion tests. The maximum torsional moment for the 
numerical simulation was 51.3 Nm, compared to 56.8 Nm 
from the experiments. It is not the purpose of this article to 
determine the dilatancy angle accurate to a degree, which 
is actually not possible with the presented method, rather 
a reasonable estimation of the range of the dilatancy angle 
should be provided and the torsional moment vs. axial strain 
curves should have a similar shape. With the proposed novel 
setup, confounding effects such as inelastic strains due to 
axial cracking were avoided and the determined dilatancy 
angle ψ with values in the range of 14° ± 4° is in the same 
order of magnitude as the values given by Vermeer and De 
Borst (1984) for rock. Although the authors are aware of the 
fact that the dilatancy angle does not have a constant value, 
the good agreement between the numerical and experimen-
tal results with a reasonable dilatancy angle indicated that 
the current approach was sufficient, at least until failure. 
For the sake of comparison, simulations were conducted 
using a Mohr–Coulomb plasticity model, implemented in 
the finite-element software Abaqus 6.13. The applied input 
parameters were determined experimentally by uniaxial and 

triaxial compression tests and direct tension tests, and are 
summarized in Table 4. For both rock types, the qualita-
tively different results in the form of the torsional moment 
vs. axial strain curves are clearly observable. The onset of 
axial strains required much higher torsional moments than 
detected in the experiments or by the simulations with the 
CDP model. The reason for that is the larger initial elastic 
region in the 3D stress space and the mainly shear stress-
dependent flow rule.

An even more important conclusion could be drawn from 
the results of simulations with Neuhauser granite. The tor-
sional moment vs. axial strain curve from the numerical sim-
ulation and the experiments showed a significant deviation 
for any dilatancy angle, mostly due to the different maxi-
mum torsional moment. Neither the simulations with the 
CDP model nor with the Mohr–Coulomb plasticity model 
could achieve a satisfactory result. This observation is in 
accordance with the fact that Imberg sandstone and Neu-
hauser granite yielded nearly the same maximum torsional 
moment during the torsion experiments, while the direct ten-
sile strength of Imberg sandstone was distinctly higher than 
the direct tensile strength of Neuhauser granite. Hence, the 
numerical results were consistent with the provided input 
parameters, particularly concerning the stress–strain curve 
for tension. From the type and characteristic of rupture dur-
ing the experiments, failure was clearly associated with 
reaching the normal stress threshold value, which should 
be the tensile strength, for both types of rock. For Imberg 
sandstone, the entire results from numerical simulation to 
various types of experiments were consistent and proved 
the applied theoretical framework. An explanation for 
these observations could be found in the obvious difference 
between the two rock types in grain size and the type of 
bonding. Imberg sandstone consists of small, angular grains 
in a properly cemented matrix without any pores, yielding 
very homogenous properties. Therefore, Imberg sandstone 
reliably could be treated as continuum with the given geom-
etry. In contrast, Neuhauser granite can be characterized as 
a polycrystalline material, consisting of different mineral 
grains connected at their boundaries. In accordance with 
the definitions and findings described by Gross and Seelig 
(2017) polycrystalline materials may exhibit locking effects 
of the individual grains because of the shear stresses occur-
ring during torsional loading. This effect might have caused 

Table 4  Input parameters for the Mohr–Coulomb plasticity model

Rock type Poisson’s ratio Density, kg/m3 Secant modu-
lus, GPa

Friction angle, ° Dilatancy 
angle, °

Cohesion, MPa Tension 
Cutoff, 
MPa

Neuhauser granite 0.16 2650 62.0 56.8 10.0 21.5 8.8
Imberg sandstone 0.16 2560 41.0 52.4 20.0 26.1 10.6
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the increased torsion resistance and reduced axial strains 
of the granite samples. This effect was not relevant for the 
direct tensile test due to pure axial loading and was not 
observed for Imberg sandstone for obvious reasons. These 
findings were already addressed in Chapter 3.3.2 and are 
now recovered for the numerical simulation. Consequently, 
the behaviour of Neuhauser granite, and crystalline rocks 
in general, due to different loading situations could not be 
described correctly with the current continuum mechan-
ics approach. An effect which might also have bearing on 
the results is the ratio of loaded volume to maximum grain 
size. This criterion is actually well known, but a ratio of 
10:1 for minimum diameter to maximum grain size as in 
the current case is normally assumed to be adequate. These 
observations also coincide with the findings of a common 
theory for the fracture of quasi-brittle materials, originated 
by Weibull (Gross and Seelig 2017). Certainly, the calcula-
tion of the effective volume for the non-uniaxial stress situ-
ation is complex, an analysis according to this probabilistic 
concept requires a large number of experimental results and 
the applicability for granitic material is questionable (Todi-
nov 2008). However, the current results emphasize the need 
to carefully evaluate experiments with crystalline rocks in 
combination with primary shear stresses. A dilatancy angle 
cannot be assigned to Neuhauser granite reliably from the 
current data. Nevertheless, the extremely low measured axial 
strains and the steep slope at the beginning indicate a low 
dilatancy angle ψ. Clearly, the large difference in occurring 
axial strains for a dilatancy angle of 10°, 25°, or 40° is vis-
ible in Fig. 12.

3.6  Compression Tests

The purpose of the compression tests was not only to deter-
mine the elastic constants and the unconfined compressive 

strength, but also to derive scalar damage values as input 
parameters for the CDP model. For that reason, the tests 
were conducted via circumferential strain control, meas-
ured with a circumferential extensometer, and by applying 
unloading and reloading loops along the entire stress–strain 
curve, as suggested by the ISRM methods. The axial strains 
were measured with two extensometers directly on the speci-
men and also via the piston displacement over the complete 
specimen length. After measuring the stiffness degradation, 
the scalar damage variable D was calculated using Eq. (12). 
Damage was only calculated beyond the crack damage stress 
in accordance with the research of Martin and Chandler 
(1994). Since the overall stress level during the torsion tests 
was below 20% of the unconfined compressive strength, rock 
failure or damage due to compressive stresses was irrelevant 
for these experiments. However, the results of the uncon-
fined compression tests were used to determine the dilatancy 
angle ψ with common methods, as described, e.g., in Wal-
ton and Diederichs (2015). The tests were conducted with 
Neuhauser granite and Imberg sandstone. The undamaged 
secant modulus was principally determined from measure-
ments in the region below the crack damage stress and above 
the lower bound of the elastic region. The unloading–reload-
ing loops were performed in more or less regular intervals, 
starting directly at the peak load. The results of the experi-
ments and the damage evolution in particular, calculated via 
Eq. (12), are illustrated in Fig. 14 for Neuhauser granite. 
The axial stress is plotted on the ordinate normalized by 
the UCS and the axial strain εaxial is plotted on the abscissa, 
normalized by the axial strain at maximum stress εaxial,crit. 
This form of presentation was chosen to allow a consistent 
evaluation and to show that though the particular experi-
ments yielded different values for the UCS at different criti-
cal strains, the normalized curves are very similar, proving 
that the determined damage values for the post-failure region 

Fig. 14  Normalized stress–strain curves (a) and damage evolution (b) for Neuhauser granite
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are pervasive material properties. For the damage evolu-
tion, the normalized axial stress was plotted on the abscissa, 
because actually, all tested rock types exhibited class 2 or 
intermediate behaviour between class 1 and class 2. Thus, a 
plastic or inelastic strain-based form of presentation would 
have resulted in a meaningless figure. This circumstance can 
also be an issue for the implementation of the post-failure 
behaviour in the constitutive model. By measuring the cir-
cumferential strains and the axial strains, the volumetric 
strains can be calculated as the sum of the axial strains and 
twice the circumferential strains. Certainly, the measurement 
of the occurring strains with extensometers or strain gauges 
directly at the specimen in the post-failure region is inac-
curate due to slabbing/splitting and bifurcation, resulting in 
the separation of the specimen into two or more rigid bodies. 
In triaxial compression testing, the volumetric strains are 
often directly measured via the amount of fluid displaced 
from the cell, thus enabling a more reliable calculation of 
the relatively insensitive ratio of the increments of plastic 
volumetric strains εvp to the plastic axial strains ε1p, required 
to calculate the dilatancy angle. For unconfined compres-
sion testing, the described procedure is usually not available. 
However, for the sake of comparison with the results of the 
torsion tests and with the limitation to specimens without 
macroscopic strain localization and without significant slab-
bing/splitting, the inelastic strain components could be com-
puted by subtracting the elastic strain components from the 
total measured strains. Although not correct, these inelastic 
strains were treated as fully plastic strains, as has also been 
done by other researchers. For the calculation of the elastic 
strains, simply Hooke’s law was used. The dilatancy angle ψ 
is then calculated according to Eq. (3). The average value for 
the calculated dilatancy angle for Neuhauser granite is 62° 
and for Imberg sandstone 49°. Hence, the difference between 
the results from compression tests and torsion tests is sig-
nificant, for granite even more than for Imberg sandstone. 
According to Vermeer and De Borst (1984), the maximum 
possible dilatancy angle from a physical point of view is 
limited by the friction angle. Following the work of Martin 
and Chandler (1994), the peak friction angle is reached at 
low damage, so at the peak of the stress–strain curve is a 
reasonable assumption. The friction angles were determined 
by compression tests with 0.0, 1.0, and 2.5 MPa confining 
pressure for both rock types. The determined friction angles 
were directly used in the Mohr–Coulomb plasticity model 
and are shown in Table 4. Hence, 62° for the dilatancy angle 
is already higher than the calculated friction angle of 56.8°, 
but incorporating the uncertainties related with the determi-
nation of the maximum friction angle, it might be a theoreti-
cally possible value. However, if a constant dilatancy angle 
of around 50° would be used for the simulation of the tor-
sion tests with Imberg sandstone, the results would yield a 
low conformity with the experimental results, independent 

of the applied constitutive model. Although acknowledging 
the dependence of the dilatancy angles on the strain history 
and the shortcomings of the proposed procedure, the current 
results indicate that the dilatancy angle up to the ultimate 
stress level might be reasonably assumed by the common 
rule of thumb that the dilatancy angle is around 20°–30° 
less than the friction angle. This is an important conclusion 
considering that dilatancy angles of 80° or even higher have 
been reported.

4  Conclusion and Discussion

Two alternative, respectively, improved rock-testing methods 
were presented in this article. Torsion tests were successfully 
performed with crystalline and sedimentary rock. Sample 
geometry and testing procedure were based on the experi-
ence from metal and plastic testing, but were optimized to 
the current purpose. However, the data interpretation and 
conclusions were completely different. The torsional load-
ing resulted in a state of plane stress of pure shear, which 
is desired for the investigation of the dilation behaviour 
according to Vermeer and De Borst (1984). Due to the low 
overall stress level with maximum normal stresses below 
20 MPa and the special type of pure torsional loading, no 
confounding effects from axial cracking or crack closure 
were detected. Hence, the occurring axial strains were 
directly dependent on the magnitude of the dilatancy angle. 
These initially theoretical considerations were confirmed by 
experiments and numerical simulations. An inverse deter-
mination procedure was applied to estimate the dilatancy 
angle, which yielded reasonable results. Nevertheless, it 
was not the purpose to exactly quantify the dilatancy angle, 
rather the magnitude should be found and the relevant quali-
tative behaviour should be modelled correctly. The presented 
concept is neither able nor intended to replace the existing 
methods, using triaxial compression tests. However, addi-
tional information could be gained, especially for the case 
of unconfined conditions.

For simulation purposes, the concrete damaged plasticity 
model for brittle materials was used. Reliably determined 
stress–strain curves for uniaxial tensile and compressive 
loading were required as input parameters. While robust and 
approved procedures are available for compression testing, 
the situation is very different for tensile loading. Samples 
often fail invalidly during testing before reaching the true 
tensile strength, either due to poor preparation or the impact 
of undesired bending and torsional loading. To avoid the 
negative influence of clamping on the results and to force the 
strain localization to take place in the middle of the sample, 
a novel clamping device was developed and combined with 
an improved hourglass-shaped sample geometry. The test 
series on sedimentary and crystalline rock yielded accurate 
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and repeatable results and the strains were measured at 
the location of maximum stress, which is not necessarily 
the case for cylindrical-shaped samples. The new clamp-
ing device was operated purely mechanically and enabled a 
bending and torsional moment-free loading of the sample. 
Furthermore, the exchange of rock samples between two 
tests runs was done easily and quickly, and the process of 
gluing the specimen in metal caps was omitted, eliminating 
another potential source of error. Admittedly, the temporal 
and monetary effort for the specimen preparation was larger 
than for cylindrical-shaped samples. However, besides the 
already described advantages, the presented test setup might 
even allow the derivation of the stress–strain curve for the 
post-peak region, by modifying the test control to a strain 
gauge-based system with the use of a high dynamic meas-
urement amplifier.

Comparing the results of the numerical and experimen-
tal investigations for the torsion and the direct tension tests 
yielded some important conclusions. For Imberg sandstone, 
the strains could be measured accurately with any type of 
measurement system and the experimental and numerical 
results were consistent for every type of loading. By apply-
ing the proposed inverse determination procedure, a reason-
able range for the dilatancy angle of 14° ± 4° was identified. 
Hence, the common rule of thumb that the dilatancy angle is 
20°–30° less than the friction angle appears to be an appro-
priate first estimation. The numerical simulation revealed 
also that a dilatancy angle greater than 40° is not very realis-
tic for the tested sandstone for unconfined conditions, while 
determination with established procedures yields an average 
dilatancy angle close to the friction angle of 52°. However, a 
general disagreement between the numerical and experimen-
tal results for the torsion tests was observed for Neuhauser 
granite. An apparently increased resistance to tensile normal 
stresses compared to uniaxial tensile loading was found. The 
polycrystalline structure of the granite, consisting of mineral 
grains connected at their grain boundaries was identified 
as possible source for the discrepancy. In contrast to uni-
axial loading in direct tension tests, the stress state during 
torsional loading was different, normal stresses and shear 
stresses were of equal magnitude and shear stresses probably 
have relocated grains and therewith increased the overall 
resistance. The underlying mechanisms were expected to be 
similar to the effect of dislocation movement and accumula-
tion on the atomic scale. Nevertheless, common constitutive 
models for geomaterials are not capable of simulating such 
effects. Therefore, no adequate conformity between numeri-
cal and experimental results could be found and no dilatancy 
angle could be assigned. These observations demonstrate 
that the behaviour of crystalline rocks could be different 
from that expected from tension or compression tests, par-
ticularly if the ratio of shear stresses to normal stresses is as 
high as in the torsion tests. As direct shear tests can actually 

not be applied to rock with considerable shear strength, the 
conducted torsion tests represent an alternative procedure to 
assess the shear behaviour of intact rock.
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