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Abstract: Rock strength is an essential parameter in the design of any underground excavation, and
it has become even more relevant as the focus increasingly shifts to sustainable excavations. The
heterogeneous nature of rock material makes characterising the strength of rocks a difficult and
challenging task. The research results presented in this article compare the impact on the strength
when the classic stress paths in laboratory experiments are applied versus when in situ stress paths
would be applied. In most laboratory experiments, the rock specimens are free of stress at the
beginning of the tests, and the load is increased systematically until failure occurs. Opposite paths
occur around an underground excavation; that is, the rock is in equilibrium under a triaxial stress
state and at least one stress component decreases while another component may increase. Based on
discrete element simulations, the research shows that different stress paths result in different failure
envelopes. The impact of this finding is evaluated in the application of wellbore stability (e.g., the
minimum or maximum mud weight), whereby it is concluded that failure envelopes, based on stress
paths closer to the in situ stress paths, result in a more accurate design. Although the most critical
location along the circumference is not different, the required density of the mud is significantly
different if the rock strength criteria are based on the more realistic in situ stress paths. This means
that a change in the way the strength of rocks is characterised improves the sustainable design of all
underground excavations.

Keywords: rock mechanics; rock characterisation; rock strength; failure envelope; numerical
simulations; drilling fluid engineering; wellbore stability; drilling mud density

1. Introduction

Due to the specific nature of rock material, the characterisation of its strength is a
difficult and challenging task. Even so, the strength of rocks is an essential parameter in the
design of any underground excavation, and it has become even more relevant as the focus
shifts increasingly to sustainable excavations. Among other things, this means that failure
or poor design must be eliminated at all costs. This applies to all excavations, including
those aimed at creating a sustainable infrastructure for underground storage, transport,
and clean energy. However, it also applies to the more traditional mine excavations as
well as gas and oil wells. For example, the environmental consequences of the failure
of rocks around a gas or oil well are extremely serious, and they can have long-term
disastrous consequences.

The strength of rocks is a non-intrinsic parameter of the material. Apart from the
characteristics of the material, e.g., its composition, heterogeneities, flaws, and pore dis-
tribution, the strength of a rock specimen is influenced by numerous other parameters,
i.e., the geometry of the specimens (e.g., their volumes, shapes, and orientations), environ-
mental conditions (e.g., humidity and temperature), the loading rate (e.g., conventional
loading rates, dynamic loading, and creep), and the test set-up. The consequence of this
is that one should always know all the conditions of the tests that are conducted when
determining the strength of rocks. This is the reason tests should be conducted following
the suggested methods by the International Society of Rock Mechanics (e.g., [1]) or standard
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methods by various institutes (e.g., [2,3]) that describe the test conditions. When these
recommendations are not followed, this should be clearly stated, including the motivation
for the deviation. In this paper, the question is raised concerning whether the stress paths
presented in the suggested or standard methods are the most appropriate to quantify rock
strength and therefore should be used in the design of in situ excavations.

A recent paper [4] presented the results of a study of the relevance of different stress
paths concerning the rock strength and the corresponding failure envelopes. In the paper,
it was shown that different stress paths had significant impacts on the strengths that were
observed. This means that this parameter also is one of the many parameters that make
strength a non-intrinsic parameter. In [4], an overview is given of the research results for
stress paths that are different from the ones applied in basic laboratory experiments, i.e.,
following the suggested methods and standards. In most of these cases, multiple loading–
unloading cycles are studied (e.g., [5–7]), but the effect on the entire failure envelope
is not quantified. In a recent published paper [8], a set of laboratory experiments on
diorite specimens was presented with loading and unloading stress paths. These paths
were similar to the ones studied using numerical simulations in [4], but they were not
identical. (Further, the results of their experiments are discussed in more detail, and they
are compared to the results of the simulations in this article).

In most laboratory experiments, specimens are free of stress before the tests start,
and the load is increased systematically until failure occurs. Around an underground
excavation, e.g., a tunnel or borehole, the opposite path occurs. Before the excavation,
the rock is in equilibrium under a triaxial stress state. Following the excavation, at least
one stress component decreases, and another component may increase. As a result, the
stress paths in classic laboratory experiments are different from the in situ stress paths.
The impact of various stress paths on the failure envelopes was studied in [4]. A distinct
element model was applied, allowing the simulation of the micro-fracturing of the rock.
A small representative volume element (RVE) was considered, and three basic types of
stress paths were applied to this RVE, i.e., (1) the conventional loading, (2) the unloading of
the minor principal stress, and (3) the simultaneous loading and unloading of the major
and minor principal stresses, respectively. The latter stress path is what occurs around a
borehole. (See further for a more detailed discussion). The applied loading and unloading
rates in the simulations are considered to be similar as in classic laboratory experiments and
conventional excavations. So, no dynamic loading or unloading is studied, as observed,
for example, during rock bursts or hydraulic fracturing. Very slow stress variations, as
occurring during geological processes, are also not part of the study. The details of the two-
dimensional RVE are provided in [4], including a schematic diagram of the RVE. The choice
of the characteristics of the model was based on the calibrations of our own laboratory
experiments [9,10]. The merits of the RVE model were established by simulating published
laboratory experiments that were undergoing a complex stress path from another research
group [11].

The aim of the current research is to analyse the practical consequences of the earlier
findings and to determine whether there is reason to change the engineering practice. The
application of these three different stress paths showed a clear effect. The main reason for
this is that the micro-fracturing that occurs when loading a rock (from zero or a low stress
state) until failure is different from the micro-fracturing that occurs when unloading rocks
(from the in situ stress state) till failure. Thus, the failure envelopes are different because
of this difference in the weakening processes, i.e., the conventional loading results in the
largest strength and uniaxial unloading results in the smallest strength.

The paper focuses on the need to apply more realistic stress paths in the rock char-
acterisation process when studying wellbore stability and, in fact, when designing any
excavation where there is a risk of rock fracturing. First, the effect of the three basic stress
paths on the failure criteria are presented and discussed, including a more detailed presen-
tation of the RVE model. Second, the wellbore stability for an initial isotropic stress state
is discussed, and the effect of considering a stress path closer to the in situ stress path on



Sustainability 2024, 16, 4711 3 of 23

the design parameters, i.e., the estimation of the maximum and minimum drilling mud
pressure. Third, an initial anisotropic stress state is considered and implemented in the
design of the borehole.

2. Effect of the Three Basic Stress Paths on Failure Envelopes and
Micro-Fracturing Process

Three different loading paths are investigated. All three start from an isotropic stress
state, including a zero-stress state. The first type is characterised by an increase in the
successive steps of the major principal stress until failure (for a constant minor principal
stress). This type of stress path is abbreviated as S1(loa),S3(=). For the second type, the
minor principal stress is decreased and the major principal stress remains constant, i.e.,
S1(=),S3(unl). For the third type, the major principal stress is increased, and the minor
principal stress is decreased with the same stress increments, i.e., S1(loa),S3(unl). In
comparison to the previous two types, the change in deviatoric stress is larger for the
third type.

The set-up of the research project is to repeat a large number of simulations, starting
from the same model, i.e., a relatively small RVE. This is impossible to apply in real
laboratory conditions since each specimen is different, at least slightly. The focus of the
research is on one single parameter, i.e., the impact of different stress paths on the strength.
The RVE model should be considered to represent a black box rock. Before applying a stress
path, one does not know the strength of the RVE model for a specific stress path. The various
input parameters for the RVE model are based on past simulations, whereby the calibration
was conducted based on both the observed fracture patterns and measured stress–strain
curves [9,10]. Crucial for a correct modelling of the behaviour of rock specimens is that the
initiation and growth of fractures are possible in the model. Therefore, the two-dimensional
Universal Distinct Element Code (UDEC) is used [12]. The original main application of
this code was the simulation of rock blocks and their deformation and relative movements,
and that is still the case. However, an intact rock can be approximated by an assembly
of individual blocks, whereby these blocks initially are glued together along all contact
lines. These contact lines are possible future fracture paths. A contact line (i.e., between
two adjacent blocks) does not represent a physical crack as long as it is not activated or
has passed the pre-defined failure criterion. The sub-division of the model by contact lines
has the advantage that future fractures are composed of relatively straight lines. Thus, the
contact lines or elements are given strength properties, and hence, they can fail in shear
and/or tension, simulating the occurrence of (micro-)fractures. After activation, the contact
elements can deform, slide, and open. The blocks also can deform, e.g., in a linear elastic
way. Both the individual blocks and the contact elements within a single model can have
different property values. More details on the set-up of the black box RVE model are given
in [4], including a schematic diagram of the RVE, and details on the calibration of the input
parameters are available in [9,10].

The black box rock in this study has the same geometry, the same stiffness values, and
the same values for the properties of the individual blocks as in [4]. Only the characteristics
of the contact strength have been changed. In this study, the contacts are characterised by a
Mohr–Coulomb criterium with a cohesion of 14 MPa, a friction angle of 30◦, and a tensile
strength of 7 MPa. In the previous publication, the cohesion was 20 MPa, and the tensile
strength was 10 MPa. These values are for the contacts, and they should not be confused
with the macro-behaviour of an entire rock specimen. As mentioned above, the failure
envelope is unknown prior to the simulations. The contact lines are orientated in such a
way that their orientations are distributed equally over individual classes at 30◦ intervals.
Therefore, at a macro-scale, the black box rock behaves as an isotropic rock. So far, the
simulations are limited to 2D, and the RVE is a square. The external stresses are applied
directly on the model, without any interaction of platens. The reason for this is that the
focus is on the behaviour of the rock and not on the simulations of laboratory experiments.
No stress–strain curves are recorded. It is assumed that a specimen has failed when 50%



Sustainability 2024, 16, 4711 4 of 23

of all contact elements have been activated. This percentage seems to be the most reliable.
During the variation in the external stress, it is recorded if a contact element fails in tensile,
shear, or mixed mode.

Figure 1 presents the results of these simulations. First, a stress path corresponding
to loading the RVE in one direction (S1(loa),S3(=)) is presented, starting from an isotropic
stress state, i.e., from 0, 5, 10, and 15 MPa (Figure 1: vertical stress paths). The failure load
is determined for each simulation. Figure 1 presents the failure envelope in a major vs.
minor principal stress diagram. The failure envelope of the uniaxial loading is the one
that corresponds the closest to the classic failure envelope of the laboratory experiments.
However, there are differences, e.g., there are no platens in the model, and stress is applied
instead of displacements. The second set of simulations starts from an isotropic stress state,
which is equal to the failed stress (i.e., the major principal stress) simulated in the first set
of simulations. In the second set (horizontal stress paths in Figure 1), the minor principal
stress is decreased until failure occurs, and the major principal stress remains constant
(S1(=),S3(unl)). If there is no effect of the stress path, the failure loads in the second set of
simulations should correspond to the confining stresses applied in the first set. The third
set of simulations, i.e., S1(loa),S3(unl), also aims to reach the failure loads in the first set of
simulations (stress paths under an angle of 45◦ in Figure 1).
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Figure 1. Failure envelopes for the three basic types of stress paths (i.e., uniaxial loading (S1(loa),S3(=)),
uniaxial unloading (S1(=),S3(unl)) and simultaneous loading and unloading (S1(loa),S3(unl))). Start
of each stress path (i.e., an isotropic stress state) and failed stress states are indicated by crosses. Each
set of three basic types of stress paths is presented by a different colour (four sets in total).

The three failure envelopes are clearly separated (Figure 1). The one that corresponds
to the uniaxial loading (S1(loa),S3(=)) results in the strongest strength; e.g., for a zero-
confining pressure, the failure load is 55 MPa (Table 1a). The failure envelope of the
simultaneous loading and unloading stress paths (S1(loa),S3(unl)) is situated between the
uniaxial loading (S1(loa),S3(=)) and uniaxial unloading (S1(=),S3(unl)) envelopes. The
strength reduction along the stress path, when comparing the failure load of the uniaxial
unloading stress path with the uniaxial loading stress path, is situated between 41% and
43% (Table 1b). A comparison between the simultaneous loading and unloading stress
paths and the uniaxial loading shows a strength reduction between 28% and 34% (Table 1c).
(Further, these differences are compared to the experimental results published in [8]).
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Table 1. Strength values for the three types of stress paths. (a) Uniaxial loading (S1(loa),S3(=)), i.e.,
reference for other stress paths; (b) uniaxial unloading (S1(=),S3(unl)) and reduction along stress
path in comparison to uniaxial loading; (c) simultaneous loading and unloading (S1(loa),S3(unl)) and
reduction along stress path in comparison to uniaxial loading.

(a)

Initial Stress State Stress State at Failure

Isotropic Stresses, MPa Minor Principal Stress (S3), MPa Major Principal Stress (S1), MPa

0.0 0.0 55.0
5.0 5.0 76.6
10.0 10.0 105.5
15.0 15.0 130.4

(b)

Initial Stress State Stress State at Failure Strength Reduction for S3, MPa
(%)

(along Stress Path)Isotropic Stresses, MPa Minor Principal Stress (S3),
MPa

Major Principal Stress
(S1), MPa

55.0 23.2 55.0 23.2 (42%)
76.6 34.3 76.6 29.3 (41%)
105.5 51.4 105.5 41.4 (43%)
130.4 64.8 130.4 49.8 (43%)

(c)

Initial Stress State Stress State at Failure Strength Reduction for S3 and S1,
MPa (%)

(along Stress Path)Isotropic Stresses, MPa Minor Principal Stress (S3),
MPa

Major Principal Stress
(S1), MPa

27.5 7.8 47.2 11.0 (28%)
40.8 15.9 65.7 14.7 (29%)
57.8 26.2 89.3 22.9 (34%)
72.7 33.9 111.5 26.7 (33%)

When the stress state in a rock changes, micro-fracturing may occur. This is clearly
illustrated when acoustic emissions are recorded [7,8,13–17]. The type and amount of
micro-fracturing is influenced by the stress level and by the amount of the change in the
stress. It is the accumulation of all the micro-fracturing that leads to the ultimate macro-
failure of rocks, and this occurs both in laboratory experiments and in situ. The difference
between the two applications is that, in most experiments, the test is continued until failure
occurs (and sometimes even beyond failure, i.e., further than the maximum stress level),
while in situ, the stress redistribution does not necessarily lead to failure. Different micro-
fracturing is induced in different stress paths. Hence, micro-fracturing plays an important
role when loading or unloading rock specimens. The difference in micro-fracturing results
in a difference in the final macro-strength and macro-fracture pattern. The type of contact
activation or failure is recorded by the Universal Distinct Element Code (UDEC) [12,18].
There are three modes of contact failure, i.e., in tension, in shear, or in a combination of
both. For example, a contact can open (tensile failure), followed, in a later calculation step,
by a closure and/or by a shear displacement. The latter two situations are labelled as (1)
tensile failure in the past and (2) tensile failure in the past combined with shear failure. The
latter is an example of a mixed failure or activation mode. Figure 2 presents the variation
in the contact failure modes as a function of the stress path. The three simulations that are
directly and indirectly linked to a confining pressure of 15 MPa are presented, i.e., the three
stress paths indicated by the light blue colour in Figure 1. In Figure 2, the horizontal axis
presents a relative scale between 0% and 100% from the initial load till the failure load. For
the first (S1(loa),S3(=)) and third (S1(loa),S3(unl)) types of stress paths, the major principal
stress is increased systematically until failure occurs. For the second type (S1(=),S3(unl)),
the minor principal stress is decreased systematically until failure occurs. At the top of each
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graph, the starting and final stresses are indicated as absolute values. (Also, see Table 1). As
can be observed, different load intervals are needed to reach 50% of the failed or activated
contact elements.
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Figure 2. Variation in the contact failure modes (i.e., tensile-only, shear-only, and mixed modes) as
a function of the stress path, i.e., from the initial isotropic stress state till the load level of failure,
corresponding to 50% failed contacts. The three types of stress paths are presented for the case, with
a confining pressure of 15 MPa during the uniaxial loading (i.e., the three stress paths indicated by
the light-blue colour in Figure 1). The initial and final failure loads in absolute values are presented at
the top of each graph. (a) Uniaxial loading, S1(loa),S3(=), major principal stress levels are presented;
(b) uniaxial unloading, S1(=),S3(unl), minor principal stress levels are presented; (c) simultaneous
loading and unloading, S1(loa),S3(unl), major principal stress levels are presented.

For all uniaxial loading simulations, i.e., S1(loa),S3(=), it is typical that the fracturing
starts in tension only, and this occurs at an early stage of the increase in the major principal
stress (Figure 2a). At around 20% of the failure load (relative to the initial isotropic stress
state of 15 MPa), the first contact element also undergoes a shear displacement (mixed
mode). At the end of the simulation, i.e., when 50% of all contacts have been activated,
about 52% of these activated contacts have failed in shear only and 16% in tension only.
The mixed mode represents 32% of the activated contacts. In comparison to the previous
stress path, the unloading of the minor principal stress, i.e., S1(=),S3(unl) shows that the
first activation of contacts occurs later, i.e., at 20 to 30% of the entire unloading interval
(Figure 2b). Again, the first activations are in tension only. When the RVE is assumed to
have failed fully, the largest mode of failure type is the mixed mode with about 45% of all
activated contacts. The other two modes are 32% for the shear-only mode and 23% for the
tension only mode. For the third type of stress path, i.e., S1(loa),S3(unl), characteristics
of the stress paths of uniaxial loading and of uniaxial unloading are observed. The first
activation takes place at about 20% of the entire stress path, again in the tension-only mode
(Figure 2c). At failure, the three modes are relatively similar, i.e., 30%, 32%, and 38% for
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tension only, mixed mode, and shear only, respectively. All of these observations are similar
to the observations for the black box rock RVE, published in [4].

As mentioned above, laboratory experiments on diorite specimens were published
recently by Li et al. [8] with loading and unloading stress paths, similar, but not identical, to
the ones studied using numerical simulations here and in [4]. A criticism of the numerical
simulations of the black box rock RVE could be that it is not supported directly by experi-
mental work. However, the choice of the model characteristics is based on calibrations of
our own laboratory experiments [9,10], and the merits of the RVE model were established
by simulating published laboratory experiments undergoing a complex stress path from
another research group [11]. Also, one should not forget that the whole set-up of the RVE
is just to eliminate certain shortcomings of experimental work, e.g., problems linked to
repeatability, the effect of size, and the impact of platens. All this does not mean that a
comparison with experimental work is not important. The experiments on the diorite
specimens [8] consider three stress paths like the three types of stress paths applied above.
All experiments are on cylindrical specimens, and the starting point is an isotropic stress
state. A first set is the classic triaxial compression loading, whereby the confining stress is
kept constant. So, this set follows uniaxial loading simulations, i.e., S1(loa),S3(=). For the
two other sets of stress paths, the axial stress is first increased up to 80% of its maximum
strength for the corresponding confining stress, i.e., the strength determined in the first set
of experiments. For the second set of stress paths, the confining stress is decreased, while
the axial stress is kept constant at the 80% level. The third set applies both a loading of the
axial stress from the 80% level and an unloading of the confining stress. The unloading rate
is twice the loading rate. Even though the starting point of the uniaxial unloading and that
of the simultaneous loading and unloading are much closer to the failure envelope of the
first set of stress paths, a significant difference is noted between the failure envelope of the
classic experiments and the ones of the two other sets. The latter result in a significantly
lower strength. The impact between the second and third set is not clear. For example,
when analysing the data for the uniaxial unloading, a strength reduction of 42 to 52%
is observed when the same calculation is applied as is applied for the RVE results. For
the latter, this reduction is situated between 41% and 43% (Table 1b). The larger strength
reduction in the published experiments [8] is logical since, during the experiments, the
axial load first is increased from the isotropic stress state until it reaches 80% of its strength.
During this interval, micro-fractures occur, and the specimen is weakened. This is clearly
illustrated in Figure 2a. At the 80% level, about 75% of the activated contacts at failure
already have been activated.

3. Effect of the Stress Path on a Wellbore Stability Analysis

The design of a wellbore is very complex, and numerous aspects play significant
roles [19–24]. The aim of the paper is not to summarize and discuss all of these aspects.
The focus is on a single aspect of such a design, i.e., the geo-mechanical determination
of the mud weight interval [19,22–24], so that no new fractures are induced around the
borehole wall. The aim of the paper is to evaluate what the impact would be on the mud
weight if the rock strength or the failure envelope were to be determined differently from
how it is currently carried out, i.e., by applying stress paths that are closer to the in situ
stress paths than the typical stress paths applied in laboratory experiments. Note that the
presented results are a first evaluation and are not yet a practical engineering design. Some
assumptions are made for this first evaluation. At a later stage, more complex models and
approaches could be considered. First, a 2D approach is applied, assuming that the critical
plane is perpendicular to the borehole axis. This assumption is realistic if the axial stress
is the intermediate principal stress component. If this is not the case, a 3D approach is
needed or another 2D section should be considered (e.g., situated along the axial and a
radial orientation). Second, it is assumed that all stresses are positive (i.e., compressive
stresses at the macro-scale), i.e., only the risk of shear macro-fracturing is integrated in
the model (and thus not tensile failure at the macro-scale). Tensile activation may occur
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at the scale of a contact element, as is illustrated in Figure 2. In situ, tensile failure at the
macro-scale may occur around a borehole, but this aspect is not integrated in the current
model. Third, it is assumed that the pore pressure is equal to zero. Although for a real and
full design, these three assumptions are relevant, they do not prevent the crucial question
from being explored, i.e., should one start to characterise the rock strength or the failure
envelope differently?

First, an initial isotropic stress state is studied, which results in a relatively easy stress
redistribution around a circular opening, i.e., the stress state at all points of the borehole
wall is the same. Second, the initial stress state is anisotropic, whereby the axial direction
corresponds to the intermediate principal stress component.

3.1. Initial Isotropic Stress State

The evaluation of the redistribution of the stress is relatively easy if the initial state of
the stress is isotropic. Before drilling the hole, all directions are principal stress directions,
and the circles of Mohr, which represent the stress state, are points. In a major–minor
principal stress diagram, the stress state is situated along the 45◦ line. After drilling the
hole and away from the bottom of the hole, the stress redistribution along radial lines (i.e.,
through the centre of the hole) is the same for all orientations of the radial line, at least if
the rock is homogeneous, continuous, and isotropic. The radial and tangential directions
are the principal stress directions, and the most critical point is situated on the wall of the
borehole. All points along the circumference have the same criticality. Again, this is the
case for a rock that is homogeneous, continuous, and isotropic. If, on the other hand, there
was a spot along the circumference that is a weak spot, the first fracture would occur at this
spot, and the original easy stress redistribution would not necessarily be valid anymore.

As mentioned above, the central question of the research is whether the current
practices of determining the rock strength or the failure envelopes are the right procedures
or if it would be more appropriate to apply a stress path closer to the in situ stress path.
To address this question, some calculations of minimum mud weights are conducted for
different values of the initial isotropic stress state.

Three initial stress values are studied, i.e., 25, 50, and 75 MPa. One could assume that
these values correspond to an approximate depth of 1, 2, and 3 km, respectively. These
three depths cover the range of typical borehole depths well. The pore pressure is assumed
to be zero. In the hypothetical case in which there is no well pressure, the stress state along
the circumference is in a 2D approach a radial (principal) stress of 0 MPa and a tangential
(principal) stress of 50, 100, and 150 MPa, respectively (i.e., two times the initial isotropic
stress level). These values are calculated based on the linear elastic theory and the basic
formulas [19,22–24]. The in situ stress path can be assumed to correspond with the third
basic type of stress paths, i.e., the simultaneous loading and unloading with the same
increments (the 45◦ lines in Figure 1). The axial stress remains constant, i.e., the value of
the initial isotropic stress.

Based on the results of the black box rock RVE, the conclusion is that for a depth of
1 km, no shear macro-fracture is induced if the strength is determined by a stress path of
uniaxial loading. The calculated final tangential stress of 50 MPa (radial stress is equal to
zero) is less than the intersection of 55 MPa for the type 1 failure envelope (S1(loa),S3(=);
black line in Figure 3, Table 1a). However, the intersection of the failure envelope with
the major principal stress axis for the third type of stress path (S1(loa),S3(unl); blue line in
Figure 3), i.e., 30 MPa, is less than the calculated tangential stress of 50 MPa. Hence, the
rock would fail. For the other two depths, the tangential stress is sufficiently large, so for
these two failure envelopes, shear macro-fracturing occurs. Of course, if the depth is 500 m,
the tangential stress is only 25 MPa, i.e., lower than both failure envelopes. Only the first
and third stress paths are discussed here. The first is discussed because it corresponds to
the loading in the classic characterisation. The third is discussed because it corresponds to
the stress variation occurring in situ, i.e., the radial stress is decreased, and the tangential
stress is increased with the same stress increments.



Sustainability 2024, 16, 4711 9 of 23

Sustainability 2024, 16, 4711 9 of 23 
 

to the stress variation occurring in situ, i.e., the radial stress is decreased, and the tangen-

tial stress is increased with the same stress increments. 

 

Figure 3. Failure envelopes for the three basic types of stress paths (see also Figure 1) and illustration 

of various ways to define the criticality (α, β, γ). Case of an initial isotropic stress state of 75 MPa. 

Red line corresponds to stress path for a linear elastic calculation. 

The variation in the contact failure modes as a function of the stress path for the three 

cases is similar to the variation presented in Figure 2c. At failure, the three modes of micro-

fracturing are distributed nearly equally (i.e., tension only, mixed mode, and shear only). 

For example, at the moment of failure for the initial isotropic stress state of 75 MPa, the 

percentages of failed contacts are 28%, 38%, and 34% for the tension-only mode, the mixed 

mode, and the shear-only mode, respectively. The first activation takes place at about 20% 

of the entire stress path and is in the tension-only mode. 

The conclusion of this first set of calculations is that, for certain stress levels, the cho-

sen stress path for the characterisation of rock strength can make the difference between 

predicting failure correctly and non-failure incorrectly. The degree of criticality or of 

safety is different for all stress levels. There are various ways to define this criticality, i.e., 

the amount above the failure envelopes. The simplest one is just looking at the difference 

between the tangential stress calculated by the linear elastic theory and the intersection of 

the failure envelope with the vertical axis (intervals α in Figure 3). For the three depths, 

these differences for S1(loa),S3(=) are -5 MPa (no failure), 45 MPa, and 95 MPa, respectively 

(Table 2). For S1(loa),S3(unl), these differences are larger, i.e., 20 MPa, 70 MPa, and 120 

MPa, respectively. A second way is to look at the interval between the stress state calcu-

lated in the linear elastic domain and the failure envelope along the stress path, i.e., the 

45° line (intervals β in Figure 3). These values also can be expressed as a percentage of the 

total interval of possible stress change, i.e., for a linear elastic calculation (Table 2). The 

intervals for the stress paths (S1(loa),S3(unl)) are about two to three times larger than the 

intervals for the stress paths (S1(loa),S3(=)). For example, for an initial isotropic stress state 

of 50 MPa, the values β1 and β3 are equal to 11.2 MPa and 29.7 MPa, respectively. So, this 

means that macro-failure occurs about 8.5 MPa earlier when the stress path is equal to the 

in situ stress path in comparison to the conventional strength characterisation. The third 

way applied is the most visual and easily interpretable method, i.e., by calculating the 

Figure 3. Failure envelopes for the three basic types of stress paths (see also Figure 1) and illustration
of various ways to define the criticality (α, β, γ). Case of an initial isotropic stress state of 75 MPa.
Red line corresponds to stress path for a linear elastic calculation.

The variation in the contact failure modes as a function of the stress path for the three
cases is similar to the variation presented in Figure 2c. At failure, the three modes of
micro-fracturing are distributed nearly equally (i.e., tension only, mixed mode, and shear
only). For example, at the moment of failure for the initial isotropic stress state of 75 MPa,
the percentages of failed contacts are 28%, 38%, and 34% for the tension-only mode, the
mixed mode, and the shear-only mode, respectively. The first activation takes place at
about 20% of the entire stress path and is in the tension-only mode.

The conclusion of this first set of calculations is that, for certain stress levels, the
chosen stress path for the characterisation of rock strength can make the difference between
predicting failure correctly and non-failure incorrectly. The degree of criticality or of safety
is different for all stress levels. There are various ways to define this criticality, i.e., the
amount above the failure envelopes. The simplest one is just looking at the difference
between the tangential stress calculated by the linear elastic theory and the intersection of
the failure envelope with the vertical axis (intervals α in Figure 3). For the three depths,
these differences for S1(loa),S3(=) are −5 MPa (no failure), 45 MPa, and 95 MPa, respectively
(Table 2). For S1(loa),S3(unl), these differences are larger, i.e., 20 MPa, 70 MPa, and 120 MPa,
respectively. A second way is to look at the interval between the stress state calculated
in the linear elastic domain and the failure envelope along the stress path, i.e., the 45◦

line (intervals β in Figure 3). These values also can be expressed as a percentage of the
total interval of possible stress change, i.e., for a linear elastic calculation (Table 2). The
intervals for the stress paths (S1(loa),S3(unl)) are about two to three times larger than the
intervals for the stress paths (S1(loa),S3(=)). For example, for an initial isotropic stress state
of 50 MPa, the values β1 and β3 are equal to 11.2 MPa and 29.7 MPa, respectively. So, this
means that macro-failure occurs about 8.5 MPa earlier when the stress path is equal to the
in situ stress path in comparison to the conventional strength characterisation. The third
way applied is the most visual and easily interpretable method, i.e., by calculating the
minimum wellbore pressure needed to eliminate the risk of a shear macro-fracture being
induced. By applying this pressure, the radial stress on the circumference is increased by
its value and the tangential stress is decreased by it. This is indicated by the intervals γ in
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Figure 3 and Table 2. By using the depths indicated above, this minimum wellbore pressure
is translated into a minimum mud weight. Looking blindly at the figures, it means that the
mud density when characterising a rock by the third type of stress path (S1(loa),S3(unl))
should be two to three times larger than the density when the rock is characterised by the
first type of stress path (S1(loa),S3(=)). For example, for the deepest section (i.e., 3000 m),
the minimum density is 0.546 kg/dm3 and 1.171 kg/dm3, respectively. From a practical
perspective and for this particular black box rock, one must point out that there is no risk of
shear macro-failure in four of the six combinations if the density is 1 kg/dm3. For a weaker
material, the latter is not necessarily still true. However, the conclusion remains that the
impact of rock characterisation by one of the two stress paths is significant.

Table 2. Stress redistribution for an initial isotropic stress state and parameters describing the
criticality of failure at the borehole wall (see Figure 3), including the minimum mud weight.

Initial isotropic stress state
Approx. depth, m 1000 2000 3000

Stress, MPa 25 50 75
Pore pressure, MPa 0 0 0
Well pressure, MPa 0 0 0

Stress redistribution (lin.
elastic)

Radial stress, MPa 0 0 0
Tangential stress, MPa 50 100 150

Criticality parameters
α1, MPa (no failure) 45 95
α3, MPa 20 70 120
β1, MPa (no failure) 11.2 (15.8%) * 22.9 (21.0%) *
β3, MPa 9.4 (26.5%) * 29.7 (42.0%) * 50.0 (47.1%) *
γ1, MPa (no failure) 7.8 16.4
γ3, MPa 5.9 20.5 35.1

Minimum mud weight,
kg/dm3

Cf. γ1 - 0.388 0.546
Cf. γ3 0.585 1.024 1.171

* Relative to the entire stress change interval for a linear elastic model.

3.2. Initial Anisotropic Stress State

Even for the relatively simple case of a circular excavation, the stress state in each
location along the circumference is different if the initial stress state is anisotropic (Figure 4).
As one of the conclusions of the previous study was that failure envelopes are different
for each different stress path, it means that the study of a circular excavation becomes
very complex. Here, the focus is on the quantification of this complexity. So far, the
simulations of an RVE have shown that the various stress paths result in failure envelopes
that are situated between the one whereby the major principal stress is increased (type 1,
S1(loa),S3(=), or a stress path comparable to the loading in classic laboratory experiments)
and the one whereby the minor principal stress is decreased (type 2, S1(=),S3(unl)). Hence,
by conducting experiments for these two types of stress paths, one gets a relatively good
idea about the possible effect of a stress path on the failure envelope. If the second type
of stress path (S1(=),S3(unl)) is applied, but starting from an anisotropic stress state, the
failure envelope for a larger anisotropy moves closer to the one of the conventional loading
paths. This is studied for the case in which the initial minor principal stress is decreased.
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In comparison to an initial isotropic stress state, the stress redistribution around a
borehole for the initial anisotropic stress state is more complex. The tangential stress is
different in each point of the circumference (Figure 4) (to be precise, per quarter of the
circumference). The two extreme values are reached on the two radial lines that correspond
to the orientation of the initial major and minor principal stresses, i.e., for the angles of 0◦

and 90◦, respectively. For these two angles, the orientation of the principal stresses does not
change, i.e., it is always in the radial and tangential direction in comparison to the borehole
(Figure 5). Along any other radial line, the principal stress orientations before drilling
are different from the principal stress orientations on the circumference of the borehole
wall. The latter are always radial and tangential. For the radial line that corresponds to the
orientation of the minor principal stresses (i.e., 90◦ in Figures 4 and 5), this orientation (i.e.,
radial orientation) remains the orientation of the minor principal stress. However, for the
radial line that corresponds to the orientation of the major principal stresses (i.e., 0◦), this
orientation (i.e., the radial orientation) evolves from the major to the minor principal stress
orientation. All of these aspects should be considered when analysing the RVE behaviour.

In earlier studies, we specifically analysed the effect of the principal stress orientations.
Although the aim of the research and the experimental set-up were different from the
current research, the importance of the change in stress orientation was illustrated clearly.
Some experiments focused on cyclic Brazilian tensile tests, whereby the disks were rotated



Sustainability 2024, 16, 4711 12 of 23

before reaching the final macro-failure [25]. These tests aimed to evaluate the sensitivity of
the Kaiser effect towards the principal stress orientation. The experiments and the discrete
simulations showed that the effect gradually became less pronounced as the rotation angle
increased. In another study, the damage around a circular opening was studied [14] and
two configurations were investigated. In the first set of experiments, the damage was
induced mainly by shear stresses (only macro-compressive stresses were present). In the
second set, the tangential stresses were tensile stresses at the macro-scale. For specimens
first damaged by a tensile macro-stress, followed by macro-compressive stresses, more
damage was observed than in the other sequence.

3.2.1. No Change in the Orientation of the Principal Stresses

The two points situated at the angles of 0◦ and 90◦ along the circumference are
discussed first. As illustrated in Figure 5, the radial and tangential orientations are principal
stress orientations before and after drilling the borehole. Elastic calculations clearly show
that the point at 90◦ is more critical than the point at 0◦, i.e., for shear failure at a macroscopic
scale. An unknown factor for all analyses presented in this paper is how the stress state
exactly evolves from before drilling the hole until after the hole has been drilled. For all
simulations, it is assumed that the stress paths follow linear variations in the major-minor
principal stress diagrams. This assumption seems to be realistic, at least if one considers a
2D approach. For a 3D model and taking the stress variation around the bottom of the hole
into account, the real stress paths are most likely more complex [21,23,24,26].

For the point at 90◦, the situation is comparable to the results presented earlier. The
tangential and radial orientations correspond to the major and minor principal stress
orientations over the entire stress path, respectively. Four different initial anisotropic stress
states are studied, i.e., (30, 50), (40, 50), (45, 75), and (60, 75) MPa (Figure 6 and Table 3).
The same method used above is applied here. For each initial stress state, the final stress
state is calculated for the borehole wall, based on a linear elastic calculation. The RVE
model is loaded in the vertical direction (i.e., corresponding to the tangential orientation)
and unloaded in the horizontal direction (i.e., corresponding to the radial orientation)
aiming at the final linear elastic stress state (Figure 6a). However, the latter is, in most cases,
never reached because failure occurs somewhere along the stress path. In other words,
the maximum strength is calculated for each stress path (Figure 6a; Table 3a). These four
strength values correspond to four different failure envelopes, i.e., for each of the four
stress paths. The four simulated strength values are situated between the failure envelopes
of uniaxial loading (type 1; black line in Figure 6a) and of the simultaneous loading and
unloading with the same increments (type 3; blue line). The larger the initial anisotropy,
the closer the strength for the in situ stress paths is situated to the failure envelopes of
uniaxial loading. Most likely, the behaviour for the various stress paths is a combination of
the mentioned basic types of stress paths (black and blue lines). For a larger anisotropy, the
in situ stress path is oriented more vertically and thus more towards the type of uniaxial
loading (and farther away from the type of stress path under an angle of 45◦).

Table 3. Stress redistribution for the initial anisotropic stress state and parameters describing the
criticality of failure at the borehole wall (see Figure 3), including the minimum mud weight. (a) For
point corresponding to 90◦ along the circumference; (b) for point corresponding to 0◦ along the cir-
cumference.

(a)

Initial anisotropic
stress state

Approx. depth, m 2000 2000 3000 3000
Major principal stress,

MPa 50 50 75 75
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Table 3. Cont.

(a)

Minor principal stress,
MPa 30 40 45 60

Pore pressure, MPa 0 0 0 0
Well pressure, MPa 0 0 0 0

Stress redistribution
(lin. elastic)

Radial stress, MPa 0 0 0 0
Tangential stress, MPa 120 110 180 165

Strength
Major principal stress,

MPa 87.3 84.2 132 124.5

Minor principal stress,
MPa 14 17.2 20.6 27

Criticality parameters
α1, MPa 65 55 125 110

αreal, MPa 78 73 132 125
α3, MPa 90 80 150 135
β1, MPa 23.1 (30.4%) * 15.7 (21.8%) * 44.5 (38.9%) * 31.5 (29.1%) *

βreal, MPa 35.5 (46.7%) * 31.0 (43.0%) * 52.2 (45.7%) * 48.7 (45.0%) *
β3, MPa 48.1 (63.2%) * 36.8 (51.1%) * 80.1 (70.1%) * 62.1 (57.4%) *
γ1, MPa 11.2 9.5 21.6 19

γreal, MPa 18.4 19.5 26 30.3
γ3, MPa 26.3 23.4 43.9 39.5

Minimum mud
weight, kg/dm3

Cf. γ1 0.56 0.474 0.718 0.632
Cf. γreal 0.921 0.975 0.867 1.009

Cf. γ3 1.317 1.171 1.463 1.317

(b)

Initial anisotropic
stress state

Approx. depth, m 2000 2000 3000 3000
Major principal stress,

MPa 50 50 75 75

Minor principal stress,
MPa 30 40 45 60

Pore pressure, MPa 0 0 0 0
Well pressure, MPa 0 0 0 0

Stress redistribution
(lin. elastic)

Switch between
major-minor principal

stress, MPa
33.3 43.8 50 65.6

Final radial stress, MPa 0 0 0 0
Final tangential stress,

MPa 40 70 60 105

Strength
Major principal stress,

MPa (no failure) 68.5 (no failure) 99.8

Minor principal stress,
MPa 2.5 8.6
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Table 3. Cont.

(b)

Criticality parameters
α1, MPa (-) 15 5 50

αreal, MPa (-) 12 2 47
α3, MPa 10 40 30 75
β1, MPa (-) 3.2 (6.3%) * (-) 10.8 (14.1%) *

βreal, MPa (-) 2.9 (5.7%) * (-) 10.1 (13.1%) *
β3, MPa 4.4 (13.2%) * 29.7 (42.0%) * 11.8 (23.1%) * 29.2 (38.1%) *
γ1, MPa (-) 2.6 (-) 8.6

γreal, MPa (-) 2 (-) 8
γ3, MPa 2.9 11.7 8.8 22

Minimum mud
weight, kg/dm3

Cf. γ1 (-) 0.129 (-) 0.287
Cf. γreal (-) 0.102 (-) 0.267

Cf. γ3 0.146 0.585 0.293 0.732

* Relative to the entire stress change interval for a linear elastic model.
Sustainability 2024, 16, 4711 14 of 23 
 

  
(a) (b) 

Figure 6. Stress paths between the initial anisotropic stress state and the linear elastic calculation of 

the stress state on the borehole wall. The starting points and the stress states at failure are indicated 

by squares and circles. All information is superimposed on the failure envelopes for the three basic 

types of stress paths (see Figure 1). Four different anisotropic stress states are studied (each with a 

different colour), i.e., (30, 50), (40, 50), (45, 75), and (60, 75) MPa. (a) 90° angle (see Figure 5); (b) 0° 

angle. 

It is important to stress again that, in the approach put forward in this study, the 

strength values in Table 3a are considered to be the “correct” ones (indicated by the label 

“real”; see also the squares and circles in Figure 6a). In comparison with these values, the 

values determined by stress path type 1 (S1(loa),S3(=)) are an overestimation of the “real” 

strength, and the ones for the type 3 stress path (S1(loa),S3(unl)) are an underestimation 

of the “real” strength. The type 2 stress path ((S1(=),S3(unl), brown line) results in a larger 

underestimation and is not integrated in Table 3. In Table 3a, the values for the various 

parameters of criticality are presented for the type 1 stress path, the in situ or real stress 

path, and the type 3 stress path. For detailed values, the reader is referred to Table 3a, but 

the conclusion is that the values for the in situ (or real) stress paths are significantly dif-

ferent from the two basic types of stress paths. 

This conclusion also is valid for the calculated mud weight (Table 3a). The mud 

weight only can be calculated if a depth is known. Here, it is assumed that the major prin-

cipal stress corresponds to the depth. So, the value of 50 MPa corresponds to an approxi-

mate depth of 2000 m, and the value of 75 MPa corresponds to 3000 m. So, the lay-out 

could be a horizontal borehole at these depths or a vertical borehole whereby the major 

horizontal principal stress is equal to the vertical (axial) stress. For example, for an initial 

stress state of (60, 75) MPa, the minimum mud weight for the real stress path is 1.009 

kg/dm3. When one determines the strength by applying stress paths similar to the conven-

tional testing (type 1), the minimum mud weight is only 0.632 kg/dm3. This is a significant 

difference, and it cannot be neglected. When comparing the various values of the mini-

mum mud weights (Table 3a), there is a peculiar observation. For both basic types of stress 

paths, the minimum mud weight is greater when the initial anisotropy is larger (i.e., com-

paring the first column to the second column and comparing the third column to the 

fourth column). It is just the opposite for the in situ or real stress paths. The reason for this 

is that, in the case of the real stress paths, both the linear elastic calculated stress values 

Figure 6. Stress paths between the initial anisotropic stress state and the linear elastic calculation of
the stress state on the borehole wall. The starting points and the stress states at failure are indicated
by squares and circles. All information is superimposed on the failure envelopes for the three basic
types of stress paths (see Figure 1). Four different anisotropic stress states are studied (each with
a different colour), i.e., (30, 50), (40, 50), (45, 75), and (60, 75) MPa. (a) 90◦ angle (see Figure 5); (b)
0◦ angle.

It is important to stress again that, in the approach put forward in this study, the
strength values in Table 3a are considered to be the “correct” ones (indicated by the label
“real”; see also the squares and circles in Figure 6a). In comparison with these values, the
values determined by stress path type 1 (S1(loa),S3(=)) are an overestimation of the “real”
strength, and the ones for the type 3 stress path (S1(loa),S3(unl)) are an underestimation of
the “real” strength. The type 2 stress path ((S1(=),S3(unl), brown line) results in a larger
underestimation and is not integrated in Table 3. In Table 3a, the values for the various
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parameters of criticality are presented for the type 1 stress path, the in situ or real stress
path, and the type 3 stress path. For detailed values, the reader is referred to Table 3a,
but the conclusion is that the values for the in situ (or real) stress paths are significantly
different from the two basic types of stress paths.

This conclusion also is valid for the calculated mud weight (Table 3a). The mud weight
only can be calculated if a depth is known. Here, it is assumed that the major principal
stress corresponds to the depth. So, the value of 50 MPa corresponds to an approximate
depth of 2000 m, and the value of 75 MPa corresponds to 3000 m. So, the lay-out could be a
horizontal borehole at these depths or a vertical borehole whereby the major horizontal
principal stress is equal to the vertical (axial) stress. For example, for an initial stress state of
(60, 75) MPa, the minimum mud weight for the real stress path is 1.009 kg/dm3. When one
determines the strength by applying stress paths similar to the conventional testing (type
1), the minimum mud weight is only 0.632 kg/dm3. This is a significant difference, and it
cannot be neglected. When comparing the various values of the minimum mud weights
(Table 3a), there is a peculiar observation. For both basic types of stress paths, the minimum
mud weight is greater when the initial anisotropy is larger (i.e., comparing the first column
to the second column and comparing the third column to the fourth column). It is just the
opposite for the in situ or real stress paths. The reason for this is that, in the case of the
real stress paths, both the linear elastic calculated stress values and the strength values are
different as a function of the initial anisotropy. For the cases with an initial major principal
stress of 75 MPa, the linear elastic calculated stress values are 180 MPa (third column) and
165 MPa (fourth column) for the large and small initial anisotropy, respectively. As can be
seen in Figure 6a, the two real stress paths cross. This means that, the value of 180 MPa
is farther away from the basic types of failure envelopes than the value of 165 MPa. So, a
larger minimum mud weight is needed. When considering the real stress path, the linear
elastic value of 180 MPa is situated closer to the corresponding calculated strength than
it is to the value of 165 MPa and its corresponding strength value. Note that the entire
four failure envelopes that correspond to the four real or in situ stress paths are not drawn
in Figure 6a; only one point of each failure envelope is represented. In conclusion, the
calculations of the critical mud weights illustrate well the importance of applying a stress
path close to the in situ stress path when testing rocks. The calculations also highlight the
complexity of the problem.

As pointed out in Figure 4 above, the point that corresponds to an angle of 90◦

along the circumference is more critical than the 0◦ point when studying macroscopic
shear fracturing. In Figure 6b and Table 3b, the same exercise is repeated for an angle of
0◦. A significant difference between the two points is that for 0◦, the orientation of the
major and minor principal stresses switches along the stress path (Figure 5). Initially, the
radial stress component is the major principal stress. Along the stress path, this component
decreases, and at a certain moment, it becomes equal to the tangential stress, which increases
systematically starting from the initial minor principal stress (Figure 6b). Afterwards, the
tangential stress increases further and the radial stress decreases. Table 3b gives the stress
value for which both components are equal. The result of switching between the principal
stress orientations is that the global stress state first evolves away from the failure envelopes
(Figure 6b). At the moment of this switch, the circle of Mohr is represented by a point.
During that part of the entire stress variation, no micro-fracturing is induced (Figure 7b).
For the two cases with the largest anisotropy, no failure occurs (Figure 6b). For the other two
cases, the strength following the real stress path is similar to the strength that corresponds
to the type 1 stress path (S1(loa),S3(=)).
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Figure 7. Variation in the contact failure modes (i.e., tensile-only, shear-only, and mixed modes) as a
function of the stress path, i.e., from the initial stress state of (60, 75) MPa till the load level of failure,
corresponding to 50% failed contacts. (a) 90◦ angle (see Figure 5); (b) 0◦ angle.

In Figure 7, the variation in the three contact failure modes is presented as a function
of the full in situ stress path for the case of an initial stress state of (60, 75) MPa and for
an angle of 90◦ and 0◦. As mentioned earlier, during the stress relaxation for an angle of
0◦, no contacts are activated (Figure 7b). At the moment of failure (i.e., 50% of all contacts
have been activated), the main activation mode is shear (55% of all activated contacts in
the shear-only mode and 35% in the mixed mode). The activation in the tensile-only mode
is small (10% of all activated contacts). The overall shape of the curves for a 0◦ angle is
comparable to the type 1 stress path (Figures 2a and 7b), although the decrease in the
tensile-only mode is more pronounced in Figure 7b. Part of the explanation could be that
the strength following the real stress path is situated close to the type 1 failure envelope
(S1(loa),S3(=)). For an angle of 90◦ (Figure 7a), the activation in shear only is less dominant
than for 0◦ (Figure 7b). For 90◦, the percentages of all activated contacts are 20% tensile-only
mode, 37% mixed mode and 43% shear-only mode. The situation at failure is similar to the
type 1 stress path (Figure 2a).

3.2.2. Change in the Orientation of the Principal Stresses

Apart from the two points discussed above, the orientation of the principal stresses for
the other points is different between the initial stress state and the final stress state along the
borehole wall. This means that both the sizes and the orientations of the principal stresses
change. For these variations, it is assumed that the size of the principal stresses follows a
linear variation in successive steps and that the orientation changes simultaneously. This
is illustrated in Figure 8 for the point on the circumference at an angle of 45◦. For this
angle, the final normal stresses on the planes of 0◦ and 90◦ (i.e., the original principal stress
orientations) are equal. (See the red triangle for the final (i.e., largest) Mohr circle). Note
that only a limited number of successive steps are presented in Figure 8. Along the entire
stress path, first, the normal stress increases, and this is followed by a decrease for one of
these two planes (illustrated by the right set of triangles). For the other plane, first, there is
a decrease in the normal stress, and this is followed by an increase (the left set of triangles).
Along the entire stress path, there is a systematic increase in the shear stresses on these
planes of 0◦ and 90◦. For the orientations closer to 0◦ than 45◦, the principal stress paths
also cross, similar to the case of 0◦ (Figure 6b).
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Figure 8. Evolution of the stress state starting from the initial anisotropic stress of (60, 75) MPa
till the stress state of (0, 135) MPa, based on linear elastic calculations. Red triangles represent the
combination of normal and shear stresses for the successive Mohr circles, acting on the planes with
an orientation of 0◦ and 90◦.

For the initial four principal stress combinations, the strength values following the real
stress paths for the point at an angle of 45◦ along the circumference are situated relatively
close to the type 1 failure envelope (S1(loa),S3(=); Figure 9). Note that the point of 45◦ along
the circumference in most cases is situated outside the danger zone for a macroscopic shear
fracture [20]. The stress path applied here, i.e., with a systematic change in principal stress
orientation, is globally an unknown territory in rock characterisation, and the translation of
it in laboratory experiments is far from evident. In the experiments by Lavrov et al. [25],
a systematic change in principal stress orientations was applied, but it was for Brazilian
tensile tests and for cyclic testing, which is different from the stress variation studied
here. The black box RVE simulation indicates that the amount of the tensile-only mode of
activation is very limited over the entire stress path (Figure 10). When 50% of all contacts
are activated, the percentage for the three activation modes of all activated contacts are 5%
tensile-only, 38% mixed, and 57% shear-only, respectively. The first contact that is activated
is in shear (at about 35% of the entire stress path). For all of the previous stress paths that
were studied, the first contact activation was in tension.
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by different points in the major–minor principal stress diagram. Figure 11b presents the 

stress ranges of interest. In this diagram, the failure envelopes also are drawn for each 

individual angle. The stress paths starting from the initial anisotropic stress state are not 

drawn because doing so would overload the graph. For the interval between 45° and 90°, 

i.e., the most critical zone, the real failure envelopes move away from the type 1 failure 
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For an angle of 90°, the “real” strength is closest to the latter for all angles between 0° and 

90°. The strength for the angles of 0° and 11.25° are situated close to the type 1 failure 

Figure 9. Stress paths between the initial anisotropic stress state and the linear elastic calculation of
the stress state on the borehole wall for an angle of 45◦. The starting points and the stress states at
failure are indicated by squares and circles. All information is superimposed on the failure envelopes
for the three basic types of stress paths (see Figure 1). Four different anisotropic stress states are
studied (each with a different colour), i.e., (30, 50), (40, 50), (45, 75), and (60, 75) MPa.
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Figure 10. Variation in the contact failure modes (i.e., tensile-only, shear-only, and mixed modes) as a
function of the stress path, i.e., from the initial stress state of (60, 75) MPa till the load level of failure,
corresponding to 50% failed contacts. Information is for an angle of 45◦.

For the initial anisotropic stress state of (60, 75) MPa, the exercise is repeated for
all angles along the circumference at 11.25◦ intervals (Figure 11 and Table 4). The three
angles that already have been presented (i.e., 0◦, 45◦, and 90◦) also are included. The stress
path for each angle is different because the linear elastic stresses at the circumference are
different. This means that the real strength in the approach taken in this study is presented
by different points in the major–minor principal stress diagram. Figure 11b presents the
stress ranges of interest. In this diagram, the failure envelopes also are drawn for each
individual angle. The stress paths starting from the initial anisotropic stress state are not
drawn because doing so would overload the graph. For the interval between 45◦ and 90◦,
i.e., the most critical zone, the real failure envelopes move away from the type 1 failure
envelope (S1(loa),S3(=)) and move towards the type 3 failure envelope (S1(loa),S3(unl)). For
an angle of 90◦, the “real” strength is closest to the latter for all angles between 0◦ and 90◦.
The strength for the angles of 0◦ and 11.25◦ are situated close to the type 1 failure envelope.
For practical reasons, in the further analysis, it is assumed that the failure envelopes of these
two angles are the same as the type 1 failure envelope. In Figure 12, criticality parameter α
(Figure 3) is presented as a function of the angle along the circumference. The parameter is
presented for the three types of failure envelopes (i.e., type 1, type 3, and the series of the
real envelope for each angle). Figure 12 confirms the observations formulated for Figure 11.
The curve that corresponds to the real stress paths is closer to the failure envelope of the
type 3 stress path for larger angles and further away for smaller angles (and the opposite is
true when referring to the type 1 stress path).

In Table 4, the minimum mud weight is calculated as a function of the angle. Two cases
are considered for the initial stress state of (60, 75) MPa. The first case is the case in which
the initial major principal stress of 75 MPa corresponds to an approximate depth of 3000 m
(Figure 13a). As explained above, this could be a horizontal borehole or a vertical borehole
at that depth, whereby the major horizontal principal stress is equal to the vertical (axial)
stress. Second is the case in which the initial minor principal stress of 60 MPa corresponds
to an approximate depth of 2400 m (Figure 13b). The main reason to consider both depth
values is to obtain a good idea about the impact on the critical mud weight.
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Figure 11. Strength values following the real stress paths starting from an anisotropic stress state
of (60, 75) MPa for all angles along the circumference between 0◦ and 90◦ with 11.25◦ intervals. All
information is superimposed on the failure envelopes for the three basic types of stress paths (see
Figure 1). (a) Full view; (b) zoomed-in view and all individual failure envelopes added (each with a
different colour).

Table 4. Stress redistribution for the initial anisotropic stress state and parameters describing the
criticality of failure along the circumference of the borehole wall, including the minimum mud weight.

Angle Along Circumference (◦) 0 11.25 22.5 33.75 45 56.25 67.5 78.75 90

Stress redistribution (lin.elastic)
Radial stress, MPa 0 0 0 0 0 0 0 0 0

Tangential stress, MPa 105.0 107.3 113.8 123.5 135.0 146.5 156.2 162.7 165

Strength
Major principal stress, MPa 99.8 101.7 103.5 109.3 116.3 119.0 122.0 124.0 124.5
Minor principal stress, MPa 8.6 9.5 15.0 17.1 18.7 23.1 25.3 26.5 27.0

Criticality parameters
α1, MPa 50 52.3 58.8 68.5 80 91.5 101.2 107.7 110

αreal, MPa 47 51.3 67.8 77.5 89 102.5 114.2 121.7 125
α3, MPa 75 77.3 83.8 93.5 105 116.5 126.2 132.7 135
γ1, MPa 8.6 9.0 10.1 11.8 13.8 15.8 17.4 18.6 19.0

γreal, MPa 8.0 8.8 14.0 16.5 18.2 24.1 27.4 29.4 30.3
γ3, MPa 22.0 22.6 24.5 27.4 30.7 34.1 36.9 38.8 39.5

Minimum mud weight, kg/dm3

Depth 3000 m
Cf. γ1 0.287 0.300 0.338 0.394 0.460 0.526 0.582 0.619 0.632

Cf. γreal 0.267 0.292 0.468 0.550 0.607 0.804 0.914 0.981 1.009
Cf. γ3 0.732 0.754 0.817 0.912 1.024 1.136 1.231 1.295 1.317

Depth 2400 m
Cf. γ1 0.359 0.376 0.422 0.492 0.575 0.657 0.727 0.774 0.790

Cf. γreal 0.333 0.365 0.584 0.688 0.759 1.004 1.143 1.227 1.261
Cf. γ3 0.915 0.942 1.022 1.140 1.280 1.420 1.539 1.619 1.646
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The first observation is that the largest minimum mud weight is needed for the point
along the circumference at an angle of 90◦. The second observation is that the mud weight
for all angles, taking into account the real or in situ stress paths, is situated between the
values if one applies the type 1 loading or the type 3 loading and unloading of both principal
stresses. The third observation is a confirmation that the difference in mud weights for
small angles is small between the real stress paths and the type 1 loading. The fourth
observation is linked to the ratio between the minimum mud weight for an angle of 90◦

and the one for an angle of 0◦. For the type 1 loading, this ratio is equal to 2.2 for both
depths. However, for the real stress paths, this ratio is about 3 (i.e., 2.9 for an assumed
depth of 3000 m and 3.5 for 2400 m). The latter value is equal to 1.261 kg/dm3 divided
by 0.333 kg/dm3 (Table 4). Although one could say that the only relevant value is the
overall largest minimum weight of mud, which is applied along the entire circumference,
the variation in the individual calculated values along the circumference gives a good idea
about the critical arc. This leads to the fifth observation, when, for example, for a depth of
2400 m, one looks at the arc where a minimum mud weight of 1 kg/dm3 is needed. For the
real stress path, this arc corresponds to angles between about 56◦ and 90◦. However, if the
rock is characterised by classic laboratory experiments, all values are below a minimum
mud weight of 1 kg/dm3.
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4. Discussion and Conclusions

Since halfway through the 20th century, the rock mechanical community has been test-
ing intact rock specimens by starting from a zero-stress state and systematically increasing
the load. On the one hand, the main goals of these experiments are the determination of the
strength of rocks and possibly the entire failure envelope. On the other hand, there is the
goal to obtain a better understanding of the fracturing process that leads to the failure of the
specimens. However, it is important to admit that we still do not fully understand either the
entire process of rock failure at the lab scale or the link with the in situ behaviour of a rock
mass. This statement clearly is supported by the numerous research projects that are still
being conducted that focus on the basic type of loading applied in laboratory experiments.
These projects often focus on a specific aspect, for example, the impact of heterogeneities
(e.g., [10,27,28]), the orientations of flaws or weak planes (e.g., [21,29–31]), and the char-
acterisation of the (micro-)fracturing process by the analysis of acoustic emission signals
(e.g., [15–17,32,33]). These are only a few of the many examples that use classic testing
procedures. The correct characterisation of the rock strength and a good understanding
of the failure process are essential for all types of design, but their importance even has
increased because, more and more, the design should integrate the concepts of long-term
behaviour and sustainability.

Some researchers have looked at alternative loading, e.g., dynamic loading (e.g., [6,34–37]),
cyclic loading (e.g., [5–7]), or even more complex loading paths (e.g., [8,11]), but the focus
of these projects is on developing a better understanding of the phenomenon rather than
on characterising the strength of a rock and the failure envelope. In this paper, as was the
case in the previous publication, the question is whether one would benefit from having a
more accurate and more reliable design when the testing procedure of the specimens are
changed significantly. As mentioned above, the current laboratory practice starts from a
zero-stress state, and this is followed by the loading of the specimen. In situ, the starting
point is the in situ stress state and, due to the excavation, this is followed by an unloading
or a combination of unloading one stress component and the loading of another. The paper
addresses two questions, i.e., (1) has the application of different stress paths during rock
characterisation a significant impact on rock strength and the failure envelope; (2) if so, is
the impact on the design parameters relevant? In this paper, the latter is the minimum mud
weight that is needed to eliminate the fracturing of the rock around a circular borehole.

The answer to the first question clearly is positive, and it also was the conclusion of an
earlier publication [4]. The main advantage of numerical simulations and working with
the same black box rock RVE is that one can test the same model as often as needed. This
is clearly not the case when testing real specimens. Apart from the fact that the amount
of available rock material is almost always limited, rock material still is heterogeneous to
a certain degree, which means that no two specimens are exactly the same. Also, there
is the restrictions of time and cost when conducting experiments. The simulations show
that large reductions in the strength of a rock can occur. For example, the reduction in the
strength for the uniaxial unloading stress path in comparison to the uniaxial loading stress
path is about 40 to 45%. A comparison between the simultaneous loading and unloading
stress paths and the uniaxial loading shows a strength reduction of about 30%. These
values are obtained when the initial stress state is isotropic. The reduction in the strength is
less when the initial stress state is anisotropic.

The answer to the second question also is positive. For an initial isotropic stress state,
the minimum density of the mud when characterising the rock by stress paths that are
close to the in situ stress variation can be two to three times larger than when the rock is
characterised by stress paths that are close to the classic experimental procedures. For the
initial anisotropic stress state, the answer remains positive, but the analysis becomes very
complex because each point along the circumference undergoes a different stress path. The
impact is discussed in detail above, but the main conclusions are as follows: (i) the most
critical point along the circumference remains the point with the largest tangential stress;
(ii) depending on the input parameters, the minimum mud weight can be up to 60% larger
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when the stress path is close to the in situ stress path instead of the one close to the classic
experiments; (iii) and the arc along the circumference where a minimum mud weight of
1 kg/dm3, for example, is required is larger when the in situ stress path is considered.

The overall conclusion of the analysis presented in this paper is that the impact of
different stress paths needs further attention. The characterisation of the strength or the
characterisation of the entire failure envelope based on a stress path closer to the in situ
stress paths leads to more correct values than if one characterises the rock by loading rock
specimens in the classic experiments. Such a significant change in the procedure of rock
characterisation will not be realised from one day to the next. It also is logical that further
research is needed, e.g., a 3D analysis, a more detailed RVE model, typical in situ stress
paths for other applications, and a verification by laboratory experiments. It is only at
that moment that one can start thinking about implementing it in the engineering design.
However, some of the more complex stress paths, i.e., with a change in principal stress
orientations, cannot be implemented easily in a laboratory. After learning more about
the impact of different stress paths, one must probably make some choices, one of which
is whether such implementations will be possible or whether they would be impractical.
However, the combination of laboratory experiments and the simulation of RVE models
could become a worthwhile combination. The analysis also highlighted again that discrete
models really are needed to study the behaviour of rock material, as the micro-fracturing
during nearly the entire variation in the stress state plays an important role. A good next
step in the discrete modelling of rock material is to calibrate the models by also using
experiments whereby in situ stress paths are applied.
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