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Chapter 8

Evaluation of Geomechanical Properties
of Soft Rock Masses by Laboratory

and In Situ Testing

Luis Ribeiro e Sousa, Rita Leal e Sousa, Zhou Cuiying, and Karim Karam

8.1 Introduction

In recent years, the evaluation of geomechanical parameters in rock masses and
particularly in soft rock masses has gone through significant improvements. This is
partly due to improved measuring equipment and partly due to better numerical
techniques. New instruments and equipment for in situ and laboratory tests allow
for a more accurate evaluation of the properties of soft rock masses. Advancements
in data mining (DM) techniques allow for better tools for decision making. The
combination of improved instrumentation and more powerful numerical techniques
allow for a better characterization of the geomechanical parameters of rock masses.

Due to the variability of rock formations, and the expense both in time and cost
of obtaining subsurface information, there is a large degree of uncertainty associ-
ated with the evaluation of geotechnical properties. This is made even more uncer-
tain given the complex geological processes involved and the inherent difficulties in
geomechanical characterization (ASCE 1996; Sousa et al. 1997, 2010; Yufin et al.
2007; Miranda 2007; Miranda et al. 2009). As a result, the evaluation of geome-
chanical parameters is often carried out through in situ and laboratory tests along
with the application of empirical methodologies (Bieniawski 1989; Barton 2000;
Hoek 2007a, b; Miranda et al. 2018). For deformability characterization, in situ tests
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are normally carried out by applying a load in a certain way and measuring the cor-
responding deformations of the rock mass. For strength characterization, tests
include shear and sliding tests which are often performed in low strength surfaces.
These strength tests are expensive and strength parameters are often inferred indi-
rectly by, for example, the Hoek and Brown (H-B) strength criteria normally associ-
ated with the GSI empirical system (Hoek 2007a; Hoek et al. 2008; Hoek and
Marinos 2009). Laboratory tests are only relevant to a small rock volume and con-
sequently it is necessary to perform a considerable number of tests in order to char-
acterize the variability in geomechanical parameters, even if much effort is put in
obtaining representative samples. Laboratory tests such as the determination of uni-
axial compressive strength (UCS), point load and discontinuities tests are nonethe-
less important for empirical methodologies. Based on experience, it can be said that
it is necessary to obtain direct geomechanical information from the site in study and
it is insufficient to interpolate and extrapolate data from other sites.

Soft rocks exhibit unfavorable behavior related to low strength, high deformabil-
ity, fast weathering, as well as others (Kanji 2014; He 2014). As such, sometimes
testing equipment needs to be modified to accommodate for this. Soft rocks can be
sedimentary rocks and weathered igneous and metamorphic rocks, or so-called
residual rocks (Rocha 1975; Kanji 2014). The deformability moduli of soft rock
masses, even those for residual formations can be considerably higher than those for
soil formations. Lower bound of the deformability moduli of soft rock masses can
be in the range of 0.4 GPa. For soils, lower values of cohesion can be in the range
of 0.3 MPa, with friction angle of the same order of that for soft rocks (Rocha 1975).

For design purposes shear strength parameters are often selected rather than
determined. The selection of deformability and strength parameters requires mainly
sound engineering judgment, experience and on the use of empirical systems (ASCE
1996; Wyllie 1999; Sousa et al. 2010). The selection of design shear strength param-
eters in soft rocks is dependent on the particular site characteristics which include
geological structures, planes of weakness, discontinuities, amongst others. In the
soft rocks, discontinuities tend not to be as significant as for hard rocks. Failure
envelopes for upper and lower bounds of shear strength can be determined for dif-
ferent types of potential failure surfaces, for example, in intact rock, with clean
discontinuities and with filled discontinuities, and low strength surfaces. Technical
Engineering and Design Guides issued by the US Army Corps of Engineers describe
the appropriate selection procedures (ASCE 1996). Using the H-B (Hoek & Brown)
criterion, Serrano and Olalla (2007) demonstrate the applicability of this criterion
and the identification of applicable parameters based on the theory of plasticity. The
rock mass is assumed to behave as a continuum and expressions are based in the
theory of elasticity. Therefore, the selection of design parameters involves the selec-
tion of Poisson’s ratio and deformability modulus. For almost all rock masses,
Poisson’s ratio varies between 0.1 and 0.35, and as a rule, lower values correspond
to poorer quality rock masses. The selection of an adequate deformability modulus
is important in order to make reliable predictions of deformations (Sousa et al. 2010).

Rock masses are in general described as heterogeneous and discontinuous media
and their mechanical properties depend on both the rock material and the



8 Evaluation of Geomechanical Properties of Soft Rock Masses by Laboratory... 189

discontinuity sets. In weak rock masses, the influence of discontinuities on the
mechanical properties of the rock mass is not very significant. The evaluation of
mechanical characteristics is influenced by the dimensions of the tested mass. In
general, for deformability evaluation, the rock mass can be divided into zones,
where each zone is considered as homogeneous based on its degree of weathering
and discontinuity network. A reduced number of in situ large scale tests can then be
performed in each zone. Small scale in situ tests in soft rocks should be performed
in larger numbers for each zone. It is also important to perform laboratory tests for
both deformability and strength in these type of rocks, and for the application of
empirical systems, since the mechanical properties of the soft rock mass depend
strongly of the properties of the rocks (Sousa et al. 1997).

The traditional empirical systems such as like RMR, Q and GSI systems
(Bieniawski 1989; Barton 2000; Hoek 2007a; Kanji 2014) are also used in soft
rocks. Strength is normally obtained by the H-B criterion using the GSI system
(Hoek et al. 2005; Hoek 2007a). The use of the Q system is also recommended for
the development of a new strength criterion (Barton 2013). There is, however some
room for improvements to be made using artificial intelligence techniques, data
mining (DM) techniques in particular. For example, a new empirical system was
developed for heterogeneous volcanic rocks and validated using DM (Miranda
et al. 2018).

Heterogeneities in rock masses are of great importance when evaluating mechan-
ical properties of soft rocks, such as conglomerates, and residual rock masses. This
is the case for the residual granite formations of Porto (Miranda et al. 2014), where
the behavior of the rock mass is very unpredictable. As such, adequate measures
need to be taken when planning and constructing engineering systems such as tun-
nels, for example continuous characterization of the tunnel face, real time monitor-
ing to avoid accidents (Fig. 8.1), (Miranda 2007; Sousa et al. 2010; Sousa and
Einstein 2012). A case study illustrating the characterization of a conglomerate for
a fill dam in Japan will be presented in Sect. 8.2.4.

When dealing with rock masses, an important issue is the occurrence of surfaces
with low strength. These can lead to significant consequences such as the accident
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Fig. 8.1 Mixed face conditions found during the construction of the Metro do Porto: (a) View of
a TBM tunnel face with different weathering degrees; (b) Cross-section of Bolhao underground
station (Babendererde et al. 2006; Miranda et al. 2014)
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Fig. 8.2 Numerical model used for the study of Agua Vermelha foundation. (Adapted from Pedro
et al. 1975)
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Fig. 8.3 Numerical results for the Agua Vermelha foundation (Pedro et al. 1975; Rocha 1975)

that occurred during the construction of one of the surge chambers of the Cahora
Bassa Hydroelectric Scheme in Mozambique (Rocha 1978; Sousa 2006, 2010).
Another case is that of the foundation of Agua Vermelha dam in Brazil, in which
an extensive basaltic circular sub-horizontal surface with thickness of 50 cm occurred
(Pedro et al. 1975; Rocha 1975; Pacheco et al. 2017). Different finite element (FE)
calculations were performed in order to analyze the structural behavior of the founda-
tion for three hypotheses. Figure 8.2 shows the FE model used (Pedro et al. 1975).
Results for the different hypotheses are illustrated in Fig. 8.3, assuming values for the
normal and tangential stiffnesses KN and KT, respectively. The low strength surface
was assumed to exhibit elastoplastic behavior with zero cohesion and a friction angle
of 28°. Failure occurred in the extreme downstream zone for hypotheses I and II. The
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distribution of tangential stresses tends to be uniform when the deformability of the
low strength increases. It is possible to conclude that the risk of progressive rupture
decreases with increasing deformability of the surface (Rocha 1975).

The chapter discusses in situ and laboratory tests used for deformability and
strength evaluation and presents results in soft rock masses case studies. It is not the
intention in this chapter to deal with all the laboratory and in situ tests for soft rock
masses, but rather to establish a methodology to characterize the mechanical prop-
erties of these type of formations. Results of extensive testing on a very heteroge-
neous conglomerate rock mass at the site of a dam in Japan are presented.

8.2 Methodology for Evaluating Deformability

8.2.1 Deformability Evaluation

The evaluation of the deformability parameters of rock masses is essential for dif-
ferent applications in Civil and Mining Engineering. For many reasons, such as the
heterogeneous and discontinuous nature of rock masses, anisotropy and others, the
evaluation of the parameters is largely influenced by the dimensions of the tested
volumes (Sousa et al. 1997; Rocha 1975, 2013).

The deformability characteristics of a rock mass can be determined by means of
in situ and laboratory deformability tests, in which a load is applied in a specific
manner, and the corresponding rock mass deformations are measured. To assess
these characteristics, several types of tests are conducted on the rock and on discon-
tinuities, which make it possible to obtain an acceptable representation of the rock
mass behavior during and after the execution of projects. In some cases, rock masses
are only homogeneous at very large scales and it becomes not economically feasible
to perform representative tests. An insufficient test volume causes problems of scale
effects (Rodrigues and Graca 1983; Simon and Deng 2009). The basic scale effects
in deformability evaluation can be explained by the theory of statistics as follows
(Grossmann 1993): whenever a rock mass deforms, the global deformation in a
certain direction is the sum of a large number of small aleatory individual deforma-
tions in the same direction, of the different constitutive elements of the rock mass.
Thus, from the laws of statistics, the global deformation has a normal distribution,
whose mean value is independent of the number of summed individual deforma-
tions. Therefore, if the tests performed are chosen randomly, the experimental
results should always present the same mean deformability and a standard deviation
proportional to the square root of a significant length of the tested volume.

From these considerations, the deformability results obtained from small-scale
tests are much more variable than those from large-scale tests. Thus, a sufficient
number of tests should be performed in order to compensate for this variability. The
tests for determining the deformability of rock masses must be performed prior to
design. During construction, it is possible to obtain the response of the entire engi-
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neering structure by monitoring and comparing the observed results with the predic-
tions by numerical models. The reliability of the models depends fundamentally on
the parameters that govern the behavior of the engineering system. Thus, it is impor-
tant to use system identification techniques in order to re-evaluate the deformability
parameters of the rock mass by taking into account the results obtained from moni-
toring and previous field tests (Castro and Sousa 1995).

Table 8.1 illustrates typical values for the deformability for soft rocks as well as
shear strength values and UCS (Unconfined Compressive Strength). For low
deformability rocks, deformability moduli can be considerably higher than those for
soils. Table 8.2 shows the results of deformability moduli for soft rocks and corre-
sponding rock mass values, for different types of formations in Spain, Angola,
Taiwan, Greece, Iran, and Japan (Rocha 1975; Sousa et al. 1997; Hoek 2007a).

In the evaluation of deformability, it is important to consider anisotropy that exists
in rock masses. In soft rock masses the anisotropy is mainly related with the rock
anisotropy that influences the rock mass properties. Tests as shown in Table 8.2 were
conducted parallel and normal to the schistosity. The relationship between tests per-
pendicular and parallel to schistosity varied between 0.3 and 0.9. In residual rocks,
anisotropy also exists due to weathering effects (Rocha 1975). Therefore, deformabil-
ity of soft rock masses should consider time effect (He et al. 2015b). Heterogeneity is
also an important aspect to be considered, since all soft rock masses with low strength
presents in general these characteristics. This is true for sedimentary rocks and for
residual rock formations, which is the case for instance for a conglomerate formation
from Yulin caves in China (Fig. 8.4) or for residual rock granite formations in Porto,
Portugal (Fig. 8.5), (Medley 1994; Sousa et al. 2015).

Table 8.1 Deformability and strength range values for soft rocks (Rocha 1975)

Shear strength
Type of rock E (GPa) ¢ (MPa) ‘ @ (°) UCS (MPa)
Claystone and siltstone
Low 0.4-3.0 0.5-3.0 30-35 2-12
Average 3.0-8.0 3.0-6.0 3540 12-25
High 8.0-30.0 6.0-12.0 40-55 25-80
Sandstone and conglomerates
Low 0.5-4.0 0.5-3.0 3040 2-12
Average 4.0-10.0 3.0-8.0 40-50 1240
High 10.0-60.0 8.0-16.0 50-65 40-150
Limestones
Clay 0.5-5.0 0.5-4.0 3040 2-20
Shale 1.0-10.0 1.0-6.0 3040 4-30
Sound 20.0-100.0 10.0-40.0 40-50 40-250
Schists
Decomposed 0.4-2.0 0.4-2.0 30-35 1.5-8
Weathered 2.0-15.0 2.0-12.0 35-40 840
Sound 15.0-80.0 10.0-20.0 40-65 40-200
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Table 8.2 Deformability in soft rocks and rock masses

E (GPa)
Rock
Rock | mass
Formation Location Region | (E)) (Erm) a = Exu/E, | Comments
Schist Cedillo Spain 90 40 0.44 Parallel to
schistosity
Schist Cedillo Spain 40 12 0.30 Perpendicular to
schistosity
Schist Alcantara | Spain | 140 5 0.04 Parallel to
schistosity
Grés Cambambe | Angola| 65 8.6 0.13 Rocha (1964)
Conglomerate Aviaki Greece | 60 6 0.10 Rocha (1964)
Siltito Aviaki Greece | 15 1.5 0.10 Rocha (1964)
Argilito Karum Iran 11.5 7 0.61 Rocha (1964)
Limestone Karum Iran 50 7.5 0.15 Rocha (1964)
Sandstone Mingtan Taiwan | 223 | 4.2 0.19 Perpendicular to
schistosity
Sandstone Mingtan Taiwan | 22.3 | 3.7 0.17 Parallel to
schistosity
Siltstone Mingtan Taiwan | 10.6 | 3.3 0.31 Perpendicular to
schistosity
Silstone Mingtan Taiwan | 10.6 | 5.7 0.56 Parallel to
schistosity
Interbedded Mingtan Taiwan | 12.8 | 2.8 0.22 Perpendicular to
sandstone and schistosity
siltstone
Interbedded sanstone | Mingtan Taiwan | 12.8 | 3.0 0.23 Parallel to
and siltstone schistosity
Conglomerate Site B Japan 0.23] 0.74 3.23 Sousa et al. (1997)
Conglomerate Site C Japan 0.22| 0.50 2.27 Sousa et al. (1997)

For engineering purposes, it is useful to define a modulus reduction factor a,
which represents the ratio of deformability modulus between rock mass and a
smaller element of the rock material, as presented in Table 8.2. The two cases for
conglomerates exhibit reduction factors greater than others due to the way the tests
were performed in these heterogeneous formations.

Figure 8.6 represents the modulus reduction factor vs. the RMR coefficient. The
correlation is based on values referred in the publication of Sousa et al. (2010). In
accordance to the derived equation and considering that soft rocks can vary with
RMR values between 40 and 10, the modulus reduction factor varies, respectively
between 0.25 and 0.10, which can be considered in accordance to what is presented
in Table 8.2.

In the following sections, in situ deformability tests are described which include
borehole tests, plate load tests and flat jack tests, as well as laboratory triaxial tests
including rockburst tests. A special reference is also made for the opening of galler-
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Fig. 8.4 Conglomerates at Yulin caves (Sousa et al. 2015)

Fig. 8.5 Geological
cross-section of Bolhdo
station (Miranda et al.
2014)

Rl
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ies and in situ hydromechanical water loading tests. Sections are closed with rein-
forced concrete plugs and measuring instruments are installed (Ulusay and Hudson
2007; Rocha 2013). A section is dedicated to a deformability investigation on a
heterogeneous soft rock mass.
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Table 8.3 Suggestions about Situation | E (GPa) Large scale tests
the use of.lgrge scale Fests for A E> 10 Advisable
deformability evaluation
B 5<E<10 |Necessary
C 0.1 < E<5 | Necessary with high precision

The general methodology, as mentioned in the Sect. 8.1, is to section the rock
mass into different zones which are assumed homogenous (Graca 1983; Sousa et al.
1997). In each zone, several borehole tests can be performed to investigate the rock
mass and deliver samples used for deformability tests, dilatometer or pressuremeter
tests. The distribution of the tests can be of two distinct types: they can either be
performed at random locations using a large number of tests in order to estimate
mean values such as mean deformability; or they may be performed at in locations
where the deformability modulus is expected to be lower (Sousa et al. 1997). To
interpret the results, the criterion used for the location of the boreholes must be
considered. In the case where a large number of tests are performed, there can be
three distinct situations as shown in Table 8.3. For situation C, which corresponds
to soft rock masses it is necessary to perform large-scale deformability tests with
high precision, involving a representative test volume of the rock mass. In the same
tested volume borehole tests should be performed, and the results obtained from
both methods should be compared and correlated. With established correlations for
each zone established, the results of other small scale borehole tests can then be
corrected. Of course a large number of laboratory tests should be performed in each
zone as they will be used for the application of empirical systems and also to com-
pare with the in situ tests. The different types of deformability and strength tests,
both in situ and in the laboratory, are described in Table 8.4.
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Table 8.4 In situ and laboratory tests for deformability and strength (adapted from Sousa et al.
2010)

Purpose of tests In situ tests Laboratory tests
Deformability Geophysical tests Uniaxial compression
Dilatometer/pressuremeter Triaxial compression
LFJ and SFJ Swelling
Borehole jacking Creep
Chamber pressure
Strength Direct shear Uniaxial compression
Rock pressuremeter Direct shear
Uniaxial compression Triaxial compression
Borehole jacking Direct tension
Brazilian
Point load

8.2.2 In Situ Deformability Tests
8.2.2.1 Borehole Tests

In situ deformability tests performed on a small volume are usually executed in
boreholes, since the tests are relatively economical to be performed and in general
the boreholes have already been drilled before in order to survey the rock mass.
Moreover, preparation of the borehole walls in the test stretch is not required.

Borehole deformability tests can be grouped into the following two main types:
(1) the pressure load is applied by means of a flexible membrane completely
attached to the borehole walls with a rotationally symmetric pressure (referred to as
dilatometers); and (2) the pressure load is applied by means of rigid plates attached
to two arcs of the borehole’s circumference (referred to as borehole jacks).

In the first type of test, rock pressuremeters are used to measure global volumet-
ric deformation (Birid 2014, 2015). These tests are generally used for soil and weak
rock and have accuracy limitations, because they measure volumes and not dis-
placements. The use of rock pressuremeters for deep foundation design is very
important, particularly for rock foundations in skyscrapers (Failmezger et al. 2005;
Sousa et al. 2010). Other equipment is sometimes used and includes dilatometers
with direct measuring devices in which several radial deformations can be obtained
(Ulusay and Hudson 2007).

The second type of test corresponds to a more complex theoretical loading situ-
ation, such as in the case of the Goodman jack. The greater robustness of this equip-
ment in comparison with the dilatometer is why it is still in use (Ulusay and Hudson
2007; Slope Indicator 2010), (Fig. 8.7).

The most suitable borehole tests for rock mass deformability characterization are
dilatometer tests. The LNEC BHD (BoreHole Dilatometer) dilatometer is an old and
reliable equipment (Graga 1983; Rocha 1974, 2013). It consists of a steel body, envel-
oped by a rubber jacket, which transmits pressure to the borehole walls. It was
designed to carry out deformability tests for rock masses in NX (76 mm diameter)
boreholes, operating under normal conditions up to 150 m deep (Fig. 8.8). The pressure



8 Evaluation of Geomechanical Properties of Soft Rock Masses by Laboratory... 197

Fig. 8.7 Stiff dilatometer tests (Slope Indicator 2010)

Flg 8.8 Borehole Linear diferential transformer Air compressed pipe
dilatometer BHD (Rocha Liquid under Rubber

Pl i i
2013) ug Oring Spring 1‘\ pressure

I e e AW | M
" L T
nEn .l Rl -~ ‘E B
32;32;32;, / .
Relief Cm:ﬁicl LS steel Electric cables
valve rod cylinder Pipe for liquid
Length=755mm under pressure

is obtained by pumping water, which can reach 20 MPa. The deformation is mea-
sured along four diameters, 45° apart, with the help of four pairs of sensors, which are
connected to differential transducers. The deformability modulus, also called dila-
tometer modulus, is evaluated by assuming a continuous, homogeneous, isotropic
and linear elastic medium, in accordance to the theory of elasticity for a borehole of
infinite length with a uniform pressure acting on its wall (Graca 1983). These tests are
easy to perform, but the tested volumes are small, usually between 0.5 and 1 m?, and
may not be representative of the rock mass. In soft rock masses, the results from
dilatometer tests are more representative of rock mass behavior.

Other equipment is also available, such as the dilatometer probe presented by
SolExperts (2016) and shown in Fig. 8.9. The specifications include measurements
in depths up to 1400 m with borehole diameters of 96, 101, 122 and 146 mm, and
maximum pressures up to 20 MPa (SolExperts 2016). Figure 8.10 shows a typical
diagram pressure-deformation obtained in a point of a borehole.

Interpretation of these tests is difficult due to variations in the behavior of the
rock mass during tests. In foundations, the initial stresses are small, and the tensile
circumferential stresses induced by the applied pressure are usually higher than the
initial circumferential stresses in the borehole walls. Thus, the deformability modu-
lus obtained from the elasticity formula is not usually the true elastic modulus, but
of an equivalent isotropic and homogeneous medium. Several assumptions can be
made for the BHD dilatometer depending on the initial stresses (Pinto 1981; Sousa
etal. 1997).
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Fig. 8.9 Dilatometer Ditatometer Probe
probe SolExperts (2016)
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Fig. 8.10 Diagram pressure vs. deformation in the dilatometer (SolExperts 2016)

In soft rocks, it is necessary to have a rigorous characterization of the deform-
ability of the rock masses. In dilatometer tests results, the moduli of deformability
better represent reality. This is confirmed by the results in Fig. 8.11 where correla-
tions between the ratio of large deformability and dilatometer tests are correlated
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Fig. 8.11 Relationship between dilatometer deformability tests and large deformability tests
(Graga 1983)

with the modulus of deformability of large deformability tests obtained by LFJ tests
(Graga 1983). Figure 8.11 shows that the relation E; g/Eg can reach the value 5 for
a rock mass with excellent quality, which can decrease to values near 1 for soft
rock masses.

8.2.2.2 Plate Load Tests

In plate load tests (PLT), the load is applied on an existing surface and the response
of the undisturbed rock mass is mixed with a superficial zone that is disturbed by the
superficial stress release. To avoid this, sometimes only the deformation occurring
at a certain distance from the load surface is measured, but measured deformations
are usually smaller and therefore the results cannot be very accurate.

In situ PLTs should be based on a jack test (River Bureau 1986; Ulusay and
Hudson 2007). The plate test using surficial loading is mainly performed in small
tunnels or test adits. Two areas about 1 m in diameter are loaded using jacks. A typi-
cal test set up is shown in Fig. 8.12. Another scheme is shown in Fig. 8.13, for a
double-plate bearing test with two hydraulic jacks applied to the walls of a gallery
with a loading area of about 1 m?> (Rocha 2013).

If the load is applied by a rigid-disk type plate to obtain a uniform displacement
behavior, the modulus of deformability for the rock mass Eyy is given by Eq. (8.1):

(1-9°)(F,-F)
E\ _W (8.1)
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Fig. 8.12 Uniaxial jack test (Ulusay and Hudson 2007)
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If the load is applied by a flexible flat-jack to obtain a uniform distribution load, Eyr
is given by:

2(1-92 — -
E,, = ( )(r2 n)(p - p) 8.2)
Wz _VVl
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In Egs. (8.1) and (8.2), a is the radius of the rigid disk, v Poisson ratio, F, and F,
the loads of two points in the load vs. displacement curve, and W, and W, the
displacement values corresponding to the pairs of forces and pressures F; and p;,
and F, and p,, respectively.

There are indicated two types of PLTs as shown in Fig. 8.14. Two areas diametri-
cally opposite in the test adit are loaded simultaneously, for example using flat jacks
positioned across the test drift, and the rock displacements are measured in bore-
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Fig. 8.14 Methods for PLT tests (Palmstrom and Singh 2001)
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holes behind each loaded area (Palmstrom and Singh 2001). Alternatively (Fig. 8.14)
the PLT measures the displacements at the loading surface of the rock, while the
previous case records the displacements in drill holes beyond the loading assembly.

Mingtan Pump Station, in Taiwan

PLT tests were used at the Mingtan Pump Station, in Taiwan (Rodrigues et al. 1978;
Hoek 2007a). The power cavern complex is located in sandstone, sandstone with
siltstone interbeds and several siltstone beds belonging to the Waichecheng series.
The sandstones are fine grained to conglomeratic and sometimes quarzitic. In gen-
eral, they are strong to very strong although they are slightly to moderately weath-
ered. Locally, softer zones of highly weathered material was encountered. The
siltstones are moderately strong and almost always sheared. Occasionally, massive
sandstone beds occurred with a thickness of up to 7 m. The geology of the Mingtan
powerhouse is presented in Fig. 8.15. The general appearance of the rock mass in an
exploration adit is shown in Fig. 8.16. Figure 8.17 shows the in situ PLT’s.
Laboratory and in situ tests were carried out in the 1970s for the Mingtan Projects
and the detailed design of the Mingtan project started in 1982 (Hoek 2007a). The
rock mass in the powerhouse was classified using the RMR and Q systems as:
Jointed sandstone—class 2; Bedded sandstone—class 3; Fault and shear zones—
classes 4 and 5, as shown in Table 8.5. The in situ deformation modulus values for

the rock mass are listed in Table 8.6.
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Fig. 8.15 Geological plan of the Mingtan underground powerhouse complex (Hoek 2007a)
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Fig. 8.17 Plate load tests
at New Tienlun
hydroelectric project
(Hoek 2007a)
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Table 8.5 Rock mass classifications for the powerhouse area (Hoek 2007a)

Rock type RMR Q Rock quality
Jointed sandstone 63-75 12-39 Good

Bedded sandstone 50-60 7-13 Fair to good
Fault and shear zones 10-33 0.1-11 Very poor to poor

Table 8.6 Deformation modulus of the rock mass from PLT tests

PLT tests
Rock type Comments E (GPa)
Sandstone Normal to bedding 3.2-5.1
Parallel to bedding 2.3-5.0
Interbedded sandstone and silstone Normal to bedding 2.8
Parallel to bedding 3.0

8.2.2.3 Flat Jack Tests

In Large Flat Jack (LFJ) tests, a load is applied on the walls of a slot and the deform-
ability of large volumes of rock masses in undisturbed conditions is assessed. The
authors believe that LFJ tests are the most appropriate large scale tests for evaluat-
ing in situ the rock mass deformability. An LFJ test developed by LNEC is widely
used by this institution in numerous studies in soft rocks (Pinto 1981). The advan-
tage of this type of test in comparison with other slot tests is that the jacks can apply
the pressure directly on the rock surface. The LNEC flat jacks contain four deforme-
ters which measure the variation of the slot opening. The jacks can be placed in slots
opened side by side and tested either simultaneously or individually, which allows
one to conduct the test on a volume large enough to be representative of the rock
mass. Figure 8.18 shows an arrangement of three flat jacks placed side by side.

The tests are usually interpreted using the Theory of Elasticity for a half-space,
with a distributed normal load:

Ap

E,, =(1+V") (8.3)

where Eg; is the deformability modulus obtained with these tests, v is the Poisson
ratio, K a constant to be evaluated, Ap the pressure change and ¢ the deformation
caused by Ap. Constant K may be calculated by numerical methods and it is a func-
tion of the number of LFJ tests, the chosen deformeters and the depth of a crack that
often develops in the plane of the slots during the tests (Pinto 1983; Rocha 2013).

An alternative LFJ arrangement is shown in Fig. 8.19 where in which each slot
contains two independent jacks about half of the size of the old jacks and by a cen-
tral borehole with 100 mm in diameter. The deformeters are placed in three indepen-
dent measuring columns, installed in a central borehole and in two boreholes with
76 mm in diameter.
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Another flat jack technique developed at LNEC is the Small Flat Jack (SFJ)
using small scale jacks which are used mainly for stress measurements (Fig. 8.20),
(Pinto and Graga 1983). However it can also be used to obtain the deformability of
the rock mass assuming isotropic or anisotropic media (Martins and Sousa 1989).
The following formula was obtained using results of a 3D finite element
model (FEM):

E :Kﬁ

SFI 5 (8.4)



206 L. R.e. Sousa et al.

.0.20 0.20 0.20

0.10,0.10

w T

N~

o- " ” ’ ’

o B A A B

(o] o] [o] o]

of T Uy L i
o

Yo}

N~

S

o

Units in meters

Fig. 8.20 SFJ test. Geometry of a slot (Pinto and Graga 1983)

where Egg; is the deformability modulus, K a constant obtained through the FEM
model, Ap the cancellation pressure and 6 measured displacements between pairs
of points.

An important application of the use of LFJ methods was at Mingtan Pumped
Station, in Taiwan (Rodrigues et al. 1978; Hoek 2007a), presented in Sect. 8.2.2.2.

8.2.3 Triaxial Techniques and Procedures in Laboratory

High performance True Triaxial Testing (TTT) of rocks can simulate the in situ
stress environment with three principal stresses with the goal to characterize the
deformation and strength behavior of rocks. The state of the art of TTTs was dis-
cussed and reviewed during the Workshop on TTT of rocks held in Beijing
(Kwasniewski et al. 2013). Some of the work has been published in Kwasniewski
(2013), Lade (2013), Li et al. (2011), Mogi (2013), and Tshibangu and
Descamps (2013).

In soft rocks Alexeev et al. (2013) presented experimental results of deformation
and fracture of coals under true triaxial compression at various stress states. Lu et al.
(2012) presented an experimental study of wellbore deformation in a deep claystone
formation by using a large-scale physical true triaxial simulating equipment. Using
cylindrical samples of Kimachi sandstone, Fujii et al. (2013) performed tests where
confining pressures were applied through a liquid and the axial stress was applied
by solid pistons as minimum principal stress. Tarasov (2012) demonstrated that
hard rocks can exhibit dramatic embrittlement at a certain range of confining pres-
sures, and proposes a special shear rupture to explain the phenomenon.

A special water—stress coupling meso-mechanics test system was developed at
Zhongshan University, China (Zhou 2018). It uses conventional rock triaxial appa-
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ratus with oil to provide confining pressure and requires that the rock sample be
protected by an envelope. In practice, it is very difficult to simulate softening condi-
tions of soft rock (taking into account water-stress coupling), and it is difficult can-
not meet the requirements of observing meso-characteristics on the surface of soft
rock under water-stress coupling. This was the motivation to develop the apparatus
to simulate the deformation of and failure process of soft rock in the real environ-
ment. The so-called “TAW-100 water-stress coupling soft rock meso-mechanics
servo triaxial test system” was created improving the loading system, pressure
chamber and microscopic observation part of traditional rock triaxial testing
machines (Zhou 2018). The design of the new system is shown in Fig. 8.21, where
A is the pressure chamber; B is the loading system; C is the measuring system; D is
the servo control system; E is the microscopic observation system; F is the computer
system; G are the rock samples. The loading system consists of an axial pressure
system and a two-direction confining pressure servo loading system. The system
can adjust the axial pressure and radial confining pressure on rock samples with dif-
ferent time intervals according to different experimental programs in order to make
it possible to simulate the pressure situations for soft rock under various construc-
tion programs, and provide the function of filling and compressing the pressure
chamber with water or oil. The axial loading system is illustrated in Fig. 8.22. The
two-direction confining pressure servo-loading system is presented in Fig. 8.23. It
consists of a rigid support, ball screw, servo-motor, water and oil reservoirs, piston
hydraulic sensor, etc.

More details of this equipment can be found in the report of Zhou (2018).

A modified true triaxial test system to for TTT of rocks was developed at SKL-
GDUE, of the China University of Mining and Technology, of Beijing (He et al.
2013) and is shown in Fig. 8.24. This innovative equipment has a single face unload-
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Fig. 8.21 Design of a new test system
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Fig. 8.22 Axial pressure
loading system

\

ing device that allow one to perform rockburst tests in laboratory (He and Sousa
2014; He et al. 2015a). Figure 8.25 describes the dropping test used for unloading a
face which is performed through a change of a piston movement.

Since its development, a large number of rockburst tests were performed and the
results of the tests collected, and stored in a database which was analyzed. This
included studies from several countries including China, Italy, Canada and Iran.
DM techniques were applied and predictive models were developed for the rock-
burst maximum stress (ogp) and for a rockburst risk index (Izg). All the tests were of
strainburst type. A rockburst critical H, was calculated by the following expression:

H, 6 =18.520,, (8.5)
where oy is the rockburst maximum stress obtained in the test and H the depth

where the sample was collected. The index Izg was proposed and calculated from
the formula (He et al. 2015a):

Iy =—= 0.054i (8.6)
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Fig. 8.24 Rockburst testing system (He 2006)
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Fig. 8.25 TIllustration of
the dropping system for
load bar and loading plate
(He 2006)
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Table 8.7 Statistical parameter values of soft rocks obtained through rockburst tests

Parameters | Schist | Coal | Dolomite |Limestone |Mudstone | Sandstone | Shale |Slate
UCS (MPa) | — 119 - 24.1 11.5 83.4 8.0 58.3
E (GPa) - 24 - 9.7 2.0 24.5 3.0 13.5
v - 0.28 |- 0.24 0.37 0.24 037 |-

H (m) 1000 507 |250 3375 910 854 500 500
H, (m) 1413 352 2315 1278 306 1878 343 1587
ors (MPa) 76.3 19.0 | 125.0 69.0 16.5 101.4 18.5 857
Irp 0.81 1.65 | 1.11 3.49 3.02 0.62 1.54 1034

Some of most important statistical characteristics concerning the database are
presented in Table 8.7 for soft rocks (schist, coal, dolomite, limestone, mudstone,
sandstone, shale, and slate). The DM models made it possible to predict the
parameters in Table 8.7 with high accuracy using data from the rock mass and a
specific project. The DM modeling techniques comprised MR—Multiple
Regression, ANN—Aurtificial Neural Networks, and SVM-—Support Vector
Machines.

A classification in accordance with the rockburst index was established for the
possibility of occurrence of rockburst depending on the value of Iyg. For Izg < 0.6 is
classified as Low; 0.6 < Iyg < 1.2 is classified as Moderate; 1.2 < Iz < 2.0 is classi-
fied as High; and Iz > 2.0 is classified as Very High. Figure 8.26 shows the relation
between Izg and ogg.

Among the DM algorithms used only MR provides an equation relating the out-
put and the input variables. The modeling and evaluation is discussed in He et al.
(2015a). The equations are:

G4y =9.132—0.013H +0.381UCS +0.364E +1.2115,, —0.0695,, +0.3655,, (8.7)

I, =1.432+8.03510™ H —8.42910™ UCS — 0.009E —0.007G , —0.074K (8.8
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In Eqgs. (8.7) and (8.8), o;,; and o), are, respectively, the horizontal in situ stresses in
a perpendicular and in the face to be unloaded, and K is ratio between the average
in situ horizontal stresses and the in situ vertical stress due to overburden. Figure 8.27
shows the relative importance of the variables for predicting Iz in the more accurate

ANN model.
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8.2.4 Deformability Investigation of Soft Rock Mass at a Dam
Site in Japan

In this section the evaluation of the deformability parameters is discussed in the
context of the foundations of a dam in the north of Japan (Sousa et al. 1997). The
rock mass is highly heterogeneous and consisted of lapilli tuff and conglomerates.

A main gallery about 80 m long was excavated as shown in Fig. 8.28, and several
in situ and laboratory tests were performed on rock samples. In situ PLTs were per-
formed on a small gallery designated TA-3’ perpendicular to the main gallery
(Fig. 8.29). The PLTs were performed considering rigid plates with 30 and 60 cm in
diameter, mainly in the conglomerate formation. Nine in situ pressuremeter tests
were performed in the locations indicated in Fig. 8.28, namely Cy-1, Cy-2, Cy-3,
Ci-1,C.-2, C -3, Cy-1, Cy-2, and Cy-3. Some laboratory tests were carried out that
included uniaxial compression tests and measurement of the velocities of waves and
specific gravity.

PLT tests were performed at five locations in the gallery TA3’ designated by A
(No. 1), B (No. 2), C (No. 3), D (No. 3’), and E (No. 4). The loading tests were
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performed according to the guidelines given in the Japanese manual River Bureau

(1986). The loading pattern was based on four incremental steps of 0.8, 1.6, 3.2, and
4.8 MPa for four cycles repeated for the last increment of load as indicated in
Fig. 8.30. A final endurance loading cycle was carried out for 6 h. The coefficient of
deformation D, tangential coefficient E, and secant coefficient of elasticity E, were
determined in accordance with the example of load-displacement curves presented
in Fig. 8.31.

Figure 8.32 is a schematic of the bedrock observed in the exploratory TA-3’,
which was excavated along the right bank of a river in the conglomerate layer
(Sousa et al. 1997). The conglomerate is pale dun-greenish dun and its heteroge-
neous bedrock consists of gravel and matrix. The bottom of the exploratory gallery
is relatively dry and the ground water level was about 40—80 cm below the bottom.
The gravel is made up of lapilli tuff, coarse-grained tuff and mudstone. The main
gravel size ranged from 5 to 50 cm, but large gravel measuring 2 m in size was

5
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Fig. 8.31 Example of load
vs. displacement curves

Fig. 8.32 Heterogeneity
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Fig. 8.34 Diagram of loading stress vs. displacement for the PLT tests at A

found in places. The matrix is soft and consisted of sandy tuff and politic tuff, and
has a low degree of consolidation.

The test site consists of gravel of various sizes and a small-scale matrix that lies
in between. A detailed sketch of the rock formation in the location was made for
each site location. Figure 8.33 presents a detailed sketch for the test surface A. In
each test site a PLT with 30 cm diameter was first performed, followed by a PLT
with 60 cm diameter. The tests were performed in areas where the matrix and gravel
were in an approximate equal proportion.

Figure 8.34 shows typical results for the relationship between loading stresses
and displacements at site A. The normalized displacements represent the average
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Table 8.8 PLT test results

30 cm plate 60 cm plate
Position D (MPa) E, (MPa) E, (MPa) D (MPa) E, (MPa) E, (MPa)
A 578 1014 818 886 1307 906
B 413 808 639 736 1159 789
C 47 439 410 487 953 641
D 634 1119 852 914 1413 931
E 736 1225 1019 1243 1667 1511

Table 8.9 Pressuremeter test results

Test Class D (MPa) E, (MPa)
Ci-1 C 30 210
C.-2 C. 350 890
C-3 CL 60 300
Cy-1 Cym 1260 1890
Cy-2 Cu 2160 6900
Cy-3 Cym 1730 2770
Cy-1 Cy 1870 13,000
Cy-2 Cy 2890 5200
Cy-3 Cy 2590 8650
B C. 220 1240
C C. 130 540
E CL 690 1200

values of the four points on the stiff plate as a percentage, obtained by dividing the
displacements by the diameter of the plate. The results show that the slope of the
tangent of the curves increases as displacements of the plate increases, which means
that the rock formation gets harder with increasing stresses.

Tests conducted at another site, C, showed extremely large deformations for the
PLT’s with 30 cm diameter, but the PLT with diameter 60 cm did not show such
large deformations. This happened because the plate probably was on the matrix,
where the gravel area ratio is different to the other tests.

Table 8.8 summarizes the PLT results. In order to calculate the coefficient of
deformability D, the range of loading stress was from 2 MPa (test B), to 2.2 MPa
(tests C, D and E), to 2.4 MPa (test A) to 4.8 MPa (for all tests). E, was calculated
for a lower pressure between 1.0 and 2.8 MPa and for a higher stress between 4.0
and 4.8 MPa. E was determined for the range of stresses between 0 and 4.8 MPa.

Several pressuremeter tests were carried out for a 66 mm diameter borehole. Six
tests were performed on lapilli tuff (classes CM and CH) in gallery TA-3" and six in
the conglomerate rock mass, three being in the same location of plate load tests B,
C and E as indicated in Fig. 8.28. Three additional tests were performed in class CL
in TA-3. Some results are shown in Table 8.9.

Several laboratory tests were performed in order to evaluate the deformability
modulus and the uniaxial compressive strength (Sousa et al. 1997). A summary of



8 Evaluation of Geomechanical Properties of Soft Rock Masses by Laboratory... 217

Table 8.10 Deformability moduli at a heterogeneous conglomerate for different tests

Test Deformation coefficients | Maximum (MPa) | Mean (MPa) | Minimum (MPa)
PLT (60cm) | D 1243 853 487

E, 1667 1300 953
PLT 30cm) | D 736 482 47

E, 1225 939 439
Pressuremeter | D 690 247 30

E, 1240 730 210
Lab. Uniaxial | E 304 199 98

the test results are shown in Table 8.10. For the uniaxial tests, a mean value of
199 MPa was obtained for the elasticity moduli, with a maximum of 304 MPa and
a minimum of 98 MPa. For the uniaxial compressive strength a mean value of
1.4 MPa was obtained. The deformability moduli obtained using laboratory tests
were generally lower than the values obtained with the in situ tests.

An overall analysis of the results for the different type of tests (plate load, pres-
suremeter and laboratory uniaxial tests) in the same type of rock mass, namely
conglomerate of class C;, was made. The results suggested that coefficients D and
E, decrease with the reduction in test volume. This is probably due to the fact that
the tests were performed in locations with lower deformability coefficients which
were chosen based on safety considerations (see Fig. 8.32). When the in situ PLTs
were conducted on larger volumes, as with the 60 cm diameter rigid plate, the influ-
ence of more rigid blocks was more significant and the rock mass was observed to
be stiffer. The comparative analysis of the results shows that the in situ plate tests
with small diameters cannot represent behavior of the rock mass well. The mean
deformability values obtained through large scale PLTs are closer to the real mean
deformability value of the rock mass in the tested zone.

Figures 8.35 and 8.36 compare deformability coefficient D and tangential coef-
ficient E,. Figure 8.35 shows the values of the in situ deformability coefficients as:
30 cm plate load tests (D;y) against pressuremeter tests (D,); 60 cm plate load tests
(Dgy) against pressuremeter tests; plate load tests Dy, against plate load tests Ds.
Using the least square method the following gradients were obtained: D;y = 1.12Dy;
Dy, = 2.00Dy; and D¢y = 1.61D5. Figure 8.36 compares tangential coefficients E,
The relations were as follows: Ezg = 1.12E4; Ego = 2.00E; and Eq = 1.61E .

In conclusion, because of the heterogeneous nature of the rock mass, the deform-
ability parameters are very much influenced by the dimension of the tested volumes
and by the methodology followed. There is a significant difference in the deform-
ability parameters that are obtained by PLTs of different diameters. This has real
practical and important implications, specifically that if the PLT of diameter 30 cm
results are used, then the Japanese regulations would not allow the dam to be con-
structed, whereas with the PLT of 60 cm results the permissions could be obtained
to build the dam (Sousa et al. 1997).
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Fig. 8.35 Comparison
between in situ
deformability coefficients

Fig. 8.36 Comparison
between in situ tangential
coefficients of elasticity E,

Do, Do (MPa)

B, B (MPa)

L. R.e. Sousa et al.

1400 T T T T 1
! N/
1200 | /5 -
I/I /,
1000 |- s i
800 /s &
A /w‘.
‘y
600 [~ / / —
aa ///'
a0 O —
o O — DD,
200 |- 1/, 4 —-- DDy | _
I O —— Du/Ds
O] I I ] I ]
0 200 400 600 800 1000 1200 1400
Dy, D,(MPa)
2000 ] , ,
./ ‘
o,
Vd
1500 |- I —
/
e
P
-/
1000 |- oA /7 -
./// o
Kk
///
- YA
50 7 O —EJE, |
Y B --- EJE,
7 O — — Ee/Ee
| a |
0 500 1000 1500 2000
Evo, E(MPa)

8.3 Methodology for Evaluating Strength

8.3.1 Strength Evaluation

Rock mass strength parameters can be determined using large scale in situ and labo-
ratory tests for intact rock and discontinuities. The major in situ tests are sliding or
shearing along discontinuities, in the fault filling materials and along other low
strength surfaces and at rock mass/concrete interfaces. Laboratory tests for intact
rock strength evaluation are shown in Table 8.4 (ASCE 1996; Rocha 2013).



8 Evaluation of Geomechanical Properties of Soft Rock Masses by Laboratory... 219

In general, the unconfined compressive strength (UCS) of soft rocks varies
between 2 and 20 MPa, and fiction angles normally range between 30° and 45° and
cohesion values are typically not lower than 0.4 MPa (Rocha 1975). In addition, the
shear strength of soft rock masses is less influenced by discontinuities than for hard
rock, and the influence diminishes as the strength of the rock decreases. In the case
of continuous fractures or continuous surfaces of low strength, each case should be
considered individually as in the case of Agua Vermelha presented in Sect. 8.1
(Rocha 1975; Pedro et al. 1975). There are cases where it is reasonable to adopt
intact rock strength for the strength of the rock mass as was the case for Alto
Rabagdo dam, in Portugal, and for Sao Simao in Brazil (Rocha 1974).

Empirical systems provide good guidelines to estimate rock strength parameters
for a given failure criterion. The GSI (Geological Strength Index) system was spe-
cifically developed to estimate rock mass strength parameters (Hoek 2007a). The
system uses a qualitative description of two fundamental parameters of the rock
mass: its structure, and the condition of its discontinuities. This system has also
been used for evaluation of heterogeneous rock masses in the Porto Metro and tun-
nels in Greece that are in difficult rock mass conditions like flysch (Hoek et al.
2005; Babendererde et al. 20006).

Usually, the calculation of the GSI value is based on correlations with modified
forms of the RMR and Q indices, taking into consideration the influence of ground-
water and orientation of discontinuities (Hoek 2007a). Other approaches, defined by
several authors, can be used for the GSI evaluation (Miranda 2003, 2007). Based on
experimental data and theoretical fracture mechanics, the H-B criterion for rock
masses is given by:

O

o =0, +0, (mb SR sj (8.9)
where ¢'; and ¢'; are, respectively, the maximum and minimum effective principal
stresses, m, is a reduced value of the m; parameter which is a constant of the intact
rock, and s and a are parameters that depend on characteristics of the rock forma-
tion. Serrano and Olalla (2007) extended this failure criterion to 3D in order to
consider the intermediate principal stress in the failure strength of rock masses.

The H-B criterion has seen developments introduced, as well as limitations
(Douglas 2002; Carter et al. 2007; Carvalho et al. 2007). Once the value of GSI is
determined, the parameters of the H-B criterion can be calculated through the fol-
lowing equations:

GSI—lOOj

o = eXp( 28-14D

s = exp(%j (8.10)
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a—l 1(GSI-100
2 6\ 9-3D

where D is a parameter developed for the underground works of the Porto Metro
that depends on the disturbance to which the rock mass formation was subjected
from blasting and stress relaxation (Hoek et al. 2002).

Guidelines were established for estimating D where D = 0 for excellent quality
controlled blasting or excavations by TBMs and D = 1 for very large open pit mine
slopes (Hoek 2007a). There is a drawback in this formulation since the excavation
process affects a damaged zone near the excavation and it is not an intrinsic charac-
teristic of the rock mass. As such it only represents the disturbed zone near the
excavation. For GSI > 25, my, can also be calculated through the expression:

m, :ml.s% (8.11)

For many cases of rock masses and for certain geotechnical software, it is conve-
nient to use the equivalent cohesion ¢’ and friction angle ¢’ to the H-B criterion. The
range of stresses should be within ¢’ gy < 03 < 6'3rm. The value ¢'3ry can be deter-
mined for each specific case using.

o 4

' , -0.94

Domx _ .47 (G—mj (8.12)
cm H

For the shear strength of rock discontinuities the Q system can be used (Barton and
Choubey 1977; Barton 2016). The failure criterion is expressed by:

T=0, tan[JRC log,, {Ej + (pr] (8.13)
o

n

where 7, 6,, ¢,, JCS, and JRC are shear strength, normal stress, residual friction
angle, joint compressive strength and joint roughness coefficient, respectively.

In the case of Bakhtiari dam site this empirical criterion was used with success
for estimating the shear criteria of the discontinuities based on a statistical analysis
(Sanei et al. 2015).

8.3.2 Use of Data Mining DM Techniques

Data Mining (DM) techniques have been used in many fields and recently in geo-
technical engineering in different applications (Miranda 2007; Miranda and Sousa
2012; Sousa et al. 2012, 2017; Miranda et al. 2018). They are adequate as an
advanced technique for analyzing large and complex databases with geotechnical
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information within the framework of an overall process of Knowledge Discovery in
Databases (KDD). KDD processes have been carried out in the context of rock
mechanics using the geotechnical information of two hydroelectric schemes built in
Portugal on mainly granite rock formations. The main goal was to find new models
to evaluate strength and deformability parameters (namely friction angle, cohesion
and deformability modulus) as well as the RMR index. Databases of geotechnical
data were assembled and DM techniques were used to analyze and extract new and
useful knowledge. The procedure allowed one to develop new, simple, and reliable
models for geomechanical characterization of rock masses using different sets of
input data, and which can be applied in different situations depending on availabil-
ity of information (Miranda et al. 2009, 2011; Miranda and Sousa 2012).

With a database obtained from Venda Nova II hydroelectric scheme, the Mohr-
Coulomb parameters derived from the H-B criterion were computed. For poorer
rock mass conditions, the peak and residual parameters can be considered similar
because a perfectly plastic post-peak behavior can be assumed. Prediction models
for ¢" and ¢’ were developed. Figure 8.37 shows a plot of the most important param-
eters in the prediction of ¢’ (Miranda and Sousa 2012). There is a large number of
variables that are significantly related to the prediction of ¢’ and several show simi-
lar importance. Having said this, the most important variables are: (1) UCS which
is expected since it is a measure of strength; (2) the ratio between Jw/SFR; and (3)
the Q index (with logarithmic transformation) as well as other variables related to
the Q system. This was somewhat less expected because the Q system is normally
used only for classification purposes and not for the calculation of strength param-
eters since it considers the rock mass as a continuum despite the Jr/Ja ratio being a
strength index for joints. The Q index has shown to be complete and can be used for
the prediction of geomechanical parameters. This was confirmed in Barton (2013).
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Fig. 8.37 Relative importance of the attributes for the prediction of friction angle (Miranda and
Sousa 2012)



222 L. R.e. Sousa et al.

As an alternative classification system for the RMR system, the HRMR system
has been developed. It adapts to the level of knowledge of the rock mass providing
a classification with different accuracy levels, using a database including sound and
very weathered granite formations. It is based on a large database of cases and has
been validated in case studies. It allows one to visualize the surface and under-
ground structures vividly (Miranda et al. 2014).

8.3.3 In Situ Shear Tests

Direct in situ shear tests can be conducted in discontinuities containing an infilling
that has a critical influence on sliding stability. A typical set up of the direct shear
equipment is shown in Fig. 8.38 (Wyllie 1999).

When studying dam sites, direct shear tests can be used on concrete-rock sur-
faces and special continuum surfaces with low strength such as in Agua Vermelha
dam (Rocha 2013).

In situ tests performed at LNEC for different dam sites studies were carried out
as illustrated in Fig. 8.39, where a square-section of 70 cm was used (Rocha 2013).
In order to obtain a more regular distribution of normal stresses, a shear force was
applied by means of an inclined jack. The axes of the jacks pass through the center
of the volume to be tested. This layout was advantageous for tests inside galleries.
Once the vertical force was applied, which enabled the deformability of the rock
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Fig. 8.38 Typical setup of an in situ shear test (Wyllie 1999)
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Table 8.11 Shear strength of rocks tested in situ (adapted from Rocha 1964)
Rock Cohesion Friction No.
formation Type of test (MPa) angle (°) Scheme tests
Shale Rock normal to schistosity | 0.2 69 Bemposta 9
Concrete-rock parallel to 0.2 60 (Portugal) 5
schistosity
Concrete-rock parallel to 0.2 63 3
discontinuities
Shale Rock normal to schistosity 1.8 59 Valdecanas 7
Concrete-rock parallel to 0.4 62 (Spain) 3
schistosity
Shale Rock parallel to schistosity | 0.4 59 Miranda 4
Rock normal to schistosity | 0.6 64 (Portugal) 10
Concrete-rock parallel to 0.4 62 8
schistosity
Concrete-rock normal to 0.7 60 8
schistosity
Shale Rock normal to schistosity | 0.1 70 Alcantara 16
Concrete-rock parallel and | 0.1 56 (Spain) 28
normal to schistosity
Shale Rock parallel to schistosity | 0.2 50 Cambambe 4
(Angola)
Sandstone | Rock parallel to schistosity | 0.1 60 Cambambe 4
Concrete-rock parallel to 0.2 53 (Angola) 4

schistosity

mass or of the discontinuity surface to be determined, the inclined force was applied
by steps. Results of tests conducted by LNEC at several soft rock dam foundations
are presented in Table 8.11. The rock are shale and sandstone, in dam sites in
Portugal, Spain and Angola. Values of cohesion between 0.1 and 1.8 MPa were
obtained, with an average of 0.4 MPa and friction angles between 53° and 70°, with
an average of 60°.
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Table 8.12 In situ shear tests on bedding planes at the Bakhtiari dam site (Sanei et al. 2015)

¢, MPa)  |g,(>) @ () |ICS [IRC |6,(MPa) |7,(MPa) |z, (MPa)
0.36 31.9 31.7 27 6.4 1.05 0.94 0.93
0.31 34.6 34.5 20 8.7 1.55 1.33 1.31
0.10 33.0 32.3 26 7.1 0.89 0.60 0.59
Section A-A Section B-B

Concrete :}
wall

Fig. 8.40 Tests at Kurobe IV in Japan—Ilarge blocks were tested in this dam foundation (Rocha
2013)

In situ tests were recently performed at Bakhtiari dam site in Iran. This is the site
of a hydroelectric power plant which includes the design and construction of a
315 m high, double curvature concrete dam and an underground powerhouse with a
nominal output of 1500 MW (Sanei et al. 2015). Limestones layers constitute the
foundation of the dam and of the powerhouse. In situ direct shear tests along rock
discontinuities were performed. Three in situ tests on bedding planes were also
performed on blocks with 70 x 70 x 35 cm? in a gallery at Bakhtiari dam site. The
rate of shear displacement ranged from 0.1 mm/min to 0.5 mm/min. The normal
force was applied by hydraulic jacks and the shear force via a pressure plate. In the
tests the normal stress varied from 0.59 to 7.03 MPa. The mechanical properties of
the bedding planes obtained are given in Table 8.12, including cohesion and peak
and residual friction angles. The parameters JCS and JRC of the Q system (Barton
2016) are also given as well as the applied pressures during tests (normal and peak
and residual values).

In situ shear tests were performed at the Kurobe dam foundation site in Japan in
basaltic formations (Rocha 2013). These tests were on a large scale, and are illus-
trated in Fig. 8.40. Tests were performed on a section of size 2.5 x 3.5 m?. Tangential
forces were successively applied in two perpendicular directions.

More recent equipment to determine the shear strength of rock masses in bore-
holes include the rock borehole shear test (RBST) apparatus, which is used in a
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Fig. 8.41 Rock borehole shear tests (Yufei et al. 2012)

76 mm diameter borehole as shown in Fig. 8.41. This has found wide use in USA,
Japan, Korea, and China (Zhao et al. 2012). This equipment was applied at the
Xiangjiaba Hydropower Station which is one of the cascade power stations on the
Jinsha River, in China. Due to the complicated geological conditions of the dam
foundation, several groups of RBSTs tests were conducted on the black mudstone
in the dam foundation. Forty three groups of shear strengths of black mudstone
samples were obtained from RBSTs, and the shear strength parameters (¢’ and ¢")
were calculated. The average values of the internal friction coefficient and cohesion
were 0.47 (about 25°) and 0.8 MPa, respectively.

8.3.4 Laboratory Tests of Discontinuities

It is common to determine the shear strength of discontinuities by using direct shear
tests on core samples containing joint surfaces or bedding planes. Figure 8.42 pres-
ents a schematic shear box test with a rock sample under constant normal force
(ASTM 2002). Shear tests are generally carried out with a constant normal force or
stress. Dilatation can be inhibited by the surrounding rock mass and the initial
normal stresses may increase with shear displacements. Different shear modes are
illustrated in Fig. 8.43. In (a) and (c), the normal force is controlled, whereas in (b)
and (d) the normal displacements are controlled.

Figure 8.44 shows the results of a test performed on a fractured basalt sample. It
shows different types of behavior namely, tangential stresses vs. tangential displace-
ments for different normal stresses; normal stresses vs. normal displacements; the



226 L.R.e. Sousa et al.

Normal Lood System

ARETAE

Encapsulating Materiol

0.2 L Minimum

Sheor Lood System

Fig. 8.42 Direct shear box with a specimen (ASTM 2002)

no normal
(a) N:=:Gofistant (b) displacement permitted

)

sleleleleleleleleols

V7 i itid

5§ —{/

Fig. 8.43 Different situations of shear modes (Brady and Brown 2005)

dilatancy behavior of the discontinuity during the tests; and the peak and residual
Coulomb criteria.

Other equipment has been developed by several laboratories and entities (Rocha
1974; Brady and Brown 2005; Wyllie and Mah 2010; Sanei et al. 2015). Figure 8.45
illustrates the classic equipment developed at LNEC (Rocha 2013). Figure 8.46
shows a special shear test developed at the University of Porto that allows one to
conduct shear tests at normal stresses while allowing one to impose small deforma-
tions in the direction of the plane of the discontinuity. Figure 8.47 shows a portable
device developed at the Imperial College that allows one to conduct tests in labora-
tory and in the field.
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Fig. 8.44 Laboratory
shear test results in a
fractured basalt sample
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Fig. 8.45 Discontinuity shear tests at LNEC
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Fig. 8.46 Discontinuity
shear tests at University of
Porto

Rope load equallser

Normal load jack
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Upper shear
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Fig. 8.47 Portable in situ test developed at Imperial College (Brady and Brown 2005)

Direct shear laboratory tests were performed on limestone samples from the
Bakhtiari dam site in Iran (Sanei et al. 2015) which was discussed in the previous
section. The purpose of these tests was to evaluate peak and residual shear strengths
by applying normal and shear loads following the ISRM methods (Ulusay and
Hudson 2007). The samples ranged from 5.4 to 14.8 cm in length in the direction of
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Fig. 8.48 Peak friction angles of discontinuities in limestones (Sanei et al. 2015)

shear. The normal stresses ranged between 0.47 and 3.2 MPa. The shear force was
applied continuously while controlling the rate of shear displacement. In addition,
the joint roughness coefficient JRC and joint compressive strength were evaluated.
About 50 tests were conducted on bedding planes and 56 tests on rock joints. The
distribution of peak and residual shear strengths are shown in Fig. 8.48.

In soft rocks, particularly weathered rocks, discontinuities are occupied with fill-
ing material. Consequently, strength of the joints is affected by the nature of the
filling materials. Often, material like clay is present, and it is essential to investigate
if these filler materials are continuous or if blocks are in direct contact (Rocha 1964;
Wyllie and Mah 2010). Figure 8.49 shows the results of direct shear tests carried out
in mainly soft rocks. These types of rocks are grouped depending on infilling mate-
rials (Wyllie and Mah 2010).

Other shear tests such as triaxial tests and torsion tests can be conducted. These
are addressed in Wei et al. (2015). For the complete ISRM suggested methods for
rock characterization and testing reference is made to Ulusay and Hudson (2007).

8.4 Conclusion

This chapter presents various methods to evaluate the geomechanical properties of
rock masses, with emphasis on soft rocks. In general, there is a large degree of
uncertainty associated with the evaluation of the deformability and strength proper-
ties of soft rock masses. The selection of appropriate values of these parameters
requires a combination of in situ and laboratory tests as well as engineering judg-
ment. The use of techniques based on artificial intelligence, particularly those based
on Data Mining, have contributed to developing new geomechanical models for the
evaluation and characterization of geomechanical properties of soft rock masses.
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Fig. 8.49 Shear strength of filled discontinuities (Wyllie and Mah 2010)

Common in situ and laboratory tests were described and the results of different
tests were illustrated through several case studies. In general, refining predictions
depends on better testing equipment, both in situ and in the laboratory, as well as the
use of refined numerical models for interpretation. A case study of a dam in Japan
with foundations on a heterogeneous conglomerate formation was described. In
these formations, the geomechanical parameters are heavily influenced by the
dimension of the tested volumes and of the methodology followed. The case illus-
trated that sometimes this can affect whether the construction of an engineering

structure can proceed or not.
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