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Three-dimensional (3D) numerical simulation of Shiobara hydropower cavern was attempted with the
developed practical equivalent approach. This simple equivalent approach integrates the effect of joints
and corresponding nonlinearity in the rock and predicts its deformation behaviour. The model requires
minimum inputs from ﬁeld or laboratory tests and is efﬁcient to capture the nonlinear stressestrain
responses associated with the jointed rock mass. In this study, the applicability of the model was
demonstrated with the 3D analysis of Shiobara hydropower cavern. The numerical results were also
compared with those of six other computational models to analyse the same cavern. The 3D modelling of
powerhouse cavern shows that the present approach, though simple, can be applied to large-scale ﬁeld
problems. The model can precisely predict the deformation values well, and this study conﬁrmed the
effectiveness of the approach for simulation of underground structures in jointed rocks.
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1. Introduction
Rocks are different from other engineering materials due to the
presence of ﬂaws and weak planes, and stress and deformation
responses of rock masses induced mostly by the discontinuities.
Reliable characterisation of strength and deformation behaviours of
jointed rocks is important for safety design of any rock engineering
structures. Evaluation of strength and deformation characteristics
of rock mass is a challenging issue. Moreover, with the large
number of joints, it becomes almost impossible to deal with each
joint individually. In this case, it is necessary to replace the jointed
rock mass with an equivalent body with an appropriate constitutive
model. Several numerical methods have been developed by various
researchers to model jointed rock masses. Singh (1973) presented
continuum characterisation methods for jointed rock masses to
estimate the elastic modulus of equivalent continuum anisotropic
rock mass. Zienkiewicz and Pande (1977) used the equivalent
continuum approach known as multi-laminate model to simulate a
discontinuous rock mass. Many other researchers, e.g. Amadei and
Goodman (1981), Gerrard (1982), Fossum (1985), Kawamoto et al.
(1988), Chen (1989), Cai and Horii (1992), Desai and Ma (1992),
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Oda et al. (1993), Zhu and Wang (1993), Wei and Hudson (1998),
Adhikary and Dyskin (1998) and Hao et al. (2002), developed
their own rock mass models. Recently, Sakurai (2010) developed a
modelling strategy for jointed rock masses reinforced with rock
bolt for tunnels. Xu et al. (2015) reviewed and developed a new
elasto-plastic constitutive model for jointed rock mass. Gonzalez
et al. (2016) highlighted the comparison of discrete and equivalent continuum approaches to simulate the mechanical behaviours
of jointed rock masses.
An equivalent continuum approach proposed by Sitharam et al.
(2001, 2007), Sitharam and Latha (2002), and Latha and Garaga
(2012) is found to be an effective tool for modelling jointed rock
mass. The implementation of this simple equivalent continuum
approach has been attempted in the programme fast Lagrangian
analysis of continua in three dimensions (FLAC3D) (Sitharam et al.,
2007). The details of the approach including the basic steps adopted and the veriﬁcation exercise results are presented in the earlier
publications (e.g. Sitharam et al., 2007). The veriﬁcation of the
equivalent model is carried out by conducting uniaxial and triaxial
tests numerically and comparing with the respective laboratory
results. The veriﬁcation programme includes laboratory tested cylindrical specimens of different rock types with 1e4 joints at
different orientations, subjected to varying conﬁning pressures. The
results were also compared with those obtained from explicit
modelling of the cases where joints were incorporated as interfaces
in the model. To represent the highly discontinuous system, the
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laboratory investigation on block jointed specimens of gypsum
plaster (Brown and Trollope, 1970) is numerically modelled. The
applicability of the model is demonstrated by modelling and analysing Shiobara hydropower cavern project using the code FLAC3D.
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2. Description of the model
The model is proposed based on the relationships that are
simple and easy to be derived on the basis of a large number of
laboratory tests on jointed rock masses. The material properties are
expressed with joint factor (Jf) (Ramamurthy, 1993) and the properties of the intact rock. The elastic modulus ratio (Er) for the rock
mass, which is deﬁned as the ratio of elastic modulus of the jointed
rock (Ej) to that of the intact rock (Ei), can be calculated using the
following exponential function of joint factor (Jf):


Ej ðs3 ¼ 0Þ
Er ¼
¼ exp
Ei ðs3 ¼ 0Þ

1:15  10

2

Jf



(1)

The compressive strength ratio scr, deﬁned as the ratio of the
uniaxial compressive strength (UCS) of the jointed rock (scj) to that
of the intact rock (sci), is written as





scr ¼ scj sci ¼ exp

0:008Jf



= 0.88
Rf = 0.9
0

2.5

Fig. 1. Dependency of nonlinearity in the stressestrain behaviour on the failure ratio
(Rf).

(2)

The rock mass modulus in the unconﬁned state is related to the
conﬁned state by the following expression (Ramamurthy, 1993):

Ej ðs3 Þ ¼

1

Ej ðs3 ¼ 0Þ
 

exp
0:1 scj s3

(3)

The stressestrain behaviour was represented by a conﬁning
pressure-dependent hyperbolic relation by Duncan and Chang
(1970). The hyperbolic model expression for instantaneous slope
of the stressestrain curve, i.e. the tangent modulus Et, is given as
follows:

Et ¼



1

2
 n
s
Rf ð1 sin fÞðs1 s3 Þ
KPa 3
2c cos f þ 2s3 sin f
Pa

(4)

where K is the modulus number, n is the modulus exponent, c is the
cohesion, f is the angle of internal friction, and Rf is the failure ratio.
The approach has been incorporated in the form of material
nonlinearity with incremental method in the explicit ﬁnite difference code FLAC3D (Sitharam et al., 2007). The FISH functions were
written to incorporate the joint factor model along with the Duncan
and Chang (1970)’s nonlinear hyperbolic relation that calculates
nonlinear elastic moduli as a function of conﬁning pressure. The
nonlinearity of the material behaviour was efﬁciently captured in
the numerical model using failure ratio (Rf) (Fig. 1). In the analysis,
Rf values were chosen as per the nonlinearity in the stressestrain
behaviour. With increasing conﬁning pressure, the effect of jointing nulliﬁes and the stressestrain curve is expected to become
relatively linear. If the conﬁning pressure is kept constant or varies
in a small range, error due to the constant Rf can be minimised.
Inﬂuence of conﬁning pressure on the stressestrain behaviour
while keeping Rf constant is shown in Fig. 2. The nonlinear stresse
strain behaviours captured using FLAC3D and axi-symmetric FLAC
for a jointed rock mass are shown in Fig. 3 (Itasca, 1999, 2001).
3. Model veriﬁcation using FLAC3D
A systematic veriﬁcation of the equivalent continuum model is
attempted by conducting numerical triaxial tests, and comparing
with the respective laboratory experiments (Sitharam et al., 2007).

Fig. 2. Inﬂuence of conﬁning stress on the stressestrain behaviour.

Fig. 3. Stressestrain curves obtained from numerical tests with those from FLAC3D
and axi-symmetric FLAC.

Numerical tests on jointed rocks with 1e4 joints in different orientations, subjected to varying conﬁning pressures, were carried
out. The results were compared with those obtained from laboratory experiments and also the explicit model. To represent highly
discontinuous system, laboratory tests on block jointed specimens
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of gypsum plaster (Brown and Trollope, 1970) were modelled
numerically (Sitharam et al., 2007) (Fig. 4). Intact rock properties of
Jamrani sandstone are given in Table 1. Fig. 5 shows the deviatoric
stress ratio versus joint inclination at two different conﬁning
pressures. It can be seen that the failure stress is the lowest when
the joint inclination b ranges between 30 and 40 , and it increases
with the conﬁning pressure. It is understood that the failure stress
of the rock mass is inﬂuenced by the joint orientation and conﬁning
pressure. The rock specimen has the highest strength when b is
close to 0 and 90 , and the least strength when b is around 30
(Maji and Sitharam, 2012).
Explicit modelling of jointed rock specimens have also been
carried out to know the efﬁciency of the equivalent model
(Sitharam et al., 2007). Modelling has been conducted on single
jointed specimens of Agra and Jamrani sandstones with inclinations of 45 and 60 at conﬁning pressures of 1 MPa, 2.5 MPa
and 5 MPa. Multiple jointed rock specimens of Jamrani sandstone
having 1, 2, 3 and 4 joints with b ¼ 70 and 90 were also selected.
The results of the explicit modelling with FLAC3D have been plotted
with the actual experimental results together with the equivalent
modelling results. Joint frequency (Jn) was found to have a signiﬁcant inﬂuence on the strength and deformation behaviours of
rocks; with increasing joint frequency, there is always a reduction
in peak axial stress. Fig. 6 shows the variation of compressive
strength ratio scr with the joint frequency (Jn) for Jamrani sandstone with 90 joint inclination. The numerical results from FLAC3D
were found to have close agreement with the actual experimental
results. It is observed that the strength is reduced with increasing
joint frequency, but the rate and the magnitude of reduction are
larger than those for the cases where the joint inclination with
respect to the major principal stress direction is close to 30 e50 .
The strength increase with increasing conﬁning pressure was also
clearly observed.

Fig. 4. Comparison of equivalent continuum modelling results with those from experiments (Brown and Trollope, 1970) for 60 /30 block jointed specimens at four
different conﬁning pressures (Sitharam et al., 2007).

Table 1
Properties of intact rocks used for the numerical modelling.
Intact rock

UCS
Modulus Modulus Cohesion Angle of
Mass
internal
density (MPa) number, exponent, (MPa)
3
friction ( )
n
K
(kN/m )

Jamrani sandstone 22.5
(Arora, 1987)
15.68
Gypsum plaster
(Brown and
Trollope, 1970)

70

45,000

21

9000

0.115

4.5

44

0.5

1.4

30

Fig. 5. Variation of deviatoric stress ratio with joint inclination for Jamrani sandstone
with a single joint.

4. Case study of Shiobara hydropower cavern
4.1. Shiobara hydropower cavern
The applicability of the model to ﬁeld problems is demonstrated
by undertaking numerical modelling of a powerhouse cavern using
FLAC3D. The Shiobara hydropower cavern located at Tochigi prefecture about 130 km north of Tokyo, Japan is considered as a case
study. The project has a large cavern for the pumped storage power
station with a maximum output of 900 MW (300 MW  3 units).
The cavern has a width of 28 m, a height of 51 m, a length of 161 m,
and an excavation volume of more than 190,000 m3. An outline of
the cavern is shown in Fig. 7 with transformer house and service
tunnels and also the locations of displacement transducers. The
rock surrounding the powerhouse is mainly rhyolite with platy and
columnar joints. Joint sets having their strikes parallel to the cavern
axis are considered to be dominant joint sets. The dip angles of the
dominant joint sets are found to be 30 /60 to the left and 60 to
the right. The average spacing of the joints has been reported to be
0.3e1 m, with average values of 0.3 m for the joint set whose dip is
60 to the right and 1 m for the joint sets with dips of 30 and 60 to
the left (Yoshida and Horii, 2004). Additional details on the project
and the geology may be found in Yoshida and Horii (1998, 2004).
The elastic modulus of rock mass is 2900e5100 MPa, the cohesion
is 1.02 MPa, and the angle of internal friction is around 43 . The
axial compressive strength is found to be 58.8e137.2 MPa, with an
average value of 83.3 MPa. The cavern is at a depth of 200 m and the
three principal stresses are 5 MPa, 3.9 MPa and 2.8 MPa, respectively. The details on the properties are listed in Table 2. The hyperbolic model properties are derived using numerical triaxial
testing and ﬁtting curve to elasto-plastic solution using trials.
4.2. Analysis procedure
The equivalent approach is used for three-dimensional (3D)
stress and deformation analyses of the powerhouse cavern with
simulation of staged excavation. The modelling results were
compared with the instrumented data and also with the results of
six other computation models (Horii et al., 1999) that were used to
analyse the cavern. The 3D ﬁnite difference mesh of the caverns is
shown in Fig. 8. Fig. 9 shows the FLAC3D mesh for the caverns with
boundaries. The total numbers of the zones considered and the grid
points (nodes) are 13,060 and 13,944, respectively, of which 3507
grid points and 2880 zones represent the tunnels (portion to be
excavated, Fig. 8). The total volume considered for the simulation is
240 m  200 m  161 m with four different types of 3D elements,
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Fig. 6. Variation of compressive strength ratio (scr) with joint frequency (Jn) for Jamrani sandstone having 90 joint inclination.

Fig. 8. FLAC3D model of Shiobara powerhouse cavern: underground openings.

Fig. 7. Outline of the cavern and locations of multi-point borehole extensometer for
the cavern of Shiobara hydropower station.
Table 2
Properties used for the rock of Shiobara hydropower cavern.
Modulus
number, K

Modulus
exponent, n

Cohesion
(MPa)

Poisson’s
ratio

Angle of internal
friction ( )

36,000

0.23

1.02

0.26

43

namely brick, cylinder, rad-cylinder (radially graded mesh around
cylindrical-shaped tunnel) and cshell (cylinder shell mesh) (Itasca,
2001). As shown in Fig. 9, only 86 m overburden is modelled and
the rest 114 m overburden is taken into consideration by applying
equivalent amount of pressure at the top to save computational
time and effort. As the deformation induced by an advancing tunnel
is a 3D problem, the excavation steps are attempted to be simulated
in the numerical analysis. The displacements at the extensometer
locations are recorded and compared with those measured by the
multi-point borehole extensometer (MPBX). The cavern is excavated in ﬁve segments, about 32 m in the length of excavation per
segment. Each segment is excavated in six stages in top-down
excavation schemes (Fig. 10). The variation of displacements with
different stages of excavation is obtained from numerical analysis
by solving equilibrium after each excavation stage. As the surrounding rocks around the cavern are jointed, this reduces the
stiffness of the rock mass, leading to excessive settlements due to
the excavations. This study attempts to capture the behaviour and
settlements numerically and presents the corresponding results.

Fig. 9. FLAC3D mesh of Shiobara hydropower cavern with complete boundaries.

4.3. Analysis results
The equivalent model implemented in the commercial ﬁnite
difference code FLAC3D is used for the simulation of the cavern.
MPBX data are available at several locations along different measurement lines BI10 to BI19 (Fig. 7) around the cavern. Six point
extensometers are ﬁxed at depths of 1.5 m, 3 m, 5 m, 10 m, 15 m and
20 m. Initial stresses representing the in situ stresses around the
power station cavern are applied and the displacements around the
outer boundary are ﬁxed. The hyperbolic properties of cavern rock
are provided in Table 2. The cavern along with the surrounding rock
has been analysed after the completion of each stage of excavation
using the null model available in FLAC3D (Fig. 10). Each stage of
excavation is divided into six sub-stages. The displacements
measured along all the measurement lines are available in different
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Fig. 10. Complete excavation scheme using null model available in FLAC3D.

stages of excavation of the cavern (Horii et al., 1999). It was
observed that the critical joint set signiﬁcantly inﬂuences the
behaviour of the cavern and varies with the location under
consideration, resulting in asymmetry in deformations. The dip
angles of the dominant joint sets are found to be 30 and 60 to the
left and 60 to the right. It is to be mentioned that the joint set I,
which has smaller spacing, is critical for the right side of the cavern;
as for the left side, the joint set III with an inclination angle of 30 is
critical. Thus, considering only one set of joints cannot capture the
asymmetry in deformations. In the present study, the inﬂuence of
two different joint sets are simulated by considering a joint factor
(Jf) value of 41 for the right portion of the cavern and a Jf value of 111
for the left portion. This variation of Jf in two different sides of the
cavern is incorporated in the model using FISH function. The displacements at corresponding MPBX locations after the ﬁnal stage of
excavation along the measurement lines BI10, BI11, BI16 and BI17
were recorded. The numerical displacements are compared with
the actually measured values, as shown in Fig. 11. It is observed
from the results that the predicted values of displacements are
generally larger than the measured values, which may be attributed
to the use of support system in the ﬁeld.

4.4. Analysis with support system
The support system of the cavern consists of pre-stressed (PS)
anchors, rock bolts, arch concrete and shotcrete. In the present
study, to reduce excessive settlements, two types of support systems, namely shotcrete and concrete lining, were adopted. The
shotcrete was modelled with liner-shell structural elements while
the concrete lining was modelled with zones that are assigned
properties representing the lining material. The lining material
replaces the rock mass after the corresponding stage of excavation.
The lining components are modelled as elastic materials with
elastic modulus (E) of 31.4 GPa and Poisson’s ratio (n) of 0.25. The
concrete liner has been created using cshell zones behind the
advancing cavern. The liner-zone interface stiffnesses kn and ks are
both taken as 7.4  1010 N/m3 to ensure that the interface deformation is small relative to the zone deformation. The cavern is also
supported by shotcrete with a thickness of 0.2 m. The shotcrete has
been installed by creating liner-elements SELs, which have been
attached to the cavern surface with SEL-liner command available in
FLAC3D. The shotcrete support has been extended into the cavern
excavation stage 2, by issuing another liner-SELs command and
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Fig. 11. Comparison of relative displacements along the measurement lines.

Fig. 12. Close-up view of the cavern face with supports of (a) concrete liner, and (b) shotcrete (after ﬁrst stage of excavation).

specifying an ID number that differs from the ID number of SEL in
cavern stage 1. This creates a “cold joint” between two adjacent
shotcrete segments (Itasca, 2001). The deformation that occurs
during stage 3 begins to load the new SEL segment and produces
additional load in the previous SEL segment. The shotcrete is
modelled as an elastic material with the elastic modulus of 10.5 GPa
and Poisson’s ratio of 0.25. Numerical analyses of the cavern with
concrete liner and shotcrete support using FLAC3D were found to
be very effective in reducing the overall deformations. The close-up
view of the cavern with concrete liner and shotcrete support used
in this analysis is shown in Fig. 12. Tables 3 and 4 present the

displacement values along measurement lines BI10, BI11, BI16 and
BI17 for both with and without support system, together with the
measured deformation (Horii et al., 1999). It can be observed that
the use of supports signiﬁcantly reduces the displacement values.
4.5. Comparison with other computational models
The results obtained from the above analysis were also
compared with those of six other computation models (Horii et al.,
1999) which were applied to the same cavern, as shown in Fig. 13.
This work was an international effort to develop an analysis
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Table 3
Displacement values along measurement lines BI10 and BI11.
Distance from
cavern wall (m)

0
1.5
3
5
10
15
20

Displacement along BI10 (mm)

Displacement along BI11 (mm)

Measured value
(Horii et al., 1999),
with support

Measured value
(Horii et al., 1999),
with support

FLAC3D

11.4
11.1
6.5
3.8
1.2
0.2

Without support

With support

21.1
16.3
13.1
11
5.6
0

16
14.5
12
9
2.5
0.5

33.9
29.2
19.1
6.3
1.3
1.7
0.26

FLAC3D
Without support

With support

25.4
20.6
16
12.2
7.7
4.8
1

21.5
12.2
9
6.4
4.8
3.6
0

Table 4
Displacement values along measurement lines BI16 and BI17.
Distance from
cavern wall (m)

0
1.5
3
5
10
15
20

Displacement along BI16 (mm)
Measured value
(Horii et al., 1999),
with support

Displacement along BI17 (mm)

FLAC3D

13
12
11
9
6.7
0.5

Without support

With support

29
25
20
15
8
1

16
15
13
11
5.5
0

Measured value
(Horii et al., 1999),
with support
29.4
28.8
28.6
27
19.7
3.15
0.2

FLAC3D
Without support

With support

38
35
31
26
13
5
1

21
19
17
16
10
4
0

50

50

45

45

Measured values (Horii et al.,1999)
ECM - Present analysis
Crack tensor model
Damage tensor model
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Fig. 13. Comparisons of relative displacements along different measurement lines.
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method that can accurately predict the behaviour of rock mass
during excavation. These six models are NAPIS (strain-softening
analysis considering joint failure), micro-mechanics based continuum model (MBC) (Yoshida and Horii, 1998), the equivalent rock
analysis (EQR), multiple yield model, the crack tensor model (Oda
et al., 1993), and the damage tensor model developed by
Kawamoto et al. (1988). Fig. 13 also shows the Horii et al. (1999)
curves for comparison purpose. In this ﬁgure, it is evident that
the present simple approach could capture the deformation
behaviour of rock mass and compare well with the measured
values. The results are also comparable with those of other six
computational models, indicating that the equivalent approach is
efﬁcient in simulating the excavation stage and asymmetry in
displacements due to anisotropy in the variation in joints. The left
side (BI11 and BI17) of the cavern was found to show relatively
higher displacements than the right side (BI10 and BI16) due to
higher joint frequency. This appears to be convincing with the
deformation of joints, which reduces the stiffness of the rock mass,
similar to that exactly recorded during measurements. These results also support the use of present simple analysis method for
large-scale ﬁeld problems in jointed rocks.
5. Conclusions
The simple approach for modelling jointed rocks integrates the
effect of joints on the strength and deformation characteristics. The
model requires minimum inputs from ﬁeld or laboratory tests and
is found to be efﬁcient to capture the deformation behaviour of
rocks with any degree of nonlinearity. The equivalent model is
implemented in the commercial ﬁnite difference code FLAC3D with
the help of FISH functions and is systematically validated. The
applicability of the model to the ﬁeld problems is investigated with
the analysis of Shiobara hydropower cavern. Excavation stages and
deformation behaviour of the cavern could be captured realistically
with the help of numerical model. MPBX data available at several
locations along measurement lines BI10 to BI19 around the cavern
were used for comparison. The numerical results were also
compared with those of six other computational models which
were earlier used to analyse the same cavern. The model, though
simple and having minimum inputs, predicted the deformation
values well, and the study conﬁrmed the effectiveness of the
approach for simulating large-scale underground structures in
jointed rocks.
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