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1 Introduction

Discontinuities in rock masses greatly influence stress
wave transmission. Theoretical and experimental studies
on wave propagation across joints have been extensively
studied (e.g., Kendall and Tabor 1971; Schoenberg 1980;
Pyrak-Nolte et al. 1990; Zhao and Cai 2001; Zhao et al.
2006a, b; Perino et al. 2010; Li and Ma 2010; Li et al.
2010), focusing on the effects of joint stiffness, incident
angles, number of joints, and joint spacing on wave
propagation.

Compared with theoretical and experimental studies,
numerical modeling provides a convenient, economical
approach to study wave propagation across a jointed rock
mass, especially for complicated cases where theoretical
solutions are impossible to obtain and experiments are
difficult to conduct, such as wave propagation in a rock
mass containing several intersecting joint sets and involv-
ing multiple tunnel excavation and underground explosions
(Zhao et al. 1999).
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Before performing numerical modeling on complicated
cases, benchmarking modeling must be performed first to
validate the numerical code through comparison with the-
oretical solutions or experiment results. For a jointed rock
mass excited by dynamic load, Lemos (1987) performed a
study on S wave attenuation across a single joint with
Coulomb slip behavior using UDEC. Brady et al. (1990)
performed UDEC modeling on the slip of a single joint
under an explosive line source. Chen et al. (2000a) verified
the capability of UDEC to model the responses of jointed
rock masses under explosion loading. Zhao et al. (2008)
carried out numerical studies of P wave propagation across
multiple non-linearly deformable joints with UDEC. Lei
et al. (2007) studied 2D compressive wave propagation
through a set of parallel joints in rock masses. Zhu et al.
(2011a) verified the capability of UDEC to model wave
transmission across rock joints and performed a numerical
study on wave transmission across jointed rock masses
with UDEC, where multiple joint sets exist. Barla et al.
(2010) studied the stability of an underground water stor-
age cavern in static and dynamic conditions with UDEC.
The capability of other distinct models to study wave
propagation in jointed rock masses has also been verified
through similar comparisons, e.g., DDA and DLSM (Jiao
et al. 2007; Zhu et al. 2011b).

Most of the numerical modeling studies on wave prop-
agation across rock joints were performed by 2D code
UDEC, which treats rock mass as an assembly of discrete
blocks and joints as interfaces between the blocks (Cundall
1971). However, in 2D numerical modeling, it is difficult to
fully represent joints, because joint planes exist in a 3D
space. When there are multiple intersecting joints or
underground structures, e.g., tunnels and caverns, 2D
modeling cannot accurately express the spatial configura-
tion of joints and underground structures. 3D Distinct
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Element Code (3DEC) is a 3D numerical code based on the
extensively tested numerical formulation used by the
UDEC. It should be an appropriate tool to model wave
propagation in complicated 3D jointed rock mass. How-
ever, relatively little work has been done with 3DEC on
this specific topic.

This study aimed to verify the capability of 3DEC to
model wave propagation across rock joints in 3D space and
was focused on analyzing the effects of mesh size, joint
geometry, joint stiffness, wave type and frequency, and
incident angle on wave propagation. For further verifica-
tion, a case study of a large-scale decoupled explosion test
was performed with 3DEC where the numerical modeling
results were compared to the test data and predictions from
empirical formula.

2 2D Equivalence of 3D Plane Wave Propagation
Across a Single Joint and a Joint Set

For a random plane in a given 3D rectangular coordinate
system, as shown in Fig. la, it is assumed that the wave
incidence is in the Z direction. By rotating about the
Z-axis, the strike of the plane will be parallel to the Y’-axis,
and the line of maximum dip is parallel to the X'~Z plane
as shown in Fig. 1b. This axis transformation does not
change the nature of the plane wave. However, it is easy to
see that the 3D problem in Fig. 1b now can be represented
by the 2D model in Fig. 1c. Therefore, it can be general-
ized that for a plane wave across one joint plane and one
joint set, the 3D problem can be simply represented by a
2D model, as long as the joint angle in 2D adopts the
maximum angle with respect to the wave direction. For a
plane with apparent dip angles 6 and ¢ on X-Z and Y-Z
planes, the maximum dip angle ¢’ on the X'-Z plane can be
calculated as

¢/ = arctan y/tan? 0 + tan? ¢

However, when joints are not parallel or when two or
more joint sets exist, such problems will remain as 3D
issues.

Fig. 1 2D equivalence of 3D
plane wave propagation across a
single joint
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3 Determination of Mesh Size

The accuracy of numerical results generally increases with
decreasing mesh size. However, with an extremely fine
mesh size, substantial computational time will be con-
sumed. Therefore, it is necessary to determine a reasonable
mesh size to achieve a balance between computation effi-
ciency and accuracy (Chen et al. 2000b). Parametric
studies on mesh size were therefore carried out for P wave
propagation normally across a single joint.

Figure 2 shows the configuration of the 3DEC model
used in the study for normally and obliquely incident plane
wave propagation across a single joint and a joint set. 0 is
the apparent joint angle on the X-Z plane, and ¢ on the
Y-Z plane. n and s are the joint number and joint spacing
of the joint set. For normally incident plane wave propa-
gation across joints, the angles 0 and ¢ are set to be zero.
When a single joint is to be modeled, 7 is equal to 1. The
measured point A is along the center line, 0.35 m away
from the last joint plane. For normally incident wave
propagation, the ratio of the maximum absolute value of
the particle velocity in the Z direction at the measured
point A to the incident wave amplitude defines the trans-
mission coefficient (T, for incident P wave and IT4l for
incident S wave). For obliquely incident P wave propaga-
tion, that ratio is considered as the transmission coefficient
in the Z direction (I7,,l). These definitions are the same as
those used in analytical solutions by Cai and Zhao (2000).

In this study on the determination of mesh size, non-
reflection boundary conditions are applied to the front and
end boundaries in the Z direction, while the velocity of grid
points of side boundaries are fixed at zero in the X and Y
directions. For the meshing method adopted in this 3DEC
modeling, the mesh size is controlled by the average length
of tetrahedral zones. The mesh ratio (/r), which is defined
as the ratio of the average length of tetrahedral zones to the
incident wave length, is used as the controlling parameter.

The properties of rock material and joints in this 3DEC
modeling are the same as those adopted in the UDEC
modeling by Zhu et al. (2011c), and they are reproduced in
Table 1.

“line of maxim ip

strikf ...... Joint in 2D
‘‘‘‘‘‘‘ (line of maximum dip)
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Table 1 Properties of rock material and joints in 3DEC modeling
(Zhu et al. 2011a)

Properties Value

Density of rock material p (kg/m®) 2,120

Young’s modulus of rock material 279
E (GPa)

Poisson’s ratio of rock material v 0.3

Normal stiffness of joints &, (GPa/m)
Shear stiffness of joints k; (GPa/m)

1, 5, 10, 20, 50,100, 200

0.5, 1, 2, 5, 10, 20, 50,100,
200

Figure 3 presents IT,| versus joint normal stiffness k,
for normally incident P wave propagation across a single
joint with different mesh ratio (Ir = 1/16, 1/24, 1/32, 1/48,
and 1/96), where the incident wave is a one-cycle incident
wave with amplitude 0.1 m/s and frequency 1,000 Hz. The
modeling results are compared with analytical solutions of
Pyrak-Nolte et al. (1990). It can be seen that the mesh ratio
should be smaller than 1/32 in order to obtain sufficiently
accurate numerical results. To achieve a balance between
computation efficiency and accuracy, the mesh ratio is set
to be 1/48 in all the modeling studies of the later sections.

4 Verification of 2D Equivalence of Plane Wave
Propagation Across a Single Joint with 3DEC

In order to verify the 2D equivalence (Sect. 2) of plane
wave propagation across a single joint, the angle ¢’ is fixed
at 45.53°, which can be achieved by different combinations
of 6 and ¢ according to Eq. (1). In the present study, five
different combinations of (6, ¢), (8.0, 45.25), (16.0, 44.35),
(24.0, 42.5), (32.0, 38.8), and (40.0, 30.0), were adopted
(Fig. 2). The joint stiffness &, and k, are equal to 20 GPa/m.
The other properties of jointed rock mass are the same as
those in Table 1. A one-cycle incident wave with ampli-
tude 0.1 m/s and frequency 1,000 Hz is adopted at the front
boundary in the Z direction as the incident wave. Non-
reflection boundary conditions are applied at the side
boundaries in the X-Y plane and end boundary in the Z
direction.

Figure 4 shows IT,,| at different combinations of (0, ¢),
giving a fixed €' of 45.53°. It can be seen that the

I )
L=0.875(tan @ +tan ¢ )+(n-1)s
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Fig. 3 IT,,| versus k, for normally incident P wave propagation
across a single joint with different mesh ratio

magnitudes of IT,| vary little for different combinations of
(6, @) when €' is constant. This indicates that the results
obtained by 3DEC on plane wave propagation across a
joint in a 3D space are equivalent to the analytical solutions
in 2D space, which can be obtained from 3D spatial con-
figuration, as suggested in Sect. 2.

5 Normally Incident P and S Waves Across a Single
Joint and a Joint Set

For normally incident P wave propagation across a single
joint, it is assumed that the joint normal stiffness k,, is equal
to the joint shear stiffness k,. This assumption is also
adopted in other cases of 3DEC modeling. A one-cycle
sinusoidal incident P wave with amplitude 0.1 m/s and
frequency 1,000 Hz is normally applied at the front
boundary, while non-reflection boundary conditions are
applied at the end boundary in the Z direction. The velocity
of grid points of side boundaries are fixed at zero in the X
and Y directions. Figure 5 shows the variation of the
transmission coefficients (I7,) with stiffness k,,. It can be
seen that the results obtained by the 3DEC agree well with
the analytical solutions (Pyrak-Nolte et al. 1990) and
UDEC modeling results (Zhu et al. 2011a).
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Fig. 4 IT,,| of different combinations of (0, @) when ¢’ is fixed at
45.53°

The computational model for an S wave is the same as
that for a normally incident P wave propagation across a
single joint, except that the applied incident wave is an S
wave with amplitude 0.1 m/s and frequency 1,000 Hz, no-
reflection boundary conditions are applied at side bound-
aries, and the effect of shear joint stiffness on S wave
propagation is studied. Figure 6 presents transmission
coefficients (IT}4l) versus k,. It can be seen that the results
obtained by the 3DEC again closely match the analytical
solutions (Pyrak-Nolte et al. 1990) and UDEC modeling
results (Zhu et al. 2011a).

The frequency of the incident wave has been shown by
Zhao and Cai (2001) and Li and Ma (2010) to be a non-
ignorable parameter when studying wave transmission
across joints. Therefore, transmissions of P waves normally
across a single joint in terms of different wave frequencies

1p

A 3DEC
X UDEC (Zhu et al. 2011a)
—— Analytical solution (Pyrak-Nolte et al. 1990)

0.0 1

0 ' 5|0 ' 1(|)0 ' 1|50 ' 2(I)O
Joint normal stiffness k_ (GPa/m)

Transmission coefficient of P-wave IT, |

Fig. 5 IT;;| versus k, for normally incident P wave propagation
across a single joint
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Fig. 6 IT,4l versus k, for normally incident S wave propagation across
a single joint

were numerically modeled in this study. In this modeling,
the model length is not fixed but increases with decreasing
of incident wave frequency to accurately afford the peak
particle velocity (PPV) of the measured point A. The
mechanical properties of rock and joint are the same as
those listed in Table 1 except that the joint normal stiffness
k, (=ky) was separately fixed at 10, 50, and 100 GPa. The
frequency of the incident P wave with fixed amplitude
0.1 m/s at the front boundary in the Z direction was sep-
arately assumed to be 5, 10, 20, 50, 100, 200, 500, and
1,000 Hz. The conditions of other boundaries are the same
as those in the study of the normally incident P wave
propagation across a single joint. Figure 7 shows the
transmission coefficients (I7,l) as a function of frequency,
form which it can be seen that the results obtained by the
3DEC again agree well with the analytical solutions
(Pyrak-Nolte et al. 1990) and UDEC modeling results.

As a result of multiple wave reflections among different
joints, wave propagation across a joint set is more com-
plicated (Cai and Zhao 2000). In the 3DEC computation of
normally incident P wave propagation across a joint set, the
joint stiffness k, and k, are fixed at 50 GPa. The other rock
material and wave properties are the same as those in the
simple joint model. Non-dimensional joint spacing (&),
which is defined as the ratio of the joint spacing to the
incident P wave length, is adopted in this study. It is
assumed that the number of joints is equal to 2, 5, and 8 in
each joint set, and for each joint number setting, & is
designed to take the value 0.02, 0.05, 0.1, 0.2, 0.3, and 0.4.
In this study of normally incident P wave propagation
across a joint set, the boundary conditions of the 3DEC
model are the same as those in the study of normally
incident P wave propagation across a single joint. Figure 8
shows Tl as a function of £ (0.02, 0.05, 0.1, 0.2, 0.3, and
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Fig. 7 IT,j| versus wave frequency for normally incident P wave
propagation across a joint set

0.4) for different numbers of joints (2, 5, and 8). It can be
seen that the results obtained by the 3DEC agree well with
those of the analytical solutions and UDEC modeling
results (Zhu et al. 2011a, c).

6 Obliquely Incident P Wave Across a Single Joint
and a Joint Set

When the wave is obliquely incident upon joints, complex
wave transformation occurs, producing reflected and
refracted waves (Li and Ma 2010). In the 3DEC modeling
of obliquely incident P wave propagation across a single
joint, it is assumed that the joint stiffness k,, and k; are fixed
at 20 GPa. The combinations of 6, ¢, and &' (Sect. 2) are
shown in Table 2. The boundary conditions are the same as
those in the study to verify the 2D equivalence of plane
wave propagation across a single joint in Sect. 4. The other
input properties of rock material and incident wave are the
same as those in Sects. 3 and 5. Figure 9 shows IT,| at
different incident angles (0 and ¢ in 3D cases, ¢ in 2D
cases). Thus, the 3DEC modeling results agree well with
those of UDEC modeling and analytical solutions (Zhu
et al. 2011a, d). However, at small incident angles, the
numerical results are slightly lower than those of analytical
solutions.

The complexity of obliquely incident wave propagation
across a joint set increases because of multiple wave
reflection among joints and wave transformation at joints.
In this modeling verification study, a half-cycle sinusoidal
incident P wave with amplitude 0.1 m/s and frequency
1,000 Hz is applied at the front boundary in the Z direction.
Non-reflection boundary conditions are applied at the side
boundaries in the X-Y plane and at the end boundary in the
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Fig. 8 IT,| versus ¢ for normally incident P wave propagation across
a joint set

Z direction. The non-dimensional joint spacing (&) is
designed to adopt the value 0.02, 0.05, 0.1, 0.2, 0.3, 0.5,
and 0.7. Figure 10 shows IT,,| as a function of the ¢ for
different numbers of joints. It can be seen that the agree-
ment between 3DEC modeling results and analytical
solutions is generally good. However, the IT,,| values of
3DEC modeling results are larger than those of analytical
solutions when non-dimensional joint spacing ¢ is at least
0.5, and they are little smaller when ¢ is no greater than
0.1.

7 A Case Study

To verify the capability of 3DEC to effectively model the
wave propagation in jointed rock masses further, we ana-
lyzed a large-scale decoupled explosion test performed in
Alvdalen, Sweden, site of the existing Klotz Group tunnel,
with the purpose of evaluating a design concept for
underground ammunition storage in bedrock in September
2001.

Table 2 Angle setting for modeling of a P wave obliquely trans-
mitted through a single joint

No. Apparent angles in 3D case (°) Angle ¢ in 2D case (°)

0 ®
1 10 20 22.02
2 20 30 34.31
3 30 40 45.53
4 40 50 55.55
5 50 60 64.56
6 60 70 72.89
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Fig. 9 IT,,l versus wave incident angle for obliquely incident P wave
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Fig. 10 IT,,| versus ¢ for obliquely incident P wave propagation
across a joint set
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Figure 11 shows a cross section of the test site con-
taining the geometries of the explosion chamber and
adjacent tunnels, ground shock instrumentations, rock layer
distribution etc. and the configuration of the 3DEC model
of the zone under study. The width and height of this
chamber are 8.8 m and 4.2 m, respectively. In the test, the
ground shock up the explosion chamber and the pressure at
the explosion chamber roof were recorded. Therefore, in
this case study, the 3DEC numerical modeling merely
considered the shock wave propagation in the zone up the
explosion chamber where the recorded time—pressure his-
tory (Fig. 12) at the explosion chamber roof in the test was
employed as velocity boundary conditions in the 3DED
model through exchange. This explosion test was per-
formed in an almost closed chamber. Therefore, in accor-
dance with the research by Zhou et al. (2000) showing that
the PPV in closed chamber conditions could be two times
than that in free field conditions at the chamber surface
because of reflection, the relation between pressure and
velocity at the explosion chamber roof in this case can be
expressed as

Un = 20,/pC, (1)

where g, is the normal stress, p is the mass density, C, is
the speed of pressure wave propagation through the med-
ium, and v, is the particle velocity. The zero-velocity and
non-reflection boundary conditions were applied at the
lateral and top boundaries of the 3DEC model,
respectively.

The rock at the site is of high strength with Young’s
modulus of 94.75 GPa and Poisson’s ratio of 0.27. The
density of the rock is 2,620 kg/m>. The rock fractures are
oriented in three directions and their orientation and
mechanical parameters are listed in Table 3.
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Fig. 12 Recorded time—pressure history at explosion chamber roof in
test

Table 3 Spatial and mechanical properties of rock joints in the Klotz
tunnel

Fracture Fracture k, (GPa) k; (GPa) Friction
orientation distance (m) angle (°)
Dip Strike

47°/SW  N47°W 0.6 128.62 50.67 30
5°/SE S12°W 1.2 64.31 25.34 30
35°/NE  N2°W 0.6 128.62 50.67 30

Studies have shown that the PPV is the most represen-
tative parameter when describing the ground motion and
tunnel response (Dowding 1984). Therefore, the velocities
of gauges shown in Fig. 11 were recorded in the 3DEC
modeling process and their PPVs were compared to those
obtained in the test. Considering the credibility of this
comparison, an empirical formula for the decoupled
explosion in terms of the PPV is adopted and can be
expressed in the following form (Johnson and Rozen 1988;
Zhou and Jenssen 2009):

PPV = f;H(SD)™" (2)

where SD = d/Ql/3 is the scaled distance, m/kgm; d is the
actual distance from the detonation point, m; and Q is
the charge weight, kg. H is the initial value estimated by
the equation H = 0.5C*!7 /(pC), where p is the rock mass
density, kg/m>; and C is the shock wave velocity, m/s. n is
the attenuation coefficient and typically equals 1.5 for hard
rock. f; is the decoupling factor and can be derived via the

equation fy = 0.025(w)"/ 3, where  is the loading density
and equals 10 kg/m® in this case. It is assumed that the
value of n is 1.5 in the predictions of PPV via the empirical
formula in this case study.

Vertical distance from the chamber roof (m)

Fig. 13 Comparison of peak particle velocities according to 3DEC
modeling, test, and empirical formula (Johnson and Rozen 1988;
Zhou and Jenssen 2009)

Figure 13 shows the comparison of PPV up the explo-
sion chamber according to the 3DEC modeling, test, and
empirical formula. It can be seen that the PPVs predicted
by the empirical formula are smaller compared to 3DEC
modeling results and test data. This difference is mainly
caused by the fact that the values of properties such as n
and f; are obtained according to experiment from lots of
explosion tests and could be inaccurate for this case.
However, the predictions of PPV via the empirical formula
demonstrate the availability of test data and credibility of
the 3DEC modeling results in this case study. The 3DEC
modeling results agree well with the test data. Therefore, it
can be concluded that 3DEC has the capability to model
the shock wave propagation in jointed rock masses where
the actual rock fractures are represented in the 3DEC
model.

8 Discussion and Conclusions

For 3DEC modeling of normally incident wave propaga-
tion across a single joint and a joint set, the velocity of grid
points of side boundaries are fixed in the X and Y direc-
tions. The modeling results are accurate because the wave
propagation direction is parallel to the side boundaries and
there are no waves incident upon the side boundaries;
therefore, there is no wave reflection at the side boundaries.
However, for obliquely incident wave propagation across
joints, as a result of wave reflection at joints, reflected
waves will be incident upon the side boundaries. In order to
eliminate the reflection waves from the side boundaries to
guarantee the computation accuracy, viscous boundaries
are used in 3DEC.
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Fig. 14 Zone layers between
parallel joints
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In the modeling of obliquely incident wave propagation
across a joint set, when ¢ is smaller than 0.1 and larger than
0.5, there are correspondingly large differences between
analytical solutions and 3DEC modeling results. For the
former range (¢ < 0.1), this is because that spacing between
two parallel joints is very small and only one layer zone can
be generated in the 3DEC model as shown in Fig. 14a for the
case of £ = 0.05 when the mesh ratio (Ir) is assumed to be
1/48. However, this difference is decreased when the zones
generated between these two parallel joints are increased to
not less than three layers as shown in Fig. 14. This is an
additional mesh size controlling factor to the general
requirement of Ir < 1/32 (Sect. 3) in order to obtain rea-
sonably accurate results. For the latter range (¢ > 0.5), this
is because in the 3DEC model the joint distribution length
L (L=0.875(tan0 +tan @) + (n — 1)s) increases with
increasing of n or s, as depicted in Fig. 2, which leads to more
wave reflection on the side boundaries when the width of
square bar is fixed (0.875 m). Moreover, the viscous
boundaries adopted in this modeling are incapable of
absorbing all the incident waves, especially for waves with
small incident angle.

3D plane wave propagation across a single joint or a
joint set can be treated equivalently to a corresponding 2D
case, as shown both analytically and numerically. How-
ever, it should be noted that when the incident wave is not a
plane wave (e.g., spherical wave, cylindrical wave) or there
are unparallel joints and joint sets, a 3D case cannot be
equivalent to a 2D case.

Through the 3DEC modeling of wave propagation
across rock joints performed in this study, the following
conclusions are drawn:

1. Plane wave propagation across a single joint and a
joint set in a 3D space can be treated and transformed
to a corresponding 2D case.
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(c) Three layers zones

E 2\/\/ \/\/N\/\/\ﬂ

(d) Four layers zones

2. In 3DEC modeling of wave propagation problems,
mesh ratio should be generally smaller than 1/32 to
ensure the computational accuracy. In addition, with
closely spaced joints, there should be at least three
mesh layers between the joints.

3. For wave propagation across a single rock joint and a
joint set with different incident wave types, joint
stiffness, joint spacing, incident angles, and number of
joints, the results obtained by 3DEC agree well with
analytical solutions and UDEC modeling results. This
verifies the capability of 3DEC to modeling wave
propagation across a single joint and a joint set.

4. The case study of a large-scale decoupled explosion
test, where three joint sets with different orientations
were considered, further verifies the capability of
3DEC to model wave propagation in jointed rock
masses in 3D space.

This study focused on some fundamental issues, espe-
cially on verification studies, in 3DEC modeling of wave
propagation across rock joints. However, in reality, rock
mass consists of underground structures. Therefore, further
studies on wave propagation in jointed rock masses toge-
ther with the interaction of built structures (tunnel and
slopes) will be conducted.
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