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Pilot studies on two dimensional wave propagation in rock masses
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Abstract: Pilot studies on two dimensional(2-D) wave propagation through single joint or multiple parallel joints

were comprehensively conducted, using a suitable data processing method. The possible factors influencing the

transmission ratio in 2-D wave propagation under certain circumstances in rock masses were studied. It is found that

in the process of 2-D wave propagation, for any radial line, the amount, the stiffness and the spacing of the joints

influence the transmission ratio; by contrast, the transmission ratio at any point is independent of the radial distance

from the center of wave source. It is also found that the transmission ratio for every grid-point along a single circle

can present the transmission ratio for every grid-point after a certain quantity of joints. For the special radian direc-

tion( normal to the joints), it is concluded that the transmission ratio is dominated by the normal stiffness; while the

influence of shear stiffness is negligible. The radius of the tunnel or borehole for the source wave does not affect the

transmission ratio in 2-D wave propagation.
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1 INTRODUCTION

In wave propagation, the method of character-
istics has been widely used for solving the
problems of one dimensional( 1-D) wave propaga-
tion in continuous elastic materials'"! . For normal-
ly incident 1-D wave propagation across a single or
multiple parallel joint(s), combining the theory of
displacement discontinuity and method of charac
teristics, the solutions in terms of magnitudes of
the reflection ratio( R) and the transmission ratio
(T) were obtained by several researchers' ™ for P-
wave and S-wave respectively. It was found that
the transmission ratio 71 for single joint is con-
trolled by normalized stiffness of the joint(k/ «x),
where k stands for stiffness of the joint; © stands
for angular frequency of the wave; z equivalent to
@ stands for wave impedance, here Pis the density
of rock material and ¢ is the wave speed. It was al-
so found that the transmission ratio 7, is deter-
mined by the normalized stiffness( £/ ¢x), quantity
and spacing of the joints for the case of multiple
parallel joints.

For practical dynamic problem in rock masses
involving wave propagation from an underground
explosion source, it becomes 2-D'"""' | The stabili
ty of the underground structure depends heavily on
peak particle velocity( PPV) or peak particle accel-
eration( PPA), in the sense of combined waves.

Investigation on the effects of fractures on wave at-
tenuation is a fundamental topic with theoretical
and practical significance'™ * .

However, the method of characteristics can
not be used in 22D problems. The theoretical anal-
ysis for combined velocity in 2-D wave propagation
in rock masses has not been reported in the current
literatures.

Besides the factors affecting the transmission
T, in 1I-D wave propagation, for 2-D wave propaga-
tion in rock masses, stiffness of the joint, in terms
of both normal and shear stiffness(j. and j.), af-
fects the transmission ratio T, for combined wave.
The position of the grid-point also affects the
transmission ratio T, in 22D problems. The radius
of the tunnel or borehole where the wave originates
should be studied as well' " .
thors aim to conduct extensive pilot studies in Uni

versal Distinct Element Code(UDEC) on 2-D wave

propagation in rock masses, in terms of the com-

In this paper the au-

bined velocity wave, hence to determine the affect-
ing factors on the transmission ratio 7', in 22D wave
propagation.

2 FUNDAMETAL BACKGROUNDS

2.1 UDEC model
The geometry of UDEC model is shown in
Fig. 1, where the width is 100 m and the height is
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70 m. Because the amplitude of velocity for every The transmission ratio T, is defined as
grid-point is recorded, and a reasonably small T A i (1

mesh size is used in this research to ensure accepta-
ble numerical errors, a very big dimension of the
model can not be used due to the current capacity
of memory and hard disc of computer. In order to
study the wave propagation for the points far away
from the center of the explosion source, the center
of the cavity is not poisoned at the center of the
model. The center of tunnel for dynamic input is
positioned at (- 40, 0). The first joint in the joint
set to be studied is perpendicular to y-axis crossing
through (- 25, 0), with a normal distance from
the center of the cavity of 15 m. All the four
boundaries are defined as viscous boundaries for
dynamic problems. Table 1 lists the properties of
the rock material, from a kind of a practical gran-
ite!'",

Joint Finite
difference
zone

!
<
=
T
70m

100 m

Fig. 1 Sketch of UDEC model

Table 1 M echanical properties and wave
propagation velocity in rock material

Density/ (kg * m™?) Bulk modules/ GPa Shear modules/ GPa

2650 39.5 26.0

Velocity of shear wave

Velocity of compression wave
propagation/ (m ¢ s~ ')

propagation/ (m ¢ s~ ')

5292 3133

2.2 Data processing method in UDEC

UDEC is well suited for problems involving
jointed rock systems or assemblages of discrete
blocks subjected to quasrstatic or dynamic condi
tions. It has strong computation ability, however
the data processing and plotting ability is not so
good. In Ref.[ 18], combining UDEC, MATLAB
and EXCEL, a method for analysis of velocity/
stress amplitude in dynamic problems in a jointed
rock mass was developed. The method is used in
this research.

2.3 Definition of transmission ratio 7

In this research the velocity amplitude for a
grid-point from the jointed model is frequently
compared with velocity amplitude for the corre
sponding grid-point from the model without joints.

A intact
where A jin is the velocity amplitude for the grid
point from the jointed model after the joint; A i«
is the velocity amplitude for the corresponding grid-
point from the model without joints; n is the quantity

of joints that the wave penetrates through.

2.4 Data fitting method

In order to study the effects of multiple joints,
most of the results from the jointed cases will be
compared with the results from the case in which
no joint is included. The inherent zoning mecha-
nism in UDEC makes the grid-point positions of
the model with a joint different from the corre
sponding grid-point positions of the model without
the joints. In order to get the accurate transmis-
sion ratio for every grid-point, the position of a
grid-point from a jointed model should be the same
with corresponding position from the model with-
out joints. In this research, polynomial fitting
method is used to fit the position of the grid-point
in the jointed model into the position of the grid
point in the model without joints:

f(xi) = axi+ amixl '+ ot

a1xi1 + ao (2)

2.5 Definition of radian angle( a)

The radian angle () is defined as the angle
between the joint and the connection of the incident
point on the joint and the center of the dynamic
source, as shown in Fig. 1. For the upper part, a
is smaller than 90°, while a is larger than 90° for
the lower part.

3 PILOT STUDY ON PARAMETERS OF JOINTS

In polar coordinate system, the position for
any point is determined by angular and radial coor-
dinates. The transmission ratio 7, in 22D wave
propagation in a rock mass is determined by the
following factors: the radian angle, the radial co-
ordinate of the point, normalized stiffness of the
joint ( including normal and shear directions),
quantity and the spacing of the joints. If any of the
factors does not affect the transmission ratio in 2-D
propagation under some circumstances, the prob-
lem will be simplified a lot. In order to investigate
the effects of one factor on the transmission ratio,
only the factor to be studied is changed; while oth-
er factors are kept unchanged.

3.1 Transmission ratio along a line with same radi-
an angle
T along a line with same radian angle

3. L. 1

The parametric studies are conducted on the
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UDEC model as shown in Fig. 1( with only single
joint in the model).

The input wave is a half sine velocity wave( P-
wave) with unity amplitude, and the frequency is
200 Hz. The mesh size 0. 79 m is chosen to keep
The shear and
normal stiffness of the joint to be studied are
changed as follows: j.=j.=0.03K, 0.07K, 0.1
K, 0.2K and 0.4 K (unit: GPa/m). (In this pa
per, j. and j. are digitally set as value of K or G by

the numerical error less than 2%.

a certain quantity, where K, G are the bulk and
shear modulus of the rock material. The units of j.
and j . are stress per length, different from those of
K and G). In order to ensure no damage occurring
during wave propagation, the cohesion and tensile
strength of the joint are given relatively high val-
ues.

The properties of the rock material are listed
in Table 1.

The amplitude of the velocity for all the grid-
point along a line with the same ais recorded, and
the corresponding transmission ratio is calculated
by Eqn.(1).

Several lines with different a are chosen. The
results show that the transmission ratio at any
point on a line with the same a is independent of
the radial distance from the center of wave source.

The transmission ratio at any point along a line
with the same a is related to the stiffness of the
joint, and the higher the stiffness value, the bigger
the transmission ratio. For example, Fig. 2 shows
the transmission ratio along lines, with aof 90°( a)
and 49°(b).

3.1.2 T, along a line with same radian angle

In Fig. 1, parametric studies on effects of mul-
tiple parallel joints along a line with the same a are
also conducted with different numbers of multiple
parallel joints: 2, 4, 6 and 8. The input wave is a
half sine velocity wave( P-wave) with unity ampli
tude, and the frequency is 200 Hz. The mesh size
of 0. 79 m is chosen. The normal and shear stiff-
ness of the joint are set as j.= jn.= 0.3 K. The ra-
tio of spacing/ wavelength varies as 0.01, 0.02,
0.04, 0.05, 0.07, 0.1, 0.13, 0.15, 0.18, 0.2,
0.3 and 0. 4.

The properties of the rock material are listed
in Table 1.

Similar to the effects of single joint, for the
case of multiple joints, the transmission ratio T, at
any point along a line with the same ais independ-
ent of the radial distance from the center of wave
source, for any quantity and spacing of the joints.
For example, Fig.3 shows the transmission ratio
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Fig. 2 Transmission ratio T along two lines with aof 90°(a) and 49°(b)
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Fig. 3 Transmission ratio T2 for different spacings and a
(a) —T for different spacings for a= 90°; (b) —T> for spacing/ wavelength= 0. 05 and a= 49°

T along a line, with aof 90°, for 2 joints spaced at
0. 03 wavelength, 0. 05 wavelength, 0. 1 wave-
length, 0. 15 wavelength and 0. 2 wavelength( a),

and along the other line with a of 49°(b), for 2
joints spaced at 0. 05 wavelength.

3.2 Transmission ratio along a circle

It can be seen that, in the process of 22D wave
propagation through single joint or multiple paral-
lel joints, the transmission ratio at any point along
a line with the same ais independent of the radial
distance from the wave source center. Based on
this important conclusion, it is possible to study
the effects of a, along a circle where all the points
have the same radial distance from the cavity cen-
ter, in 2-D wave propagation through a single joint
or multiple joints.

For every circle there are two symmetrical
lines. The study on effects of a single joint along a
circle can be done in one or two quadrants, from 0
to 90° or 180° of radian angle.

3.2.1 7T along a circle

The modelling conditions are the same as
those in 3. 1. 1.

In order to study the effects of single joint a-
long a circle, some parametric studies are conduc
ted. For fixed stiffness of the joint(j.= j.= 0.3
K), several circles with different radial distances
from the cavity center(R= 39 m, 50 m, 60 m, 70
m, 80 m) are chosen; and for the circle with radial
distance from the cavity center of 39 m, different
stiffness of the joint are chosen(j.= js= 0. 03 K,
0.07K, 0.1K, 0.3K and 0.5K).

The results show that a has effects on 2-D
wave propagation through a single joint; while the
radial distance does not affect the transmission ra-
tio. For example, Fig. 4 shows the transmission
ratio 71 for every grid-point in 2-D wave propaga-
tion through a single joint along different circles

(with different radial distances from the cavity cen-
ter of 39 m, 50 m, 60 m, 70 m, 80 m) for stiffness
of joint: js=j.= 0. 1K.

b3 + — Radial distance of 39 m
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Fig. 4 Transmission ratio 7'\ along

different circles for fixed stiffness
(js=jn=0.1K)

The results also show that the stiffness values
of the joint affect the transmission ratio in 2-D
wave propagation along any circle. For example,
Fig. 5 shows the transmission ratio T for every
grid-point along the circle with radial distance from
the cavity center of 39 m, for cases: j.= j.= 0.03
K, 0.07K, 0.1K, 0.3K and 0.5K.

3.2.2 T, along a circle

The modelling conditions are the same as
those in 3. 1. 2.

Similar to the effects of single joint along a
circle, a study on effects of multiple joints, along a
circle where all the points have the same radial dis-
tance from the cavity center, is also performed for
any quantity and spacing of the joints. The results
show that a has effects on 2-D wave propagation
through multiple joints; while the radial distance
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of 39 m for different stiffness
(1—5:=j2=0.03K; 2—5.=j.=0.07K;
3—5s=ja=0.1K; 4—.=j.= 0.2K;
5—j.= ju= 0.4K)

from the cavity center does not affect the transmis-
sion ratio. For example, Fig. 6 shows the trans-
mission ratio T2 along different circles( with radial
distances from the cavity center of 39 m, 50 m, 60
m, 70 m and 80 m) for 2 parallel joints(j.= j.=

0.3 K) spaced at 0. 05 wavelength.

1.0
% &
09+ .
< : :
.8
o
2
& 0.7F + — Radial distance of 39 m
E s — Radial distance of 45m
9 » — Radial distance of 50m
=06} v — Radial distance of 60 m
» — Radial distance of 70 m
» — Radial distance of 80 m
0.5 1 1 I 1 1 i | |

0 20 40 60 80 100 120 140 160 180
Radian angle/(")

Fig. 6 Transmission ratio 7> along
different circles for two joints spaced at

0. 05 wavelength for fixed stiffness
(js=Jjn= 0.3K)

3.3 Effects of shear stiffness on 7\ along line with
radian angle of 90°

In the UDEC model in Fig. 1, parametric

studies on effects of shear stiffness on the trans-

mission ratio at the grid-point along the line with a

of 90° are conducted. The normal stiffness varies

asj.= 0.03K, 0.07K, 0. 1K, 0.2K, and 0. 4K;
while the shear stiffness varies as j.= 0.03 G, 0.07
G, 0.1G, 0.2G, and 0.4 6.

The results show that, at the special direc
tion, i. e., normal to the joints (a= 90°), the
transmission ratio 7, in 2-D wave propagation
through single joint or multiple joints is dominated
by the normal stiffness of the joint, and the shear
stiffness of the joint has negligible influence. For
example, Fig.7 shows the transmission ratio 71 a-
long a circle for different shear stiffness(0. 03 G,
0.07G, 0.16G, 0.2G and 0.4 G) and fixed normal
stiffness 0. 4 K, for 22D wave propagation through
single joint. Fig. 8 shows the transmission ratio 72
along a circle for different shear stiffness(0. 03 G,
0.076G, 0.16G, 0.2G and 0.4 G) and fixed normal
stiffness 0. 4 K, for 22D wave propagation through
2 joints, spaced at 0. 05 wavelength.
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3.4 Discussion and observations

From the results with respects to the effects of
the parameters of the joints, there are following
observations.

For any radial line, the amount of the joints,
the stiffness of joints and the spacing of the joints
influence the transmission ratio 7.; along any radi-
an line, the transmission ratio T', at any point is in-
dependent of the radial distance from the center of
wave source. The transmission ratio for every grid-
point along a single circle can present the transmis-
sion ratio for every grid-point with a certain quanti
ty of joints.

At the special direction, i.e., normal to the
joint( a= 90°), the transmission ratio in 2D wave
propagation through single joint or multiple joints
is dominated by the normal stiffness of the joint,
and the shear stiffness of the joint has negligible
influence.

4 PILOT STUDY ON RADIUS OF CAVITY

Different from the 1-D wave propagation in
rock masses, the radius of the tunnel or borehole
where the wave originates is involved in 22D wave
propagation. In this part, the effects of the radius
of the tunnel or borehole on the transmission ratio
T, along a circle for single joint and multiple paral-
lel joints are studied. In the UDEC model in
Fig. 1, parametric studies on effects of the radius
of the tunnel or borehole along a circle are conduc
ted to investigate the effects of the radius on 2-D
wave propagation. Parametric studies on effects of
the radius along the special radial line( a= 90°) are
also conducted.

2m and 5 m are chosen for the radius of the
tunnel or borehole. The input wave is a half sine
velocity wave( P-wave) with unity amplitude, and
the frequency is 200 Hz. The mesh size of 0. 79 m
is chosen. The normal and shear stiffness of the
joint are fixed as jo= 0.4 K, j.= 0.4 G. The ratio
of spacing/wavelength varies as 0.02, 0.035,
0.05, 0.07, 0.13, 0.2, 0.25 and 0. 3.

The properties of the rock material are listed
in Table 1.

Results show that the radius of the tunnel or
borehole for the source pulse wave does not affect
the transmission ratio 7, in 22D wave propagation
through both single and multiple parallel joints.
For example, Fig. 9 shows the comparison of the
transmission ratio T'1along a circle for single joint
between two radius values: R= 2 m and R= 5 m;
Fig. 10 shows the comparison of transmission ratio
T, after two joints spaced at 0. 05 wavelength
along a circle between two radius values: R= 2 m
and R= 5 m; Fig. 11 shows the transmission ratio
T> as a function of the ratio of spacing/ wavelength
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for two joints along the special radial line( a= 90°).
5 CONCLUSIONS

1) In the process of 2D wave propagation
through multiple parallel joints, for any radial
line, the amount of the joints, the stiffness of
joints and the spacing of the joints influence the
transmission ratio T ..

2) Along any radial line, the transmission ra-
tio T at any point is independent of the radial dis-
tance from the center of wave source.

3) The radian angle has effects on 2-D wave
propagation through single joint or a set of parallel
multiple joints; while the radial distance from the
cavity center does not affect the transmission ratio.
It implies that the transmission ratio for every grid-
point along a single circle can present the transmis-
sion ratio for every grid-point with a certain quanti
ty of joints.

4) For the special radial line (a= 90°), the
transmission ratio is dominated by the normal stiff-
ness; while the influence of shear stiffness is negli-
gible.

5) The radius of the tunnel or borehole for the
source pulse wave does not affect the transmission
ratio in 2-D wave propagation.
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