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Long-wavelength P-wave and S-wave propagation in jointed rock masses

Minsu Cha', Gye-Chun Cho', and J. Carlos Santamarina®

ABSTRACT

Field data suggest that stress level and joint condition af-
fect shear-wave propagation in jointed rock masses. Howev-
er, the study of long-wavelength propagation in a jointed rock
mass is challenging in the laboratory, and limited data are
available under controlled test conditions. Long-wavelength
P-wave and S-wave propagation normal to joints, using an
axially loaded jointed column device, reproduces a range of
joint conditions. The effects of the normal stress, loading his-
tory, joint spacing, matched surface topography (i.e., joint
roughness), joint cementation (e.g., after grouting), joint
opening, and plasticity of the joint filling on the P-wave and
S-wave velocities and on S-wave attenuation are notable. The
ratio Vp/ Vs in jointed rock masses differs from that found in
homogeneous continua. The concept of Poisson’s ratio as a
function of Vp/ Vs is unwarranted, and Vp/ Vs can be interpret-
ed in terms of jointed characteristics. Analytic models that
consider stress-dependent stiffness and frictional loss in
joints as well as stress-independent properties of intact rocks
can model experimental observations properly and extract
joint properties from rock-mass test data. Thus, joint proper-
ties and normal stress have a prevalent role in propagation ve-
locity and attenuation in jointed rock masses.

INTRODUCTION

The mechanical characteristics and orientation of joints deter-
mine the small- and large-strain behavior of rock masses and various
forms of conduction and diffusion properties (Priest, 1993; Guéguen
and Palciauskas, 1994; Brady and Brown, 1995; Huang et al., 1995).
In particular, although the state of stress has little effect on the stiff-
ness of intact rock, it exerts a predominant effect on the stiffness and
attenuation in jointed rock masses (Goodman, 1989; Zhao et al.,
2006).

Rock-mass characterization with elastic waves presents impor-

tant advantages for a wide range of applications, from infrastructure
(e.g., rock slopes, foundations, and tunnels) to resource recovery and
production (e.g., geothermal development, petroleum production,
and waste isolation). However, data interpretation requires a proper
understanding of the impact that rock-mass properties and the state
of stress have on elastic-wave propagation parameters.

The elastic-wave velocity of jointed rocks has been described in
terms of displacement-discontinuity models and effective-moduli
models. Displacement-discontinuity models capture anisotropy, fre-
quency-dependent amplitude, and phase, and they can accommo-
date joint conditions such as crack length and filling materials
(Pyrak-Nolte et al., 1990a, 1990b; Boadu and Long, 1996; Yi et al.,
1997). On the other hand, quasi-static effective-media models corre-
spond to the long-wavelength regime, whereby the wavelength A is
much longer than the interjoint spacing S; this is the most common
situation in seismology and exploration geophysics (White, 1983;
Schoenberg and Muir, 1989; Schoenberg and Sayers, 1995). How-
ever, the study of long-wavelength propagation in a jointed rock
mass is challenging in the laboratory, and data are limited.

The relation between engineering rock-mass properties, such as
fracture frequency or rock-quality designation (RQD) and wave ve-
locity, has been explored experimentally in the laboratory for
P-waves (Sjogren et al., 1979; El-Naqga, 1996; Kahraman, 2001,
2002) and for P- and S-waves (Leucci and De Giorgi, 2006) and by
means of analytic displacement-discontinuity models (Boadu,
1997). In general, these studies show a decrease in propagation ve-
locity with increasing fracture roughness and frequency of joints,
i.e., lower RQD. However, these investigations were conducted in
the short-wavelength propagation regime or had no control on the ef-
fective normal stress, or both.

Fratta and Santamarina (2002) have developed a device to study
long-wavelength S-wave propagation in a jointed rock column sub-
jected to controlled normal stress conditions and explore the effect
of joint thickness using clay gouge. We extend that study. First, we
enhance the device and extend the test procedures to include P- and
S-wave propagation. Second, we use higher normal stress levels to
explore velocity-stress behaviors that might not manifest at lower
normal stress levels (particularly in rough or cemented joints).
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Third, we use a wider range of block materials, block-surface rough-
ness, joint spacing, joint cementation, and both clayey and sandy
gouge. As in the Fratta and Santamarina (2002) study, we emphasize
the stress normal to the joint plane. A description of the new device
and a summary of the gathered data follow. Then, we analyze the re-
sults and present models that recover joint information from wave-
propagation data.

EXPERIMENTAL STUDY: DEVICE
AND MATERIALS

The device used to study the stress-dependent wave propagation
characteristics in jointed rock masses consists of a stack of rock discs
(Fratta and Santamarina, 2002). The cylindrical jointed rock column
rests on a high-impedance steel base. A light metal cap is placed atop
the rock column. The axial load hangs from the top cap by means of a
4-mm-diameter rod that runs along a central hole drilled in all discs;
the rod-cap connection allows 3D rotation (Figure 1).

Shear-wave propagation

The propagation of torsional waves in columns is nondispersive,
and the velocity is equal to the shear-wave velocity in an infinite me-
dium with the same material characteristics (Kolsky, 1963). Further-
more, there is no geometric attenuation when waves propagate in a
cylindrical column; hence, the measured attenuation is the intrinsic
attenuation in infinite media. Following Fratta and Santamarina
(2002), we take advantage of these observations to determine the
shear-wave propagation parameters from the first torsional resonant
mode of the column. Figure 1a shows a sketch of the jointed rock
column with the peripheral electronic devices used to monitor the
torsional resonance. Two accelerometers are mounted on the top cap
at diametrically opposite locations, aligned normal to the radius to
detect any torsional motion.

Torsional excitation is created by suddenly releasing the column
from a quasi-static deformation enforced at the top of the column,
thereby allowing the column to vibrate freely. The global strain was
kept below y = 107 in all tests (joint strain <10~3). The signals
from the two accelerometers include flexural and torsional motions.
The flexural response of the long column is a lower-frequency com-

= Accelerometer Steel ball

a) b) I

AN

NN N

R

Rock disc

.‘....,.......
e o e e st e e v ot
N I O O O
e e e e O P e e e
e e e e o mt e e e
N I N D O B

1 A 5 O O O

Steel base | | | |

Rod

Weights E

Figure 1. Stress-controlled jointed rock column. Peripheral electron-
ic devices for (a) S-wave (resonance) and (b) P-wave (pulse) propa-
gation studies.

ponent that can be filtered (during measurements or postprocessing)
or cancelled by subtracting the time series gathered with the two dia-
metrically opposite accelerometers (Figure 1a; typical signals and
data reduction details in Fratta and Santamarina, 2002). The signal is
then transformed to the frequency domain to obtain the resonance
spectrum of the torsional shear response.

The resonant frequency f, and the damping ratio D are recovered
from the resonance spectrum. For the given boundary conditions,
the column vibrates as a free/fixed system, i.e., free at the top and
fixed at the bottom. The corresponding wavelength A for first-mode
resonance is four times the column length L. Hence, the torsional
shear-wave velocity is Vs = 4Lf,. The damping ratio D, the attenua-
tion ap, and the quality factor Q are related as D = apA/2m
= 1/2Q forlow-loss conditions. The attenuation ap[ 1/m] therefore
can be computed readily by using D measured from the resonance
spectrum.

Longitudinal-wave propagation

The presence of the rod and weights affects longitudinal reso-
nance, and the column cannot be considered a free/fixed system in
longitudinal vibration. Instead, we measure the longitudinal-wave
velocity using two accelerometers aligned in the vertical direction,
one mounted at the top of the column and the other on the lower face
of the bottom disk, next to the central orifice. Figure 1b shows the in-
strumentation and peripheral electronic devices used to monitor the
longitudinal-wave propagation.

The column is excited by the impact of a small steel ball dropped
from a constant height; the global strain level ¢ is less than 10~ for
all the applied normal-stress levels (joint strain <10 ~*). The longitu-
dinal-wave velocity is computed as Vp = L/ Az, where At is the trav-
eltime. A reliable determination of P-wave attenuation is impossible
with this test procedure.

Longitudinal-wave propagation is dispersive in columns because
radial inertia adds to longitudinal inertial effects. The asymptotic ap-
proximation for the long-wavelength phase velocity is

Voh = \/g[l —7721/2(%)2] (1)

for r/A < 0.1 in terms of Young’s modulus £, mass density p, Pois-
son’s ratio v, and the radius of the rod r (Rayleigh-Pochhammer; see
Kolsky, 1963). The propagation velocity and the central frequency
of the received signal are used to estimate the wavelength, which re-
mains at about A= 0.7L in all tests. Accordingly, the anticipated geo-
metric dispersion is less than 2%, which is below the measurement
error (refer to Table 1 for the dimensions of the stacks of discs).

Long-wavelength condition

The group velocity in periodic discrete media is a function of the
ratio between A and the internal spatial scale of the medium, whichin
this case is the joint spacing S. If the velocity for an infinite wave-
length is V*, then the group velocity V;,‘ for wavelength A can be esti-
mated as (Brillouin, 1946)

A_ L]

Ve=V* cos( A ) (2)
for A=2S, where S is the interjoint spacing. Note that the particle
motion in two consecutive disks is completely out-of-phase when A

Downloaded 30 Jun 2010 to 130.207.50.192. Redistribution subject to SEG license or copyright; see Terms of Use at http://segdl.org/



P-and S-wave propagation in jointed rock E207

=28 (i.e., 7 shift; Figure 2). In this case, the restitution force is
maximum and the discrete medium hinders wave propagation —
hence the name cutoff wavelength. Thus, the jointed rock mass acts
as a low-pass filter, and the group velocity decreases as A approaches
the internal length scale S.

Figure 2 presents experimental results that confirm these observa-
tions. Jointed rock columns were formed with different numbers of
gneiss discs and clean joint conditions (column lengths: 3,5,7,9, 11,
13, and 15 disks). Torsional excitation values were gathered at three
normal stress conditions (o of 37, 149, and 445 kPa). The three
trends confirm asymptotic shear-wave velocity values when the col-
umns consist of approximately nine or more disks.

Because of the results shown in Figure 2, the following measure-
ments were performed on columns with at least 13 discs (Table 1), so
the column length is L= 13 for an interjoint spacing of S. In tor-
sional resonance, A = 4L, the wavelength-to-spacing ratio is A/S
=152, and the error in the group velocity is less than 0.2% according
to equation 2. In the case of longitudinal propagation, the wave-
length for the central frequency is typically A ~0.7L = 108, and the
error in the group velocity is about 5% (limited experimental data
with columns of 11 and 15 discs show a variation in the P-wave ve-
locity lower than 7%.) On the basis of this analysis and experimental
results, we conclude that the long-wavelength condition (A/S>>2)
sought in this study is adequately satisfied.

Tested rocks and joints

Atotal of 24 different disc-joint conditions were tested to explore
the effect of the disc thickness 7', the disc surface topography or joint
roughness, the presence of gouge material, the
loading history, and the joint cementation (e.g.,
after grouting). Table 1 summarizes the proper-
ties of the discs used to investigate these vari-

bonding gains relevance for geologic healing effects as well as in
grouting of rock masses for engineering applications.

Each column was first subjected to staged loading to the desired
maximum normal stress (400—700 kPa) and then was subjected to
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Figure 2. Wavelength-to-joint spacing ratio, inherent low-pass filter
effect. Shear-wave velocity is a function of A/S. Data were gathered
with gneiss blocks and clean joints.

Table 1. Properties of materials used to make the discs. Data in parentheses
are for gypsum.

ables; the tested joint-disc combinations are list-
edin Table 2.

Dental ‘gyp%uma

The interjoint spacing S is equal to the intact Disc material Gneiss Acetal (gypsum’)
rock thickness Tpl.us the joint thlcknes.s t, th.at is, Dimensions T =25.4 mm T =20.25,30 mm T =25 mm
S = T + t. We studied the effect of 7 using differ- _ _ _
ent disc thicknesses. In addition, we simulated the ID =25 mm ID =25 mm ID =25 mm
presence of gouge material in joints by adding OD = 63.2 mm OD = 60 mm OD = 52.6 mm
clean, uniform sand (with a mean particle size of . . . . .
0.2 mm) or a kaolinite paste between the discs Preparation i)olrsgs. from NX Discs: from rod ggs]cdss cast in
when the jointed rock column was assembled. e: . e milli

Surface topography tests were designed to Hole: water jet ggcii:;l ng
study the effect of clean, grooved, slickensided Cut: di d Cut: milli hi Surface:
surfaces (rather than mismatched rough surfac- arild.pollaiﬁ?cll saw ul- mifling machine ml;rcﬁicfé d 1D
es). Dental gypsum discs were cast on metal rouch fil

. . ghness profile

molds that had been machined in one direction to Surface: smooth Surface: smooth
attain the transverse profiles created by Barton .

Densit 2704 kg/m? 1410 kg/m? 3
and Choubey (1977) for a joint roughness coeffi- ey p gm &rm 1690 (847) kg/m
cient (JRC) of zero or planar, 6-8, 1214, and I

ntact V, 3100 m/s 970 m/s
18-20 (Figure 3). A complete set of 15 discs was s 2070 (1270) m/s
created for each topography. When the discs were Intact Vp 4750 m/s 2310 m/s 3250 (1920) m/s
stacked, the surfaces of the contiguous discs
matched very closely. Number of 15 13 15 (16)

The study of cemented joints was conducted by

discs in column

cementing gypsum discs sequentially, first in
groups of two discs and then in groups of 4, 8, and
16 discs. The last case implies that all joints in the

column are bonded together. The role of joint diameter

*Water/gypsum ratio = 1:3. Dental gypsum is a high-stiffness casting material used in
dental applications (material source: Maruishi Plaster Co., Ltd.)
Water/gypsum ratio = 1:1. T = disc thickness; ID = inside diameter; OD = outside
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staged unloading. We determined the P- and S-wave propagation pa-
rameters at each stress stage.

EXPERIMENTAL RESULTS
Velocity

The P- and S-wave velocity data are plotted as a function of nor-
mal stress in Figures 4 and 5 for all joint conditions to compare the
effects of (a) joint spacing in the case of clean joints, (b) joint rough-
ness, (c and d) joint filling, (e) stress history, and (f) joint bonding
(for S-waves only). Data points in these figures indicate experimen-
tal results, whereas lines correspond to the fitted analytic model
trends, discussed in the next section.

Observations related to the effect of different joint conditions on
propagation velocity follow. Unless noted, these observations apply
to Vpand Vs.

Table 2. Summary of test conditions.

State of stress (Figures 4 and 5). — The P- and S-wave propa-
gation velocities increase as the normal stress increases for all joint
conditions, rock materials, and joint spacing. This stress-dependent
sensitivity of jointed rock masses contrasts with the stress-indepen-
dent stiffness of the material that makes the blocks.

Joint spacing (Figures 4a and 5a). — The wave velocity in-
creases as the joint spacing S = T + t increases. The softening effect
of joints on the column stiffness diminishes.

Roughness — no gouge material (Figures 4b and 5b). — The
smoother the surface, the lower the propagation velocity at low nor-
mal stress and the higher the stress sensitivity (Kahraman, 2002).
Therefore, the V-o trends tend to converge as the normal stress o in-
creases. All experimental evidence shows that well-matched
grooved surfaces exhibit the highest stiffness within the normal
stress range explored here. However, if roughness purposely is mis-

Figure
Test Purpose Disc Gouge Condition Vp Vs D,
1 Disc thickness Acetal None T =20 mm 4a S5a 6a
2 T=25mm
3 T =30 mm
4 Surface roughness Dental gypsum None JRC=0 4b 5b 6b
5 JRC=6-8
6 JRC=12-14
7 JRC = 18-20
8 Mismatched
9 Gouge (coarse) Gneiss Sand Clean 4c 5¢ 6¢
10 t=1.0 mm
11 t= 1.5 mm
12 Gouge (fine) Gneiss Clay Clean 4d 5d 6d
13 t=0.5 mm
14 t=1.0 mm
15 t=1.5 mm
16 Loading history Gneiss None Loading 4e Se 6e
17 Unloading
18 Clay Loading
19 Unloading
20 Joint cementation® Gypsum (planar) None Liona = 40 cm — 5f of
21 Lbond =20 cm
22 Lygna = 10 cm
23 Lbond =5cm
24 Lygna = 2.5 cm

*The bonded length L, corresponds to the number of discs per cemented block: 2.5 cm = 1 disc; 5 cm = 2 discs; 10 cm = 4 discs; 20 cm

= 8 discs; 40 cm = all joints.

T = disc thickness, JRC = joint roughness coefficient, t = gouge thickness, Ly, = bonded length, Vp = P-wave velocity, Vs = S-wave ve-

locity, D,,, = S-wave damping ratio.
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matched when consecutive disks are rotated by /2, then the col-
umn of mismatched surface topography has the lowest stiffness
(Figure 5b; P-wave data were not gathered in this test).

Joints filled with gouge material (Figures 4c and d, 5c, and d).
— The P-wave and S-wave velocities decrease and the stress depen-
dency increases as the joint-filling thickness increases. Both effects
are more pronounced in the presence of clay than in the case of non-
plastic gouge material. A very thin layer of a material with low shear
modulus could have a pronounced impact on Vg yet a limited effect
on Vp; a thin water film would be an extreme case. This is highlighted
by the data gathered with a 0.5-mm clay layer in Figures 4d and 5d
(there is even a minor increase in Vp, suggesting enhanced transmis-
sion of longitudinal motion).

i 52.6 mm |
JRC=0 Planar
JRC =6-8 e USSR
JRC =12-14 m
JRC = 18-20 R N VN

Figure 3. Selected roughness profiles (horizontally scaled to
53/100).

E209

Load history (Figures 4e and 5e). — The wave velocity in
jointed rocks reveals that the rock mass retains memory of the load-
ing history. At a given normal stress, the wave velocity is higher dur-
ing unloading than during loading in clean rough joints and in planar
joints with gouge material (the stiffening of joints caused by pre-
loading tends to vanish in clean planar joints). Load history effects
suggest changes in asperities on the faces of joints and in the gouge
material. In Figure 4e, the P-wave velocity is slightly lower during
unloading for the case of clean joints; this could result from mea-
surement bias (unidentified cause) or from surface damage in the
gneiss discs during loading (yet there was no visual evidence of
damage).

Cemented joints (S-wave data in Figure 5f. — P-wave data
were not gathered in this test). Joint bonding increases shear-wave
velocity through the rock mass and decreases its stress sensitivity.
Eventually, the fully cemented rock mass exhibits a high shear-wave
velocity (see also the field data in Kikuchi et al. [1997]) and the re-
sponse becomes stress independent.

Damping

Values for damping ratio D are plotted in Figure 6. The main ob-
servations from these data include the following.

o State of stress (Figure 6a-f): In all cases, the damping ratio de-
creases as the normal stress increases.

e Joint spacing: Joint spacing has no measurable influence on
damping (Figure 6a), which suggests the rock-mass damping is
controlled mainly by losses in joints.

Roughness — no gouge material (Figure 6b): There are fewer
losses in matched grooved joints than in planar surfaces.
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Figure 4. P-wave velocity V; for different rock-mass conditions and stress levels: (a) effect of joint spacing (13 acetal discs, clean joints), (b) ef-
fect of joint roughness (15 dental gypsum discs), (c, d) effect of joint fillings (15 gneiss discs), and (e) loading and unloading path (15 gneiss
discs). Higher JRC value corresponds to rougher surfaces. “Sand 1 mm” stands for 1-mm-thick sand filling. The values for a, (m/s) and 3, are

the rock-mass wave parameters in equation 3.
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Figure 5. S-wave velocity Vs for different rock-mass conditions and stress levels: (a) effect of joint spacing (13 acetal discs, clean joints), (b) ef-
fect of joint roughness (15 dental gypsum discs), (c, d) effect of joint fillings (15 gneiss discs), (e) loading and unloading path (15 gneiss discs),
and (f) effect of joint cementation (16 gypsum discs). The higher JRC value corresponds to rougher surfaces. “Sand 1 mm” stands for
1-mm-thick sand filling. The values for «, (m/s) and B are the rock-mass wave parameters in equation 3.
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Figure 6. S-wave damping D, for different rock-mass conditions and stress levels: (a) effect of joint spacing (13 acetal discs, clean joints), (b)
effect of joint roughness (15 dental gypsum discs), (c, d) effect of joint fillings (15 gneiss discs), (e) loading and unloading path (15 gneiss discs),
and (f) effect of joint cementation (16 gypsum discs). The higher JRC value corresponds to rougher surfaces. “Sand 1 mm” stands for
1-mm-thick sand filling. The values for «, (m/s) and B, are the rock mass S-wave damping parameters in equation 8.
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o Joints filled with gouge material (Figure 6¢ and d): The damping
ratio increases in the presence of gouge material, particularly in
thick joints filled with plastic fines.

* Load history (Figure 6e): Damping decreases in preloaded con-
ditions.

* Cemented joints (Figure 6f): Although data resolution limits our
ability to draw definitive conclusions, joint cementation appears
to decrease losses and the stress sensitivity of attenuation.

ANALYSES: LONG-WAVELENGTH PROPAGATION
IN JOINTED ROCKS

Velocity-stress trends

The strong influence of joint stiffness on the stiffness of a rock
mass permits the application of Hertzian power functions to fit long-
wavelength velocity versus normal stress data, analogous to wave
propagation in soils (Hardin and Richart, 1963; Lee and Stokoe,
1986; Brady and Brown, 1995):

o, Bp o, Bs
Vb= ap T kPa and Vg = ag Tkpa) - (3)

The factor a (m/s) is the wave velocity in the rock mass when o,
=1 kPa, and the exponent 3 describes the stress sensitivity of P-
and S-wave velocities. The lines superimposed on data points in Fig-
ures 4 and 5 show the fitted equations; the corresponding a- 8 values
are tabulated in each case. Figure 7 shows a plot of all the - pairs
for P- and S-wave propagation; for comparison, the a- 3 pairs for the
S-wave velocity in soils are shown in the same figure (data compiled
from our laboratory experiments on a wide range of soils, from soft
clays to dense sands). These results support several observations.

First, stress-dependent P- and S-wave velocity data gathered for
jointed rock masses are well captured by the power functions in
equation 3 (Figures 4 and 5). Second, there is an inverse relation be-
tween the a-factor and the B-exponent; in other words, a rock mass
with high stiffness at low stress (i.e., a high «) is less sensitive to any
increase in normal stress (i.e., alow B). Third, the S-wave as-B5 pa-
rameters for rock masses cluster above the trend for soils (Figure 7);
hence, the wave velocity through the jointed rock masses is higher
than in soils at the same state of stress. In agreement with Vp > Vi,
the ap- Bp pairs cluster above as- .

In addition to the above points, the sequence of joint conditions in
the order of decreasing 8 and increasing « is as follows: thick joints
with plastic gouge, joints with nonplastic gouge and mismatched
roughness, clean smooth joints, and cemented joints. Finally, pre-
loaded jointed rocks have a higher « value and a lower 8 value than
jointed rock masses during initial loading.

Interpretation of Vy/Vy

The ratio of longitudinal- to shear-wave velocities is related to the
small-strain Poisson’s ratio v = —¢, / g, in homogeneous materials.
However, this interpretation is unwarranted in the case of jointed
rocks, where the strain parallel to loading &, and the transverse strain
e, aredifferentin rock blocks and joints. Furthermore, the lateral de-
formation of the gouge material in the jointed rock column is re-
stricted by friction against the rock block; the soft joint layer then

acts with stiffness similar to the constrained modulus M rather than
Young’s modulus E during the axial excitation of the jointed column.

In an alternative approach, we explore the evolution of Vp/ Vs ver-
sus normal stress as an indicator of the joint characteristics. The
computed ratios are plotted in Figure 8. We note that the velocity ra-
tio in rods can vary from Vp/Vs=1.41 for a continuous rod with v
=0, to Vp/Vs— e for a jointed column with frictionless interfaces.
The values of Vp/ Vs in this study range from 2 to 3.6 for all hard
block materials and from 1.7 to 2.4 for the soft acetal discs. We also
note that the value of Vp/ Vs remains constant when gneiss blocks are
separated by clean planar joints. This response is consistent with
Hertz-Mindlin contact behavior, where longitudinal and shear stiff-
ness are determined by the contact area between the interacting sur-
faces (Figure 8a).

In addition, we note that when stiff block materials are involved,
the value of Vp/ Vg decreases as the normal stress increases in the
case of the rough joints or joints with gouge material. The faster in-
crease in shear stiffness than in longitudinal stiffness required for
this Vp/ Vs response corresponds to a granular model where the coor-
dination number and rotational frustration increase during loading
(Figure 8b). Finally, we note that the value of Vp/ Vs increases as the
normal stress increases and approaches the value for the intact block
when soft acetal discs form the column; that is, the normal stiffness
increases faster than the shear stiffness. Although a physical expla-
nation remains unclear for this material, an idealized contact model
is sketched in Figure 8c.

Joint properties from long-wavelength propagation
measurements
Joint spring constant

The deformation of the rock mass in long-wavelength torsional or
longitudinal excitation normal to joints is the sum of the rock and
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Figure 7. The rock-mass wave parameters of « versus 3 (equation 3)
for various disc materials and joint conditions. For comparison, the
data shown as open triangles were gathered for a wide range of soils,
from high-plasticity clays to angular coarse sands, and the regres-
sion line of B = 0.36 — «/700 applies to these soil data (from San-
tamarina et al., 2001). The variability for jointed rocks reflects the
wide range of tested materials and conditions. The arrows highlight
trends for selected variables.
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joint deformation, i.e., a series system. In this case, the compliance
of the rock mass combines joint and block compliances weighted by
their lengths. This approach leads to the following expression for
wave velocity in the rock mass V,,, (derivation in Fratta and San-
tamarina, 2002):

1(1- -1
v, = \/_< 7 +2L) . 4)
Prm Vpr Vjpj

r

For P- and S-waves, p,.,, p,, and p; are the density of rock mass, intact
rock, and joint, respectively; V, and V; are the velocity of the intact
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Figure 8. The V;/ Vs values for various joint properties and stress
levels: (a) constant V;/ Vs (observed in column made of clean planar
but stiff gneiss blocks), (b) decreasing Vp/ Vs (observed in rock mass
made of gneiss blocks with joint filling), and (c) increasing Vp/ Vs
(observed in column made of soft acetal discs).

rock and joint, respectively; and # is the ratio of the joint thickness ¢
to the interjoint spacing S, thatis, n = t/S.

The application of this expression is hindered by the uncertainty
in determining the effective thickness of the joints. The alternative is
to consider the spring constant of the joints k; (GPa/m) because it
combines stiffness and thickness (Goodman, 1989). Let us adopt a
power function for the spring constant in terms of the normal stress
k; = (o /kPa)* in agreement with contact mechanics (see also
Brady and Brown, 1995), where the joint stiffness parameters  and
{ reflect the joint surface properties, the gouge type, the joint thick-
ness, and the sensitivity to stress changes. The wave velocity in the
rock mass can be computed in terms of the joint spring constant pa-
rameters and the separation between consecutive joints. According-
ly, we can express the wave velocity in the rock mass as

11 1\7!
Vm=\ "2t &
Prm Vrpr Sk/

1 [ 1 1 -1
+

— . 5
Prm VZP Op ¢ ( )
rPr Sd[ _n
1 kPa

Equation 5, which applies to P- and S-waves, enables us to deter-
mine the joint spring constant k; or the stress-related joint parameters
¢ and ¢ from the macroscale wave propagation measurements in the
rock mass. (Note that different stress levels are required to obtain
— {. Furthermore, the mass density of the rock mass p,,,, the intact-
rock wave velocity V,, the intact-rock mass density p,, and the inter-
joint separation S must be determined separately.) Equation 5 prop-
erly fits all velocity trends in Figures 4 and 5. An inverse relationship
is observed between joint parameters ¢ and {: Joints with low stiff-
ness at low normal stress (i.e., low ¢) exhibit high sensitivity to the
state of stress (i.e., high £). Exponents as high as { = 0.7 to 0.8 are
computed for joints filled with sand or clay. Changes in spacing do
not affect ¢y and £.

Joint attenuation

Damping is the ratio between the energy lost per cycle AW and the
stored energy W (Mavko et al., 1998). The energy lost in blocks and
joints can be expressed in terms of their corresponding damping ra-
tios and stiffness. In many field applications as well as for the param-
eter range tested in this study, rock mass damping is controlled by
losses in the joints D,,, = D;. If the frictional loss in joints is the prin-
cipal attenuation mechanism, then the hysteretic damping can be
computed assuming a hyperbolic stress-strain response (Duncan and
Chang, 1970; Fratta and Santamarina, 2002):

where the joint shear modulus G; is related to the joint stiffness k; as
G; = kjt, the joint stiffness k; is a power function of the normal stress,
and the shear strength 7, depends on the normal stress according to
Coulomb’s law, 7, = o, tan ¢ (where ¢ is the friction angle).
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Equation 6 then becomes

2 Yt o, -1+
rmej: a 7j P
3 tan ¢ 1 kPa

o, ~Ap
=“D<1kpa) ' M

D

Apower function is obtained once again; however, in this case, the
joint attenuation parameter «), is strain dependent, or a, = f(y -
The negative exponent indicates that the damping ratio is expected
to decrease as the normal stress increases, in agreement with experi-
mental results presented in Figure 6, where the lines show the fitted
trend. Attenuation parameters a -3 are tabulated in each case.

CONCLUSIONS

In this study, we have investigated the stress-dependent propaga-
tion characteristics in jointed rock masses. Long-wavelength data
were gathered using a jointed-column device that helped us explore
the effects of various joint conditions on P- and S-wave propagation
while we controlled the stress normal to joints.

Data obtained under well-controlled laboratory conditions show
that P- and S-wave velocities increase and attenuation decreases as
the normal stress increases. The presence of gouge material, particu-
larly if the material is of clay origin, lowers the propagation velocity
and increases attenuation. A higher level of rock-mass stiffness is at-
tained with well-matched grooved surfaces than with mismatched
rough surfaces. At a given normal stress, jointed rock masses retain
memory of the loading history, and the wave velocity is higher dur-
ing unloading than during loading in most cases. The memory is as-
sociated with changes in asperities on the faces of joints and in the
gouge material. Joint cementation effectively increases wave veloci-
ty through the rock mass and decreases its stress sensitivity.

Stress-dependent P- and S-wave velocity data gathered for jointed
rock masses are well captured by the power function of contact me-
chanics, V = ao®. There is an inverse relation between the a-factor
and the B-exponent; hence, a rock mass with high stiffness at low
stress (i.e., high «) is less sensitive to the increase in normal stress
(i.e., low B). In order of decreasing B parameters and increasing o
parameters, the joint conditions vary as follows: thick joints with
plastic gouge, joints with nonplastic gouge and mismatched rough-
ness, clean smooth joints, and cemented joints. Preloaded jointed
rocks have a higher « value and a lower 8 value than jointed rock
masses during first loading.

The measured Vp/ Vs values vary between 2 and 3.6 for jointed
columns made of hard blocks. The interpretation of Vp/ Vs in terms
of Poisson’s ratio is unwarranted in the case of jointed rocks. Instead,
the evolution of Vp/ Vs during changes in the normal stress reflects
joint characteristics and stress response.

Displacements concentrate at joints. The assumption of frictional
loss at joints leads to a power law between damping and normal
stress with a negative exponent.

Effective media equations can be fitted to stress-dependent veloc-
ity or attenuation data to recover joint information such as the joint
spring constant k; (or joint parameters ¢ and {) and damping D;.

Taken together, the rock mass parameters of a-3 (for P-wave and
S-wave velocity and damping), the changes in Vp/ Vs with normal
stress, and the joint parameters k; and D; provide insightful informa-
tion about the rock mass and the characteristics of joints. Hence,
seismic measurements can be used to augment rock mass character-
ization in engineering applications.
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