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CHAPTER 1
INTRODUCTION

The need for the development of engineering rock classification
systems has been widely recognized. The purpose of a classification
system is to take into consideration parameters of rock quality, meas-
ured in the field and the labératory and to assess the behavior and
response of rocks under stress utilizing these properties.

Over the years, a number of rock classification systems have been
developed. The purpose, application and method of assigning an index
describing rock quality vary considerably between these systems. Sev-
eral systems are developed to assess the stability of excavations in
rock, whereas other systems have been directed towards estimating a
particular feature of a rock mass, i.e., blastability, rippability, etc.
In most cases, the rock quality is expressed by meaningful descriptions
or by a numerical propefty index.

Each classification system requires the laboratory or field test-
ing of rock in order to determine the desired parameters. Laboratory
work on intaét rock usually consists of the measurement of the modulus
of elasticity and the unconfined compressive strength. Field investi-
gations may include the determinakion of the in-situ modulus of deform-
ation and the spacing and characteristics of the discontinuities. The
measurement of such parameters requires sample collection and prepara-
tion, field preparation, extensive field work and considerable experi-

mental instrumentation.



The estimation or approximation of the above static properties and
rock quality characteristics from parameters determined from sonic wave
testing, such as the velocity, amplitude and frequency of P- and
S-waves, has been the subject of considerable interest among investi-
gators. If such correlation is possible, existing rock classification
systems could be modified and new systems could be developed utilizing
the much easier to measure sonic parameters.

The objective of this research was to develop relationships be-
tween static and dynamic properties describing the competency and be-
havior of rocks, to identify the most appropriate sonic wave parameters
for rock classification purposes and to apply these findings for the
establishment of rock quality indexes.

The research demonstrated that the potential of the sonic wave
propagation for engineering rock classification is considerable and
that sonic wave properties could provide reliable qualitative and quan-

titative means of rock quality assessment.



CHAPTER II

THEORETICAL CONSIDERATIONS

2.1 Basic Definitions

This research considers the propagation of sonic waves through
rock materials. A sonic wave is generated by a forced oscillation on a
part of a rock sample or mass. This oscillation is propagated from one
rock particle to another and results in an unstable stress condition,
depending on the material properties. As a result, the phrase '"sonic
waves'" will include, in this research, all such waveforms, regardless
of frequency range or oscillation-propagation mode.

With regard to the frequency range, sonic waves can be classified
into three categories:

(i) Seismic frequency range: 50-1000 Hz. Are generated by

small explosions or hammer blows and used for field work.
(ii) Acoustic or audio frequency range: 1-10 kHz. Are not’
used frequently for rock testing and their.gener;tion is
difficult.
(iii) Ultrasonic frequency range: 10-100 kHz. Are generated
by magnetorestrictive, crystal or ceramic devices.

Sonic waves show several modes of particle vibration, along the
direction of propagation. For different modes of oscillation, sonic
waves can be described as follows:

(1) Compressional waves (also mentioned as Primary or P-waves):

The rock particles oscillate on a straight line, parallel to



the direction of propagation. The medium undergoes tension
and compression alternately.

(ii) Shear waves (also mentioned aé Secondary or S-waves): The
rock particles oscillate on a plane orthogonal to the direc-
tion of wave propagation. The elements of the medium change
in shape bﬁt not in volume. If the waves are polarized on a
horizontal plane they are known as SH-waves, whereas if the
polarization is on a vertical plane they are known as
SV-waves.

(iii) Rayleigh waves (R-waves): These are surface waves and pro-
duce a particle oscillation described by two motions with a
phase difference of 90°. The first motion is perpendicular
to the free surface and the second is parallel to it and to
the direction of propagation.

(iv) Love waves (Q-waves): These are surface waves and are simi-
lar to shear waves, polarized on an axis parallel to the free
surface.

Two more types of surface waves are mentioned in the literature but
are not discussed here, Hydrodynamic waves and Coupled waves (Farmer,

1968)

2.2. Wave Propagation Through Rock Materials

A theoretical analysis of wave propagation through rock will be
presented in order to determine which parameters of the sonic waves,
measured in the lab or in the field, can be correlated to static mechan-

ical properties of rocks.



2.2.1. The Elastic Model

The Elastic Model is the one most commonly used in rock mechanics.
Because of its simplicity it does not require measurement of a large
number of parameters and it can be used to approximate real conditions
in most cases.

Figure 2.1 shows an element of a continuous body (Desai and Chris-
tian, 1977). O’ ny’ etc., denote the stresses exerted through the
six faces of the element to neighboring elements. These stresses will

respectively cause strains:

€ =ﬁ1~ € =_3_V € =.a_w
plod 3xX vy oy zz 0z

= du 3V - du oW = v, ow
ny 9y 9x ? Yxz = 3z © Bx ’ sz 9z  dy

where u, v, w are the displacements in the x, y, z directions respec-
tively.

It can be proved that:

o =o0_
Xy yx
ze - OZX
ag =0
yz zy

Strains and stresses, for an elastic isotropic model, under simple
tension or compression; are related as follows:

Gxx = E € (2.1)

where E: Young's Modulus

€ =g = -v € (2.2)

where v is Poisson's ratio
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/ Tyy
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Figure 2.1 Sign convention for stress,
compression positive (Desai
and Christian, 1977)
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o= 26 =G 2.3
xy 7 Cxy Txy (2.3)

where G is the shear modulus.
Stresses and strains can also be related with the use of Lamme's
constants:

€0l = Sxx + eyy + €,, (2.4)

cxx =) €0l + 2u exx (2.5)

(and similarly for o and ¢_ )
vy zz

o] = 2 2.6
xy M fxy (2.6)

(and similarly for the other shears)

o E
S TR (2.7)
A VE (2.8)

TaFV d-2v
For a propagating wave, the equilibrium equations, for a three

dimensional case are:

acxx Boxyr Boxz Bzux
+ + = = pl

ax dy 9z 3t2 b4
2

acxy Boyy quz 3 uy
at
2

aoxz Boyz Bozz 3 u,

3x + oy + 2z ° at2 = Py,

where u s uy, u  are the displacements on the x, y, z axes respectively.

If {Q} is a rotation vector with components Qx, Qy, Qz the result

is:



ou au
x 2 '3y 9z
ou Ju
1 . x "z
Qy 2 (Bz X (2.10)
1 du Bux
Q == (XL - X%
z 2 °93x 3y

is:
2
9 ¢
(A + 2y) Vzeol-pz —_vol
ot
2 829x
uw Q. =op
X 3t2
(2.11)
9 329
wrR =0 —*
y ot
329
2 =, z
e z 2
9z

with the condition

aQ a0 a0
X

y z _
9x + ay + dz 0

where: A_i-_zli = V2
P p

TR

p s

and Vp, Vs are the velocities of propagation of the compressive and
shear wave respectively.

By substituting for E, v the result is:



3(V_ /v )2 -4
E=Vp P_S 5
(VP/VS) -1
(2.12)
2
1 (vp/vs) -2
vVERC 2
(vp/vs) -1

So far it has been shown that there is a relation between E and v,
the most significant mechanical properties in rock engineering, and Vp
and VS. Other important parameters are the degree of fracturing, the
number of joints, the surface characteristics of the fractures, and the
filling materials. Assuming a homogeneous model, with n the number of

similar joints. Forn= 0, the travel time of a pulse would be:

ot
]
<=

where L is the traveled length and V is the propagating velocity. For

n joints:

where tc is the travel time through a joint. Assuming that the width
of a joint is insignificant, compared to the total length:
L=L+nlL
c

where Lc is the width of a joint. Then:

vV = L
n (L/V+n tc)

where Vn is the average velocity through a rock mass with n joints.

Solving for'% we get:

=A.=>—-B (2.13)



10

Relation (13) implies that we can use Vp or VS as an index of the

spacing and characteristics cracks and joints.

2.2.2. The Viscoelastic Model

Since rocks rarely behave like perfect elastic materials, other
models have also been used to describe the mechanical behavior of rock
materials. For wave propagation Roussel (1968) used a viscoelastic
model, to adapt the experimental results given by Schneider (1967) with
the "Petite-Sismique" method (Chapter 4).

Let us assume the Kelvin-Voight viscoelastic model on Figure 2.

The equilibrium equation for an oscillating system would be

d2 dx
m X 4 n=—+Ex=0 (2.14)
2 dt
dt
where m: mass

n: viscosity coefficient
E: elastic constant of the spring
For a forced vibration, a simplified expression of the force gener-

ated by a hammer blow is given as follows:

P (t) = Po e 2t cos wt (2.15)
where a is the time attenuation constant. Equation (2.14) takes the

form:

d2x dx -at
m—=+n-—+Ex=P e at cos wt (2.16)
dtz dt o

The stress-strain relationships for the viscoelastic isotropic

medium are given by the equation:
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devol dei.
= + A -~ Al J .
oij by evol + 2u eij A TS “ij + 2u It (2.17)
where: A, u: Lame's constants
A', u': constants
o..: Kronecker's ¢
1]

Assuming an elementary volume dV, with a mass of pdV, being dis-

placed by Ux’ parallel to axis x, under the force de, the equation is:

Elo] 30 0

XX Xy Xz -
(Bx + ay 9z ) dv de
32u
Its reaction would be pdV .
ot

Substituting and taking the derivative of both sides (over time), the

equation that describes the propagation of compressional waves is:

32 € Vze
1 |
vol _ A + 2u V2 . + A+ 2ut, 9( vol)

2 T b vol 0 3t

(2.18)
ot

Substituting and taking the curl of both sides, the equation describing
the propagation of shear waves is:

2 2
- W, ) 3(VT W,)
i_ng2 v, if
5 o v wi + 5 Y (2.19)

ot

where: W,
i

curl u,
i

It can be shown that Equations (2.18) and (2.19) can be written as

follows:

3(Ve ) %e
2 pn__ . vol P . vol _
Vel T F 3t "+ 2n W) 0 (2.20)
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oV H) e 2 X 2.21
. (2.21)

In the case of plane waves, Equation (2.20) can be simplified as

follows:

2 3 2

(>\+2u)§-—‘23+pn 82u -p3‘21=0 (2.22)
9x X dt at

To explain the results presented by the "Petite Sismique" method
a solution of Equation (2.22) should describe a vibration that attenu-
ates exponentially with the distance, i.e.:

usu e—bx e—lm(t-x/c)

(2.23)
where b is the attenuation coefficient and ¢ is the wave velocity.

Substituting u in (2.22) gives:

(=b - 1w/c)? u + A iw(-b - iw/c)® u - B(iw)2 u = 0 (2.24)

on

where: A m

A+ 2u
From (2.24), separating the real and imaginary parts gives the
system:

real: b2 - w2/c? = 28 w? b/e + Bw? = 0

2

imaginary: 2b w/c + A Db w - Aw3/c2 =0

Finally, A + 2u is calculated:

2 2 mz - b2 c2
p ¢ w Ty

wz + b2

A+ 2u =
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By assuming that ¢ is frequency independent the result is, from the

theory of elasticity

2 L= vy
Pe AT R Ty G-y T K
d
and finally:
E - K 2 .2 2
s s w - b ¢ 2
_ " (2.25)
By Kg (ol 4 b2 ob)2

27T ec

By introducing A = , the result is:

By G *v) 1w + 229
Es 1+ vd) 4ﬂ2 (4n2 - b2 Az)
where:
Ed’ Vi as defined in Equation (2.12)
ES, vy the values of the static modulus of elasticity and

Poisson's ratio.

A: the wavelength

2.2.3. The Potential of Wave Propagation for Rock Classification

It has been shown that, according to theoretical analysis, the
measurement of wave propagation parameters can be used for estimating
static engineering properties of rocks. However, the static parameters,
calculated from dynamic properties, may deviate from the actual values.

Using the theoretical relation, as well as experimental data and
information obtained from literature, this research will attempt to de-
termine the most appropriate dynamic properties for engineering rock

purposes. Since the Young's Modulus, the compressive strength and the
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spacing and nature of joints are the most important parameters of rock
competency and behavior for engineering rock classification, it is im-
portant to correlate these parameters with dynamic properties which are
easy to measure. In this case, it might be possible to develop experi-

mental relations of the form:

Estat = A Edyn +B
where Estat: Modulus of Elasticity or Deformation
E : calculated from (12)
dyn

A, B: coefficients, from experimental data

E -AvZ+s
stat p
E = AV 2 + B etc
stat s ‘
n/L = (number of cracks per foot) = A-% - B
n

n/L=A-B .V
n



CHAPTER III

ENGINEERING CLASSIFICATION OF ROCKS

3.1. The Purpose of Rock Testing and Classifications

The successful design, construction and operation of structures
in rock requires a knowledge of the mechanical behavior of the rock in-
situ. Therefore, an investigation of the properties determining the
engineering rock quality is required. Such an investigation will pro-
duce a number of parameters, including compressive strength, tensile
strength, modulus of elasticity or deformation, creep rate, anisotropy,
water flow, in-situ stress, drillability, degree of jointing, filling
material type, etc. In order to implement these parameters, they must
be compared with data obtained from case studies, in order to predict
the behavior of the rock and its response under stress.

Engineering rock classification systems are based on data deter-
mined from laboratory and field tests and which are used to classify
and describe rock material or rock mass in a way that is useful and
meaningful for the design of structures.

Bieniawski (1973) set the purposes and requirements of a rock mass
classification system as follows:

(i) divide a rock mass into groups of similar behavior;

(ii) provide a good basis for understanding the characteristics

of a rock mass;
(iii) facilitate the planning and design of structures in rock by

yielding quantitative data for the solution of real engineer-

15
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ing problems; and

(iv) provide a common basis for effective communication among all

persons concerned with a geomechanics problem.

In order to fulfill this purpose, a classification system should
be simple and meaningful and must be based on measurable parameters
which can be easily determined.

Although Bieniawski mentions the above purposes and requirements
for the classification of rock mass or discontinuous rocks, such cri-
teria could also be considered for the classification of rock material

(intact rocks).

3.2. Methods of Engineering Rock Classification

Engineering Rock Classification systems may refer to rock material
or rock mass or both. Goodman (1976) has tabulated the major rock clas-
sification methods, specifying their object (rock material or rock mass)
and application (Table 3.1). A representative selection of these meth-
ods, the parameters they incorporate and the final designation of rock

quality by numerical values or categories are described below.

3.2.1. 1Intact Rock Classification (Deere and Miller, 1966)

This system classifies intact rock and takes into consideration
the compressive strength (CO) and the modulus of elasticity. Five
classes (A through E) of compressive strength are defined, following a
geometric progression. Class E includes weak samples, with C0 less
than 4,000 psi, and Class A includes very strong samples, with CO more

than 32,000 psi. The second parameter taken into consideration is the



Object

Rock
Material

Rock
Mass
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Table 3.1

References to Some Engineering
Classification Systems for Rock

(Goodman, 1976)

For General Purpose

Coates (1964)

Coates and Parson (1966)

Deere and Miller (1966)
and Deere et al. (1967)

Underwood (1967)
- shales
John (1962)
Onodera (1970)
Iada et al. (1970)
Muller and Hoffman (1970)

Franklin et al. (1971)%

For a Special Purpose

Bergh-Christensen and Selmer-
Olsen (1970)
- resistance to blasting

Selmer-0Olsen and Blindheim
(1970)
- drillability

Terzaghi (1946) - tunnels
Lauffer (1958) - tunnels
Bieniawski (1974) - tunnels

Barton et al. (1975) - tunnels

Kruse et al. (1969)
- tunnel liner design

Ege (1968)
- tunnels in granitic rocks

Obert and Duvall (1967)
- mining

Goodman and Duncan (1971)
- rock slopes

Caterpillar Tractor Co. (1966)
- rippability

* Best applied to rippability classification.
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Modulus Ratio, which is defined as the ratio of Modulus of Elasticity/
Uniaxial Compressive Strength for the same rock. Rock material is clas-
sified into three categories, i.e., high (H), average or low (L), re-
garding this ratio. Finally a rock will be classified as B, BH, AL,
etc. Table 3.2 gives the ranges for the values of Co and the Modulus

Ratio for rock classification.

3.2.2. Franklin's Rock Quality Classification (Franklin et al., 1971)

This system classifies rock mass by taking into comsideration an
index for discontinuities in the rock mass as well as the strength of
the rock material.

The compressive strength of the rock material can be determined
either by a uniaxial compressive test or by the point load index (IS).
As an index for fractures or discontinuities, the "Fracture Spacing
Index" (If) is used. It is defined as ''the average size of cored maté-
rial within a recognizable geological unit." Fractures which result
from drilling are not to be included. A graph, of Is versus If, with
logarithmic scales, is used to determine the class of a given rock mass
and assign it a general quality characterizétion, such as EH (Extremely
High), VH (Very High), etc. (Figure 3.1l.a).

Figure 3.1.b can be used when the fracture spacing is of no impor-
tance (e.g., for the production of crushed stone). Alternatively, an-
other parameter can be considered, such as a durability or an anisotropy
index.

In Figure 3.l.c another proposed classification is illustrated for

application to rock excavation. The parameters used for the general-
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Table 3.2
Engineering Classification for Intact Rock
(Deere and Miller, 1966)

I. On Basis of Strength

Uniaxial Compressive Strength,

Class Description lb/in2
A Very High Strength Over 32,000
B High Strength 16,000-32,000
C Medium Strength 8,000-16,000
D Low Strength 4,000~ 8,000
E Very Low Strength Less than 4,000

II. On Basis of Modulus Ratio

Class Description ' Modulus Ratio1
H High Modulus Ratio Over 500
- Average Modulus Ratio 200-500
L Low Modulus Ratio Less than 200

Classify rock as B, BH, BL, etc.

1) Modulus Ratio = Et/ca(ult.)

where Et = tangent modulus at 507 ultimate strength;

|

g

a uniaxial compressive strength
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Figure 3.1 Rock quality classification diagrams.
(a) general purpose classification, (b)
and (c) alternative methods (Franklin
et al. 1971)
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purpose classification on Figure 3.1l.a are used, i.e. an index of

strength and an index of discontinuities.

3.2.3. Rock Quality Designation (RQD) (Deere et al., 1967)

This is a quantitative index used as an indication of the quality
and probable engineering behavior of a rock mass. It is determined
during core recovery. Barfels of NX or larger size must be used. RQD
is defined as the total length of core pieces longer than 4 inches over
the total drill run, i.e.:

7y = Length of cores in pieces 4 inches or longer
RQD (%) 100 Length of borehole

Five rock quality classes were defined, depending on the RQD value,
ranging from "very poor" to "very good", i.e. for RQD<25% rock quality
is "very poor", 257%<RQD<50% rock quality is '"poor" and so on.

It has been shown that a linear correlation exists between fracture

frequency and RQD.

3.2.4. Rock Mass Quality (Q) (Barton et al., 1975)

This system is based on numerous case studies and correlates the
amount and type of permanent support required for an underground opening
depending on its Rock Mass Quality.

Rock Mass Quality (Q) is a numerical index of rock quality and
incorporates six parameters referring to joint spacing and character-

istics.
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where:
RQD: as mentioned in 3.2.3.

J,J,J ,J , SRF: from Table 3.3.
r’ "w’ "n’ "a

Q is used in order to estimate the maximum safe span for an unsup-
ported underground opening or to determine the required support method
(by using a graph and a table).

D= 2.1 (Q)0'387

where D is the maximum safe unsupported span (in meters). Q ranges
between 0.001 for extremely poor rock and 1,000 for exceptionally good

quality rock.

3.2.5. The Geomechanics Classification (Bieniawski, 1973)

Bieniawski developed a classification system similar to that of
Barton. The main difference is that the Geomechanics Classification
takes into consideration the strength of the intact rock. The follow-
ing parameters are used:

(i) Rock Quality Designation (RQD);

(ii) wuniaxial compressive strength of intact rock;

(iii) spacing of joints or bedding;

(iv) strike and dip orientations;

(v) continuity of joints; and

(vi) ground water inflow.

With regard to each of these parameters the rock mass is classi-
fied into five categories (Tables 3.4 and 3.5). The sum of these
values, for all eight parameters, is used to find the class of the rock

mass which given an estimation of the average standup time of an
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Table 3.3

Values of the Parameters
in Barton, Lien, and Lunde's Classification

(Goodman, 1976)

Number of sets of discontinuities

massive

one set

two sets

three sets

four or more sets
crushed rock

Roughness of discontinuities

non-continuous joints
rough, wavy

smooth, wavy

rough, planar

smooth, planar

slick, planar

"filled" discontinuities

* add 1.0 if mean joint spacing exceeds 3 meters

Filling and wall rock alteration

essentially unfilled

healed

staining only; no alteration
silty or sandy coatings

clay coatings

filled

sand or crushed rock filling
stiff clay filling <5 mm thick
soft clay filling <5 mm thick
swelling clay filling <5 mm thick
stiff clay filling >5 mm thick
soft clay filling >5 mm thick
swelling clay filling >5 mm thick

12.
10.
15.
20.

~ W~ O

[eNeoNeoNoNoNoNe)

Ja

O OO
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Table 3.3 (continued)

Water conditions

dry

medium water inflow

large inflow with unfilled joints

large inflow with filled joints
which wash out

high transient inflow

high continuous inflow

Stress reduction class

loose rock with clay-filled
discontinuities

loose rock with open
discontinuities

rock at shallow depth (<50 m)
with clay-filled
discontinuities

rock with tight, unfilled
discontinuities under
medium stress

* Barton et al. also define SRF values corresponding to
degrees of bursting, squeezing, and swelling rock conditioms.

10.0

5.0

2.5

1.0
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unsupported span (Table 3.4) or alternative support systems.

3.3. Comparison of the Classification Methods

An engineering classification system should take into considera-
tion the properties of the rock material and the discontinuities of the
rock mass.

The classification of rock material (as in sub-section 3.2.1.) does
not provide enough information for engineering design purposes unless
the rock mass is homogeneous and free of discontinuities, or there is
large spacing between discontinuities compared to dimensions of the
structure.

Classification systems emphasizing the characteristics of discon-
tinuities (e.g., RQD) give a better understanding of the behavior of a
rock mass. However, they need to be complemented by intact rock proper-
ties, particularly when the spacing of discontinuities is large with
respect to the dimensions of the openings, in order to establish their

structural competency.



Table 3.4

Geomechanics Classification of Rock Masses (Bieniawski, 1981)
A. CLASSIFICATION PARAMETERS AND THEIR RATINGS
PARAMETER RANGES OF VALUES
For this low ran,
Point-load ge
Strength n °l. > 10 MPa 4- 10 MPa 2-4 MPa 1-2 MPs - uniaxisl compres-
ot strength index sive tost is preferred
. ol
4 | intact roack g;"":"' ; §-25 | 1-5 <1
pressive 250 MP. . . .
material | strongin > s 100 - 250 MPs S0 - 100 MPa 25 - 50 MPa MPa | mPe | MPs
Rating 15 12 7 4 2 1 o
Orill core quality RQD 80% - 100% 75% -90% 50% - 75% 25% - 50% < 25%
2
Rating 20 17 13 8 3
Spacing of discontinuities >2m 06-2m 200 - 600 mm 60 -200 mm <60 mm
3
Rating 20 15 10 8 s
Slickensided surfaces
Very rough surfaces. Soft s thick
X X o Not conti Slightty rough surfaces.| Slightly rough surfaces. gouge > Smm
Condition of discontinuities N°; cont 3‘:&:’ Separation < 1 mm | Separation < 1 mm Gouge < 5 mm thick OR
4 Unweathered wall rock. | Slightly weathered waits| Highly weathered walis Separation 1-5 mm. Separation > 5§ mm.
Continuous Continous
Rating 30 25 20 10 [}
Inflow per 10 m None <10 10-25 25-125 > 125
tunnel length Hitres/min litres/min litres/min
e ] OR OR OR OR OR’
Ground E
water  |Ratio & 0 0.0-0.1 0102 0205 >05
§ uress  tom OR OR OR OR
General ditions Completely dry Damp Wet Dripping Flowing
Rating 15 10 7 4 0
8. RATING ADJUSTMENT FOR JOINT ORIENTATIONS
Strike and dip Very Ve
orientations of joints favourable Favourable Fair Unfavourable unfa vou”nblo
Tunnels [} -2 -5 -10 -12
Ratings Foundations 0 -2 -7 -15 .25
Slopes 0 5 -25 -50 -60

9¢



Table 3.4

(continued)

Geomechanics Classification of Rock Masses (Bieniawski, 1981)

.

C. ROCK MASS CLASSES DETERMINED FROM TOTAL RATINGS

Rating 100— 81 80«61 60«41 4021 <2

Class No. | ] ] v v
Description Very good rock Good rock Fair rock Poor rock Very poor rock
D. MEANING OF ROCK MASS CLASSES
Class No 1 1 ] v v
Average stand-up time 10yearsfor 1I5Smspan | 6monthsfor8 mspan 1 week for 5m span 10hoursfor2,Smepan | 30 minutesfor 1 mspan
Cohesion of the rock mass > 400 kPa 300 - 400 kPa 200 - 300 kPa 100 - 200 kPs < 100 kPs
Friction angle of the rock mass < 45° 35° - 45° 25° - 35° 15° - 25° < 158

THE EFFECT OF DISCONTINUITY STRIKE AND DIP ORIENTATIONS IN TUNNELLING

Strik 1 t i
rike perpendicular to tunnel axis Strike parallel QMP
to tunnel axis 0° - 20°

Drive with dip Drive against dip irrespective
of strike

ptp 45°-90° p1p 20°-45° | p1p 45°-90° | p1p 20°-45° | pip 45°-90° | btp 20°-45°

Very Very

favourable Favourable Fair Unfsvourable unfavourable Fair Unfavourable

Lz



Rock
mass
class

Guide to the

Excavation

Table 3.5

Selection of Primary Support in Horseshoe-Shaped Tunnels

(Bienlawski, 1978)

Primary support

Rockbolts* (length for
tunnel of 10 m width)

Shotcrete Stecl sets

Full face 3m
advance

Generally no support required except for occasional spot bolting

Full face
1,0-1,5 m advance

Locally boltsincrown 2-3 m
long, spaced 2-2,5 m with
occasional wire mesh.
Complete 20 m from face.

Top heading and
bench 1,5-3 m
advances in top
heading

Systematic bolts 3—4 m long,
spaced 1,5-2 m in crown and

walls with wire mesh incrown.

Complete 10 m from face.

50 mm in crown as basis for None
waterprdof
50-100 mm in crown and None

30 mm in sides

v

Top heading and
bench1,0-1,5m
advance in top
heading

Systematic bolts 4-5 m long,
spaced 1—1,5 m in crown and
walls with wire mesh.
Complete 10 m from face

100—150 mm in crown and
100 mm in sides. Support

to be installed as excavation
proceeds

Occasional light ribs spaced
1.5 m where required

Multiple drifts
0,5-1 m advance
in top heading

Systematic bolts 5-6 m long,
spaced 1-1,5 m in crown and
walls with wire mesh. Bolt
invert. Complete 5 m from
face

Heavy ribs spaced 0.75 m with
steel lagging. Close invert

150-200 mm in crown,

150 mm in sides and 50 mmn
on face. Apply shotcrete as
soon as possible after
blasting

* 20 mm diameter, fully resin bonded, length 4 tunnel width

8¢



CHAPTER IV

THE POTENTIAL OF SONIC METHODS FOR DETERMINING ROCK QUALITY

4.1. Advantages of the Sonic Methods

The measurement of parameters pertaining to rock classification re-
quires sample collection, preparation and testing for determining the
intact rock properties and extensive field work for identifying the fre-
quency and nature of the discontinuities. The main advantages of using
sonic methods for estimating rock quality are:

(i) minimal sample preparation for testing intact rock;

(ii) fast site preparation for field tests;

(iii) require non-destructive testing;

(iv) the tests are reproducible; and

(v) sonic methods can be used for large scale measurements in the

field.

With the exception of transducers, a sonic measuring system can be
developed from equipment readily available in most laboratories (a fre-
quency generator, amplifiers, an oscilloscope). Samples can be prepared
from rock pieces of any shape, with a portable grinding machine. The
same grinding machine can also be used for field tests.

Seismic methods, based on the principles of reflection or refrac-
tion, are widely used in the exploration of mineral and hydrocarbon de-
posits.

Sonic methods have also been used to detect structural anomalies

and geologic discontinuities in order to facilitate better planning of

29



30

mining operations.

4.2, Dynamic Properties Used for Estimating Rock Quality in the

Laboratory and In-Situ

Sonic wave parameters that can be used for assessing rock material
and rock mass quality include wave velocities, frequencies, amplitudes
and wavelengths of both compressional and shear waves. Compressional
waves are more widely used because they are commonly used for explora-

tion purposes and are also easier to detect.

4.2.1. The Application of Wave Velocity

Stacy (1973) conducted a set of laboratory experiments for deter-
mining the correlation between wave velocities and the modulus of elas-
ticity, the frequency of joints, the filling material in the joints and
the confining stress. The results of the experiments including also
work from other researchers are presented in Figures 4.1, 4.2, 4.3, 4.4.
The "seismic modulus of elasticity' was defined as previously explained
in Equation 2.12. A definite relation between the static and the dynam-
ic modulus was not apparent. When determining the number of joints, it
was observed that for a high confining stress wave velocities are not
influenced by joint spacing. In general it was shown that wave veloci-
ties, of compressional and shear waves, can provide a quantitative index
for the frequency of joints and the confining stress for values up to
3 MPa. It was also observed that under wet conditions and with clay in
the joints, the degree of jointing had small impact on the compressional

wave velocity.



Compressional wave velocity (m/sec)

7000

6000

5000

4000

3000

2000

1000

0

31

- /6
L P 00
7 e
e le] 0///
o/
o o J/ 0000 -~
(o)
s>
oo
L { 800‘%%/ o
A qup/
/%g&o/
_ /jogﬁg
Joo %
N
1§
P
P
Il | 1 1 i 1 A 1 L

0 10 20 30 40 50 60 70 80 90 100
Seismic modulus of elasticity (GPa)
Figure 4.1 Empirical relationship between

compressional wave velocity and
modulus of elasticity (Stacy,1976)



Static modulus of deformation (GPa)

.
\

32

S
o
T

| 4

w
(=]
-
4
>

o0

0/
'y : o
10" & a OA '~ “
a A‘A‘ A A O o
A A B Oo o a
~
- A/ A ‘O
A /“ 0A OOO
A o
IS YA o)
0 Q4 i 4 - 1 4 1 i
0 20 40 60 80

Seismic modulus of elasticity (GPa)

Figure 4.2 Relationship between static modulus of
deformation and seismic elastic modulus
(Stacy, 1976)



3000

Wave propagation velocity (m/sec)

1500

£
w
o
o
ry

33

S-waves

2 4 6 8
Number of joints

Figure 4.3 Effect of jointing on wave propagation
velocity, with zero confining stress
(Stacy, 1976)



5000

y (m/sec)

4000

Wave propagation velocit

34

: g : )
X~ P-waves
No joints
1 joint
2 joints
| 3 joints
Ke 4 joints
8 =2y 5 joints
6 joints
1 7 joints
8 joints
+
) T 0
— vy Yy ——4_— K&
_ on o} )
= S-waves
A ) e I 1 A
1 2 3 4 5 6 7

Confining stess (MPa)

Figure 4.4 Variation of wave velocity with

stress (dry conditions)
1976)

(Stacy,




35

Coon and Merritt (1970) correlated RQD with the "velocity index"
(Figure 4.5). The velocity index is defined as the square of the ratio
of the compressional wave velocity in the field divided by the compres-
sional wave velocity in the laboratory ([VF/VL]Z). Figure 4.6 shows a
comparison of the square root of the velocity index to the Modulus
Ratio. The Modulus Ratio is defined as the ratio of the field modulus
of deformation over the laboratory modulus of elasticity (at 50% of the
compressive strength).

Thill (1982) suggested a correlation between the compressional wave
velocity of intact samples and the uniaxial compressive strength (Figure
4,7). The P-wave velocity, measured in the field, is compared to that
measured in the laboratory in Figure 4.8. It is suggested that for most
sandstones, shales, siltstones and mudstones the wave velocities in the
field are higher than the corresponding velocities measured in the labo-
ratory. This could be due to the higher stresses in the field. This
condition was reversed for limestones.

Just and Walter (1978) presented a thorough review of applications
of sonic waves for assessing rock quality. The following empirical

relations were given:

(L) Ren((V ) =V /Y, V )=71__71__

po pl po pe bl
where:
K: constant
n: number of cracks per meter
V_ .: P-wave velocity in intact rock
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Vpo: P-wave velocity in heavily fractured rock

vpe: the measured P-wave velocity in a particular zone

(after Helfrich et al. 1970).
(i) n=vV_ (vpl - vpe)/[vpl(vpe - vm)]
for frequencies in the ultrasonic frequency range,

where:

V. as in (i)

n, Vpl’ pe

Vm: P-wave velocity in the filling material. (After Lycoshin

et al. 1970).

e _ 2 2 2 2 2 2
(1) n =V 0, (V; 0y = V o)/[Vpl oy (VP =V, 0y)]
for seismic frequencies, where:
n, Vm, Vpl’ Vpe: as in (i) and (ii)

P, pl, pZ: the density of fractured rock, solid rock and joint
filling material respectively. (After Lycoshin et al.

1970).

4.2.2. Wave Attenuation

A sonic wave radiates spherically from its source and the energy
transmitted per unit area is reduced according to the inverse of the
square of the distance. For a medium which is not perfectly elastic,
energy is absorbed in its imperfection. For a sinusoidal wave, the
attenuation process can be described by a quality factor Q as shown:

-1
Q=21 &
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where: AE: the energy lost per cycle
E: the initial energy
(McKenzie et al. 1982).
The amplitude attenuation is described by the equation:

A= (Ao/r)e-a(r_l)

where: A: the amplitude at distance r from the source

Ao: the amplitude at unit distance from the source

o: given by the following equation:

- 1f
a Qv

where: f: the frequency
V: the wave velocity
(Jaeger and Cook, 1969)

Thus, if Q and V are frequency independent, the higher frequency
waves will attenuate faster. In the previously mentioned equations,
describing wave attenuation, all constants have to be determined exper-
imentally.

Experiments have yielded encouraging results for the potential of
wave amplitudes as means of assessing discontinuities. Stephenson
(1978) observed that shear waves tend to be scattered by inhomogenei-
ties (for example, aggregate particles) to a greater degree than com-
pressional waves.

Stacy (1976) shows that the amplitude of compressional waves is
sensitive to the degree of jointing, even under considerable confining

stress. The tests were conducted with laboratory samples and with
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various conditions of joints: dry, wet and filled with mud as a fill-

ing material (Figure 4.9).

4.2.3. The Application of Wave Frequency or Wavelength

According to the theory of elasticity, wave frequency should be in-
sensitive to rock mass characteristics. However, the equations describ-
ing wave attenuation in Section 4.2.2. suggest that attenuation depends
on wave frequency, in the sense that when a waveform consisting of nu-
merous frequencies is generated, the dominant frequency of the receiver
will depend on rock quality (Q) as well as the distance.

Stacy (1976) observed that the number of joints and filling mate-
rial have an effect on the frequency of shear waves, for a confining
stress less than 2.5 MPa (Figure 4.10 and Figure 4.11).

Schneider (1967) observed a straight line relationship between the
shear wave frequency and the static modulus of elasticity in the field.
This lead to the development of the "Petite Sismique" method for indi-
rect determination of static modulus of deformation in-situ. In this
research a wave travel time measuring device was used for field testing.
This instrument was designed to measure the time of the first arrival.
By adjusting the sensitivity, the times corresponding to the first pos-
itive and negative peaks could be determined. The frequency was then
calculated by the equation:

1

EFICREEIY

where (tb - ta) is the difference between the first positive and nega-

f

tive peaks (Figure 4.12).
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These tests were conducted in the field and within distances in the
range of 100-200 feet. The source was a hammer which was hit perpendic-
ularly to the rock surface and the receiver was aligned in such a way
that it would detect vibrations orthogonal to the wave travel path. The
problem with this technique is to decide whether S-waves were recorded
or, instead, surface waves having almost the same velocity. However,
the results suggested a good correlation between the frequency of the
received waveform and the field static modulus of elasticity
(Figure 4.13).

Roussel (1968) used a viscoelastic model, described in Section
2.2.2. to approximate these observations. The results are shown in
Figure 4.14. Although the theoretical values differ greatly from the
experimental data, there is a definite linear relation between the two
parameters. Bieniawski (1978) conducted two sets of experiments and
added more data on the graph, emphasizing its importance. He also pre-
sented an empirical relationship (Figure 4.15) in the form of:

E = 0.054f - 9.2
where: f: the frequency in Hz

E: 1in-situ modulus of deformation in GPa.

4.3. Other Applications of Sonic Methods

Bur et al. (1969) developed a method for determining the elastic
symmetry of materials. He utilized ultrasonic pulse velocity measure-
ments through spherical specimens and plotted the results on equal area
polar projections.

Lama (1974) presented information on the wave velocity anisotropy
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in-situ. He mentioned that the velocities of elastic waves differ
along and across the layers or bedding planes. The velocity parallel
to the layers (VL) is always greater than the velocity perpendicular tp
the layers (Vo)' The coefficient of anisotropy, defined as VL/Vo’ is
given in Tables 4.1 and 4.2. for various rocks.

Thill (1972) suggested that stress level and deformation character-
istics could be identified by monitoring acoustic emission in rock dur-
ing loading. Deformation conditions that could be recognized were
(1) crack closure, (2) linear elasticity, (3) fracture initiation and
development, (4) accelerated fracture development, and (5) gross fail-

ure and post peak behavior.

4.4, Measuring Sonic Wave Parameters

4.4.1. Laboratory Experiments

The main problem when measuring sonic wave parameters is the iden-
tification of the various types of waves. This problem can be negoti-
ated in the laboratory, where the generation of P-waves or S-waves can
be achieved by utilizing the proper transducers. Possible reflections
on the sides of specimens can be avoided by using specimens of proper
dimensions and accurately determining the first arriving signal.

Measurement of the dominant received frequency can be used when
the length of the sample is 5-10 times longer than the wave length of
the received pulse. This condition can be satisfied with the use of

high ultrasonic frequencies.
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Table 4.1

Anisotropy Coefficients for Various Rocks
(Lama, 1978)

Rock Amsq(r.opy Reference
coefficient
Austin chalk 1.17 TocHEeR (1957)
Homogeneous anhydrite 1.16 DunoYER de SEGONZAC
and LAHERRERE (1959)
Anhydrite with intercalated | 1.12to 1.14 | DunoYER de SEGONZAC
limestones and LAHERRERE (1959)
Limestone 1.08 10 1.10 | DUNOYER de SEGONZAC
and LAHERRERE (1959)
Arbuke limestone 1.30 UHRIG and VON MELLE (1955)
Salt no DunoveRr de SEGonzAC
anisotropy |and LAHERRERE(1959)
Sandstone no DuNOYER de SEGONZAC
anisotropy |and LAHERRERE (1959)
Eagle Ford shale 1.33 UHRIG and VoN MELLE (1955)
Pierre shale (Limon, Colo.) 1.18 UHRIG and VON MELLE (1955)
Pierre shale 1.14 UnriG and Von MELLE(1955)
(Last Chance, Colo.)
Cambridge slate 1.07 TocHER (1957)
Lorraine shale 1.40 TocHER (1957)
Gneiss, Hell Gate, N.Y. 1.20 BircH (1960)
Micaschist, Woodsville, Vt. 1.36 BircH (1960)
Granodiorite gneiss,
Bethlehem, N. H. 1.33 BircH (1960)
Gneiss, Pelham, Mass. 1.27 BircH (1960)
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Table 4.2

Velocity of P-waves in Layered Rocks
(Lama, 1978, after Rzhevski and Novic, 1971)

Velocity of the

Rock longitidinal wave, m/s
parallel to perpendicular to Coefficient
stratification stratification of anisotropy
Vll VL VII/VJ.
Limestone 5300 5100 1.04
Sandstone 3800 3200 1.19
Marl 4300 3900 1.10
Serpentinite 4600 3800 1.18
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4.4.2, Field Tests

During field testing the identification of different types of sonic
waves is complicated because of the similar velocities of S-waves and
surface waves as well as due to the many reflections on bedding planes
and joints.

Mooney (1974) stﬁdied methods for the generation of shear waves,
the principles of their propagation and measurement techniques. Almost
any source of sonic waves will produce both P-waves and S-waves. If the
source is located on the surface, surface waves will be produced as
well. In addition, the reflection of sonic waves on the ground surface
will produce significant and sometimes unanticipated effects
(Figure 4.16). Figures 4.17.a and 4.17.b show the mode of propagation
of P-waves and SV-waves, generated at the surface by a hammer blow.
Figure 4.18 shows the mode of propagation of P-waves and SV-waves gen-
erated by a vertical impact in a drill hole. For a positive detection
of shear waves in the field, three steps have to be taken: (i) use a
source that yields the maximum energy in S-waves; (ii) take advantage
of the mode of propagation (as in Figures 4.17 and 4.18) in selecting
measuring locations; and (iii) appropriately orient the receiver, to
take advantage of the expected polarization of the shear waves. How-
ever, when the test site is on a bedded formation or within jointed
mass, the propagation path will not follow a straight line and the
waveforms can change in nature (from P- to S-) or produce complicated
images on the measuring instruments.

Hoar and Stokoe (1978) described a method for generating a tor-
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sional impulse in the bottom of a borehole. This type of source is

rich in SH-waves while generating very little P-wave energy. The main
advantage of the method is that the direction of the pulse can be in-
verted, which will invert the polarity of the received shear wave. As

a result, S-waves generated by this technique are easier to identify.
Three different cross sections are used for the source: a tube, a vane
or a plate (Figure 4.19). The tube source has the disadvantage of pro-
ducing a stronger P-wave than the others. The method is used for cross-
borehole testing.

Stratton et al. (1978) used a ''shear-wave hammer' to produce SV-
waves from a borehole. The objective of the method to apply upward and
downward hammer blows, which will result to received waveforms with a
different polarity for shear waves.

Thill (1978) developed an inflatable piezoelectric borehole probe
which can be used for distances of up to ten feet. This method has the
advantage of using high frequencies (around 20 kHz), which give a fast-
rising first arrival pulse at the receiver, thus permitting greater

accuracy for wave velocity measurements.

4.4.3. Determination of the Frequency of the Received Waveform

Most investigators used some empirical method for determining the
frequency of the received waveform (e.g., Figure 4.13). However, a
measured waveform contains a number of frequencies:

(i) the spectrum of the source;

(ii) the resonance frequency of the receiver; and

(iii) the resonance frequency of the (elastic or viscoelastic) model
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describing the rock, or in other words, the dominant frequency
traced by the receiver if it is located more than several
wavelengths away from the source.

As a result a more elaborate analysis of the spectrum of the re-
ceived waveform should be preferred. The Fourier transform is a useful
tool for determining the spectrum of the wave. The Fourier transform
transforms a function (e.g., the amplitude or particle velocity versus

time) from the time domain to the frequency domain:

©o

Lx(r)e

-1nftd

X (£) t

i21rftd

x (t) _i X (f) e £

where: -w<f<o, -—w<t<eo, i = /-1

X (f): the frequency-domain function

x (t): the time-domain function.

However, when the waveform is sampled, or when the system is to be
analyzed in a digital computer, the discrete Fourier transform has to be
used. Bergland (1969) presented a detailed review of the Fourier trans-
form as well as the fast Fourier transform algorithm. The International
Mathematics and Statistics Library (IMSL) computer subroutine library
provides such an algorithm in a subroutine, the FFTSC.

4.5. The Application of Sonic Methods to Engineering Rock
Classification

As mentioned in Chapter III, engineering rock classification
systems utilize one or more of the following parameters:

(i) modulus of elasticity;
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(i1) compressive strength;
(iii) RQD;

(iv) spacing of discontinuities; and

(v) the characteristics of discontinuities.

In Section 4.3. most of the parameters were correlated to measure-
able parameters of sonic waves. Since the latter are easier to measure,
it is suggested that a classification system based on this information
would be of considerable value.

Coon and Merritt (1970) propose a classification system utilizing
the Velocity Index (velocity of P-wave in the field over velocity of
P-wave in the laboratory) (Table 4.3). It is actually a modification
of the RQD method, based on the correlation between RQD and the Veloci-
ty Index (Figure 4.5).

In this research, a correlation between the dynamic and static
properties of intact rock and rock mass was undertaken. The objective
of this effort was to implement the sonic wave parameters for the de-

velopment of improved rock classification systems.
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Table 4.3
Engineering Classification of the In Situ Rock

(after Coon and Merritt, 1970)

Velocity
Classification Index RQD
Very Poor 0 -0.20 0- 25
Poor 0.20 - 0.40 25 - 50
Fair 0.40 - 0.60 50 - 75
Good 0.60 - 0.80 75 - 90

Excellent 0.80 - 1.00 90 - 100



CHAPTER V

DYNAMIC TESTING OF ROCKS

5.1. Sample Preparation

The specimens used for this research were prepared from rock sam-
ples, collected from several quarries. A drill press, manufactured by
Structural Behavior Engineering Laboratories Inc., equipped with a water
swivel and diamond coring bits was used to obtain cores of BX and NX
diameters (Figure 5.1). The cores were cut using an automatic feed dia-
mond disk saw, manufactured by Highland Park Manufacturing (Figure 5.2).
Core samples to be tested in the stiff loading machine were accurately
ground on a Brown & Sharpe grinding machine (Figure 5.3) according to
the specifications suggested by the International Society for Rock

Mechanics.

5.2. Determination of Static Rock Properties

A MTS stiff testing machine was used to determine the static me-
chanical properties of the core samples (Figure 5.4). The loading frame
has a capability of 106 1lbs in compression. A function generator, with
a feedback signal, is used to control the loading rate. Post-failure
behavior was ignored in this case. The load and deformation were dis-

played on digital display units and were recorded on an X-Y ink plotter.

5.3. Instrumentation for Sonic Tests

5.3.1. General

To measure the characteristic properties of sound waves, four

63
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Figure 5.1 Coring Machine
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Figure 5.2 Diamond Disk Saw
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Figure 5.3 Crinding Machine
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instruments are required: a pulse generator, a transmitter, a receiver
and a display unit, or recording unit.

A pulse generator generates electric pulses, usually at a frequency
within the 50 Hz-100 kHz range. They can be sinusoidal, of a step or
rectangular function, or §-function (peak at a point). A sinusoidal
pulse generator can only produce one frequency at a time, but usually
has a wide range of available frequencies, using a basic circuit with a
coil and a variable capacitor.

A step function or S§-function pulse consists, theoretically (from
its Fourier transform), or an infinite number of frequencies. To gene-
rate a rectangular pulse a simple two transistor-two capacitor circuit
is used.

The operation of the transmitter requires a pulse of voltage of
50-5,000 volts. A power amplifier is therefore required. When using a
sinusoidal signal, a high power amplifier can be used. For rectangular
or peak signals a DC to AC transformer using a special switch (SCR:
silicon-controlled rectifier) is used (Cannaday and Leo, 1966). The SCR
is a silicon diode with a control electrode (gate). It acts as an auto-
matic switch with no moving parts, i.e., when a positive voltage from
the pulse generator is applied on the gate, the SCR "close'" and current
flows. Otherwise the current stops flowing. Thus a high voltage pulse
with only positive spikes is produced (Cannaday and Leo, 1966)

(Figure 5.5).
The transmitter and the receiver are usually identical in design.

They may differ at the connectors on the electrical leads. Their main



69

SLR
1
—— 27V
T
0, | 2Nn7
H‘O,u//f
)lc5
Triger
R pulse
100A 5 output
Riz ook ReZax L L
T
1°43
~° ) High-
voltage
0. | 2N670 SCR|C35F IN538 INS538 output
, O.1uf O.1uf ngD
2
F————*———) 0, _= =
C Cs -_— —
1K - =
A Ry S
= Q I A
1ouf zm = —
I
(+)
- enere (+) G675y
— aguft —=Ca (=)
) (=) _—L(H
 67.5v
T

Figure 5.5 Pulse generator, schematic diagram
(Cannaday and Leo 1966)



70

component is a piezoelectric crystal or ceramic disk. An assembly
around it provides electrical insulation, mechanical damping and, in
some cases, it holds it in place for coupling to the sample under test.

A piezoelectric crystal or ceramic disk deforms or changes in
shape when subjected to a voltage change on its sides or along a radius.
By using the proper piezoelectric material, by giving it a suitable
shape and by adjusting the voltage gradient we can control the mode of
mechanical deformation. By applying a voltage gradient on the parallel
sides of a disk we can create axial deformation, which can be used as
a source of compressional waves. The generation of shear waves is more
complicated. Cannaday (1968) mentions that, by positioning the edge of
an axially electrically exited disk (as the one used for compressional
waves) on a sample surface, we can produce shear waves. The S-waves
thus produced travel close to the surface on a line perpendicular to the
axis of the disk (Figure 5.6). Wattananikorn (1978) uses reflection on
a free surface, at an angle of 30° or 60°, in a material with Poisson's
ratio of 0.25, to convert P-waves to S-waves (Figure 5.7). Another way
to produce S-waves, but with circular polarization, is to use specially
constructed sets of crystals, attached to each other, along the circum-
ference of a circle.

The most common display unit is an oscilloscope. It should have
vertical deflection and have a sweep range of between 0.1 usec and 1 sec
per division. The vertical band should have a range of 10-50 millivolts

per division. External triggering is required in order to determine the
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time the pulse takes to travel through the specimen.

A simple block diagram of a sonic wave measuring system is shown
on Figure 5.8. More details on such instrumentation can be found in
Cannaday and Leo (1966), Cannaday (1968), Stephenson (1978), Hoar and
Stokoe (1978).

Other components can also be added to the basic system. For field
tests a hammer or drop weight can be used, to produce a stronger, but
complicated (mathematically) and less accurate (i.e., not reproducable)
pulse. A trigger switch has to be attached to the hammer, in order to
trigger the oscilloscope or another recording device.

A preamplifier can be inserted between the receiver and the oscil-
loscope. Its purpose is to amplify the received signal as much as pos-
sible while keeping background noise insignificant. Background noise
has several causes. External sounds may be reduced by using a sound-
proof laboratory, by inserting a high-pass (frequency) filter, or by
pausing mining operations (for in situ measurements). The resﬁlts of
stray radio frequency can be avoided by using proper shielding and
grounding of the electric components and circuitry. Internal electronic
noise can be avoided by using low noise components énd good amplifier
design, especially in the circuitry from the receiver up to, and includ-
ing, the first stage of amplification, since the received signal is very‘
weak.

A memory unit, between the preamplifier and the display unit, can
help in two ways. Firstly, for storing data, to be used for comparison

or calculations. Secondly, to enhance a signal by repeating, one or
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more times, the same experiment on a sample, or in the field, and add-
ing the results algebraically. Using this method, a weak signal is en-
hanced in the memory and the display, whereas external noise is being
canceled out gradually.

The use of a memory unit requires an analog to digital converter,
in order that data can be stored in the memory. Figure 5.9 shows a

block diagram of such a system.

5.3.2. Research Instrumentation

For measuring and recording waveforms transmitted through rock sam-
ples and in the field the "New Sonicviewer - Model 5217" was used. It
is manufactured by O0YO of Japan. It employs ultrasonic or acoustic fre-
quency waves for measuring the travel time of waves through rock samples
or the use of hammer blows for field tests. Other measurements (i.e.,
frequency or wavelength of a waveform) can be calculated using a hard
copy of the waveform. The Sonicviewer has a two channel memory allowing
the storage of two different waveforms at a time. A signal enhancement
mode allows the stacking of any number of signals, so that even a weak
input in a relatively noisy environment may yield easy to read data.

The vibration source may be either a hammer or a piezoelectric trans-
ducer. A wide range of sweep time settings permits velocity measurements
on samples a few inches long, as well as along distances of more than
200 feet in the field. The received waveforms can be observed on the
cathode ray tube (CRT). A thermal printer produces a hard copy of the

image on the screen.

All the above pieces of equipment, i.e., pulse generator, preampli-



Pulse Generator

76

Trigger =
2-Channel Transmitter | ‘
Memory

Display
(CRT)

Thermal
Printer

A/D Converter

Sample

Amplifier

e

Receiver

Filter

Figure 5.9 Schematic Diagram of Instrumentation




77

fier, analog to digital converter, memory unit, CRT, and printer are
assembled in one compact unit which can be used in a laboratory or in
the field (Figure 5.10).

Two pairs of transducers are supplied, one pair for P-waves (axial
vibration mode) and the other pair for S-waves (torsianal vibration
mode) (Figures 5.11 and 5.12).

The pulse unit produces §-function pulses (peaks) (Figures 5.13
and 5.14) at various rates (64, 128,256, 512 pulses per second).

The received signal can be enhanced from 10X to 10,000X in ten
steps. The amplifier has a frequency range from 1 kHz to 100 kHz. The
analog signal is then converted to digital, through an 8 bit A/D con-
verter and stored in a 12 bit, 512 word, two channel memory. The A/D
conversion sample time has a range from 20.48 usec (256 word) or 40.49
usec (512 word) to 40.96 msec (512 word), in ten steps.

Each memory channel can store a different waveform. To get a dis-
play or printout, the signal is converted to analog by a D/A converter
with an output adjustor.

Figures 5.15 and 5.16 show a 512 word waveform with output gains
of 2 and 5 respectively. Figures 5.17 and 5.18 respectively show the
first and second 256 word parts of the same 512 word stored waveform.
Figure 5.19 illustrates the method of getting a digital reading for the
first arrival time, by moving the waveform to the left until the first
arrival coincides with the zero time index. The digital display is in
usec or msec, depending on the selected time base.

The waveform is observed on a 5 inch CRT display. A 512 word
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waveform, or a part of it (expanded) can be displayed. A thermal
printer reproduces the image appearing on the screen, on 53 mm wide
paper, with a choice of two time scales (1X or 2X). The unit also pro-
duces a 75 volt (75 Ohm, 1 volt peak to peak) video signal for use with
a video recorder or video printer.

The unit weighs 20 1lbs and is powered by a 12 volt, 8 Ah battery.
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Figure 5.11

P-wave Transducers
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Figure 5.12 S-wave Transducers



Figure 5.13 The Electric Pulse
Horizontal Scale:

(Vertical Scale: 50 Volts per division,
0.2 msec per division)
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Figure 5.14 The Electric Pulse
Horizontal Scale:

(Vertical Scale:
2 msec per division

50 Volts per division,
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Figure 5.15 A 512 Word Waveform,
Output Gain: 2



Figure 5.16 A 512 Word Waveform,
Output Gain: 5
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Figure 5.17

First Part of a Waveform
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Part of a Waveform

Figure 5.18 Second
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Figure 5.19 First-Arrival Digital Display



Figure 5.20

Trigger Switch Attached to the Hammer for Field Application



CHAPTER VI

EXPERIMENTAL PROCEDURE AND RESULTS

6.1. Description of Laboratory Rock Samples

The samples used for this research were collected from six quarries
in southwestern Virginia, 1In addition, three other rock types that were
available in the laboratory from previously conducted experiments were
also used. Information about the geology of the areas was obtained from
Gray et al. (1979), Furcron (1935) and Sweet (1981).

(1) Quarry No. 1

This quarry is owned by the Radford Limestone Corporation and is
located in Pulaski County, Virginia. The rock is Gray Limestone, fine
grained with bands of calcite. The strike is east-west and the dip is
850 to the south. Beds are approximately 3 inches thick. Three sets of
joints can be identified. The first set is parallel to the bedding
plane and the joints are filled with calcite. The second set of joints
has the strike on N45°E and the dip is 70°S, the joints being 25" apart.
The third set has a strike on N25°W and a dip of 25°N. Many random
fractures are observed on the slope surface, without general orienta-
tion, probably caused by blasting.

(ii) Quarry No. 2

This quarry is owned by Sisson and Ryan Incorporated and is locat-
ed at Shawsville, Montgomery County, Virginia. The rock is a very fine
grained, bedded limestone, with secondary calcite in small fractures,

massive in place and belongs to the Copper Ridge Formation. The strike

90
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is on N10°W and the dip is 259NE. Three sets of joints are again pres-
ent. The first has a strike on N-S and is dipping 60°W. The second set
of joints has the strike N45°E and the dip is 80°NW. The third set of
joints has the strike E-W and is dipping 88°S.

(iii) Quarry No. 3

This quarry is owned by James River Limestone Incorporated and is
located near Buchanan, Botetourt County, Virginia. The rock is gray
crystalline dolomite and belongs to the Shady Dolomite. The strike is
N-S and the dip is almost vertical. Bedding planes are almost 15 feet
apart and they are filled with mud. Numerous fractures are observed on
the slope surface, probably caused by blasting.

(iv) Quarry No. 4

The quarry is owned by the Martinsville Stone Corporation. It is
located at Fieldale, Henry County, Virginia. The rock is granite, con-
taining abundant quartz, biotite mica, plagioclase, some muscovite and
belongs to the Leatherwood Granite. There are many quartz filled frac-
tures., Two sets of joints, both filled with quartz were observed. One
set has the strike SE-NW and vertical dip. The other set of joints is
horizontal. For both sets the joints were 4~6 inches apart.

(v) Quarry No. 5

The quarry is located at Arvonia, Buckingham County, Virginia.

The rock is hard, dark slate and belongs to the Arvonia Slate. It is
massive and compact, easily fractured along the plane of schistocity.

(vi) Rock Type No. 6

The rock samples in this case consist of rough grained yellow sand-

stone with numerous bedding planes (unknown origin).
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(vii) Quarry No. 7

The quarry is owned by the Blue Ridge Stone Corporation and is
located close to Lynchburg, Campbell County, Virginia. The rock is a
mashéd and slaty marble and belongs to the Cockeysville Marble. Numer-
ous fractures without specific orientation were observed.

(viii) Rock Type No. 8

Samples are medium grained sandstone (unknown origin).

(ix) Rock Type No. 9

Laminated shale with many planes of weakness, easily fractured
during preparation (unknown origin).

Core samples were prepared using the equipment described in para-
graph 5.1. Wherever possible a length to diameter ratio of 2/1 was
obtained, if the samples were to be tested in the MTS stiff loading
machine. Table 6.1 gives the length, diameter, specific weight and
the rock type of each sample (each sample is numbered and the first
digit indicates the quarry from which it was collected or the rock
type). These samples were testea in the sonic apparatus and subsequent-
ly on the MTS loading machine.

Table 6.2 gives the length and rockvtypes for samples used to de-
termine the influence of fractures on wave propagation velocities.

Several of these samples are shown in Figures 6.1 and 6.2.



Figure 6.1

Intact Samples
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Figure 6.2 Fractured Samples
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Table 6.1

Samples Used for Static and Sonic Testing

Specific
Sample Length Diameter Weight Rock Type
Number (inches) (inches) (1bs/in3)
1/1 2.677 2.125 0.114 Limestone
1/2 2.185 1.615 0.105 Limestone
1/3 3.346 1.615 0.089 Limestone
1/4 1.622 2.125 0.091 Limestone
1/5 4.075 2.011 0.094 Limestone
1/6 3.269 1.615 0.101 Limestone
1/7 3.225 1.615 0.101 Limestone
1/8 3.240 1.615 0.102 Limestone
1/9 3.316 1.615 0.101 Limestone
2/1 3.339 2.011 0.101 Limestone
2/2 1.535 2.011 —_— Limestone
2/3 1.870 2.011 0.098 Limestone
2/4 1.858 2.011 0.100 Limestone
3/1 3.354 2.011 0.099 Dolomite
3/2 2.949 2.011 e Dolomite
3/3 2.945 2.011 — Dolomite
3/4 2.717 2.011 0.104 Dolomite
3/5 2.587 2.011 0.098 Dolomite
3/6 3.197 1.615 —=—— Dolomite
3/7 2.854 1.615 0.097 Dolomite
3/8 2.354 1.615 ——— Dolomite
4/1 3.969 2.011 0.096 Granite
4/2 4.016 2.011 === Granite
4/3 3.984 2.011 0.096 Granite
4/4 3.260 1.615 0.099 Granite
4/5 3.228 1.615 ——— Granite
4/6 3.244 1.615 0.099 Granite
417 3.236 1.615 0.100 Granite
4/8 3.217 1.615 —_— Granite
4/9 1.543 1.615 0.096 Granite
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Table 6.1

(continued)

Samples Used for Static and Sonic Testing

Specific

Sample Length Diameter Weight Rock Type
Number (inches) (inches) (1bs/in3)

5/1 3.215 1.609 0.100 Slate

5/2 3.236 1.610 0.101 Slate

5/3 3.239 1.610 0.100 Slate

5/4 3.272 1.609 0.101 Slate

5/5 2.115 1.611 0.098 Slate

5/6 2.095 1.610 0.100 Slate

5/7 2.086 1.610 0.099 Slate

5/8 2.143 1.609 0.101 Slate

5/9 2.142 2.125 0.101 Slate

5/10 4.257 2.125 0.099 Slate

5/11 4.334 2.125 0.100 Slate

5/12 4,293 2.125 0.099 Slate

5/13 4,240 2.125 0.098 Slate

5/14 1.920 2.125 0.101 Slate

5/15 1.884 2.125 0.100 Slate

5/16 1.921 2.125 0.099 Slate

5/17 1.812 2.125 0.101 Slate

6/1 4.004 1.988 0.089 Sandstone

6/2 4.024 1.990 0.090 Sandstone

6/3 4.025 1.981 0.090 Sandstone

6/4 4.013 1.990 0.092 Sandstone

7/1 3.873 3.005 1.615 Laminated Shale
7/2 3.872 3.606 1.614 Laminated Shale
7/3 3.810 3.275 1.615 Laminated Shale
7/4 2.235 3.262 1.615 Laminated Shale
8/1 3.873 1.871 0.099 Sandstone

8/2 3.872 1.871 0.098 Sandstone

8/3 3.810 1.991 0.099 Sandstone

8/4 2.235 1.875 0.098 Sandstone

9/1 3.285 1.875 0.096 Slaty Marble
9/2 3.876 1.882 0.094 Slaty Marble
9/3 3.891 1.875 0.094 Slaty Marble
9/4 3.877 1.875 0.095 Slaty Marble
9/5 4,003 1.882 0.095 Slaty Marble
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Table 6.2

Samples Used for Joint Determinations

Sample  Number Length

Number of Cracks (inches) Rock Type Surface of Fractures
5/21 1,2,3 3.701 Slate Smooth along the bedding planes
5/22 0,1,2,3,4 5.434 Slate Smooth along the bedding planes
5/23 0,1,2,3 5.291 Slate Smooth along the bedding planes

6/21 0,1,2,3 7.801 Sandstone Rough
6/22 0,1,2,3 7.805 Sandstone Rough
6/23 0,1,2,3 7.835 Sandstone Rough

6/24 0 8.206 Sandstone Smooth
6/24 1 8.105 Sandstone Smooth
6/24 2 7.995 Sandstone Smooth
6/24 3  7.856 Sandstone Smooth

6/25 0 8.191 Sandstone Smooth
6/25 1 8.065 Sandstone Smooth
6/25 2 7.965 Sandstone Smooth
6/25 3 7.830 Sandstone Smooth
6/26 0 7.999 Sandstone Smooth
6/26 1 7.770 Sandstone Smooth
6/26 2 7.648 Sandstone Smooth
6/26 3  7.552 Sandstone Smooth
6/31 0,1,2,3 7.688 Sandstone Smooth
6/32 0,1,2,3 7.687 Sandstone Smooth
6/33 0,1,2,3 7.478 Sandstone Smooth
6/34 0,2,3 7.517 Sandstone Smooth
9/21 0,1,2,3 6.073 Shale Rough along the bedding planes
9/22 0,1,2,3 6.074 Shale Rough along the bedding planes
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6.2, Tests of Intact Samples

6.2.1. Sonic Wave Measurements

The instrumentation as described in Section 5.3.2 was used for
these experiments. The accuracy of the equipment was assured by the
comparison of the image on the CRT with a calibrated oscilloscope.

The samples were placed between the transmitter and the receiver.
A weight of 13 1lbs was placed on top to ensure good contact. For meas-
uring P-waves the P-transducers were used. For a better contact between
the sample and the transducers, it was suggested in the literature that
a thin layer of petroleum jelly had to be applied on their contacting
surfaces. It was found, instead, that a PVC tape (electrician's tape)
had exactly the same effect and this technique was preferred. When
using the S-wave transducers the surfaces had to be absolutely clean
and dry. Before each test the delay time of the instrumentation was
determined. To obtain accurate travel time measurements a low input
gain was used in combination with the "enhancement mode'. This proce-
dure has two advantages: (i) it eliminates the effect of external
noises and (ii) by continuous observation of the displayed waveform,
the exact time of the first arrival could be determined.

All samples described on Table 6.1 were tested. Table 6.3 gives

the values of the P-wave and S-wave velocities for these samples.

6.2.2, Measurement of the Static Properties

The MTS loading machine was used to determine the modulus of elas-
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Table 6.3

Dynamic and Static Properties of Intact Samples

\' v E C

Sample 4 P 4 s 6S 30

Number (x10" in/sec) (%10 in/sec) (x10~ psi) (x10~ psi)
1/1 10.218 9.296 4.15 35.68
1/2 15.388 9.259 4.67 58.09
1/3 - 15.785 9.400 4.53 34.17
1/4 16.552 7.114 3.05 39.19
1/5 19.041 12.423 5.83 24.87
1/6 19.812 11.351 6.72 38.08
1/7 22.872 11.356 6.30 41.49
1/8 25.116 11.912 5.87 53.70
1/9 24,204 11.676 6.35 34.17
2/1 14.772 11.018 5.39 40.61
2/2 8.626 5.729 1.65 23.61
2/3 13.551 8.202 3.68 48.48
2/4 15.748 6.543 —— 19.20
3/1 23.622 10.103 5.18 22.67
3/2 20.197 10.383 5.31 30.85
3/3 15.499 13.386 3.68 22.35
3/4 9.633 10.136 2.44 14.17
3/5 18.216 12.680 4.65 12.59
3/6 18.373 9.629 4.80 22.46
3/7 17.619 10.651 3.18 17.57
3/8 15.696 9.649 3.46 25.38
4/1 9.404 7.937 3.93 23.61
4/2 14.445 8.436 3.16 22.67
4/3 14.541 7.721 3.87 22.04
4/4 14.953 9.367 3.34 17.57
4/5 14.285 8.541 3.15 17.57
4/6 '15.845 9.113 4.52 24.90
4/7 14.845 9.748 3.48 18.55
4/8 16.580 9.460 2.55 12.20
4/9 14,290 8.209 3.62 25.63
5/1 18.61 9.41 4,51 33.9
5/2 19.17 8.75 4.56 34.4
5/3 18.32 8.86 4. 34 30.0
5/4 18.93 9.359 4.43 33.9
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Table 6.3 (continued)

Dynamic and Static Properties of Intact Samples

v \" E C
Sample 4 P 4 s 68 30
Number (x10" in/sec) (x10" in/sec) (x10" psi) (%10~ psi)
5/5 17.50 8.75 3.58 36.3
5/6 14.88 8.46 3.54 33.4
5/7 13.65 8.22 3.53 29.5
5/8 14.80 8.58 3.43 27.0
5/9 17.16 8.58 3.63 33.6
5/10 18.61 9.22 4.47 29.9
5/11 16.62 9.15 4.55 33.8
5/12 17.54 8.84 4.54 33.6
5/13 19.38 8.73 4.57 34.7
5/14 14.46 7.51 2.98 33.6
5/15 12.658 8.06 2.87 30.7
5/16 15.39 7.82 2.95 32.1
5/17 16.06 6.62 2.86 33.3
6/1 10.62 7.12 1.81 11.27
6/2 10.19 7.01 1.83 12.86
6/3 10.57 6.87 1.28 10.06
6/4 10.65 6.99 1.74 10.77
7/1 12.70 8.00 1.55 16.55
7/2 9.65 6.77 1.36 15.46
7/3 13.56 8.66 1.61 15.74
7/4 12.08 7.87 1.91 22.10
8/1 17.37 9.28 3.89 27.58
8/2 16.03 9.69 3.67 20.99
8/3 18.09 9.99 4,24 29.29
8/4 15.61 9.06 3.62 23.43
9/1 15.72 8.05 2.29 17.02
9/2 12.08 7.94 2.55 10.06
9/3 13.65 8.11 2.88 21.73
9/4 17.54 8.01 3.24 25.71

9/5 17.18 8.94 2.94 14.74
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ticity and the unconfined compressive strength. The results produced
by the MIS machine are shown in the Appendix.

The modulus of elasticity was calculated at 50% of the unconfined
compressive strength. Table 6.3 gives the values of the modulus of

elasticity and the unconfined compressive strength.

6.2.3. Correlation Between Static and Dynamic Properties

The dynamic properties of intact samples include the velocity of
the P-wave (Vp), the velocity of the S-wave (VS) and the dynamic modu-

lus of elasticity, as defined in Equation 2.12:

2
3(Vp/vs) -4

E,=V_ »p (2.1)

2
(Vv -1

For each sample Ed was calculated. In addition, two similar para-

meters were defined:

| 2
37 /v )% - 4

p
dp s av 2
(vp/vs) -1

where CH- is the average density of all samples from the same quarry of

rock type, and:

2
3(V /V)YT - 4
- - y2 __ P s
Ep Ed/p VS

2
(Vp/vs) -1
The Statistical Analysis System (SAS), available at the VPI & SU
Computer Center, was utilized to determine the correlation between the

static and dynamic properties. The results are shown on Figures 6.3

through 6.12 and are described by the following relations:
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(1) ES = 0.4858 + 0.6173 Ed

with p2 = 0.789 and S.L.

0.0001 (significance level)

(ii) ES = 0.6249 + 0.5769‘Edp

with p> = 0.749 and S.L.

0.0001
(iii) ES = 0.3693 + 1.747'Eo

with p2 = 0.776 and S.L.

(iv) E_ = -1.4237 + 0.3770-10° v,

0.0001

with p% = 0.750 and S.L. = 0.0001

(v) ES = -2.1292 + 0.7722‘106 VS

In the above relations ES denotes the static modulus of elasticity
and is expressed in psi. Vp and VS are expressed in ft/sec. For Vp
and VS a quadratic model was also tested but p2 was approximately 0.1
lower than for the linear model, as a result, the latter was preferred.

The statistical analysis for determining a relation between C0
(compressive strength) and the dynamic parameters produced values for
p2 in the range of 0.3-0.35 which were not considered satisfactory to

indicate any correlation.

6.2.4. Discussion of Results

In analyzing the results, it was found that some tests yielded ir-
regular values (abnormally high or low), and as a result, for Figures
6.3 through 6.7 samples 2/1, 3/3, 4/1 and 7/3 were ignored.

For some of the quarries ES and C0 varied considerably. This
occurred because the samples represented different sites in the quarry,

with differing joint frequencies and cementing materials.
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The large number of samples (i.e., 64), the values of p2 (0.75-0.8)
and the significance level (0.0001) lead to the conclusion that the dy-
namic properties are a satisfactory method of estimating Es' The best

dynamic property for this purpose is E,, however, Vp can also be used

d’
with similar accuracy in cases where the measurement of VS is not
possible.

The frequency of the P-waves and the S-waves appeared insensitive
to the static properties. The frequencies received were almost equal
to the resonance frequencies of the transducers (60 kHz for the P-wave
and 33.3 kHz for the S-wave). As mentioned earlier, the frequencies
are influenced by rock characteristics when the waves are traveling a
distance several times their wavelength (the longest samples were ap-
proximately twice the length of the minimum measured wavelength).

The amplitudes were not measured because the instrumentation did
not have the required accuracy for lateral measurements on the waveform.

It was observed that most received waveforms were sinusoidal. Some
waveforms appeared to consist of two or more waves, with different first
arrival times. They usually corresponded to jointed limestone or dolo-

mite samples.

6.3. The Effects of Joints on Dynamic Properties

6.3.1. Sonic Wave Measurements on Dry Samples

The procedure described in Section 6.2.1. was followed for these
experiments. Three different types of rock were tested, including a

total of 15 samples (Table 6.2). After measuring Vp and VS for all
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samples, the samples were either cut in the diamond saw (samples 6/24,
6/25, 6/26) or broken manually. The effect of one crack on Vp and VS
was measured. The procedure was then repeated for as many cracks as
the length of the sample would permit. The results are given in
Table 6.4.

As described in Chapter 11 (elastic model), there should be a cor-
relation between the frequency of fractures and the velocities of the
P-wave and S-wave, in the form:

= 1
n/L=A-B v
n

The comparison of the theoretical model and the experimental data
for samples from Quarry No. 5 (Arvonia Slate) is presented in Figures
6.13 and 6.14. The graphs corresponding to other samples are presented
in Appendix B. The following relationships were derived, by using the
Statistical Analysis System (SAS):

For Quarry No. 5:

n/L = 64.0/Vp - 3.83

2

p- = 0.851 S.L. = 0.0001
n/L = 49.83/V_ - 5.09

pz = 0.784 S.L. = 0.0001

For Rock Type No. 6:

n/L = 48.24/Vp - 4.78

02 = 0.826 S.L. = 0.0001
n/L = 15.66/VS - 1.927

92 = 0.853 S.L. = 0.0001
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Table 6.4

Values of Vp and Vs for Fractured Samples

\'J . \'
Sample Number 4 P 4 s
Number of Cracks (x10" in/sec) (x10" in/sec)
5/21 1 13.17 8.19
2 10.14 7.40
3 6.62 5.41
5/22 0 19.07 10.70
1 16.12 8.97
2 10.19 6.15
3 8.92 4,82
4 5.18 3.63
5/23 0 15.43 9.66
1 14.03 8.43
2 8.92 5.99
3 6.74 5.58
6/21 0 11.95 9.29
1 9.84 7.04
2 7.30 4.85
3 5.27 2.97
6/22 0 11.81 8.99
1 9.84 6.80
2 8.59 4.57
3 5.39 3.44
6/23 0 10.19 6.92
1 9.59 6.08
2 8.02 4,38
3 6.08 3.23
6/24 0 11.01 8.37
1 10.65 7.06
2 8.83 4.19
3 6.84 2.74
6/25 0 10.99 7.97
1 10.37 7.28
2 8.36 4.89
3 6.81 2.43
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Table 6.4 (continued)

Values of Vp and Vs for Fractured Samples

v \Y
Sample Number 4 P 4 s
Number of Cracks (x10" in/sec) (x10" in/sec)
6/26 0 11.60 8.09
1 11.02 7.28
2 9.01 4.89
3 7.00 2.32
6/31 0 11.49
(Wet) 1 11.325
2 11.225
3 10.16
6/32 0 12.07
(Wet) 1 11.63
2 11.23
3 10.16
6/33 0 12.36
(Wet) 1 11.74
2 11.46
3 10.32
6/34 0 17.21
(Wet) 2 16.90
3 13.12
9/21 0 13.41 8.83
1 10.82 7.79
2 8.61 6.27
3 7.02 4.62
9/22 0 8.87 7.06
1 7.22 6.41
2 6.44 4.21
3 5.48 4.08
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Figure 6.13 Effect of Cracks on P-wave Velocity,
Quarry #5
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S-wave Velocity (x103ft/sec)

Figure 6.14 Effect of Cracks on S-wave Velocity,
Quarry #5
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For Rock Type No. 9:

a/L = 45.16/V - 4.41

0% = 0.615 S.L. = 0.0212
a/L = 36.99/V - 5.16

0% =0.773  S.L. = 0.040

where Vp and VS are expressed in thousands of ft/sec.

It can be observed from these graphs that a linear relationship
may be valid for a certain range of joint spacing. Such a model is
presented in Figures 6.15 and 6.16, for Quarry No. 5. The same model
for the other samples is presented in Appendix B.

The relationships describing these models are given as follows:

For Quarry No. 5:

n/L = 12.32 - 0.83 Vp
92 = 0.872 S.L. = 0.0001
n/L = 14.09 - 1.61 VS
02 = 0.812 S.L. = 0.0001
For Rock Type No. 6:
n/L = 9.62 - 0.97 VP
p2 = 0.891 S.L. = 0.0001
For Rock Type No. 9:
n/L = 8.75 - 0.82 Vp
02 = 0.558 S.L. = 0.0333
n/L = 10.23 - 1.42 VS
02 = 0.755 S.L. = 0.0001

where Vp and VS are expressed in thousands of ft/sec.
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Figure 6.15 Effect of Cracks on P-wave Velocity,
Quarry #5
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The literature review has indicated that a correlation exists be-
tween RQD and the velocity index (VF/VL’ where VF and VL are the veloci-
ties of P-wave in the field and in the laboratory, Coon and Merritt,
1970, Figure 4.5). The RQD mainly expresses the spacing of joints.

This leads to the following relationships, by correlating the velocity
index (Iv = V/Vo, where Vo is the wave propagation velocity for intact

samples) and the frequency of fractures (Figures 6.17 and 6.18):

For Quarry No. 5:

n/L = 12.95 - 12.95 V /V
p’ po
p2 = 0.895 S.L. = 0.0001
n/L = 14.64 - 14.64 V /V
S SO

p2 = 0.778 S.L = 0.0001

For Rock Type No. 6:

n/L = 10.48 - 10.48 V_/V
p po
02 = 0.837 sS.L. 0.0001
n/L = 7.06 - 7.06 VS/Vso

0% =0.943 S.L. = 0.0001

For Rock Type No. 9:

n/L = 12.87 - 12.87 V_/V
P Po
p2 = 0.946 S.L. = 0.0001
n/L = 12.56 - 12.56 V_/V
s’ 'so

02 = 0.932 S.L. = 0.0001

Finally, the above relations are combined, for all three rock types

in the following:
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Figure 6.17 Effect of Cracks on the Velocity Index,
Quarry #5
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n/L = 11.321 - 11.32 V_/V
P Po
02 = 0.877 S.L. = 0.0001
n/L = 8.68 - 8.68 V_/V
s’ 'so

02 =0.718 S.L. = 0.0001

Figures 6.19 and 6.20 present a comparison of the above relation-

ships and the experimental data.

6.3.2. Sonic Wave Measurements on Wet Samples

In order to determine the effect of fractures in saturated samples,
on the velocities of P-waves and S-waves, four sandstone samples (Rock
Type No. 6) were used. The procedure described in Section 6.3.1. was
followed. The samples were considered to be saturated with water after
being submerged for 48 hours. The tests were conducted in water and
the transducers were protected by waterproof plastic. As a result, the
S-wave transducers did not produce any results. The results of the ex-
periments are presented in Table 6.4, in Figures 6.21, 6.22 and 6.23

and are described by the following relationships:

n/L = 28.4 - 2.77 Vp (Vp: x 1000 ft/sec)
DZ = 0.813 S.L. = 0.0001

n/L = 235.3/VP - 22.83
02 = 0.805 S.L. = 0.0001

n/L =

34.24 - 34.24 V_/V
P Po
02 =0.909 S.L. = 0.0001
Figure 6.24 presents a comparison between the results for wet and

dry conditions.
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FIgure 6.19 Effect of Cracks on the Velocity Index
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Figure 6.20 Effect of Cracks on the Velocity Index
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P-wave Velocity (x103ft/sec)

Figure 6.21 Effect of Cracks on P-wave Velocity,
Wet Samples
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Figure 6.22 Effect of Cracks on P-wave Velocity,
Wet Samples
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6.3.3. Discussion of Results

A correlation between the frequency of joints and the velocity of
P-waves and S-waves has been established, since the wvalues of p2 and
the significance level are very satisfactory, for all relationships in
Section 6.3.2. The simple model derived by the theoretical analysis in

the form:

n/L=A-=-038

1
\Y
should best describe such a correlation. However, since the linear
model gives an estimation of the joint spacing with the same accuracy,
it is preferred for field applicatioms.

The relationships using VS to estimate the frequency of joints have
a value of 02 greater than similar relationships using Vp. However, for
field tests, Vp can be used to estimate the spacing of joints, if VS
cannot be measured accurately.

Although the measurement of received wave amplitude was not accu-

rate, a general observation was that shear wave amplitudes were signifi-

cantly reduced when the joint surfaces were smooth.



CHAPTER VII

APPLICATION OF SONIC METHODS FOR ROCK CLASSIFICATION

7.1. The Classification of Intact Rock

Two properties are mainly used to classify rock material, the com-
pressive strength (Co) and the modulus of elasticity (ES).

Figures 6.3 and 6.6 show that E, and Vp can be used to estimate ES,

d
within satisfactory limits of accuracy. The compressive strength, how-
ever, cannot be estimated from dynamic tests because of the low corre-
lation (p2 around 0.3) with dynamic properties. If a field testing
method is necessary, the Point Load Index can be easily used.

A modification of the Deere and Miller classification system is
presented in Table 7.1 and Figure 7.1. The advantage of this system is

that both tests (dynamic and Point Load Index) can be conducted in the

field.

7.2. The Classification of Rock Mass

Dynamic tests can be used for estimating the spacing of joints, the
condition of joint surfaces, the filling material and the water content.
However, not all of these parameters can be determined from sonic tests.

From Equation 2.13:

=1 .
t

- B (2.13)

ol =

Cc n c n
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Table 7.1

Classification of Intact Rock

I. On Basis of Stength

Point Load Index

Class Description (psi)
A Very High Strength Over 2,400
B High Strength 1,200-2,400
c Medium Strength 600-1,200
D Low Strength 300- 600
E Very Low Strength Less than 300

II. On Basis of Modulus Ratio

Class Description Modulus Ratiol
H High Modulus Ratio Over 20
M Average Modulus Ratio 10-20
L Low Modulus Ratio Less than 10

1) Modulus Ratio= Ed/IS
where Ed= Dynamic Modulus of Elasticity

IS= Point Load Index



Static Modulus of Elasticity (x106psi)

—

w 0N ®WO

135

Point Load Index (x103psi)
0.1 0.5 1 2 3

L L ] I\ 1 | I L L 1 | | J

1 2 3 4 5 6 78910 20 30 40 50 60

Unconfined Compressive Strength (x103psi)

Figure 7.1 Classification of Intact Rock

-
o

Dynamic Modulus of Elasticity (x10

—

w

6psi)

—



136

where: n/L: the frequency of joints
Vn: the velocity of the P-wave or the S-wave
A, B: parameters defined by experiments, depending on rock
type and joint characteristics.
However, it was shown in Chapter VI that a linear model can approx-
imate this relationship, at least for a certain range of joint spacing;
as shown below:

n/L = C - D'Vn.

When the constants A, B, C or D are determined from field data or
laboratory tests, simulating the conditions of the rock mass, the wave
velocity can feplace the spacing of joints in a classification system.

Another alternative would be to substitute the spacing of joints
in a classification system by using the relationship:

v

n/L=E-F(V—n)
(o]

\Y
where: @fh: the velocity index (IV)
o

Vo : the wave velocity for intact rock

E, F : Constants.

The advantage of this relationship is that it is independent of
the rock type, when the wave velocities do not differ by more than
5,000 ft/sec in intact samples.

A classification system has been developed, by modifying Franklin's

Rock Quality Classification, (Franklin et al. 1971) and is presented
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in Figure 7.2. It has to be emphasized that the correlation between
Vp or V, and the spacing of joints has to be determined for different
joint conditions. Table 7.2 shows the effect of joint conditions on

the shear wave propagation.
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Table 7.2

The Effect of Joint Conditions on the Shear Wave Propagation

Condition of Joint Effect on S-waves
Surfaces widely separated S-waves discontinued
Wet fractures Low frequencies -

Low amplitudes

Fractures filled with Very low frequencies (more
wet clay sensitive than P-waves) -
Medium amplitudes

Dry clay in joints Medium frequencies -
Medium amplitudes

Jointed but compact or Medium frequencies -
under stress High amplitudes



CHAPTER VIII

CONCLUSIONS AND RECOMMENDATIONS

From the analysis of the experimental procedures and results, the

following conclusions can be made:

(1)

(ii)

(iii)

A linear relationship exists between the static and the dy-
namic modulus of elasticity. Calculation of the latter neces-
sitates a knowledge of the shear wave velocity. If this is
not possible, the velocity of the compressional wave can pro-
vide an excellent approximation of the static modulus of
elasticity.

A relationship of the form:

- B

S

n/L = A -
n

can be used successfully to predict the frequency of joints.
In this relationship, the parameters A and B have to be cal-
culated for each particular case, since they depend on the
characteristics of the joints.

Within a certain range, of joint spacing, a linear rela-
tionship may be preferred because of its simplicity. As be-
fore, the parameters depen on the joint characteristics and
have to be determined experimentally.

Joint characteristics (i.e., separation of joints, filling
material, water content) can be determined qualitatively by

measuring the amplitude and the frequency of the shear wave.

140



(iv)

)

(vi)

(vii)
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A correlation between the unconfined compressive strength and
the wave velocities, or functions based on wave velocitieé,
could not be established. 1If a field test is required for
determining the unconfined compressive strength, the Point
Load Index is suggested.

The "Petite Sismique'" method utilizes the frequency of the
shear wave to determine the in-situ static modulus of defor-
mation. Although the technique has demonstrated significant
potential its application raises several questions. In par-
ticular, the nature of the received waves, when applying the
method in the field (i.e., may include shear as well as sur-
face waves), the influence of the distance between source and
receiver on the recorded frequency and, finally, the influence
of the resonant frequency of the receiver are yet to be fully
understood.

The Velocity Index (VF/VL) is an excellent indication of rock
quality and it may be a better ndex than that provided by the
RQD. It is simple to measure, it can yield information per-
taining to both frequency and condition of joints and, unlike
RQD, it is not affected by external factors such as drilling
machine, skill of operator, rate of drilling and relative
angle of drilling.

This research demonstrated that sonic wave parameters have
considerable potential for engineering rock mass or rock mate-

rial classifications. Such parameters are easier to determine
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experimentally, both in the field and laboratory, and can pro-
vide reliable qualitative and quantitative means of rock

assessment.

Finally, from this research investigation the following recommenda-

tions can be made:

(1)

(i1)

(iii)

(iv)

Sonic testing of rocks should be standardized, particularly
with regard to amplitude, frequency, mode of generation and
other characteristics of the generated pulse.

Further research is necessary in order to develop meaningful
and quantitative relationships between the amplitude and
frequency of the compressional and shear waves and the joint
characteristics.

The "Petite Sismique'" method has yielded very encouraging
results and its merits further investigation. The concept of
the method should be further reviewed and its field applica-
tion should be improved and standardized if it is to be
accepted as an established technique.

The possibility of substituting dynamic for static properties
in the existing engineering rock classification systems should
be the subject of future research. In particular the intro-
duction of the Velocity Index in place of the RQD and other
joint parameters could greatly enhance the applicability and
practical significance of two comprehensive and quantitative
rock classification systems, i.e., Bieniawski's Geomechanical

Classification and Barton's Rock Quality Index.
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Figure B.7 Effect of Cracks on S-wave Velocity,
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THE POTENTIAL OF SONIC WAVE PROPAGATION
IN ENGINEERING ROCK CLASSTIFICATION

by
Paul P. G. Schilizzi

(ABSTRACT)

Sonic wave methods can be used to provide information on the engi-
neering properties of rocks. The advantages of such techniques include
minimal sample preparation, fast site preparation for field tests, re-
producible and nondestructive tests, and capability for large scale
testing.

During this research an extensive review of the most widely accept-
ed engineering rock classification systems was undertaken and their
principles, advantages and disadvantages are presented in detail.

The mathematical equations describing wave propagation through
elastic and viscoelastic media are analyzed in order to determine the
dynamic parameters most likely related to static properties.

A detailed description of the instrumentation and experimental
procedures used for sonic testing is presented. Based on the experi-
mental data, a correlation between the most characteristic static and
dynamic properties was established. These relationships can be used to
modify existing engineering rock classification systems, by appropri-
ately substituting static properties by the much easier to measure, in
the field and in the laboratory, sonic wave parameters. Furthermore, a
classification scheme was developed, incorporating information pertain-
ing to the static modulus of elasticity and frequency of joints from

sonic wave information.
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