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The measurement of rock joint parameters is a hotly debated and difficult problem in rock
mechanics. Joints have great influence on the propagation of stress waves in rock mass.
Since the multiple reflections of stress waves propagating inside the joints is not
considered accurately, the reflection wave shape cannot be obtained by using a
discontinuous displacement model to describe the deformation characteristics of
joints. A joint is regarded as a rock using the first analysis of the stress wave
transmission in the course of a single joint and the propagation law of a reflection
wave. For rocks orientated in the same direction with the same type of wave
superposition, stress wave parameters can be established through the multiple
reflection effect of a single-joint analysis model. Further to this, analysis using an
extended single-joint model can estimate a stress wave under the condition of a
vertical incidence group parallel strata analysis model. Taking a single macro-joint as
an example, a measuring line is arranged in the normal direction of the joint, and two
measuring points on both sides of the joint are arranged in a line to record the waveforms of
the incident and transmitted waves. According to the established single-joint analysis
model, the calculated waveform of the incident side measuring point is calculated by using
the measured waveform of the transmission side measuring point, and the measured
waveform of the incident side measuring point is compared with the measured waveform
of the incident side measuring point, and the joint elastic parameters with the minimum
error are obtained by using the principle of least square method. Six tests were carried out
through joints with a thickness of 0.04 m. The results show that the primary wave (P-wave)
and secondary vertical wave (SV wave) velocity of joints obtained from many tests have
good consistency, which indicates that the joint analysis model has good stability, and the
test solution of joint elastic parameters based on the model is reliable.

Keywords: stress wave, macro-joint, rock stratum model, vertical incidence, dynamic test

INTRODUCTION

Due to the stratification of rock, multiple transmission and reflection effects will occur when a stress
wave passes through a rock formation. Some scholars have proposed a simplified calculation method
for transmitted waves and reflected waves when stress waves pass through group parallel rock
formations. Zhang [1]proposed that the multiple transmission and reflection times of stress waves
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inside joints are related to the P wave velocity of the joint, the P
wave velocity of rock, wavelength, and joint thickness. Li et al. [2]
presented an equivalent wave resistance method for solving the
propagation of stress waves in layered rocks, which can solve
stress wave transmission and energy transfer effects under
different waveforms and rock structures. Pyrak-Nolte et al. [3,
4] proposed a simplified method for calculating the transmission
coefficients of multiple joints by multiplying the transmission
coefficients of a single joint. Cai et al. [5, 6] calculated the
numerical solution of a transmission wave in group parallel
rock strata under a vertical incident of a P wave using the
characteristic line method. On the basis of the virtual
vibration source method, Li et al. [7, 8] proposed a time-
domain recursive analysis method for grouped parallel joints,
using the same mechanical parameters, under an oblique
incidence of stress waves. The above methods were based on
the assumption that the mechanical parameters of each rock
stratum and joint are the same. In fact, the mechanical parameters
of group rock strata are often different, and so it was necessary to
put forward an improved analysis model and calculation method.

In addition, because the mechanical parameters of joints were
smaller than those of the rocks on both sides, the joints will
produce a larger deformation under external loads, which
precedes the failure or instability of the rocks on both sides.
Accurate testing of the mechanical parameters of joints is a
precondition for geotechnical engineering design, stability
analysis, and numerical simulation. At present, there are two
methods to test joint parameters using a stress wave. The first is
to test the longitudinal and transverse wave velocities by using the
travel time variation of stress waves through a joint. The second
method is to establish the relationship among the amplitude,
frequency, and joint parameters according to the variation of
the amplitude and frequency components of the wave when a
stress wave passes through the joint. Because the change in the
amplitude spectrum and phase spectrum produced by stress wave
propagation in rock is reflected in the change of the waveform, the
change in the waveform of the stress wave through joints is more
obvious than that of the travel time; this has been confirmed
through a large number of field tests [9-12, 17, 18]. Therefore, it is
more practical to use the change in the waveform of the stress wave
to test the mechanical parameters of joints.

To use the waveform change to test the mechanical
parameters of joints, Wang, Guo, and Wang et al. [9, 10]
established a joint analysis model based on the in-depth
analysis of the stress wave propagation law in rock, and a
method for testing the viscosity coefficient of the rock and joint
elastic modulus by using the waveform change was proposed.
Hu and Long [11, 12] equated joints to linear springs and
described the deformation characteristics of joints with a
displacement discontinuity model; they then established a
testing method for rock joint stiffness based on the
frequency spectrum variation law. The MF Marji [13] semi-
analytical method is used to study the interaction between
cracks and rock interface in heterogeneous rock materials
under hydraulic action. M Behnia et al. [14] stated that the
boundary displacement technique is used to predict the
propagation path of the original crack and wing crack.

Rock Joint Parameter Test Model
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FIGURE 1| Schematic diagram of multiple transmissions and reflections
of a stress wave through joints.

However, without considering the multiple transmission and
reflection effects of stress waves in joints, the displacement
discontinuity model cannot accurately calculate the reflection
wave through joints. Furthermore, for joints with greater
thickness, the method has large errors.

In view of the limitation of the displacement discontinuity
model, the joint is regarded as a rock stratum, and the multiple
transmission and reflection effects in the joint are considered
accurately. The analytical model of group parallel rock strata
under single-joint and vertical incidence is established. On this
basis, according to the principle of the least square method, the
test method of joint elastic parameters is proposed, and the test
method of joint elastic parameters is used. The elastic modulus
and Poisson’s ratio of in situ joints are calculated.

ANALYSIS MODEL OF A MACRO-JOINT
Single-Joint Model

The geotechnical model shown in Figure 1 is a representative
single-jointed rock mass model, assuming that the upper
boundary of rock 1 is infinite, the lower boundary of rock
layer 2 is infinite, the interface between the joint layer and
rock layer 1 is interface 1, and the interface between the joint
layer and rock layer 2 is interface 2. The interface between the
joint layer and the rock layer is generally divided into two
categories: one is the interface described by the displacement
discontinuity model [15-25] and the other is the elastic interface
of the tightly connected rocks [26]. When the stress wave passes
through a single-jointed rock mass, multiple transmissions and
reflections will occur at all interfaces (Figure 1). As shown by
Snell’s law, for stress waves in rock layer 1, the angles between all
outgoing primary-secondary vertical waves (P-SV waves) and
the normal line of interface 1 are the same. For stress waves in the
joint layer, the angles between the inward P-SV wave and the
normal line of interface 2 are the same, and the angle between the
outward P-SV wave and the normal line of interface 1 is the same.
For stress waves in rock layer 2, the angles between all inward
P-SV waves and the normal line of interface 2 are the same.
According to the superposition principle, the relationship
between the waveforms in a single-jointed rock mass can be
obtained: The outgoing P wave u4 in rock layer 1 is equal to the
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FIGURE 2 | Incidental, reflective, and transmitted stress waves at interfaces.
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superposition of the reflected P wave component of incident P
wave ul, the transmitted P wave component of outgoing P wave
u6 in the joint layer, and the transmitted P wave component of
outgoing SV wave 7 in the joint layer. The outgoing SV wave u5
in rock layer 1 is equal to the superposition of the reflected SV
wave component of incident P wave u1, the transmitted SV wave
component of outgoing P wave u6 in the joint layer, and the
transmitted SV wave component of outgoing SV wave 47 in the
joint layer. The inward P wave u8 in rock layer 2 is equal to the
superposition of the transmitted P wave component of inward P
wave u2 in the joint layer and the transmitted P wave
component of inward SV wave u3. The inward SV wave u9
in rock layer 2 is equal to the superposition of the transmitted
SV wave component of inward P wave 12 in the joint layer and
the transmitted SV wave component of inward SV wave u3.
The inward P wave 42 in the joint layer is equal to the
superposition of the transmitted P wave component of
incident P wave ul, the reflected P wave component of
outgoing P wave u6 in the joint layer, and the reflected P
wave component of outgoing SV wave u7 in the joint layer. The
inward SV wave u3 in the joint layer is equal to the
superposition of the transmitted SV wave component of
incident P wave ul, the reflected SV wave component of
outgoing P wave u6 in the joint layer, and the reflected SV
wave component of outgoing SV wave 47 in the joint layer. The
outgoing P wave u6 in the joint layer is equal to the
superposition of the reflected P wave component of inward
P wave u2 and the reflected P wave component of inward SV
wave 13 in the joint layer. The outgoing SV wave u7 in the joint
layer is equal to the superposition of the reflected SV wave
component of inward P wave u2 and the reflected SV wave
component of inward SV wave u3 in the joint layer.

Next, the stress wave systems on interfaces 1 and 2 are taken as
research objects, and the coordinate systems are established
(Figure 2). Assuming that waveforms on all sides are
harmonic, the relationship between waveforms on interface 1
is shown in Egs. 1-4:

uy =ty Tppyj + tsRppj1 + U7 Rspji, (1)

uz = u; Tpgyj + ugRpgj1 + t5Rgg)15 (2)

Uy = w1 Rppyj + ug Topj1 + u5 Tspjr (3)

us = Uy Rpgyj + g Tpsj + w7 Tsgjn, (4)

where TPP1j represents the transmission coefficient of P wave
transmitted from rock 1 through interface 1; TPS1j represents the
transmission coefficient of SV wave transmitted by rock 1
through interface 1; RPP1j represents the reflection coefficient
of P wave reflected by rock 1 through interface 1; RPS1j represents
the reflection coefficient of SV wave reflected from rock 1 through
interface 1.

TPPjl represents the transmission coefficient of P wave
transmitted by joint 1 through interface 1; TPSjl represents
the transmission coefficient of SV wave transmitted by joint 1
through interface 1; RPPj1 represents the reflection coefficient of
P wave reflected by joint 1 through interface 1; RPSj1 represents
the reflection coefficient of SV wave reflected by P wave passing
through interface 1 from joint 1; TSPjl represents the
transmission coefficient of P wave transmitted by joint 1
through interface 1; TSSjl represents the transmission
coefficient of SV wave transmitted by joint 1 through interface
1; RSPj1 represents the reflection coefficient of P wave reflected by
SV wave passing through interface 1 from joint 1; RSSjl
represents the reflection coefficient of SV wave reflected from
joint 1 through interface 1.

The relationship between waveforms at interface 2 is shown in
Egs. 5-8:

us = tyRppj + U3 Rspyp, (5)
U7 = Uy Rpsp + UsRsgjp, (6)
Ug = up TPPjZ +u3 Tspjz, (7)
ug = uy Tpsjp + us Tsspp, (8)

where TPPj2 represents the transmission coefficient of P wave
transmitted from joint 1 to interface 2; TPSj2 represents the
transmission coefficient of SV wave transmitted by joint 1
through interface 2; RPPj2 represents the reflection
coefficient of P wave reflected from joint 1 through interface
2; RPSj2 represents the reflection coefficient of SV wave
reflected by P wave passing through interface 2 from joint 1;
TSPj2 represents the transmission coefficient of P wave
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transmitted from joint 1 to interface 2; TSSj2 represents the
transmission coefficient of SV wave transmitted by joint 1
RSPj2
coefficient of P wave reflected by SV wave passing through

through interface 2; represents the reflection
interface 2 from joint 1; RSSj2 represents the reflection
coefficient of SV wave reflected from joint 1 through

interface 2.

u-the waveform obtained by 42 propagating distance h/cosa1
at wave velocity cpj;

uj-the waveform obtained by u; propagating distance h/cosf3;
at wave velocity cg;.

According to the propagation law of stress wave in elastic
medium, the relationships between u2 and w5, 43, and u} are [28]:

h
w=up| t+——r ), &)
Cpj COS (o

h
us = us| t+—— |, (10)
csj cos B,

where h is the thickness of the joint layer; cpj and csj are,
respectively, the propagation velocities of the P wave and SV
wave in the joint layer, al and f1 are, respectively, the angles
between the P wave and SV wave in the joint layer and the
interface normal.

ug-the waveform obtained by u6 propagating distance h/cosa1
at wave velocity cpj;

u-the waveform obtained by u, propagating distance h/cosf3;
at wave velocity cg;.

According to the propagation law of stress wave in elastic
medium, the relationships between u6 and v’ 6, u7, and u’ 7 are:

h
ug = ug| t+ ——— |, (11)
ijCOS(X]

h
u; =uwp| t+— ). (12)
csj cos f3;

The general expression of each wave is as follows [27]:

u, = Ay expli(wt — kepx — kn2)](n =1,2,...,9), (13)

where k,n is the number of SV waves. When the component of
the stress wave in the X-direction is in the same direction as the
X-axis, kyn = wsingn/csn. When the component of the stress wave
in the X-direction is opposite to the X-axis direction, k,n =
-wsingn/csn. In a similar way, k.n is the number of P waves.
When the component of the stress wave in the Z-direction is in
the same direction as the Z-axis, k,n = wcos¢n/cpn. When the
component of the stress wave in the Z-direction is opposite to the
Z-axis direction, k,n = -wcos¢n/cpn. ¢n is the angle between the
stress wave and interface normal, csn is the velocity of the SV

wave, and cpn is the velocity of the SV wave.
The relationship between the amplitudes of each wave can be
obtained from Egs. 1-13:

Rock Joint Parameter Test Model

1
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1 0
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rM, T
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Tpsyj
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0 1
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Rppy;
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(14)

where m1 = exp [-iwh/(cpjcosal)], m2 = exp [-iwh/(csjcosfl)],
Rpp = A4/A1, Rps = A5/A1, Rpp and Rps are, respectively, the
total reflection coefficients of the P and SV waves of the P wave
reflected from rock layer 1 through the joint layer and back to
rock layer 1, and w is the circular frequency of the incident wave.
Mk = Ak/A1 (k=2,3,6,7) , Tpp = A8/A1, Tps = A9/A1, andTpp
and Tps are, respectively, the total transmission coefficients of P
and SV waves of the P wave transmitted from rock layer 1
through the joint layer and back to rock layer 2.

When the P wave is normally incident (« = 0°), the stress wave
will not produce a converted wave, and then Eq. 14 can be
simplified to:

M, - mlRPPj1M6 = TPP1j> (15)
Rpp — mlTPleMs = RPPljs (16)
—m Rppp M, + Mg = 0, (17)
—my TpppM, + Tpp = 0. (18)

From equations (15) and (17):

Toor:
My=— (19)
1 — m{Rppji Repj
11 Rppp Tppyj
M6 _ 1 2PP]2 PP1j ) (20)
1 — m{Rppji Repj
Substituting Eqs. 20 and (19) into Eqs. 16 and (18),
respectively:
2Ropr Topr: Top:
Rpp = Ropyj 4 T Terj2 PPy ZPRjL (21)

>
1- m%RPleRPPjZ
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Group Parallel Joint Model

For the actual rock mass with multiple parallel joints, as shown in
Figure 3A, the method of calculating the total transmission and
reflection coefficients of a single-jointed rock mass when the P
wave incident is vertical can still be generalized. First, the joint
layers 1 to (m-1) are regarded as an interface x (Figure 3B). Then,
the group parallel joint model can be equivalent to many single-
joint models, so the recursive formula for the transmission and
reflection coefficients with P wave vertical incidence can be
deduced by Egs. (21) and (22).

In order to obtain the transmission and reflection coefficients of
the joint layer m with P wave vertical incidence, it is necessary to
know the transmission and reflection coefficients of the joint layer
(m-1) with P wave vertical incidence. In order to obtain the
transmission and reflection coefficients of the joint layer (m-1)
with P wave vertical incidence, it is necessary to know the
transmission and reflection coefficients of joint layer (m-2) with P
wave vertical incidence. By analogy, in order to obtain the
transmission and reflection coefficients of joint layer 2 with P
wave vertical incidence, it is necessary to know the transmission
and reflection coefficients of joint layer 1 with P wave vertical
incidence. For the problem of P wave vertical incidence on the
single-joint layer, the transmission and reflection coefficients of P
wave vertical incidence on joint layer 1 can be obtained by using Egs.
(21) and (22). By analogy, the transmission and reflection coefficients
of joint layer m can be calculated when P waves incidents are vertical.

MECHANICAL PARAMETERS TEST OF A
MACRO-JOINT

Test Principle of Macro-Joint Parameters

Suppose that there is a joint layer with thickness & in a rock mass,
the two sides of the joint layer are complete rocks, and the joint is
seamlessly connected with the rock. In order to test the elastic
modulus and Poisson’s ratio of the joint, measuring points for
recording the stress waveform are arranged on both sides of the

2 @ Source point
a —— Measuring line
v . .
—a ® Measuring point
b
A4
h Joint layer
4
7}
v

@® Measuring point 2

FIGURE 4 | Schematic diagram of measuring points.

joint. The arrangement of vibration source points, measuring
lines, and measuring points are shown in Figure 4. In the field
test, the incident wave is generated by a geological hammer
striking at the source point, and two three-directional
acceleration sensors with frequencies ranging from 0.2 Hz to
5KkHz are arranged at measuring points 1 and 2 to record the
vibration waveforms.

A vibration load with small stress amplitude is generated at the
source point, and both the rock layer and the joint layer are
elastically deformed. According to the spherical diffusion effect of
the stress wave excited by the point source in the rock mass and
the spectrum of the transmitted wave at measuring point 2, the
calculated spectrum of the incident and the reflected wave can be,
respectively, obtained.

kl ~2
i (@) = 2 (3
i (@) = kR s (@) (24)

In the formula:
k, = Dy/Diexp (ibw/cp; + idw/cpy),
k, = Dr/Drexp (idw/cp; — ibw/cp1),

where u2(w) is the measured P wave spectrum at point 2, Tpp and
Rpp are, respectively, transmission and reflection coefficients of
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FIGURE 5 | The vibration source and measuring point locations of the
field test.

the joint layer with P wave vertical incidence. k1 and k2 are the
amplitude attenuation parameter caused by spherical diffusion of
the point source and the waveform phase variation parameter
caused by propagation distance, respectively, i is an imaginary
number unit; DI, DR, and DT are the spherical diffusion
compensation  coefficients of incident, reflected, and
transmitted waves, respectively [27]:

DI = aq,

Dr = (a+ 2b)(cf,1 + C%)/ (26.),

j
Dr = (a+ h)(cf,1 + cf,j)/ (2¢5)) + d(clz,j + clz,z)/(Zcpjcpz).

If the incident wave is a plane wave, the spherical compensation
coefficient of each wave is 1, that is, DI = DR = DT = 1; ¢P1, cPj,
and cP2 are the propagation velocities of P wave in rock, joint,
and rock in point 2, respectively; TPP and RPP are calculated by
equations [21, 22].

Since the measured waveform of measuring point 1 is a
coherent waveform of the incident wave propagating to
measuring point 1 and the reflected wave propagating to
measuring point 1, the calculated spectrum of the measured
waveform at measuring point 1 can be obtained by using the
measured waveform spectrum at measuring point 2:

kiu; (w)  kyRpp
————-——u

T e () (25)

uljs ((l)) =
Inverse Fourier transformation on both sides of Eq. 25 can be
used to calculate the waveform u1js at measurement point 1. If the
deformation characteristics of the joint conform to the single-
joint model assumption, uljs is the same as the measured
waveform ul. Due to the error of the model hypothesis and
the interference factors in the field test, there is a deviation
between uljs and ul. Using the principle of the least square
method, taking P wave velocity cpj as an unknown variable and
fitting uljs to the measured waveform ul at point 1 (Eq. 26),
finally, when the weighted average error is the smallest, the
corresponding cpj is the calculated P wave velocity cpjjs in the
joint.

1815 = min( Z [uljs - ul]z). (26)

Rock Joint Parameter Test Model

TABLE 1| P-SV wave velocity of the rock mass at point 1 (wave velocity method).

Test number Velocity of the P Velocity of the SV

wave (m/s) wave (m/s)
Test 1 2751.11 1729.93
Test 2 2874.49 1852.22
Test 3 2582.73 1677.71
Test 4 3001.10 1798.70
Test 5 2603.69 1613.94
Average value 2753.46 1728.29

When the incident wave is the SV wave, the transmission and
reflection coefficients are calculated by replacing the P wave
velocity with the SV wave velocity of the rock on both joint
sides, and the calculated SV wave velocity csjjs can also be
obtained by the least square method:

& 22
Ei=2p 1+ "5k )2 27
= ( 265 - 2655, ) 7
2 2
rys ~ 253
Vi T o o (28)
Pjjs Sjjs

where pj is the joint density.

Field Test and Verification

We selected a typical macro-joint with a length of 5.60 m and a
thickness of 0.04 m on a flat slope next to Luojiang Luquan Water
Plant in Gangzhou China for the elastic parameter test [11, 12].
The measuring point and the vibration source are arranged as
shown in Figure 5. Two three-directional acceleration sensors
were closely attached to measuring points 1 and 2 using gypsum.
The distance between the two measuring points and the joint was
0.10 m, and the distance between the source point and the joint
was 0.60 m. The P-waveform is recorded in the x-direction of the
sensor to test the P wave velocity of the joint, and the SV-
waveform is recorded in the y-direction of the sensor to test the
SV wave velocity of the joint.

In the method to test joint elastic parameters described
above, it is necessary to know the P and SV wave velocities at
measuring points 1 and 2, the rock density, and the joint
density. We tested the velocities of the P and SV waves using
the wave velocity method. First, a line parallel to the joint is
arranged on the side of measuring point 1. Two measuring
points are selected at a distance of 1.50 m from the measuring
line. Then, a source point is selected on the extension line of
the two measuring points, and a geological hammer is used to
knock the source point five times. Finally, according to the
time difference between the measured waveforms of the two
measuring points and the distance between the two measuring
points, the P and SV wave velocities at point 1 of the rock mass
can be calculated (Table 1). Similarly, the P and SV wave
velocities at point 2 can be measured. The joint and the rocks
on both sides were sampled and physically processed into
standard samples, and then, the mass and volume of the
samples were measured to obtain a joint density of 2357 kg/
m® and a rock density of 2645 kg/m”’.
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TABLE 2 | P-SV wave velocity of the joint layer (waveform method).

Test number Velocity of the P Velocity of the SV

wave (m/s) wave (m/s)

Test 1 1529.41 917.65
Test 2 1653.78 1076.47
Test 3 1628.57 1068.07
Test 4 1537.82 925.21

Test 5 1591.43 967.22
Test 6 1571.43 908.40
Average value 1585.41 977.17

The vibration source point shown in Figure 5 is knocked, the
P-SV waveforms of measurement points 1 and 2 are recorded as
shown in Figure 6, and the P-SV waveforms of points 1 and 2 are
recorded as upl, up2, usl, and us2, respectively. The Fourier
transform of up2 and us2, respectively, can obtain frequency
spectrums up2 and us2 of the measured waveform at point 2, and
Eqs. 23-26 can be used to calculate the velocities of the P and SV
waves in the joint. Six tests were carried out on the site joints, and
the wave velocities of P and SV were calculated by the above
waveform method (Table 2). Finally, by substituting the average
calculated wave velocity into Eqs. 25 and (26), the joint elastic
modulus and Poisson’s ratio are 6.03 GPa and 0.19, respectively.

CONCLUSION

According to the law of transmission and reflection of a stress wave
through a single joint, the waves in the same direction and the same
type are superposed in this article, and the analysis model of stress
waves passing through single-joint rock is established. On this
basis, the macro-joint model of stress waves passing through a
group of parallel jointed rocks is proposed. Taking a vertical stress
wave incident into a single macroscopic jointed rock stratum as an
example, the calculation waveform of the incident wave is
calculated according to the measured wave form of the

transmission wave by using the above analysis model. The
calculated wave form of the incident wave is compared with the
measured wave form, and the node elastic parameter with the
minimum error can be obtained by using the principle of the least
square method. The results of six tests on joints with a thickness of
0.04 m show that the proposed method has good stability.

In this article, in order to simplify the analysis steps, it is
assumed that the joint surface is straight and smooth, and the
stress wave incident is vertical. In order to improve the
applicability of the joint elastic parameter test method, more
general joint model analyses and research will be developed in the
future.
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