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ABSTRACT Combining the crosshole elastic wave survey with the seismic traveltime tomography, a new

method to determine the microcrack zone houndary of rock masses blasting was proposed. The method of ray

tracing of slowness square was briefly introduced which was used to calculate the coefficients of traveliime e

quations, then the weighted least-square solution of solving the large sparse linear equations and its commonly

used iterative procedure were given. Based on the data of P-wave traveliime measured in six smallcharge

blasting experiments at Sanxia dam, the P-wave velocity distributions of rock mass before and after blasting

are reconstructed and all of the microcrack depths and microcracking zone diameters in rock masses resulting

from blasting were finally determined. The further research works find that the microcrack depth is much

smaller than the microcracking zone radius and they almost linearly increase with the addition of charge quanti-

ty, moreover, the increment of microcrack depth is much greater than that of microcracking zone radius.
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1 INTRODUCTION

The measurement of the microcracking zone
resulting from rock mass blasting ( the adjacent
region between fragmented zone and elastic
zone) is one of the important technical problems
being studied in the field of engineering blasting
and rock mechanics. The accurate measurement
of microcrack boundary not only can provide a
reliable basis for reasonably selecting the parame-
ters of excavating blasts in hydraulic engineer-
ing, underground structure engineering and tun-
neling engineering, but also contributes to cor
rectly evaluating the damage degrees of sur-
rounding rock, bed rock and rock slope resulting
from blasting effects and, moreover, determin-
ing the method of rock protection and its param-
eters economically and reasonably.
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The measurement of microcracking zone can
be generally classified as absolute observation and
relative observation. The absolute observation is
to investigate the region of blasted cracks
through drilling or measuring the parameters of
rock mass such as rate of cracks, infiltration of
water and vibration velocity of particles in blast-
ing, by which the breakage zone of rock mass
can be assessed. Only can the rough scope of mi-
crocracking zone be measured qualitatively using
this sort of method while its boundary can not be
determined. The relative observation is to com-
pare the variation of elastic wave velocities or
sound-energy ahsorption coefficients of rock mass
before and after blasting and determine the frac
ture scope of rock mass blasting. This sort of
method, however, is restricted by means of data
processing and analyzing, its measured results
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are low precision; besides, owing to using the
observation of horizontal transmission mostly,
the microcrack depth below the hottom of blast-
hole can be merely obtained and the houndary of
microcracking zone in rock blasting can not be
measured yet. If improving the accuracy of mea
suring the microcrack boundary, therefore, it is
necessary that a new efficient method of data
processing and analyzing should be found.

In early 1980s, the technique of seismic to-
mography was rapidly developed and widely used
in geophysical exploration. John and Wong et al
deduced the geologic structures hetween bore
holes and obtained the corresponding velocity
field of seismic waves by means of crosshole
transmission tomography“’ 21 In recent years
the theoretical and applied research works on
seismic tomography have been systematically and
thoroughly carried out in our country. More
over, the seismic tomography technique had
been tentatively applied to the constructions of
Ertan  hydraulic engineering,  Qingjiang Ge
Heyan engineering and Xin Anjiang power sta
tion. This technique can more accurately circle
the weak mudrock belt within bed rock and also
inspect and evaluate the quality of heavy-curtain
grouting' ™ 1. With the gradual development of
both the various kinds of ray tracing algorithm
and the solutions of large sparse linear equations,
the precision of seismic tomography is greatly
improved ™ 71 which makes it possible that the
microcrack boundary of rock mass is more exact-
ly circled by comparing the difference between
the velocity distributions before and after blast-
ing. Based on the data of P-wave traveltime
measured before and after field blasting, the ac
curate measurement of the boundary of microc
racking zone created in rock mass blasting is ac
complished in this paper by using the algorithm
of ray tracing of slow ness square and the weight-
ed least square solution.

2  FUNDAMENTAL MODEL OF SEISMIC
TRAVELTIME TOMOGRAPHY AND ITS
ALGORITHM

Blasting effect results in rock mass breaking
and microcracking in a finite region, which caus-

es the decrease of P-wave velocity in this region.
But for undamaged rock mass after blasting, its
velocity is the same as that before blasting. For
this reason, the fundamental viewpoint of deter-
mining the boundary of microcrack zone for
blasting in rock mass through seismic tomogra
phy is: to measure the P-wave traveltime in rock
mass before and after blasting in different orien-
tation using the crosshole seismic waves survey;
to do inverse calculation applying the technique
of seismic traveltime tomography; to obtain the
distributions of P-wave velocity in rock mass he-
fore and after blasting and determine the microc
rack boundary by comparing these two velocity
distributions.

2.1 Traveltime equations

The propagating velocity of seismic waves
varies with the different regions because rock
mass is heterogeneous irrespective of bhefore and
after blasting, therefore, the traveltime of seis-
mic ray between two obhservation holes is equal to
the accumulation of the traveltime of P-wave
propagating in each rock element. For a 3D
geophysical model, the traveltime of seismic ray
is a function of both the velocity and the ray path
geometry. Assume u(r) is slowness( reciprocal
of velocity) function and r position vector, the
traveltime of seismic ray is given by

t = Jlu(r)ds (1)

where I' —the ray path of seismic waves; ds —
the element of arc length along the ray.

Because w(r) is implicated in the ray path
I', the relation between traveltime and slowness
function is highly nonlinear. It can be known
from Fermat’ s principle that the traveltime of a
ray is stationary for small shifts of the ray loca
tion. Therefore, a linear relation is derived by
replacing the unknown ray path in Eqn. (1) with

the ray path ' in reference model as follows:
t = Jlou(r)ds (2)

In 2-D ray tomography procedure, the tar
get plane is discretized into a set of rectangular
cells or pixels, with wu; denoting the slowness
value of the jth grid point of cells, j= 1~ n.
Then the slowness at any point of the model can
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be interpolated with a proper basis function.
Taking a first-order B-spline as the basis function

o(r), Eqn.(2) is transformed into! ®!
L= ,:ZI[ l,()q‘(r)d'g]uj (3)

Suppose the observation values of traveltime
for m seismic rays is t;, t = 1~ m, the linear
equations of seismic traveltime can be obtained
from Eqn. (3) as

t= Au (4)
where ¢ —the traveltime column vector of dr
mension m; u# —model slowness column vector
of dimension n; A —m X n matrix whose ele
ments a; 1s determined by the integral of basis
function o;(r) along the ray path 'Y through ray
tracing at current model.

2.2  Model of ray tracing for square of slow
ness
According to ray theory, seismic ray obeys

the following second-order ordinary differential
[91

equation

d, dr _

de' ¥ ds)_ Viu) (5)
where V —gradient operator; s —the arc

length for ray parameter.
Set ud0= ds, Eqn.(5) can be rewritten as
&£r_ 1
L T V() (6

where u* —the square of slowness. Assume the
distribution of the square of slowness is linear
and the relation between ray parameter s and Ois
taken into account, the exact expressions on the
trajectory, direction and traveltime of a ray
propagation can be obtained 'l

r= \N%/4+ PoO+ ro

p= N/2+ py (7)

t= M/ 12+ Yoo/ + elro O+ uj
where A—gradient vector of the square of
slowness, ro and po are the position vector and
slowness vector at the reference point respective
ly.

The paraxial ray method is used to perform
ray tracing between the two point. Defining the
position and slowness vectors of a paraxial ray
as: r= ro+ 6r, p= po+ Op, and introducing

the Hamiltonian H = (p*- u?)/2 into Eqn.

(6), the analytical solution of the paraxial ray e
quations is derived based on the linear square of
slowness function:

&r= §700+ &’0
= o o

additionally, there is a constraining condition
pot p= M &/2 (9)
The problem of the two-point ray tracing is

analytically solved from Eqn. (7) and Eqn. (8),

which gives the values of the elements in matrix

A.

2.3 Weighted least square solution
The large scale sparse system of linear Eqn.
(4) 1s solved by minimizing the following
quadratic function
Yuj= (Au—t)" Wi(Au- t)+
U u— uo)' Wal u— uo) (10)
where  Wiand Wo—m X m, n X n real sym-
metry weighting matrixes for data and model,
respectively; uo —reference model vector; H —
damping factor, which determines the relative
importance of the two terms at the right side of
Eqn. (10).
The normal equation resulting from Eqn.
(10) s
(A" WA+ Wo)(u- uo)=
AT W(t- Aug) (11)
Through analyzing the generalized eigenval-
ue problem, the weighting matrixes proposed by
Berryman in cell model can also be extended to

those of the grid model' "

Wi= C! (12)
Wo= D (13)
where € and D —the diagonal matrixes whose

elements are respectively given by

Ci= j_;(tguj (1 <L <m) (14)
dy= Zaj/u (1 S Sn) (15)
The element c;; 1s the estimated traveltime
of ith ray at the current model and the element
d;; 1s the total contribution of the associated rays
to the jth grid point. For the shorter ray paths
which more probably stay in the imaging plane,
the corresponding signalnoise ratios are general
ly higher, thus more importance are assigned to
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the ray path with small traveltime in Eqn. ( 12).
In addition, the denser the rays are, the more
accurate the reconstructed image is, therefore,
Eqn. (13) emphasizes the importance of the cell
which is traversed by many rays.

2.4 Reconstruction algorithm

The methods of algebraic reconstruction
technique( ART), simultaneous iterative recon-
struction technique (SIRT) and conjugate gradr
ent( CG) are commonly used to solve the large
scale sparse system of linear equations. To speed
up the convergence of the iterative solution and
save the computer memory, the CG algorithm is
applied to finding the solution of the weighted
least square problem in Eqn. ( 10) according to
the following steps:

Xo= 0

rFo= po= AT W](t— Au())

For k=0, 1, 2,

§p= Apk

= (ry, re)/{ W (pk

(s, Wisi)]/

Xp+ 1= Xt QP

Uy 1= U0t Xy

Fie 1= re— O WWopi+ AT Wis;)

If rpv 1= O then quit

Be= (rpw. rie )/ (1, 1)

Piv 1= Fie 1+ Bpy

w here o and B, —real numbers; the others

szk) +

are vectors or matrixes.
3 APPLICATION AND ANALYSIS

3.1 Measuring method of field experiment
The field experiments have been done at the
bottom of weak weathering granite in temporary
ship lock 119. 4 m above sea level on the left
bank of the Sanxia Project. The 12 sets of trav-
eltime data before and after blasting for 6 smalk
charge experiments are obtained by using the
crosshole transmission survey. The distance he-
tween the emission hole of vibration source and
the receiving hole is 8 m and the depth of these
holes is 2. 2 to 2. 6m. The blasting hole is locat-
ed at the center of the corresponding emission
and receiving holes, and its depth is 1. 7 to 2. 2

m.

The observation system of crosshole seismic
waves 1s shown in Fig. 1. First of all, placing
the emitter at the first point of excitation in field
measurement, the P-wave form is successively
recorded from the first receiving point to the last
one; and then moving the emitter to the next
point of excitation, the values of P-wave travel
time from this emitting point to all of the receiv-
ing points are measured until the values of P-
wave traveltime from all of the emitting points to
each of the receiving points ( ¢; ) are obtained,
here 1= 1~ m. Thus the observation travel
time vector ¢ of dimension m is formed. The
distances between each of the emitting points or
the receiving points are all 0. 2m in Fig. 1 and
the emitting and receiving holes before and after
blasting are the same.

Emitting hole Receiving hole

Fig. 1

The observation system of crosshole

3. 2 Result of seismic tomography and its
analysis

According to the observation system of
crosshole seismic waves, the region of rock mass
in blasting is discretized into the 0. 2m X 0. 2m
imaging elements whose total number for each
tomographic imaging is over 400. In addition,
the initial models of reference are all considered
as uniform ones and their velocities are equal to
3600m/s.

The grey tomographic images of the P-wave
velocity distribution in rock mass before and af-
ter No. 1 blasting from tomographic images are
shown in Fig. 2. Comparing Fig. 2(a) with Fig.
2(b), it can be found that in the imaging center
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of velocity images, 1. e. the region near the
blasthole, the P-wave velocity in rock mass after
blasting ( less than 2 800 m/s) is obviously less
than that before blasting (3200~ 3400 m/s),
especially the region two ( r2) in Fig. 2(b); in
the more distant region away from the blasthole,
nevertheless, the P-wave velocities after blasting
almost are the same as those before blasting.
Thus the clear boundary shaped like ” V7 is
formed in the center of Fig. 2(b), which is de
fined as the boundary of microcracking zone in
this paper. This boundary objectively differenti-
ates between the regions of which the P-wave
velocities have changed and unchanged. The
other five reconstruction images of P-wave veloc
ity before and after blasting all present the
above-mentioned changing characteristics.

- rr /
T3
Ta

(a)

(b) T

Fig. 2 The velocity distribution before
and after No. 1 blasting

{a) —The velocity distribution
before blasting; (b) —The velocity
distribution after blasting
ri—ov< 2600m/s; ro —v= 2600~ 2800m/s;
ry—ov= 2800~ 3200m/s; ry—v> 3200m/s

The boundary of microcracking zone for
blasting may be determined according to a differ-
ence of P-wave velocities of imaging elements be-
fore and after blasting. Because the important
data of selecting the parameters of rock mass
blasting and determining the protection of sur-
rounding rock as well as its reinforcing parame
ters are both the vertical microcrack depth and
the horizontal microcracking zone radius which
are given by using the bottom of blasthole as the
datum point, the microcrack depth and micro-

craking zone radius of 6 experiments and their
corresponding blast parameters are listed in
Table 1. The blasthole diameter for experiments
i1s 100mm and ammonium nitrate and fuel oil ex-
plosive (ANFO) is used for blasting.

It is known from Table 1 that the microc
racking zone radius is greater than the microc
rack depth in a blast and the ratio of these two
parameters equals 4 to 8, which illustrates that
the restrictive effect below the bottom of blast-
hole is much greater than that in the horizontal
direction. When excavating the foundation pit of
the dam, chamber and tunnel using the tech-
nique of short-hole blasting, therefore, the mr
crocracking degree and its range caused by blast-
ing effect in the direction at right angles to the
blasthole axis must be fully taken into account so
as to select charging parameters reasonably. The
effective protecting measures should be taken es
pecially bordering on the final scope, to reduce
the microcracking effect of blasting upon rock

mass.
Table I The dimension of microcracking
zone and its corresponding
blasting parameters
blasthole Charge  Microcrack  Microcracking
¢ depth/m  /kg depth/ m zone radius/ m
1 1.8 1.0 0.3 1.4
2 1.8 1.4 0.4 1.7
3 1.7 0.8 0.2 1.6
4 2.2 1.2 0.3 1.7
5 1.8 1.8 0.5 1.8
6 2.0 2.6 0.7 2.0

The relations between the charge and the
microcrack depth as well as the microcraking
zone radius are shown in Fig. 3 and Fig. 4, re
spectively. With reference to these two charts it
is clear that hoth the microcrack depth and the
microcracking zone radius increase almost direct-
ly as the charge increases and, moreover, the in-
cremental range of the microcrack depth
(250%) is much greater than that of the microc
racking zone radius (42% ). For these reasons,
while excavating rock mass bordering on the
foundation bed of dam, the charging quantity of
a blasthole must be controlled and the excavating
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method of large charge or concentratedcharge
blasting is used as little as possible or not used so
as to prevent the microcrack depth of bed rock
from much deepening.

0.8
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= /
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& /

o»—1=0
0.21/
0
0.8 1.2 1.6 2.0 2.4 2.8
Charge/kg
Fig. 3 The relation between
microcrack depth and charge
2.2
2.0 .
£
&
21.8
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Fig. 4 The relation between
microcracking zone radius and charge

4 CONCLUSIONS

From the above studies, some important re-
sults can be obtained as follows:

(1) The P-wave velocity distributions in
rock mass before and after excavating blast may
be reconstructed by combining the crosshole seis
mic wave survey with the traveltime tomogra
phy, moreover, the boundary of microcracking
zone resulting from blasting effect in rock mass
can be more accurately determined.

(2) The trajectory, direction and traveltime

of seismic wave propagation can bhe given by the
model for ray tracing of the square of slowness
which embodies the reflection, refraction and
curvature in the process of P-wave propagation.
The weighted least-square solution, through the
different weights, reflects the effects of travel-
time and density of rays on the reconstructed im-
age, which effectively improve the imaging pre
cislon.

(3) In short-hole and smalkcharge blast-
ing, the microcrack depth is much less than the
microcracking zone radius and its value is merely
about a sixth of the microcracking zone radius.
If the diameter of a blasthole is constant, the mr
crocrack depth and the microcracking zone radius
resulting from blasting in rock mass almost di
rectly increase with the increase of the charging
quantity, furthermore, the incremental range of
the microcrack depth is much greater than that
of the microcracking zone radius.
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