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VIBRATION OF TUNNEL DUE TO
ADJACENT BLASTING OPERATION

Shunsuke Sakurai’ and Yasutoshi Kitamura?

1. Introduction

In recent years, the construction of utility tunnels has been quite active because of the effective use
of land and the settlement of environmental problems. And the demand will increase more in the future.
Under these circumstances, it is quite often necessary for a newly constructed tunnel to cross three-di-
mensionally with an existing old tunnel in the underground medium. When the construction works are
conducted by blasting, much attention must be paid to the blasting operation in order not to cause any
serious damage on the existing tunnel.

Dynamic behaviors of underground structures like tunnels due to blasting have not yet been clearly
understood. Therefore, there are difficulties in establishing controlled blasting techniques. Determinations
of charge weight, its pattern and design criterion for vibration of structure are based on previous experiences.

In order to establish controlled blasting techniques to avoid damage in an adjacent tunnel, the dynamic
behavior of the tunnel under blast excitation must be first understood, For this purpose, some field works
have been conducted. This paper is concerned with the results of these field experiments. This consists
of two parts, the first is concerned with the dynamic behavior of two unlined tunnels which three-dimensionally
cross each other in the underground medium, the second part is for the dynamic behavior of the concrete
lining of tunnels due to an adjacent blast, and much attention is paid to discussing the relation between
the particle velocity and the strain in the lining.

2. Dynamic Behaviors of Two Unlined Tunnels

2.1 Test Site

The test site where the experimental works have been conducted is shown in Fig. 1. There are two
tunnels embedded in this site; one is designed as a water supply tunnel (called Tunnel A), and the other
is for an underground subway (called Tunnel B). Both tunnels are under construction, so that no liners
are installed as yet. The crossing angle of these two tunnels is about 78° in & level plane. The clearance
between the two tunnels is 29.7m at the excavation of a pilot tunnel, which is located at the bottom
of Tunnel B, and 24.5m at the excavation of the upper part of Tunnel B. The underground formation
around the tunnels consists of granite, and the propagation velocity of the longitudinal wave is approximately
3.0 ~3.7km/s.
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Fig. 1 Section View of Two Tunnels

2.2 Instrumentation

The particle velocities on the surface of the tunnels were measured by electromagnetic-type velocity
gages (Geo-space: natural frequency f,=4.5Hz and 8Hz). The data are:recorded on an electromagnetic
oscillograph through a direet current amplifier. The velocity gages were directly mounted on the bottom
tock surface of both tunnel A and B with cement mortar. The blasting operation was done only at the
face of tunnel B and all measurements were taken at the same time for each blast,

2.3 Results and Discussions
(1) Comparison of Particle Velocity in Tunnel A and Tunnel B :

Particle velocities measured at Tunnel A are compared with those at Tunnel B, as shown in Fig. 2.
These measurements have been obtained for blasting aperations at three different positions of the face of
Tunnel B, but the measuring points in both tunnels are located at the same distance from the blast zone.
Time-delay shots are used for blasting. The results are plotted against each shot,

Fig. 2 (a) shows the ratio of the vertical component in Tunnel A against the horizontal component
in the direction of the axis of Tunnel B, where the horizontal component usually gives the maximum value,
On the other hand, Fig. 2(b) shows the ratic of the vertical component in Tunnel A against the vertical
in Tunnel B. It can be seen from Fig. 2(b) that the magnitude of the particle velocity in Tunnel A may
become more than ten times greater than in Tunnel B, and the vertical component of Tunnel A gives a
2~7 times greater magnitude than the horizontal component, depending on the location of blast zone.
The maximum value of this ratio is obtained when the face of the tunnel approaches to within 30m of
the crossing point, and this ratio tends to decrease as the tunnel face approaches the crossing point and
passes through it.
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Fig.2 Ratio of Particle Velocities

These results give valuable information as in the following case. When the face of the new tunnel
approaches an existing tunnel, knowledge about the magnitude of vibration of the existing tunnel is of
importance to avoid any damage in it, prior to the blasting operation. But the mounting of any vibration
measuring devices is often prevented by the daily use of the tunnel, so that estimation must be done without
direct measurement. Therefore, it is necessary that the dynamic behavior of the existing tunnel must be
presumed by means of monitoring the vibration of the newly constructed tunnel.

The above mentioned results can be used for this estimation of the vibration of the existing tunnel,
The results show that the magnitude of wvibration in the existing tunnel is greater than that in the new one,
even though the measuring points are at the same distance from the blast.

Fig. 3 showing the particle motion in both tunnels, indicates that the bottom of Tunnel A mainly
vibrates in the vertical direction, but the bottom. corner of Tunnel B seems to vibrate in a line through
the centroid of the tunnel cross section. Therefore; it is noted that the vertical components of measurement
are strongly influenced by the place where the measurements are done. If the measurements are taken at
the center of the bottom, the magnitude would be greater than those obtained at a corner or side wall,
(2) Orientation of Energy Propagation from the Blast Zone

It has been seen from Fig. 2 that the greater magnitudes of particle velocity are measured in Tunnel A
as the face of Tunnel B approaches the crossing point, compared with those obiained as the face leaves
beyond the crossing. To show this more clearly, the measurements are continuously taken at Tunnel A
for each blast progressing the face of the upper part of Tunnel B.

By assuming that the particle velocity is proportional to Wi (W: charge weight), the particle velocity
for a unit charge is expressed in Fig. 4 as a function of the lecation of the blast. It appears from the
figure that the magnitude of particle velocity becomes a maximum when the face of Tunnel B arrives at
a little before the crossing point, not exactly at the crossing where the distance between the measuring
point and blast zone becomes the shortest.

It is also clear that there seems to be a non-uniformity in the orientation of the travelling wave,
propagated from the blast zone. The energy is propagated mainly in the direction of tunnel progression,
rather than in the backward direction. This non-uniformity may be due to the free boundary of the tunnel
face.
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In Fig. 5, particle velocity magnitudes in both tunnels are plotted against the distances between the
blast zone and the measuring points, It is obvious that the regression lines in these figures are quite
different from each other. Vibration of Tunnel A decreases mare rapidly with distance than Tunnel B.
These differences come from the different wave paths from the blast zone, Assuming that there is similar
geometrical relation between the case as shown in Fig. 5 (b) and the case where the tunnel face approaches
a measuring point, as shown in Fig, 4, the following relation is valid among particle velocity v (kine),
charge weight W (gr) and distance r (m),

v=CWhr-27 )

where C is a constant, depending on the method of blasting, nature of rock and type of charge. It is
seen that the constant C is a facter giving the magnitude of energy transmitted into the medium. The
results calculated show that the constant C decreases as the blast zone approaches the messiring  point.
The results are plotted as a function of the angle between the tunnel axis and the direction to the measuring
point, as shown in Fig. 6.

It may be concluded that the energy is not uniformly propagated in all directions, but much of the
energy is transmitted in the direction of tunnel progression,
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Fig. 5 Regression Lines of Particle Velocity (Vertical Component)
3. Effects of Blasting on Tunnel Lining

3.1 Test Sites

Field experiments have been conducted at two different sites having tunnels with concrete linings.
One is a utility tunnel embedded beneath building land (called Site 1). The other is a bypass tunnel at
a dam construction site (called Site 2). Configurations of the blast holes, charge weight as well as the
geometrical relation of both tunnels are shown in Fig. 7 {a) and (b). The types of charge were dynamite
and AN-FO. The charges were fired from a farther point, so as not to damuge the ground through which
wave travelled. Rocks around the tunnel are granite at Site 1 and liparite at Site 2. For both sites, there
are no surface soil layers. The propagation velocities of the longitudinal wave at Site 1 and 2 are in the
range of 2 ~3kmfs and 2.5 ~4.4km/s, respectively.
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3.2 Instrumentation .

The measuring devices used in these field works were, electromagnetic-type velocity gages (Geo-space:
natural frequency f, =4.5H2), mini-accelerometers (Kyowa: natural frequency f = 750Hz, max. 50G) and
SR-4 strain gages (G.L.=67mm). These measuring devices were mounted on the internal surface of the
concrete lining, and the gage arrays are shown in Fig. 8. The vertical and horizontal components of particle
velocity and acceleration were measured. The horizontal components were all in a direction perpendicular
to the tunnel axis. For strain, circumferential components along the internal surface of the lining were
obtained, and the radial components within the lining were measured by molded SR-4 strain gages.

[Unit: m)
la) Site @ (bl Site ®
: Velecity Gage @ : Accelerometer
{Vertical Component) {Vertical Component)
: Velocity Gage ® : Accelerometer
(Horizontal Component) [Horizontal Component)

® : Strain Gage

Fig. 8 Location of Measuring Points

3.3 Results and Discussions
(1)  Seismogram of Particle Velocity and Propagation Equation

Some of the seismograms of particle. velocity measured at the ground surface and on the internal
surface of the lining, are shown in Fig. 9. The data for the lining are obtained at the measuring point
facing the blast zone. It is obwious that particle velocity on the ground surface is strongly influenced by
the free boundary of the ground. The data for both Site 1 and 2 are plotted in Fig. 10, to determine
propagation equations relating the magnitude of peak particle velocity to distance. In these figures the
magnitudes of the initial peak and the maximum after the initial are included only in the figure showing
the ground surface measurement.

The empirical propagation equation may be written in the following general form,

v=CWF@r=* {2

where v is particle velocity, r is distance between blast zone and measuring point, W is charge weight, and
C, B, &, are all positive coefficients.

It is noted that the regression lines shown in Fig. 10 are similar, so that the decay exponent a can
be assumed to be @=2 for both cases of the ground surface and the lining, ie. the magnitude of particle
velocity decreases with square of the distance.

(2) Particle Velocity Distributions on Lining

Distributions of particle velocity on the iining for Sites 1 and 2 are shown in Fig. 11 and 12, respectively.
Fig. 11 is the result of the blasting operation at a distance of 29m from the lining, and Fig. 12 is for 15m.
These figures are obtained by plotting the particie velocity at each measuring point, as a vector, originating
from the undeformed lining axis. It is obvious that the maximum particle velocity on the lining may eccur
at a point facing the blast zone or at its crown.
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(3) Relation between Particle Velocity and Strain on Surface of Lining

Strain is not associated with rigid motion but particle velocity contains a component of rigid motion.
The particle velocity essentially differs from the strain. Therefore, the maximum strain does not necessarily
occur at the same place as where the particle velocity becomes a maximum. Some of the seismograms of
circumferential strain on the surface of lining are shown in Fig. 13. The distributions of particle velocity
and strain on the internal surface of the lining for Site 2 are given in Fig. 14.

It is obvious from the experimental results shown in Fig. 14 (a) that the radial component of particle
velocity gives a maximum value at § =90°, i.e. at the arch crown. On the other hand, the maximum value
of circumferential strain is obtained at roughly 6 =45% or 150°. It is noted from these results that the point
giving the maximum particle veloeity does not coincide with one giving the maximum strain. This is also
obvious from the theoretical results shown in Fig. 14 (b). These theoretical solutions are for the case of
sinusoidal harmonic motion. But it has been verified that the difference between sinusoidal harmonic solution
and one for a single sinusoidal pulse becomes negligibly small if the wave length is more than three times
larger than tunnel diameter.?

Experimental results for the radial component of particle velocity give the maximum value at the
crown (8 =90%), but they differ from the theoretical solutions in which the maximum value occurs at the
point facing the blast zone (8 =55°). This discrepancy may arise as follows; a) There usually exists an
opening between the arch crown and the surrounding mediur: so that the radial particle velocity at the
crown becomes extremely large, b) There is much loosening in the medium behind the arch crown.
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Fig. 15 shows the relation between particle velocity and strain, both of which are obtained at the
same time and at the same measuring point. From this figure, it is clear that the strain cannot uniquely
be determined by particle velocity because of their different distributions along the lining. Plotting the
maximum particle velocity against the maximum strain, even though they occur at the different points,
gives Fig. 16, which shows a linear relation between those two magnitudes. The place where the measure-
ments are obtained is of fundamental importance in discussing the relation between strain and particle
velocity.

The strain € is often estimated through particle velocity » by the following equation:

e=pfl {3)

where € is usually chosen to be constant. But, according to the theoretical solution, the constant depands
on the geometrical relation of the tunnel, relative rigidity of lining and medium, and frequency of vibration,

as shown in the following form.

1__ GKISHI _ _e* i
C 2afky _..I_.?.;H )| Eau*
where, S{r) = Hkir1/e® + B Ky )01 /62 =1)

K=+ 2{1-p}/ (] -29)

v : Poisson’s ratio of medium

ki 2nfjVp

f : Frequency

Vp : Propagation velocity of longitudinal wave
ki =k

G: : Shear modulus of medium

£2 : Young’s modulus of lining

0% : Concentration factor of stress

p* : Concentration factor of particle velocity
H¥': Nih order Hankel function of 2nd kind
r : Distance from blast zone

The linear relation between the maximum particle velocity and the maximum strain, shown in Fig. 16,
gives that the particle velocity for failure of the lining becomes approximately 35 kine (em/s) on an as-
sumption that tensile stress for failure of concrete is 20kg/cm?. In fact, it has been reported that crack
initiation occurred on a concrete tunnel lining at the particle velocity of 33.8 kine.2)

(4) Radial Strain Within Lining

The strain discussed in the previous section was that on the surface of lining. The next question is
what about strain wi the lining. A result of the measurement is shown in Table 1, which shows the
magnitude of the initial peak when the wave arrives at the lining. These data are those for the measuring
point facing the blast zaone.

Table 1 Straing within Lining

Tangential component

on tha: sface Radial component within lining

=

ey oo 0.0* 0.0%* 2.5 175 325 45.5
(cm)

Strain (x107°) 38.2 328 -17.0 -9.4 -1 0.0

* Tunnel axis direction {=: Compression, +: Tension)

** Circumferential direction
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It is noted from the result that the radial strains within the lining are all compressive for the initial
peak, and their magnitudes increase at measuring points near to the internal free surface of the lining.
On the other hand, strains at the surface of the lining are tensile, the magnitudes of which are larger than
those of compression within the lining. It is concluded, therefore, that the maximum tensile strain oceurs
at the surface.

4. Conclusions

The results obtained herein are summarized as follows:
(1) Even though the distances from the blast zone are the same, a large vibration may occur in an existing
tunnel (Tunnel A), rather than in a newly constructed tunmel (Tunnel B) where the blasting operation is
conducted. Therefore, if the measurements obtained in Tunnel B are used for estimating the vibration of
Tunnel A, care in estimation is necessary, because it is not on the safe side.

(2) When the face of Tunnel B approaches Tunnel A, blast control is of much importance, so as not to
damage Tunnel A, in comparison with when the face passes through or leaves the crossing point.

(3) The slopes of regression lines for particle velocity versus distance are approximately the same for
both measurements obtained on the surface of the concrete tunnel lining and en the ground surface.

(4) The vertical component of particle velocity at the arch crown of the lining m:&.m the maximum value,
This may be due to an opening or loosening of medium behind the arch erown. Apart from the arch
crown, the particle velocity in any position facing the blast zone is also remarkably high.

(5) The place where the maximum strain occurs is not necessarily the same as where the particle velocity
gives the maximum value.

(6) The maximum strain seems to be proportional to the maximum particle velocity, and its propartionality
constant may be a function of the peometrical relation, relative rigidity of lining and ground medium, and
frequency, even though they occur at different places on the lining.

(7) The radial strain within the lining facing the blast zone is compressive at the initial peak and its
magnitude is always small, compared with the tensile strain obtained at the surface of the lining.
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STUDY OF UNDERGROUND STRUCTURAL STABILITY USING
NEAR-SURFACE AND DOWN-HOLE MICROSEISMIC TECHNIQUES

._._. Reginald Hardy, Jr.! and Gary L. Mowrey?

1. Introduction

When stressed, most solids emit bursts of microlevel acoustic energy.
This phenomenon is commonly termed microseismic activity, although synony-
mous terms such as acoustic emission, rock noise, and seismo-acoustic
activity are often utilized. In geologic materials, relatively little is
known in regard to the basic mechanisms responsible for microseismic
activity. Such activity, however, is known to be associated with mechan-
ical instability within the material; and with suitable instrumentation,
it is possible to locate the source of the instability and to evaluate its
intensity. Microseismic activity therefore, provides the research worker
and the engineer with an indirect means of monitoring the internal sta-
bility of a field structure, and as such, forme the basis for one of the
most useful tools presently available in rock mechanics.

In recent years extensive use has been made of microseismic techniques
for evaluating the stability of such geologic structures as mines, rock
and soil slopes, tunnels, earth filled dams, "and more recently underground
storage facilities. A more detailed discussion of the microseismic concept
and details of a variety of applications is available in a number of recent
publications [for example, Hardy (1971, 1972, 1973, 1975) and Hardy and
Leighton (1977)1.

Microseismic activity at a field site is monitored by installing a
suitable transducer, or usually a number of transducers (an array), in
locations where they can detect any microseismic activity which may be
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