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A METHOD OF FORECASTING THE EFFECTS OF BLASTING
VIBRATION ON STRUCTURES

Shigekazu UCHIYAMA

Abstract

It frequently becomes necessary to forecast vibration amplitude and its effects on nearby
structures in situations where blasting is used in  excavation for tunnels, pipelaying for water
supplies or sewage, slope cutting, ground leveling for road or residential construction, quarrying,
etc. A frequently used method of forecasting effects on structures is to set off explosions small
enough not to damage nearby structures, measure resulting ground vibration and structural
vibration, and from this data, make a forecast. ‘

However, it is often the case that circumstances do not permit the carrying out of such
tests. In such circumstances, another forecasting method that is being used employs formulas for
vibration amplitude and distance between blasting and receiving points and for size of charge
that have been proposed by a number of researchers. The formulas give values for vibration
amplitude at surface structure locations. On the basis of established relationships between
vibration amplitude at the surface and effects on structures, an estimate is made of damage that
would be -incurred. : : ‘

By this procedure, the effects on structures are assumed to be related to nothing more
than vibration amplitude at the surface. =~ However, the effects on structures are also related to
‘vibration amplitude at structure locations, spectral characteristics (i. e., spectral characteristics of
vibration source, propagation characteristics of the ground, spectral characteristics of the structures)
and duration of vibration. Even if it was valid to take only vibration amplitude into account
as a first approximation, it is hardly adequate for an approximation of the actual condition.

This paper describes a method for forecasting effects of vibrations on structures that
takes into account spectral characteristics as well as vibration amplitude for use in situations where
it is impractical to carry out full-scale blasting experiments. :

Figure 1 is a schematic outline of this method. As shown in the diagram, surface
output spectra at structural locations are calculated from spectra of the source and of the ground.
The effects of these output spectra on structures are calculated to obtain response spectra and
thus allow estimation of vibration effects.

In order to determine spectra of sources theoretically, a number of parameters for the
blasting material and the ground would be necessary. Unfortunately, however, it is not
theoretically possible to determine the necessary parameters for the blasting material or for the
ground. Therefore, the authors have resorted to the use of measurement data taken during
excavation in rock ground in an attempt to determine the spectra of vibration sources. In this
method of obtaining the spectrum of the vibration source, a spectrum obtained at a point on the
ground is divided by the spectrum of the wave produced between the source and the surface
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receiving point. To calculate ground spectra, the authors used Haskell’s method.

It was necessary to determine the following factors: type of wave, angle of incidence
of wave as it passes from the vibration source to the next layer, velocity, layer structure of the
ground, density and damping coefficient of the ground.

' Figure 2 shows an example of a vibration waveform record taken of a blast. In this
figure, the phase velocity, which indicates maximum amplitude, is 3000 m/sec. Velocity is the
same as P-wave velocity measured by seismic exploration in the same region.. Figure 3 shows
the locus of the motion. It is clear from this figure that the amplitude of vibration from the
blast is greatest in the direction of propagation, while it is small at right angles to this direction.

The above results were the same for all blasting vibration measurements that were
carried out by the authors. Further, the major part of waves produced by blasting may be
regarded as P-waves.

Because it is impossible to calculate angle of incidence from different waves with the
same vibration source and receiving point by an analytical formula, a computer using a trial and
error approach was resorted to. Figure 4 is a schematic outline of the calculation process.
Figure 5 shows the velocity layer structure,  density, etc. of the ground in which the records
that were used in the calculations were taken mainly. Table 1 gives data on the blasts that
were carried out. The velocity values in Figure 5 were determined by seismic exploration,
while the density values were assumed. Damping coefficient of the ground was uniformly
assumed to be 0.5%. '

Figures 6(1) and 6(2) were prepared in order to show the relationship between
vibration spectra as obtained by calculation and the size of the charge. In Figure 6(1) (a), t
peaks of the source spectra progressively decrease in frequency from 1 to 3, while 4 and 5 show
no change in spectral peak. In Figure 6(1) (b), a larger amount of explosive was used, while
spectra 2 through 4 show almost no change in peak frequency. In Figure 6(2), even larger
quantities of explosives were used. Here, the spectra of the source hardly change at all.
Variations in these spectra are due to unsuitable excavation of the rock. It can be said that as
long as excavation is carried properly, there is no fluctuation in source spectra, regardless of
amount of explosive used.

In Figure 6(1) (a), the rock at the blasting point is tuff. In 6(1) (b), it is breccia,
and in Figure 6(2), basalt. Frequency of spectral peak in Figure 6(1) (a) is approximately 30
Hz, in 6(2) (b) approximately 50 Hz, and in Figure 6(2), approximately 60 Hz. Thus, as one
goes from soft to hard rock, the spectral peak shifts slightly to higher frequencies. It may be
supposed that spectral peak frequency also varies according to type of rock.

Figure 7 shows source spectra obtained by calculation using records in which the correct
quantity of explosive was used in rock excavation.

It would not be unsuitable to classify all of these spectra into two groups, disregarding
minor variations in spectral peak, that is, those spectra peaking around 30 Hz (Figure 7(a)) and
those peaking between 40 and 50 Hz (Figure 7(b)). In Figure 8, spectrum A represents the average
of all calculated that peak around 30 Hz.  Spectrum B is the average of all calculated spectra
that peak around 40 to 50 Hz. Ave. is the average of all calculated spectra, derived for reference.

Figure 9 shows vibration source wave patterns obtained by conducting inverse Fourier
transformation of the above source spectra. In the calculations, harmonic averages of amplitudes
were taken, while for phase, mathematical average was used. Table 2 shows the waveform data
of Figure 9 digitally. '

Next, the paper verifies the applicability of source spectral patterns derived by the
above method.  Using spectral patterns obtained by calculation, the output spectra at the surface
is calculated for comparison with actually measured spectra. The spectra used in this comparison
are not the same as the vibration source spectra. S ' o ’ k

Figures 10(1), 10(2) and 10(3) are examples of comparisons. Figure 10(1) is an
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example in which output spectra at the surface is calculated on the basis of source spectral
pattern A. It agrees well with actually measured spectra. In Figure 10(2), pattern B and in
Figure 10(3), pattern Ave, were used in calculations. Here too, calculated spectra agree well
with actually measured spectra.

It is clear from these figures that there is very close agreement between output spectra

at the surface obtained by calculation and actually measured spectra. It can be said that the use
of the above mentioned method to calculate source spectral patterns is appropriate and that there
is no problem involved in using Haskell’s method to calculate blasting vibration. It would
appear that particularly good agreement between calculated and actually measured spectra is
obtained when source pattern A is used (out of 31 trials using pattern A, agreement was shown
in 19 instances). However, it is not clear which pattern should be used for which circumstances.
It is recommended that for the sake of safety, A, B and Ave. all be used in calculations to
forecast the effects of vibrations on structures. _ :
_ Source spectral pattern is used to calculate the ground output spectral pattern. This
spectral pattern is them subjected to inverse Fourier analysis to obtain a waveform record.
Next, the response spectra from structures for this waveform is calculated.  Figure 11 shows the
response spectra thus obtained. '

According to these results, if natural period of the structures is within the range 0. 015
seconds (67 Hz) to 0. 035 seconds (29 Hz), and damping coefficient of the structures is within the
range 0% to 5%, vibration amplitude increases over 1.5 times, with a maximum of over 5 times.

Figure 12 shows an example of spectral characteristics of structures. In this example,
the spectral peak of the structure is between 30 and 80 Ha. Within this range, vibration
increases by a factor of over 1.5 times to a maximum of 5 times. Among examples of actual
measurements of amplitude increases of blasting vibration received by structures, if the structures
are not hard, increases of from 1.5 to 5 fold are shown.

Figure 13 shows the relation between acceleration amplitude at the ground and
structures that obtained from measurement of blasting vibration.  This figure mdlcates that
acceleration amplitude at structures increases of from 1. 5 to 5 times at the ground.

Consequently, if we assume that spectral peak of structures is between 30 Hz and 80
Hz, the standard-method for determining the response spectra of structures agrees fairly well with
actually measured responses of structures.

Amplitude characteristics of structures for given input waveforms was calculated using
response spectra. The input, which is the vibration amplitude at the surface, is expressed by
the following formula, which was demved by the authors as a result of analysis of records of
explosions that were carried out:

A;:c = 11000 « R-2+18 « WO-59

where, Acc=vibration acceleration peak value (gal)
R=distance of receiving point from blasting point (m)
and W=blasting charge (g). :

Supposing that there is a distance of 100 meters and a charge of 1000 grams, according
to the formula, the vibration amplitude on the surface is 28 gal. If natural period and damping
factor of the structure is 0.02 seconds (50 Hz) and 5% respectively, from Figure 11 we find that
the amplitude increase is 3.5 times. Thus, the vibration amplitude of the structure is 100 gal.

In the above we have mentioned a method of forecasting the effects on structures of
vibration incorporating not only vibration amplitude at the surface as factors but also spectral
characteristics, for use when experimental blasting is impracticable.  Because the forecast method
takes into account both ground conditions and structural conditions, it can be considered to be
more suitable than methods which take into account no more than vibration amplitude at ground
surface. The authors intend to continue to accumulate data to deal with these problem areas.
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'ﬂ‘ : Direction of vibration propagation
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Pt. No.1
p \' H
sit | 1.5 0.25 1.5
Sand & Gravel | 2.0 600 20
‘Slate .. .. 2.3 150 3-8 . ...
Pt. No.é :
: . p V H
Weatﬁered Layer © 15 0.50 1.0
Lapilli Tuff T 2.4 250 515

p : Density (g/cf) :
Vi P-Wave Velocity (km/sec)
H: Thickness of Layer (m)

<Th1ckness of Lower-layer is Dlstance from
Upper Surface of its Layer to Shot Point

Pt. No.3
EERREEE PV H
Clay with Gravel 1.8 0.60 1.0
Sand & Grdvel | 2.0 1.50 1.0
-- Conglomerate-. | - 2.3 2.00 4~5'!§
-, Pt. Nod “
. P V. H|
~ Weathered Granite 2.0 0.60 10-12
 Granite | 2.4 3.00 'é—sf

B—5 WOBE, PUHES X oEE

Fig. 5 Density, P-wave velocity and layer’s fhickness bof ground
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Fig. 7 Calculated result of source spectra

50 100
Frequency (Hz)



FRWIRBOMETFUO 1 5 69

FEPEHz I D BONREDORARS FARE~ VY

7=V = FHR UCRD I & — v H—9 R
T Tl BB Z — VBT 2 b N E S
2 —vofiffit, ABIOBDZA~FDEHOEE
X, ThLho 7 r—TDAR7 P AONHEOFENTE

i, £FHOBEE, RASI L ADHMORITY

{E%Fﬁ\/“f\:‘ég

3—3 EEORANY PLINY—LDIRIE

K— 8 ©RTRED A7 bt % — v ACEE

LiciiE Lo A2 vy, ERAlXhimiELoA
<7 PO RERR—1001), F—10@)% X O RK—1003)
N o :

HERWAEHDARS g, REDARZ b
DEHIC B\ REAEEOMELDO b DTz, &
DEFOMERDDTHBo ¥ic, ik EOHIDA
<7 L AOFER A, BHIVEFHOIBEOREED

ART PSR — R AT o T
AR FE L E AR el Th b, B—100rw

1963, ADREDORRI bAsF—vk B i b
0, K—10Q)Dn1080t, BoD-s&x—v, K—108)D 2 fi
13, &FH0A %2 — vEBWTHELELDTH B »

hTOHEMAR T, L o TR g Lo

Spectral Amplitude of Acceleration
(Arbitrary Scale)

]
0 50 - 100
Frequency (Hz)

HM—8 RFEDOARZ P BB RDIIRFEDOARY b
AT Ak

Fig. 8 Spectral pattern of source calculated from
source spectra

HWHARZ P E, BRORARZ PR ELERL T

%o
LrBRIX 5, B—8IRTBEDOART b s
Z = &R\, Haskell DR X 5T, il EOH
AR P AREHT 3R, Bkt 2 RBRREBE O
Ky WS, BREESY FET 5o cFIRT
BIENRTEDe L, 3EOREREDARZ bz
—YD5%, REDSX—~VORROWTL SHO
BEYET 222 Thaa, L0hLT, ChLD3ME
DAZ—YEACTRHEL ThbofRefve, #
BT B BB T IUE I\ 2 E L Bo

4 BRMEBCHTIEAMOBE

ﬁ%mﬁdtﬁﬁmiof,%ﬁ%ﬁﬁwﬂﬁeﬁﬁ
BEEIh Do £ DIRENC AT 2 Y OEMIEE O(7)
o ‘ ’

- 11

Wﬂ=—¢%JFm-emmW%mRﬂ—ﬂ.& @
ERAGTEHE SR, el L, Pt oREESM
REE, h3BEWOREEEE, FOUEREERRRDO
IEECTH B0

Lo Lisds b—Riciy, BEW oS 2 EHTiIcil,

Ave
sec
0 0.1
e i

B—9 #7—) BRI Lo TARZ bR E =V
BRDIIEEDWH 25—

Fig. 9 Acceleration waveform pattern of source
calculated from spectral pattern by inverse
Fourier transform



70

IR EREEEIESR . N3 1981

Waveform Pattern : A

CE=2 BReBGAEYAR-VOFORAE |

Table 2 Digital values of waveform patterns at the source

Time Interval : 1,/200sec Data Length : 0. 5sec

co 0 0 0
c® 0 0 0
16 0 0 0
Q4 0 0 0
. (32 111 77 —102
(40) —878 —414 - 1238
(48) 665 —253 1170
(56) 770 377  —415
(64) 203 —286 —130
72 0 0 0
(80) 0 0 0
(83 0 0 0
(96) 0 0 0
Waveform Pattern : B
|v) 0 0 0
® 0 0 0
16) 0 0 0
RerY) 0 0
(32) 142 221 39
(40) —450 -—534 452
(48) 216 —653 166
(56) 148 113 =203
(64) 90 —40 —22
72 0 0 0.
80 0 0 0
(8% 0 0 0
96) 0 0 0
Waveform Pattern . Ave
co 0 0 0
c® 0 0 0
ae 0 0 0
@LY) 0 0 0
(32) —1657 —1682 1968
40 961 —1983 1392
(48) 871 495 =781
(56) 409 —351 —149
(64 4 0 0
a2 -1 0 -0
(80) 0 0 0
€)) 0 0 0
96) 0 0 0

- 358
2390
—172".

—399

128 -

O O O

o O O

4193
559
—410
333

OO O O O

O O O O

O O O

(=]

—111
—1714
316

25

O OO

<O O O

(=]

—1115

168
—48

O O OO

—695
—166
69
—54

—234
—2428
—1112

313

—213

O O C

oo o

-178

- —1746
—1019 -

412
10
—20

O OO

294
—404
151
—156

o O O

O O O

—289
524
- 441
118
52

o O O

592
2174

- 229
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Fig. 10(1) Comparison between measured and calculated spectra at the ground surface(1)
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Fig. 1002) Comparison between measured and cal-
culated spectra at the ground surface(2)
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Fig. 10(3;) Comparison between measured and cal-

culated spectra at the ground surface;(s)
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Fig. 11 Examples of response spectra
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Fig. 12 Examples of structure’s spectra
(Transfer function)
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