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Experimental Studies of the Effects of 
Blasting on Structures 
By A. T. EDWARDS* and T. D. NORTHWOODi 

The results are presented of controlled blastmg tests on six buildings on two 

different soils. Damage was correlated with size of charge and distance, and 

with displacement, velocity, acceleration, settlement, and strain measurements in 

the buildings. Peak velocity appears to provide the best correlation with damage 

for all soil conditions. 

NE of the more vexing problems 
associated with blasting operations is 0 

the danger of damage to nearby buildings. 
Many operations are handicapped by the 
necessity of holding blasting charges below a 
rather indefinitely established " safe limit." 
In many other cases damage claims arise out 
of building defects noticed by buildmg owners 
after blasting has occufred, and it is necessary 
to trv to assess the vahditv of the claims from 
a ''post-mortem " consideration of the 
blasting operations. 

A variety of damage criteria have been 
proposed, of which the best known are those 
of Thoenen and Windes,l Crandell,= and 
M ~ r r i s . ~  Unfortunately, their applicability 
to the problem in hand has been difficult to 
judge since very little has been known about 
actual building damage due to actual blasting 
operations. The number of buildings acci- 
dentally damaged by blasting is very small, 
and the number for which there is reliable 
information about both the damage and the 
blasting operations is still smaller. Clearly 
the onlv wav to obtain such information is to 
conduA controlled blasting operations near 
buildings with the objective of producmg 
damage. 

An opportunity to conduct such an experi- 
ment arose at the St. Lawrence Power Project 
during January and February, 1958. Many 
houses in the area that now form the head- 
pond were slated for demolition, and it was 
possible to select a few of these for blasting 
studies. The selected buildings were old 
but in good condition. All had basements 
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constructed with heavy stone masonry walls, 
but both frame and brick superstructures 
were included. Two types of soil wtre 
available: a rather soft sand-clay matenal 
and a well-consolidated glacial till. Un- 
fortunately, there were no buildings founded 
on rock. Since this experimental work was 
done a paper has been published describing 
similar work in Sweden by Langefors, 
Westerberg and Kihlstrom,' who carried out 
exoeriments on buildings found on rock. ~ ~ , - 
I 'hc,t\r  o studies togctl~er thus proviclecvidcni~ 
ti,r a \\,id: ranee of soil condi~ions. 

In addition to an investigation of damage 
criteria, a secondary aim of this study was to 
evaluate methods of monitoring blasting 
operations. To allow for variations in 
terrain a criterion based simply on explosive 
charges and distances must be rather conserv- 
ative. Moreover, there are many special 

~ ~ 

siluations, involving multiple‘ chars6 or an 
 mutually complic3red >rruaurc in  which i t  i s  
imnoi~iblc I,, make prediaiur~; with an) 
precision. If actual measurements of vibra- 
tion can be made, i t  may be possible to operate 
with larger charges and still be well below the 
damage threshold for the particular region. 
Hence it is desirable to find a reasonably 
simple vibration measurement that will pro- 
vide a dependable indication of damage risk. 
The uncertain state of present knowledge js 
illustrated by the fact that the three crltena 
referred to above are based on maximum 
acceleration, velocity, and displacement, 
respectively. Which of these is the most 
useful quantity, and how do they differ? 
All three quantities were measured in the 
St. Lawrence tests in an attempt to answer 
these questions. In add~tion, a few oh- 
semations were made with the traditional 
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Fig. I (above)4uilding R (after Test R3) 

Egg. 2 1below)-Building E (after Test Ell )  
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falling-pin monitoring system, which ccr- 
tainlv has thc virtuc of sim~licitv. 

~cas iona l ly  damage occuis not from 
ground vibrations but from associated air 
blast (usually broken windows). In the 
St. Lawrence studies, air-blast pressures were 
measured to ensure that this extraneous 
effect did not affect the results. Other 
special instrumentation was occasionally used, 
including that for a few measurements of 
strain in building walls. 

Six structures on two different types of soil 
were used in the tests. Three of the structures 
were on a loose wet sand, about 20ft deep, 
under which was soft marine clay. The 
water table at the time of the tests was about 
7ft below grade. This soil condition will 
be referred to as sand-clay for the purpose 
of this article. The other structures were on 
glacial till-referred to hereafter as till. 
Thisis a high shear strength material consisting 
of a highly compacted mixture of sand, clay, 
gravel and boulders. Dens~ty of the material 
was about 145 lb per cubic foot, and the water 
content about 10 per cent. Both soils were 
frozen to a depth of about lft at the time of 
the tests. The structures are briefly des- 
cribed and designated in Table I. Photo- 
graphs of buildings R, E, C, and F are given 
in Figs. 1 to 4. 
AU structures were in good condition except 

for quite localised areas in one or two of them. 
Building R and part of building F were of 
frame construction above masonry basement 
walls. In the other buildings, structures 
above mound level were mainly of 12in solid 
brick, \\hich \va> in p,od cr)nditiun ~ , .~scpt  thlr 
thz hond bctneen thc bricks and thc m o r t ~ r  
was \\.enk i n  t\vo of thc build in^^. Ilousc E 

had a 45 deg. crack across the front wall 
which had been patched up and which was 
said to have been caused by the Cornwall 
earthquake of 1945. The crack may he seen 
in Fig. 2. Rock was encountered about 
15ft down a t  house F. 

The instruments used for the investigation 
will be discussed in four groups, namelv - .  
shock measuring instruments, recording 
equipment, structural damage indicators and 
ancillary measuring devices. 

(a) Displacement.-One Sprengnether and 
three modified Leet three-comvonent seismo- 
graphs were used to measure' displacement. 
The Leet instruments, of early vintage, 
originally showed extraneous frequency com- 
ponents owing to lack of lateral restraint at 
the pivots. Suitable modifications had been 
made to eliminate this defect. All three 
components of the Leet instruments have a 
nominal magnification of 50 and will record 
displacements from about 0.001in to 0.02in. 
The Sprengnether instrument has a magnifi- 
cation of 320 in the vertical direction and 180 
in the horizontal direction. It records dis- 
olacements from about 0.0001in to 0.005in. 
?he moving elements of both instruments 
have a fundamental natural freauencv of 
about 1 cjs and are critically damped. -The 
Leet and Sprengnether instruments weigh 
70 lb and 40 lb respectively. 

(b) Velocity.-Two Willmore-Watt seismo- 
meters were used to measure the velocity of 
the movement of the structure or of the 
ground. The Willmore seismometer is a 
seismic instrument, with a natural frequency 
also of the order of 1 cis, in which a coil is 
arranged to cut a moving magnetic field. 

TABLE I-Choracferisfics of Build~ngs Selected for Test 

1 
S Sand-clay l2in bric*-~la~ter inside 

Frnme and wood ddmg, 15 
wood fibrc board ,,,side 

T 12in brick; piaster inside 2 
F Main Da* 12in brrck; 

plaster inside 
Amex: frame and wood i 

siding: plaster inridc 
1 
1 

All buildin- we= on basements with walk of stone and mortar 18in to 24in Uck.  
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Fig. 3 (above)-Church 

Fig. 4 (below)-Building F 



Thus its output is proportional to the rate of 
change of cutting flux and therefore to the 
derivative of displacement which is directly 
proportional to the velocity. The elenlent is 
critically damped by loading the coil with 
suitably proportioned loading resistance. 
It is a single component instrument, but by a 
siinple adjustment it can measure velocity in 
citlier vertical or horizontal direction. In 
this work it was used to measure motion only 
in tlie longitudinal direction. The instrument 
was connected via a suitable resistance net- 
work directly to a galvanometer elerncnt in a 
multi-channel recorder. 

(c) Accele~~ation.-An accelerometer is also 
a seismic system but with a natural frequency 
above the range of interest. The response to 
acceleration of a properly damped instrument 
is essentially flat for frequencies up to about 
50 per cent of its natural frequency. The 
unbonded strain gauge type made by Statham 
Laboratories was used for these tests. Three 
of the transducers had natural frequencies of 
the order of 400 c/s, two were at 250 CIS 
and one at 110 c/s. The recording system had 
a frequency response that was flat well above 
that of tlie accelerometers. Viscous oil 
damping is incorporated in the transducers. 
Thus it was essential, for maintaining good 
frequency response, tliat they be kept at room 
temperature during the very cold weather in  
which the tests were carried out. This was 
achieved by providiilg heat lamps over the 
transducers. The weight of tlie accelero- 
meters was of tlie order of 6 oz. 

For all types of instruments suitable pre- 
cautions must be taken to ensure that they 
truly indicate the ground vibration. The 
first requirement is tliat they be fastened 
securely to the mediunl or structure. Other- 
wise vertical accelerations greater than g or 
somewhat smaller horizontal components 
will cause a shifting of the transducers. 
A second requirement is that the added mass 
of the instrument should not load the 
medium unduly. Because of this second 
requirement, tlie rather heavy displacement 
seismographs were always mounted on an 
extended rigid surface such as a basement 
floor or paved road. When measuring large 
amplitudes tlie Leet seismographs were 
anchored with chains and turnbuckles fastened 
to the supporting slab. 

(2) RECORDING EQUIPMENT 

Apart froin displacement records fro111 the 
seismographs, records were obtained on a 

photographic type of multi-channel oscillo- 
graph (Consolidated) or  on a direct writing 
oscillograpl~ (Brush). The amplifiers and 
galvanometers associated with the Con- 
solidated recorder were flat from 0 to 600 
cycles, and tlie galvanometer fed directly by 
the Willnlore seisnlometer was flat to 1,000 c/s. 
The Brusli equipment is approximately flat 
from 0 to I00 e/s. 

(3) STRUCTURAL DAMAGE INDICATORS 
(a) Tell-tales.-ln order to obtain a positive 

indication of inovement in existing cracks in 
plaster or in basement walls, a sheet of paper 

Fig. 5-Showing tell-tale across an original crack 

was pasted across each crack (Fig. 5). The 
adhesive used was a type that is rigid when 
dry and thus does not yield under load. 
Consequently, a widening or extension of 
original cracking produced a tear in the paper. 

(b) Settlell7ent.-Excessive settleinent of a 
structure, wliich could be the primary cause 
of damage ratlier than tlie building vibration, 
was measured with a precise level. Reference 
points were set up, usually in the basement of 
the structure concerned, and where possible 
a reference datum remote from the test site 
was also used. Settlement was determined 
by measuring the changes in the levels of 
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these points with respect to the datum and to 
each other before and after each blast. 

(c) Horizontal Defori~lntion.-Plu111b lines 
were suspended from points near the topof 
each structure with the plumb bobs just abovc 
reference points near ground level. They 
were used to observe permanent movement 
of the top of the structure relative to the 
ground. 

(4) ANCILLARY MEASURING DEVICES 

(a) Bi~ildii~g Strniiz.-An attempt was made 
to measure the dynamic strain in the walls of 
the structure caused by the blasting opera- 
tions. The walls of tlie structules and of thc 
basements were of a non-l~omogeneous 
nature and the bond between the mortar and 
the individual bricks or stones was not parti- 
cularly good in at least two of the structures 
tested. Thus it was not practical to apply 
resistance wire strain gauges in the usual 
manner even if the locations at which the 
maximum strain would occur could be 
adequately predicted. To overcome these 
difficulties, a method was devised for measur- 
ing the total strain along the whole length of a 
wall. Resistance wire strain gauges were 
used to measure the strain in thin steel strap- 
ping secured at diagonally opposite corners 
of a wall. By pretensioning the strapping 
to about half its yield strength it was possible 
to measure both positive and negative strain 
up to the limit of the available strain in the 
strapping. 

(b) Air-Blast Pressure.-Throughout the 
tests, air blast was controlled so that it would 
not contribute to damage. To this end it was 
necessary to set up a suitable monitoring 
system. For this purpose a simple crystal 
inicrophone was used in conjunction with a 
cathode ray oscillograp11-the resulting signal, 
representing the air-blast pressure, being 
photographed. The frequency response of 
the over-all system was approximately flat 
from 20 to 7,500 c/s. 

(c) Falling-Pin Gauge.-Tlic opportunity 
was taken of correlating the response of the 
falling-pin gauge with damage and with 
ground vibration. The gauges used com- 
prised eight $in diameter rods ranging from 
6in to 15in in length. These are placed on 
end on a carefully levelled flat plate. Each 
pin is provided with a rigidly supported 
cylindrical casing so that one pin falling will 
not disturb the remaining pins in the gauge. 
The performance of the pin gauge is supported 
by a very elementary analysis which ignores 
the frequency response of the system." From 

this it is deduced that the threshold value of 
vibration required to upset a pin varies 
inversely as its length. It is stated that 
damaging levels of vibration will upset pins 
longer than about 8in. A more detailed 
analysis (in preparation) indicates that the 
response of the pin depends more on the wave- 
form of the disturbance than 011 t11c length 
of the pin. For the coinplex vibration that 
typically occurs there is about equal pro- 
bability of upsetting any of the pins in the set. 

The typical operation on any one structure 
was as follows : 

( I )  The building was carefully examined 
and all portions of the structure that were in 
poor condition were appropriately marked 
and noted. Tell-tales were then pasted over 
the cracks. Photographs were made of 
areas where damage was expected and again 
after damage occurred. 

(2) Plumb bobs were installed and 
reference points were set up for settlen~ent 
measurements. 

(3) Acceleronieters, seismometers, seismo- 
graphs, falling-pin gauges and the strain 
nleasuring equipment were installed and 
connected as necessary to the various record- 
ing devices. The air-blast measuring equip- 
~ilent was set up outside the structure. 
Seismographs were also disposed at two or  
three distant locations suitable for monitoring 
the larger blasts. 

(4) The procedure was then to detonate 
charges of increasing intensity until the 
structure was damaged. The resulting 
ground vibration and inoveinents of the 
structure were observed for each charge and 
the structure was carefully examined for 
siqns of visible damage. 

!nstrumentation for acceleration measure- 
nlcnts was straightforward. Acceleroineters 
were usually screwed solidly into the founda- 
tion walls nearest to the source, with 
additional units at other points of interest in 
the building. The only change during 
measurements on a given building was to 
adjust the gains of the associated amplifiers 
to obtain a record of suitable ainvlitude. 

The displacement seismographs presented 
a problem since the available instruments 
were too sensitive to record damaging levels of 
vibration. Consequently, the usual pro- 
cedure was to use a small preliminary blast 
for comparing displacements at the building 
with those at one or two distant monitoring 



points. Subsequent blasts were observed at  
the distant points only, and the displacements 
at  the building were calculated from the 
ratios observed during the calibration blast. 

Velocity measurements were similar to the 
accelerometers except that, as previously 
noted, only two instruments were available. 
Moreover, they were rather difficult to mount 
so that they were both secure and accurately 
levelled, with the result that at  high vibration 
intensities there was evidence that the moving 
elcments were striking thc limiting stops. 
Consequently, the number of reliable velocity 
records was greatly reduced. The main body 
of direct observations thereforc are displace- 
lnents and acceleration. As ailalysis of the 
results proceeded, it was evident that velocity 
was an important quantity, and calculations 
werc made to obtain velocity from the other 
records. 

The objective with respect to the charges 
was to place them sufficiently far away from 
the structure that proximity effects in the soil 
immediately surrounding the charge would 
not contribute to the damage of the structure. 
In practice it was difficult to carry out this 
plan since extremely large charges were 
required to damage a structure when it was 
lOOft o r  nlore away. This would have in- 
volved keeping larger quantities of explosive 
on hand than was practical. The procedure 
was therefore to place small calibrating 
charges at about 150ft and succeedingly larger 
charges progressively closer, the minimum 
distance in most cases being not less than 50ft 
from the structure. Thus the soil between 
the individual charges and the structure was 
undisturbed. The lioles varied from 15ft 
to 30ft in depth, depending on the total charge 
planned and the collar required to control 
flying debris and air blast. The larger 
charges were placed in groups of holes 
between 15ft and 25ft apart, arranged to 
produce approxinlately a plane wave dis- 
turbance representative of a distant blast 
source. The explosives used were 75 per cent 
Forcite (Canadian Industries, Ltd.) and 
60 per cent Special Gel (Dupont), 4in to 5in 
in diameter. 

Twenty-two blasts were set off in the 
vicinity of the six buildings. These will be 
referred to by a consecutive series of numbers, 
with a letter prefix referring to the building 
under test (e.g. C4 is the fourth blast, which 
occurred near building C). Two of the 
buildings (E and S) were fairly close together 
and observations were made simultaneously 
in both. 

One can visualise a variety of vibration 
processes resulting in stresses on various 
parts of a structure, and these corlsiderations 
each lead to a different estimate of what will 
cause damage. Such a detailed examination, 
though it may provide useful understanding 
of some special cases, will not provide a 
practical basis for controlling blasting 
operations. 

An alternative approach is simply to  look 
for an empirical relation between some 
measure of vibration energy and building 
damage. Most buildings are complex struc- 
tures from the viewpoint of ground vibrations 
and, as will be shown, a typical blasting 
vibration is a complex disturbance. When 
the vibration energy reaching a building 
exceeds a certain threshold value, it is 
reasonable to expect that some portions of 
the building o r  the supporting soil will be 
stressed beyond their yield points. The 
question is whcther this damage threshold is 
sufficiently well defined to lead to a general 
criterion of safe blasting practice. What is 
most desirable is a threshold of damage that 
is relatively insensitive to peculiarities of soil 
o r  structure. 

For purposes of relating vibration energy 
to damage three categories are defined as 
follows : 

(1) Threshold of damage.-Opening of 
old cracks and formation of new plaster 
cracks, dislodging of loose objects (e.g. loose 
bricks off chimneys). 

(2) Minor damage.-Superficial, not 
affecting the strength of the structure (e.g. 
broken windows, loosened or fallen plaster), 
hairline cracks in masonry. 

(3) Major damage.-Resulting in serious 
weakening of the structure (e.g. large cracks 
or  shifting of foundations or bearing walls, 
major settlement resulting in distortion or 
weakening of the superstructure, walls out of 
plumb). 

Building C.-There was no noticeable 
damage from Test C4 (120 1b at 100ft). 
Damage from C5 (142 lb at 50ft) was mainly 
in the form of vertical cracks, from hairline to 
+in in  width, in the two walls closest to  the 
blast. One of these ($in width) extended 
down through the basement wall. An original 
crack in the rear basement wall opened up 
and some pieces of stone forming the wall 
were dislodged. 

Page 9 



Guilrli17.y E.-Czmage first occurred with 
Test E l 0  (140 Ib at  50ft) when some vertical 
and diagonal cracks developed in the basement 
and upper walls. An original diagonal 
crack in the front wall was opened up to  f i n  
in width. Test E l  1 (140 Ib at  25ft) 
demolished large sections of the two rear 
walls and caused the rear upper floor to 
collapse. The diagonal crack in the front 
wall opened up to  about lin in width. 

Bzrilding S.-Following Test S12 (550 Ib at 
75ft), cracks in the bricltwork were inainly 
vertical and varied from hairline to about 
+in wide. These were all in the section, 
about 25ft in length, closest to the blast. 
The adjoining section some 50ft in length was 
colnpletely undamaged. The basement door 
frame, which originally was in poor condition, 
settled about an  inch. 

(2) BUILDINGS ON T ~ L L  
Buildi~ig R.-No damage occurred until 

Test R 3  (1201b at  29ft) when some horizontal 
cracks, up to about &in wide, developed in 
the baseinent walls. These extended out in 
the two walls, longitudinal with the blast, 
about 12ft from the rear wall. Nearly all 
the tell-tales across original cracks broke, 
although none were opened up. Somewhat 
fewer tell-tales broke in the walls nornlal to 

. L l  

Fig. 6-Vertical crack due to settlement (school) 

the blast. Most of the windows in the ground 
floor longitudinal walls broke while those in 
the walls normal to the blast remained intact. 
The top section of the chimney was sheared 
through. 

Builcli113 T.-Test TI7  (350 1b a t  80ft) 
caused a few of the tell-tales across original 
cracks to  break, although none opened up. No 

Fig. 7-Vertical crack due to scttlcment (church) 

new plaster cracks were noticed possibly 
because there were several layers of paper on 
the walls. A few of the bricks in the chimney 
became dislodged. Somewhat fewer tell- 
tales were broken by Test T1S (650 1b a t  
70ft). This caused some minor horizontal 
and vertical cracks in the basement walls, 
tllcse being generally between courses or  
associated with windows, &c. Additional 
bricks were dislodged from the chimney. 

Buil(1ilzg F.-Test F20 (400 1b a t  90ft) 
caused some minor horizontal cracking in the 
baseinent wall, generally between courses, 
and some stone to be dislodged from around 
one basclnent window. One partition wall, 
which was originally in poor shape, was 
cracked and a few tell-tales were broken. 
Major damage was inflicted on the building 
by Test F22 (750 Ib at  70ft). Considerable 
sections of the rear base~nent wall fell away 
and the masonry walls above ground level 



Fig. 8 (above)-Horizontal crack-building T 

Fig. 9 (be:ow)-Horizontal crack-building P 
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were bulged out approximately 3in. Some 
of the upstairs partition walls became 
separated from the outside walls and there 
were a number of cracks &in to +in, both 
vertical and diagonal, associated with door- 
ways and windows. 

In general, the type of damage was found 
to be related to the soil condition. In the 
sand-clay, vertical cracks occurred which 
were associated with large settlement. 
Examples of this type of damage are shown in 
Figs. 6 and 7. In the till, damage was inore 
often associated with horizontal cracking and 
shattering of the basenlent walls as exemplified 
by Figs. 8 and 9. It is interesting that 
chimneys are sonletiines the first part of a 

Fig. 10-Chimney damage-building R 

building to show signs of weakness. Fig 10 
shows an example that occurred at building R. 

It may be concluded that the damage in 
the buildings in sand-clay was caused by 
failure of the soil, i.e. settlement, under the 
buildings rather than by wave energy within 
the building proper. 

Vibration measuren~ents are co~n~nonly 
made with instruments that record either 
displacement or acceleration. Some authori- 
ties (e.g. Crandell) suggest that it does not 
matter which quantity is measured, since one 
can use the amplitude and frequency of the 

disturbance (assumed to be sinusoidal) to 
calculate the corresponding value of whatever 
quantity (displacement, velocity, acceleration) 
is needed. 

An exainination of actual records, how:ver, 
as exemplified by Figs. 11 (a), (6) and (c), will 
indicate that this is a much over-simplified 
picture. Fig. 11 (a') shows a typical set of 
records of acceleration and velocity obtained 
at the same observation point for the same 
blast. The records are quite different in 
character, and an attempt to deterinine the 
most characteristic frequency involves a 
rather arbitrary decision. Hence it is not 
possible to use the frequency with confidence 
as a ineans of calculating, for example, 
velocity froin acceleration. A numerical 
differentiation of the velocitv records shows 
that the two records do  correspond reasonably 
well. The numerical integration and differen- 
tiation of such records is a tedious process, 
l~owever, and it is obviously better to measure 
directly the quantity whose amplitude corre- 
lates best with damage. Then the precise 
wave forin is of no concern and need not even 
be recorded. 

In the present study it was found possible 
to estimate the maximum velocity by measur- 
ing the maximum slope on the corresponding 
displacement record. Initially, the values 
determined in this way were systeinatically 
lower than observcd velocities, but vibration 
table experin~ents indicated that the magnifi- 
cation of the displaceinent instrument at the 
frequencies involved was about 20 to 40 
instead of tlie rated value of 50. The results 
have been corrected accordingly. No pro- 
cedure simpler than a coiilplete integration 
was found for estimating velocity amplitudes 
fro111 the acceleration records, a fact that is 
unfortunate since acceleration records were 
almost always available for positions a few 
feet froin the point of maximum damage. 

Variation of Amp litucle wit11 Weiglit of 
Exl.'losive ancl Distance.-It was not always 
possible, especially with the displacement 
instruments, to observe directly the vibration 
of the portion of the building nearest to the 
blast. Hence a preliminary analysis was made 
to determine a satisfactory illeans of illaking 
corrections to the actual observations to give 
the vibration levels at the most-stressed 
portions of the structures. T o  this end the 
results were examined to find the variation of 
amplitude with charge (weight of explosive) 
and with distance from the source. This 
was done for the acceleration and displace- 
ment records. 
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The observations were found to be very 
complicated. I t  was deduced that tlie ob- 
served amplitude at any point depended not 
only on clia~.ge and distancc but also 011 

source variations (variations in explosive and 
in its reaction with the soil inimediately 
around it), structural peculiarities in tlic 
medium between source and observation 
point, and instrument point variatioris (thc 

2 1uct- coupling betwecn tlic instrument, tlic . . t .  
ural element it was attaclicd to, and thc 
medium). By a selection of observations 
that niinimised or climinatcd tlie extl-ancous 
variables, however, it was possible to obtain 
relationships betwccn vibration amplitude 
and charge and distance. These relationships 
are average values from which individual 
results may depart considerably becnusc of 
the extraneous variables. 

The variation of amplitude with charge was 
investigated by considcring pairs of amplitude 
readings taken at  thc sanie observation point 
with the same instrument for two difTcrcn[ 
charges. Only pairs involving small \!aria- 
tions in distancc werc used, and residual 
distance effects were corrected for on tlic 
assu~nption of an inverse distance law. 
Assuming that the amplitude is proportional 
to some power of the charge, each pairwas 
used to calculate a value of 11 in the relation 
A,/A,=(E,/E,)", \\,here A, and A, are tllc 
amplitudes and E, and E, the correqponding 
charges. This procedure eliminated all ex- 
traneous variables exccpt the source factor 
and possiblv some local peculiarilies of the 
mediuni. Fifty-two such pairs of observa- 
tions were available, including longitudinal 
and vertical coniponents, of acceleration and 
displacement, in till and in clay. There was 
no systematic difference between longitudinal 
and vertical components. Differences be- 
tween acceleration and displacement and 
between till and clay were barely significant, 
statistically speaking, with slightly liiglie~. 
values for acceleration than for displacement, 
for till than for clay. Considering thc ex- 
perimental conditions no great reliance is 
placed on these distinctions. Combining 
the intermediate results, weighting them 
according to their precision indices, an  overall 
average value of rz=0.67, with a standard 
deviation of 0.05, was obtained. This is in 
agreement with the value n=: given by 
Thoenen and Windcs rather than the values 
used by Morris ( I T =  ;) or  Crandell ( I T =  I).  

The variation with distance was determined 
by considering pairs of observation points at  
different distances from the sanic charge. 

This eli~ii~nated source variations but included 
\~ariations associated with tlie liiediu~n and 
with tlie obscr\,ation points. The results werc 
used to obtain values of 1 7 1  in tlie expression 
Al/Ap=((/21:(/,)~71 wliel-e (1, and cl, arc distances 
corresponding to amplitudes A ,  and A,. An 
average value of  /?I= 1.8, with a probable 
error ofO. 2 was obtained, but tlie distribution 
of the observations was unsymmetrical, 
beginning with a largc number of values very 
close to / / I=  I . 0  and with few exceptions 
extending to higher values only. Variations 
in instrument coupling to the medium might 
be expected to produce a synlmetric distribu- 
tion, with low values as common as high oncc. 
I-lence it appears that the principal variation 
is due to imperfections in the mediuni. It is 
surmised that in a perfect medium tlie inversc 
distance law would hold. 

The largest deviations from the inversc 
distance law were always associated with a 
marked change in terrain or in the nature of 
the vibration records. In the sand-clay area, 
there was a sustained lassc low-frequency 
vibration (2.5 c/s) within a few hundred feet 
of the source which did not occur a t  all a t  
1,500ft and beyond (Fig. I l(a)). A~nplitude 
ratios taken inside or outside tliisarea followed 
the inverse distancc law fairly well, but thosc 
involving both near and far measurements 
gave large deviations. These are the points 
labelled N F  in Fig. 12, which is a scatter 
diagram of the distance-amplitude results. 
In general, these studies indicated that a 
prediction for a distant point based on  obser- 
vations at  a near point would be quite 
conservative, whereas it would be unwise to 

DISTANCE RATIO ( d 2 / d , )  

Fig. 12-Scatter diagram of amplitude ratios versus 
distance ratios 
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attempt the reverse prcdiction from distant 
to near points. 

In passing it might be rcmarkcd lhat tile 
rate of diminution does not suggest a 
Rayleigll wave or other typc of surface wavc, 
for which 112 would be about 0.7. Only four 
observations gave values of 171 lcss tllan 0.9. 

The quantitics of concern in relating build- 
ing damage to ground vibration are listed in 
Tablc 11. The acceleration results arc almost 
all direct observations of movement in 
foundation walls nearest to the blast. 
Velocity observations usually rccli~ired a 
small distance correction. Tlle displacen~ent 
records almost all rcquired tlic calculation 
described earlier, utilising a calibration test 
in the budding co~nbined with results for a 
distant monitoring point. The limited velo- 
city obsc~vations wcre augmented by calcu- 
lations based on the maximum slopes of 
clisplacement records. This procedure was 
not entirely satisfactory since no displace- 
ment records were obtainablc in the buildings 
for the damaging blasts. Hencc these cal- 
culations also involve the sanle cxtrapolation 
proccdure used for displacement. Nevcr- 
theless there is fair agreement betwcen 
calculations and observations wherc both are 
available. Better agreement was found in a 
few cascs for which acceleration records were 
integrated to obtain maximum vclocity. 

Figs. 13 and 14 are scatter diagrams 
showing tllc relatioils between longitudinal 
and vertical displacements, frequency and 
damage. The results show considerable 
variation in damage threshold depending on 
tlic principal frequency. In  fact the trcnd 
suggests that the tlireshold corresponds to a 
constant velocity. (The dashed lincs in the 
figures represent a vclocity of 4.511 per sec- 
ond, a criterion that will be discussecl latcr.) 
When the resi~lts are c x a ~ ~ ~ i n e d  in detail, it is 
seen that a low-frequency group wcre all 
obtained in thc sand-clay soils, whereas 
most of t11c higher-frequency values wcre 
obtained in the till soils. T11us there appears 
to be s o n ~ c  correlation between tlie natule of 
the soil and the frequcncics predominating on 
displaccmcnt records. It will be seen that it 
is not possible to assign a damage threshold 
in terrns of displace~nent witl~out some 
qualificatioil regarding frequency. 

The velocity results are plottcd in Fig. 15. 
Since many of the velocity values were derived 

indirectly, a correlatio~l with frequency was 
not attempted. In any case, despite the extra 
ste1.x in the derivation, thc velocity damage 
tliresl~old was remarkably constant for all 
six buildings. The damage thresliold for 
cither longitudinal or vcrtical vclocity is about 
4in per second. 

The acceleration resulls arc shown in Figs. 
16 and 17. Although the results are plotted 
against frcquency it sliould be re~nembered 
that therc is ~ ~ s u a l l y  an assortnlellt of frequen- 
cies on an acceleration record. In sonle 
instances i t  was difficult to decide whicll of 
two or  three widely differing " principal 
frequencies," all of about tlie same amplitude, 
s l ~ o i ~ l d  be plotted. Tllc vertical accclel-ation 
component shows a well-defined da~nagc 
threshold of about 4 g.  The longitudinal 
results included one exceptionally low value, 
but otllerwise suggcst a damage tl~rcsho!d of 
betwccn 2 g and 3 g. 

Various critcria of damage and recom- 
~nended safe limits have been proposed, based 
on a limiting value of displacement, velocity, 
or  acceleration. It will be of interest to 
comparc thc foregoing rcsults with thcse 
criteria. 

Tl~oenen and Windesl made cxl~austive 
studies of biasti~lg vibrations ant1 of building 
damage, but unfortunately the two pllases of 
tlicir work are not too well connected. 
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Measurements were made or  the damage 
produced by a mechanical vibration of ceiling 
panels in six buildings and these indicated a 
ddniage threshold (in terms of our definition) 
of about 0 .7  g. Only one case was reported 
of damage due to a blasting operation. This 
produced threshold damage at  a displacement 
amplitude of about 0.  I in which corresponds 
to about tlie middle of the threshold versus 
frequency curves obtained for tlie St. 
Lawrence studies. ?-he threshold accelera- 
tion values obtained in tlie St. Lawrence 
study were substantially higher tlian the 
vibrator result obtained by Thoenen and 
Windes (2 g to  4 g as compared with 0 . 7  g). 
This was true not only for accelerations a t  
ground level but for those measured, in a 
few cases, in the upper parts of the buildings. 
Hence it is concluded that a steady-state 
vibration of the type they studied introduces 
higher maximum stresses than are produced 
by the transient disturbance duc to blasting. 
I t  might also be noted that the primary 
damage mecl~anisn~ observed in the St. 
Lawrence work was never similar to  the case 
they studied, of simple transverse ~ilotion in a 
free panel. 

M o r r i s , b n  the basis of strength 
calculations for a series of brick viers. 
recommended as a safe limit a displacement 
of 8 x 10-3i11. More recently Morris and 
W e ~ t w a t e r , ~  on the basis of a few observations 
of damage to buildings, estimated that the 
actual damage threshold is about 40 x 10-3i11. 
This latter figure is in agreement with the 
high-frequency portion of the St. Lawrence 
results (for buildings in till), but is nluch 
lower than the low-frequency values obtained 
for some of the buildings founded in sand- 
clay. To  include the results of Langefors 
et a1 a much lower displacement threshold 
would be required for buildings founded on 
rock (about 1 . 6 ~  Thus it would 
appear. that Morris' recommended limit is 
conservative except for buildings in rock, 
where it is rrither close to the actual damage 
threshold. 

CrandellV~sed a criterion based on peak 
energy in the disturbance, which leads to a 
velocity criterion. He specified a velocity 
of 3.2in per second as the beginning of a 
<' caution zone." A velocity of 4.511 per 
second is defined as the beginning of the 
" danger " zone, and it is assumed that this 
corresponds to the damage threshold, al- 
though no substantiating evidence is given. 
The more recent papers by Langefors, 
Westerberg and Kihlstrom4 include a large 

numbcr of experimelltal obsct.vations of 
damage to houses by blasting. Tliesc show 
a darnage threshold ofabout4.  Sin per second. 
The St. Lawrence results for both longi- 
tudinal ancl vertical components of velocity 
agree very well with these results. It is 
worth noting that this is so for both sand-clay 
and t i l l  foundation materials, whereas the 
similar results of Langefors et nJ werc 
obtained for houses based on rock. Thus 
for a variety of foundation conditions, and a 
corresponding variety of da~nage mechanisms, 
involving predominant frequencies ranging 
from 2 . 5  to 400 c/s, a velocity of 4.5in per 
second appears t o  be thc threshold ofdamagc. 

Tlie pin gauges were set up during blasts 
at buildings S, T ,  and F, the first of these 
being in sand-clay terrain and the others in 
till. At each building tlie pins fell over before 
damaging levels were reached. The relevant in- 
formation is listed in Table 111. It is difficult 
from the rather limited evidence to  set a precise 
threshold vibration level, but it appears that 
at  least some of the pins may be expected to 
fall when vibration levels are slightly below 
tlie damage threshold. 

BUILDING STRAIN 

Tlie results of tlie building strain measure- 
illeilts are shown in Table 1V. These appear 
to  be reasonably consistent, in that the strain 
indicated increased with charge, and large 
settlement was associated with large dynamic 
strain and with permanent strain remaining 
in the wall after the blast. Where settlement 
was small tlie strain records indicated that 
the wall returned to  its original condition and 
there was no remaining permanent strain. 
The dynanlic strain imposed in the wall of 
house T was insufficic~lt to cause even minor 
cracking of tlie wall even though shear cracks 
occurred in t l ~ c  walls of the basement. The 
records showed that the total strain available 
in the strapping was insufficient to  follow the 
total dyilamic strain in the wall. This camed 
some flattening of the strain records a t  thc 
peaks. The measuring syste~il indicates the 
strains averaged over a very long length of wall 
and thus may not indicate inaximum local 
strain. The records show very slow varia- 
tions as conlpared with tlie time scale of  tlie 
disturbance, and it is supposed that the 
strapping does not follow the sharp peaks in 
strain. I t  is concluded that this method of 
measuring strain is not wholly satisfactory. 



TABLE 111-Obser~lations With Falling Pin Gauges 

Longitudinal Longitudinal Longitudinal 
k t  l o ~ ~ o n  acceleration displacement velocity Damage uPpigt / ( x  d I i x i p i n )  1 (inisec) I 1 

Clay 
SI0 
SII 
S12 

Till 
TI7  
TI7  
TI8 
TI8 
F19 
1-20 

Basenienl 
Basement 
Basement 

Dslsement 
Road 

Basement 
Road 

None 
None 

Minor at 
75ft 

Threshold 
- 

Minor 
- 

(9 The shortest and the two longest pins fell. 
(9 Values in parenthcscs are estimated. 

TABLE IV-Building Strain Measurenlents 

Remarks 

No damage 
Settlement-cracked wall and 

foundation 
No damage 
No damage 
Settlement-minor cracking 

A 

A 

No damage 
No damage 

No damage 
Minor damage in basement only- 

some plaster cracks opened slightly 

Tcst 

C4 
C5 

S10 
S1 I 
S12 

TI3 
TI4 
TI 5 
TI6 

TI7 
TI8 

Charge 
(Ib) 

- 
I20 
142 

140 
140 
550 

15 
3 I 

250 
50 

350 
650 

-- 

Maximum 

Longitudinal wall Distance 
(h) 

100 
50 

80 
105 
75 

150 
150 
120 
122 

80 
70 

Strain 

Near transverse wall 

Dynamic 
(p  inlin) 

150 
375 

155 
80 

450 

- 
13 

325 
60 

500 
8.604 

Dynamic 
( p  i n n  

150 
1,000 

300 
100 
650 

- 

2 
45 
- 

(record 
missed) 

250 
150 

Permanent 
( p  inlin) 

0 
640 

0 
0 

530 

- 
0 
0 
0 

0 
0 

Permanent 
(cr inlin) 

0 
I50 

0 
0 

900 
(100ft 

away south 
wall of 
room) 

0 
0 
0 

0 
0 

I 
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Table V shows the measured values of air- 
blast pressure associated with each test. The 
U.S. Bureau of Mines6 has found by 
test that pressures of the order of 100 Ib per 
square foot and greater are necessary to 
produce window breakage. It will be seen 
that the nleasured pressures are well below the 
level that would cause damage and this is in 
accordance with the results of the tests. 

Building Charge 1 Di;;ncc 1 Air blast pressure 
designation 1 (lb) flbpersquare foot) 

Grab1 Size Distribrrtrot~ 

Sand 1 Silt 

Diameter Per cent passing Diameter Per cent piissing 
rnlllimetres I (by weight) I millimetres / (by weight) 

Grain Size Distribotiot~ Till 

Diameter I Per cent passing 
rnillimetres (by weight) 

Shear strength of till-remoulded ;it standard Proctor density: 
effective angle of internal friction, 39 deg.; effective cohesion 
100 pound per square foot. 

None of the damage that occurred in any of 
the six structures could be attributed to air 
blast. An interesting effect occurred during 
the final blast at  house R. Most of the 
windows in the walls longitudinal to the blast 
were broken, whereas those in the walls 
transverse to the direction of the blast 
remained intact, even in the near wall which 
was only 25ft away from the blast. The 
broken windows were attributed to a rocking 
rnotioi~ of the frame structure arising from 
the longitudinal component of the ground 
vibration. 

BUILDING DAMAGE VERSUS CHARGE 
AND DISTANCE 

The relation between building damage and 
ground vibration is of interest since it permits 
a detailed examination of existing criteria. 
For control of blasting operations, however, 
it would be simpler if safe limits based directly 
on explosive charge and distance could be 
set up. The St. Lawrence results have been 
examined for a correlatioil between damage 
and the parameter E2I3/d, and the results are 
plotted in Fig. IS. It will be seen that the 
damage threshold is fairly well defined, 
although the correlation is not quite as good 
as the correlation between damage and 
velocity or acceleration. Fig. 18 also permits 
a comparison of the results with the recom- 
mendations of Crandell, Morris, and 
Langefors et nl. 

Allowing a safety factor it appears that 
E213/d=0. 1 might be recommended as a safe 
limit. It would be of considerable interest 
to extend the range of the measurements in 
both directions. For large charges and 
distances it will be necessary to await occa- 
sional large blasting operations. But the 
interesting case of small charges, a t  distances 
less than say 30ft, can readily be examined. 
This range has already been considered by 
Langefors et al, and their recommended safe 
limit, which they extend down to a distance 
of 3ft, is shown on Fig. 18. 

CONCLUSIONS 

(I) The results indicate that there is a 
well-defined threshold level of vibration 
above which building damage may be 
expected. The St. Lawrence work indicates 
that either acceleration or velocity may be 
used as an index of damage for the two soil 
types studied. Considering also the Swedish 



TABLE VI-Typicol Soil P ~ ~ ~ f i l e s  for Sat~cl, Cloy, otrtl Till 

Sotlri atzri Clay 

Soil classification 

0.0 to 0.4 Datum to ground 
0.4 to 3.0 Loose yellow-brown fine sand 
3.0 to 4.5 Sand. Loose yellow-brown fine 1 I 

sand / 6.0 to 7.5 1 Sand. Loose brown fine to / 
medium sand 

Sand. Loose grey fine to medium 
sand to 12.2ft lhen alternatin; 
.kin layers of very fine grey silty 
sand and sill. Containing very 
small pockets o f  medium to 
coarse grey sand 

Sample lost. Indications of 
continuing sand 

Marine clay. Firm blue-grey silty 
clay with a trace of very fine 
sand. 

Occasional thin sulphide layers 
Marine clay. Firm blue-grey silty 

clay with a trace of fine sand. 
Occasional sulphide mottling 
and two f in  sulphidelayers 

Marine clay. Firm blue-grey silty 
clay with a trace of  fine sand. 
Occasional sulphide mottling 
and two Sin sulpliide layers 

I , 5 - -- .. - I . '  .- _ 
(') 2in Shelby tube. (9 2in split tube with insert. 

Till 

Sample Depth 
No. ' (ft) 

Blowlft 
140 1b 
30in 
drop 

Natural 
density 

:per cubic 
foot) 

Natural Unconf. 
noisture, shear 
,per cent strength, 

dry (persquare 
we~ght)  foot) 

Soil classification 

Brown till 
Brown till 
Grey till 
Grey till 
Grey till 
Grey till 
Sand layer. Very 

dense grey silty 
sand. gravel 

Sand layer. Very 
dense grey fine to 
medium sand. 
little silt, gravel 

Sand layer Wasli 
sample. Grey 
coarse sand. fine 
gravel 

Sand layer. Grey 
fine sand changing 
to 

Grey till. Very 
dense grey silty 
s a n d ,  g r a v e l .  
Bedrock at  54ft 



work in rock, it appears that velocity is the 
quantity more generally applicable to all 
soils. Damage is likely to occur with a 
velocity of 4in to 5in per second. A safe 
limit of 2in per second is recommended. 

(2) In general, the vibration records are 
very complex, and there is no simple and 
reliable way of inferring the maximum 
velocity amplitude from displacement or 
acceleration records. Hence for monitoring 
purposes a direct measurement of velocity 
is desirable. This might be done, for 
example, by means of a velocity-sensitive 
transducer or by using an accelerometer 
combined with a suitable integrating network. 
The instrumentation problem is now being 
studied. 

(3) For single charges the St. Lawrence 
studies indicate that the damage threshold is 
given approximately by E2I3/d=O.3 (where E 
is weight of explosive in pounds, and d is 
distance in feet). Allowing a factor of safety 
of three the value of E2'3/d=0. 1 is recom- 
mended as a safe limit for norinal blasting 
operations. This agrees approximately with 
a Swedish recommendation, applicable to 
very small charges and distances. Thus it is 
believed that the above formula has quite 
general application for most soils and for a 
wide range of charges and distances. 

No observations were made for nlultiple 
charges using delay systems. It appears from 
other information, however, that delays of 
the order of a few milliseconds may produce a 
cumulative effect somewhat greater than the 
amplitude due to an individual charge. An 
additional safety factor of perhaps two should 
therefore be used for calculating the maxinlu~n 
charge per delay. 

(4) When it is necessary to operate close 
to the damage threshold, instrument inoni- 
toring is desirable. The safest procedure 
is to begin with one or more test shots with 
reduced loading, to determine the energy 
propagation from source to the structures 

concerned. The test shots should, however, 
be placed in the same area as the final large 
shots since the vibration ainplitude may vary 
unpredictably with location. 

(5) The traditional falling-pin gauge was 
unexpectedly successful as an indicator of the 
damage threshold. It appears that if an array 
of i in  diameter pins varying in length from 
6i11 to about 18in is used, at  least some pins 
will fall before the damage threshold is 
reached. A further study of the pin gauge 
and similar devices is planned. 
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