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FOREWORD

This report has had classified material removed in order to
make the information avaiiable on an unclassified, open
publication basis, to any interested parties. This effort to
declassify this report has been accomplished specifically to
support the Department of Defense Nuclear Test Personnel Review
(NTPR) Program. The objective 15 to facilitate studies of the
low levels of radiation received ty some individuals during the
atmospheric nuclear test program by making as much information
as possible available to all interested parties.

The material which has been deleted is all currently
classified as Restricted Data or Formerly Restricted Data under
the provision of the Atomic Energy Act of 1954, (as amended) or
is National Security Information,

This report has been reproduced directly from available
copies of the original material. The locations from which
material has been deleted is generally obvious by the spacings
and "holes" in the text. Thus the context of the material
deleted is identified to assist the reader in the determination
of whether the deleted information is germane to his study.

It is the belief of the individuals who have participated
in preparing this report by deleting the classified material
and of the Defense Nuclear Agency.that the report accurately
portrays the contents of the original and that the deleted
material is of little or no significance to studies into the
amounts or types of radiation received by any individuals
during the atmospheric nucle>r test program.
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ABSTRACT

Ground motion produced by Mike shot of Operation Ivy (Project 6.5) was measured as three
components of acceleration at four ground ranges between 8000 and 114,000 ft. Gauges were In
sand below the water tabie at depths of about 17 ft. Similar measurements were made on a
massive concrete instrument sheiter at about 30,000 ft from Ground Zero.

A rough empirical relation was derived for scaled peak ground-transmitted acceleration
as a function of scaled ground range and compared with similar data from Operation Green-
house. The peak vertical acceleration produced by incidence of the air shock in the vicinity of
the gauge station was reiated empirically to the peak air overpressure. These relations are
necessarily rough because of the few reliable data availabie, but are probably adequate for es-
timating effects of megaion weapon bursts. The acceieration data were converted to velocity-
time and dispiacement-time information. _—

Ground-motion data derived trom shot :{ i ) [o( Operation Castle (Project 1.7)
are presented in Chap. 2. These data, because oltf€ Tow yield of the shot, are inadequate for
correlation with the resuits of other tests.

Procedures employed for correction of acceleration data integrated to velocities and dis-
placements are discussed in Appendix B.
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PREFACE

Ground-moticn studies conducted as Project 6.5 of Operation Ivy ylelded useful informa-
tion of limited scope because complete data were not recovered. It was considered desirable
to extend and supplement the data from Mlkw several close-in,
ground-motion measuring stations T ' 1 Operation Castle
{Project 1.7).

The data from Project 6.5 of Operation Ivy have been delayed {n processing. Consequently,
it 18 convenient and pertinent to combine the reports on the original and supplementary studies

as Chaps. 1 and 2 of a single report.
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BACKGROUND

Wsapons effects atudies concerned with damage to structures include observations of
ground motion, to certain aspects of which underground structures are ssnsitive. Limitations
imposed by instrument characteristics have usually restricted the measured parameter to ac-
celeration. Velocity and displacement {nformation has been derlved by iterated integration of
acceleration-time data, Direct measurement of velocities or displacements is feasible for
small-charge experiments wherein durations of phenomena can be resolved by practlcal
gauges.

Energy {rom an explosion 18 coupled to the earth either directly or as a secondary effect
through ground incidence of an air shock. Direct coupling is most obvious in underground
bursts in which secondary coupling 1s usually negligible becauss snergy in the air shock is
relatively smaller. Surface bursts involve both direct and secondary coupling, the flrst being
probably predominant close to Ground Zero, where the two effects are essentially undiffersn-
tiable. At more remote distances from Ground Zero, the directly coupled energy effects out-
run those derived from local incidence of air shock and Lecome separated in time. Secondary
alr-coupled effects are propagated at velocities characteristic of alr-shock velocity, which
decreases with distance, approaching acoustic air speeds. Transmisslon of directly coupled
effects through the ground is at seismic veiocities, which are generally several times acoustlc
air vslocities and tend to increase with ground range because of refraction through desper, higher
velocity strata. Effects from directly coupied energy are attenuated by angular dlspersion as
well as by frequency dispersion. Ground-acceleration frequencies are consequently rslatively
low and probably decrease with ground range. The lower frequency portion of the motion be-
comss stronger in the particle velocity data and often predominates in the displacements.
Secondary coupling effects, on the other hand, result from a shcck wave which retains a steep
front and s attenuated less rapidly than the ground-transmitted motion. These sffects are
characterized in generai by relatively higher frequencles and peak accsleratlons than the di-
rectly coupled motlon, but resultant particle velocities and displacements may be comparatively
small because of the short perlods of the frequencles Involved.

Ground motion from explosions centered well above the ground involves only air-shock
coupling. Effects caused by incidence of air shock in the immediate vicinity of a measurement
station predominate at all ground ranges. At stations remote from Ground Zero, effects de-
rlved from incidence of the air shock at or near Ground Zero may be distinguishable from
those caused by local incidence, but the ground-transmililed signals are usually negligibls be-
cause attenuation dus to coupling, dispersion, and transmlssion over large distances within the
sarth greatly exceeds that 0 which the locally incident air shock has been subjected.

Measurements of ground motion produced by high explosives, usually rspresented by ac-
celerations, have been included in the Office of Scientific Research and Development Undsr-
§round Explosion Effects program,' the Underground Explosion Test Program at Dugway

11




Proving Ground, - Operation Jangle at Nevada Test Site,* and Project Mole.'s! These studies
were concerned principally with underground explosion:. .. Project Mole, in particular, in-
cluded observation of underground effects from severai < ‘;".e and above-surface shots,

Studies of ground motion have bean a part of weapons effects programs for all nuclear
tests. Data for these studies were derived principally from air (or tower) bursts'~'* although
ont surface 2nd one underground shot were included in Operation Jangle.!*!? There is good
correlation between the peak acceleration induced by local incidence of air shock and peak
overpressure for air-burst weapons. This correlation probably holds true for surface and
subsurface bursts also, although in the latter case the overpressure and the consequent ground
motion are negligible.

Acceleration induced by incidence of the air shock directly above instrumentation has a
dominant vertical component, Ground-transmitted acceleratior, from subsurface burasts or
air-shock induction near Ground Zero, has a horizontal radial component of the same magni-
tude or greater than the vertical and is characterized by predominance of long-period surface
waves (Rayleigh waves) at large ground ranges. Correlation of acceleration data from nuclear
shots in accordance with scaling laws is hindered by the very complex nature of these data.
The nonlinear nature of the mechanical properties of soll and its heterogeneity are reason
enough to make scaling of inotion parameters far from simple.
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8. W. R. Perret, Earth Stresaes and Earth Strains, Operation Tumbler-Snapper Report
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CHAPTER 1

GROUND MOTION FROM MIKE SHOT OF OPERATION IvVY

1.1 PURPOSE

Observation of the ground motion produced by Mike shot of Operation Ivy was undertaken
primariiy to furnish information concerning these effects for super bomb detonation, but its
most useful purpose was expected'to te the prediction of motion of instrumentation sheiters
and other structures for future tests in the Pacific Proving Grounds. Except for possible com-
parison with data from Easy and '_ _ Shots of Operation Greenhouse, it was not anticipated
that ground motion of a coral atoii wouid correiate particulariy weil with or be significant to
weapons effects in likely target areas.

1.2 PLAN OF THE EXPERIMENT

Project 8.5 of Operation Ivy was planned to furnish data coacerning vertical, radial, and
tangential components of ground acceleration at six stations ranging from about 8000 to 114,000
ft from Ground Zero of Mike shot. The depth of this instrumentation was to be determined by
focal subsursface conditions with the restrictions that gauges should be below the water table
and, if feasibie, well within 2 massive layer of coral rock or sand. These requirements were
inciuded to minimize effects of discontinuities close to the instruments.

1.3 CHOICE OF INSTRUMENT STATIONS

General location of instrument stations (i.e., the 850-stations) for ground-motion observa-
tions was dictated by locatlon of Sandia Laboratory recorcing shelters (i.e., the 600-stations).
Specific instrument locations were selected on the basis of subsurface conditions a3 determined
by exploratory borings. The site map, Fig. 1.1, inciudes enlarged Maos of the isiands on which
ground-motion instrumentation was located.

Idealiy, snd instruments for ground-acceleration measurement shouid de placed along a
single radial line at such depth that they could be considered to be within a continuous homoge-
neous medium. Pertinent information on subsurface conditions at Eniwetok was limited to logs
of several borings made on Engebi, Muzin, and Aomon during Operation Greenhouse. The origl-
nal expectation that gauge assemblies couid be piaced within coral rock strata at least 10 ft
thick on the reef side of the isiands was abandoned after discussion with Hoimes and Narver
engineers and with geophysicists from the U. S. Geological Survey. Consequently it was decided

1
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that the gauges should be piaced within the relatlvely homogeneous corai sand at least 5 ft betow
zones of cemented sand or fragmented coral blocks. These conditions were more likely to be
reallzed on the varlous islands and were erpacted to provide reasonably conslstent data.

Nine borings for exploration and gauge instaliation were made during August 1952, Three
were for exploration purposes at sites where no previous sutsurface data were available, and
six Were for later use during gauge instaliation. Exploratory borings were extended about 5 ft
below elevations chosen for gauges on the basis of conditions observed during expioration. This
procedure prevented placing the gauges directly above a soii discontinuity. Sand samples and
cores were taken in each boring, and logs cf aii borings were kept (Fig. 1.2). Instrument borings
were cased with 10-in. pipe to the chosen gauge elevation, and the upper ends of the casings,
vrojecting about 1 ft above the surrounding sand, were piugged and identif'‘ed by station num-
bers (Fig. 1.3). Suitabie conditions for instrumeniation were encountered at depths between
16.5 and 117.5 ft at aii stations. Surveys, made after ali gauge borings were compieted, estab-
lished the coordinates and ground range of each 850-station.

1.4 INSTRUMENTATION

End instru aents used for ground-motion measurements were Wiancko accelerometers.!
Three of these gauges were mounted with mutually perpendicular response axes in a watertight
case (Fig. 1.4). The volume and weight of the assembiy were adjusted to give it a density ap-
proximately equal to that of the corai rock at Eniwetok. This assembiy was about 25 per cent
more dense than the surrounding material as a result of the change from rock to sand.

Carrier power and acceferometer signais were tranamitted between end instruments and
recording shelter by burled four-conductor shielded cables. The output of the accelerometers
was ampiified and recorded on magnetic tapes. A description of the recording equipment and
its performance is included in reference 2.

1.4.1 Set Range and Calibration of Accelerometers

Accelerometer set ranges were derived with the aid of Los Alamos Scientific Laboratory
{LASL) memorandum J-9122, which included an estimate . . the ground acceleratlon as a func-
tion of ground range. This estimate was based on scanty data from !shot of Operation
Greenhouse? scaled to the anticipated Mike yield. Energies were u'a-umea':o scale as the square
root of the yield, and the very low burst height of Mike was assumged to make the fraction of en-
ergy coupled to the ground 50 times greater than it was for The magnitude of this fac-
tor (50) was questloned, but, since no data were available for verifying the scaling procedure,
the LASL estimate was used.

Individual accelerometers were chosen in response ranges slightly above the estimated set
range. All were damped approximately to 0.85 critical, and response over their full range was
within 2 per cent of linearity. Each accelerometer was calibrated to set range in the field on
its assigned rccording chunnel shortly before installation of the gauge assembly in the ground.
Details of the caiibration procedure and calibration-slgnal circuitry are given ln reference 2.

1.4.2 Installation of Instrumenta

Tidal fluctuatlon of the ground water caused Invaslon of lovse sand through open bottoms of
the cased instrument borings, easentially fililng all holes to the water line during the three-
month perlod between drllling and gauge installatlon. It was necessary to clean out all holes
prelimlnary to placing the accelerometers. Gauge assemblies, as shown beslde the casing In
Fig. 1.3, were placed and oriented with respect to Ground Zero by means of positioning plpes
and were bonded to the surrounding sand by cement grout. Casings were removed {from each
hole after the grout had set, special care belng taken not to disturb orientation of the gauges.?

Water seeped Into two of the gauge units before Mike shot. One of these units, at Station
650.92, was removed, rehabllitated, and replaced in satisfactory operating condition. The other,
at Station 650.04, could not be similarly reconditioned because all drllling equipment had been
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Sand and Coral Fragments depth of instruments.
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Fig. 1.2—Logs of borings for ground-motion insrumentation, Operation Ivy (Eniwetok Atoll).




i

— = » N, < b el v . = W FaNer + Y hs g - e - s ]
g S S s T g e Wi T TR S M T R LTI W il -
sl Sl i

3 [ ———

Fig. 1.3—Top of an insurumentation boring and a gauge assembly. The gauge assembly will be
placed in the casing at a depth of 16.5 to 11.5 ft,
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removed from Eniwetok befo. 2 the failure was detécted. Three spare accelerometers. which
were installed on the roof and rear and side walis of the recording sheiter, Station 603, to re-
spond to verticai, radiai, and tangentiai coinponents of acceieration, were connected to the in-
formation channeis assigned to Station 650.04.

1.5 DATA ANALYSIS

1.5.1 Accelerations

Acceleration-time data were obtained from ali component instruments at five stations. No
data were recovered from Station 650.05 on Aomon as a resuit of failure of the recorder tape-
transport mechanism.? Only the initial portion of the recorded data at Station 650.01 on Bogon
was useful because incidence of the alr shock at the recorder sheiter, Station 801, reactivated
the cal-step timer with consequent recording of spurlous signals.

Pertinent sections of the acceieration-time data are presented in Appendix A, Figs. A.1 to
A.11. Each of these flgures inciudes, in addition, velocity-time and dispiacement-time data de-
rived by integration. Ground-transmlitted signais and those produced by iocal incidence of air
shock are separated by appreciabie tlme intervals for ali stations beyond Engebi and are piotted
ag separate parameter-time graphs. The data from iocai incidence of the air shock at Station
650.02 are reproduced on an expanrded time scaie for ciarity.

Acceleration-time data from Station 650.01 are compared in Fig. A.1 with data (dashed
curves) from a recorder channei which monitored the carrier power suppiy to the gauges. The
earrier power was apparently stable until 1.43€ see after zerc time, when reactivation of the
cal-step timer is thought to have occurred. Signals recorded on the accelerometer traces after
this time follow details of the carrier monitor record. Data from Station 650.01 are good until
1.436 sec and false thereafter. A vertical dashed line on each parameter-time curve for this
station indicates the end of the valid portion of the curve.

The ground-transmitted acceleration presented for Statiun 650.06 on Parry in Fig. A.11
does not represent the initiai arrival which occurred at about 7.35 sec, but a later, stronger
signal, probably the first pulse reflected from basement rock. Weaker reflected pulses arrived
iater, but they are not included because the signal-to-noise ratio was low as a result of poor
set-range estimation.

Arrival times, peak acceierations, and acceieration frequencies comprise the information
avaiiabie dircctly from the recorded data. Air-overpressure data from Project 6.1 stations® are
aiso pertinent to study of ground motion since most of the acceleration data show a readily dis-
tinguishabie air-shock induced signal. Data from Station 650.01 in which the motion is derived
indistinguishabiy from both sources are the only exceptions observed. Data from Bokon, Station
603, are compared with overpressure data from Aitsu because o air-pressure records were
obtained from Bckon, .

Arrival times for both air overpressure and ground acceieration are compared in Tabie 1.1,
Zero time on the records from Parry was derived from the cai-step signai at —15 sec (Ref. 4)
because no zero time slgnal was recorded at that site. Absoiute times on Parry records are
considered good only to about 0.1 sec. Intervai timing on these records is, however, as good as
that for the other stations since the timing-channel frequency was recorded satisfactorily.
Overpressure arrival was determined to have been 83.75 sec after zero time. Ground-accelera-
tion data were adjusted to assumed simultaneous arrival of overpressure and air-shock induced
ground motion.

Arrival times piotted as a function of ground range show the anticipated branched curve
(Fig. 1.5). Arrival of the air-shock induced acceierations corresponds closely with the curva
for arrival of alr overpressure. This cusve indicates an initial propagation velocity greater
than 6000 ft/sec, decreasing beyond 20,000 {t to an apparent veiocity of about 1230 ft/sec.
Ground. transmitted acceierations are propagated with a velocity of neariy 18,000 {t/sec teyond
Station 650.01 and with a velocity of 6300 ft/sec out to that station. The latter pattern is con-
sistent with seismlc refraction under the conditions shown by deep driiiing at Eiugeiab and
Parry—a deep ir erface betv:een massive basait and overlying water-filied sand containing
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Tablc¢ 1.1 —ARRIVAL-TIME DATA

Acceleration arrivala
Alv-ogers Ground-transmitted Air-shock induced
Ground pressure
Station Site range, arrival, Vert., | Rad., | Tang., Vert., | Rad., {Tang.,
number name ft sec sec sec sec sec ssc sec
815.02 Bogon 8,250 1.38
850.01 Bogon 8,302 1.39 1.39 1.40 o L) L/
611.01 Engebi 15,900 5.18
650.02 Engebi 18,334 1.83 2.00 2,36 6.67 6.68 6.67
850.03 Muzin 21,264 2.24 2.24 2.57 8.54 8.51 8.64
611,02 Muzin 21,412 8.71
603 Bokont 30,228 3.00 l 3.00 3.00 15.30 [15.29 15.30
813.01 Aftsu 36,708 23.08 l
611,04 Aomon 47,574 28.87
650.05 Aomon 47,617 No record
650.06 Farryy 114,182 7.35 83.75
612.01 Parry 114,240 83.75

*Source of acceleration at Station 650.01 indistinguishable.

tAcceleration measurements made on roof and rear and side walls of recorder shelter.

$No true zero time signal. Times derived from —15 sec cal-step initiation and corrected to
approximate zero. '
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Fig. 1.5— Arrival times vs ground range for Mike shot, Operation Ivy. O, air overpressure. +, air-shock
induced acceleration. &, ground-transmitted acceleration.
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lenticular masses of cemented sand.® The data are insufficient to permit detailed seismic analy-

sis, but average depth to basait is about 3400 ft. Similar data from Easy and/ ]shots of
Operation Greenhouse indicated a constant seismic velocity of about 6900 ft/sec (Ref. 3) but did
pot include information from sufficiently remote stations to include refraction through basement

rock.
Table 1.2 —GROUND-ACCELERATION AND AIR-OVERPRESSURE DATA
Accelerometers
Ground-transmitted Ajr-shock induced
Max. Damped
Ground | air over- . Set natural | Max. | Max. Max. | Max.
Station | range, ! pressure, { Com- | range,| freq., | pos.,*| neg.,| Freq.,t | pos.,*| neg., ! Freq.t
number ft psi ponent g cps g g cps g g cps
615.02 8,250 (40}
850.01 8,302 A\ 18 165 2.35 3.5 50
R 18 182 1.00 3.8 50
T 9 128 0.41 0.56 177
811.01 15,900 18.8
650.02 18,334 \'4 4 108 0.26 0.29 2.7 1.34 |[1.50 21
R 4 102 0.23 0.27 4.0 0.48 | 0.45 38
T 2 73 0.14 0.11 4.2 0.19 |0.37 42
650.03 21,264 \'4 3 108 0.23 | 0.i8 | 3.0 0.74 }2.1 22(8.3)
R 3 111 0.23 0.17 3.3 0.71 [0.46 87(9.4)
T 2 73 0.12 0.07 4.6 0.16 |0.33 87(13)
611.02 21,412 12.4
603 30,226 v 2 89 0.18 | 0.15 | 3.4(1.6)] 3.67 |2.90 154
R 2 85 0.16 0.14 3.4(1.8)] 3.00 |2.96 111
T 2 79 0.26 0.20 4.5(1.7)] 0.85 [0.49 128
613.01 38,708 4
811.04 47,574 2.7
650.05 47,617 No record
650.08 114,102 v 0.2 40 0.010 ; 0.080(| 1.4 0.034 | 0.020 21
612.01 114,240 0.55

*Positive acceleration has the following directions: up, for all vertical components; {n (toward Ground
Zero), for all radial components; counterclockwise (as seen from above Ground Zero), for all tangential

componenta.
tFrequencies enclosed in parenthesea are those of apparently secondary importance.

Maximum accejerations and accelzration frequencies are compared in Tabie 1.2. Set ranges
in this table refer to the plus-and-minus ranges of iinear response to which the end-instru-
ment-recording systems were set. These values were high by factors ranging from 1.7 to 16
except for the accelerometers on the recorder shelter on Bokon, Station 603, which indicated
accelerations nearly twice set ranges. Ground-transmitted signals were below set range by
factors of 8 to 20, and air-shock induced data indicate that set ranges shouid have been lower
by factors of from 2 to 10. Consequently the factor used to increase the energy fraction directly
coupled to the earth because of the iow burst height of Mike shot in estimating set range should
probably have been about 4 instead of 50. Data from Stations 650.01 and 603 are anomalous be-
cause of incompleteness of the record from Station 650.01 and because of measurement of
structural response rather than ground motion at Station 603. Peak accelerations quoted for
Station 650.06 in Table 1.2 are estimated for first ground-transmitted arrivals and are lower
by a factor of 2 than those for the first reflected signais included in Fig. A.11,

Ground-transmitted acceierations were anaiyzed by a logarithmic plot of peak-scaled ac-
celerations as a function of sceled ground range (Fig. 1.8). Scaling was according to the ex-

pressions
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where W {8 the radiochemical yield expressed in pounds of TNT. Data {ncluded are from Sta-
tions 650.01, 650.02, and 650.03 only and represent maxima of the initial refracted signal. Data
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Fig. 1.6—Ground-transmitted acceleration as a function of ground range. O, lvy Mike shot. +, Greenhouse
Easy shot.

from Station 603 are omitted for irrelevancy because they represent motion of a massive struc-
ture on a semielastic earth rather than soil particle motion. Low signal-to-noise ratio and un-
certainty of the magnitude of early refracted signals led to omission of 3tation 650,068 data also.

Corresponding information from Easy :‘Opeutlon Greenhouse® {s in-
cluded in the graph of Fig. 1.6, All three zets of ‘data fit approxima:ely straight lines with nega-
tive slnpes. These lines are paralle] and may be represented by the equation

AW* = ag-t (1.1)
where A is peak acceleration in g units, W is the radiochemical yield in poundl of TNT, and Ag

is the scaled ground range in ft/1b'9, The units of K are approximately g- -1%/1b%. The coeffi-
cient K has the {following values:

Mike shot 2.65 x 10

sasy shot 11x10

s b

s




Differences in scaled height of burst between the three shots are included in the values of
the coefficient K. A cursory study suggests that in fact K may be represernted as a constant
modulated by a negative exponential of the 1.5 power of the scaled height of burst. However, the
data are hardly strong enough to support an analytical expression of such complexity.

Equation 1.1 yields reasonable estimates for vertical or radial ground-transmitted acceler-
ations within the scaled ground-range limits 2.5 = Apg = 10 when the proper coefficient K is
used. For near surface bursts, between zero burst height ard a scaled height of 0.14 ft/1b%, K
may be estimated roughly between 2.66 x 10° and 2.1 x 10% without excessive increase in the
acceleration error. In any event the error in derived accelerations will probably be less than
150 per cent and should be adequate for estimating set ranges and possibly for rough estimates

of damage.
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Fig. 1.7— Alir-shock induced acceleration a8 & function of incident overpressure
for Mike shot, Operation lIvy.

Absolute values of maximum posit{ : and negative vertical accelerations irduced by inci-
dence of air shock above the gauges are plotted as a function of peak air overpressure in Fig.
1.7. The end pointe of the vertical line segments represent the positive and negative peaks,
negative being the greater at all stations. Overpressures are mean peak values® except at
Station 650.01, where an estimate was made by extrapolation since dependable overpressure
data were not obtained at Bogon.

Peak accelerations induced at Station 603 by air shock are higher by a factor of about 7
than would be expected from interpolation of the ground-motion data. The straight line fitted to
the data in Fig. 1.7 represents the equation

A =0,053p'? (1.2)

in which acceleration is in g units and overpressure {s in psi.
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Acceleration data from four air -burst tests of Operation Tumbler-Snapper® show an analo-
gous relationship expressed by

A = 0.32p"% (1.3)

Differences in soil conditions at the Pacific Proving Grounds (Eq. 1.2) and Nevada Test Site
(Eq. 1.3) are probably the primary cause of the differences in coefficients and exponents in the
two equations.

The acceleration-ttme curves (Figs. A.1 to A.11) are of a complex periodic form. All show
some distinct frequencies and apparent interference effects which irfluence the curve. Fre-
quencies derived directly from the curves are included in Table 1.2. Frequencies enclosed in
parentheses are those of apparently secondary importance. The ground-transmitted motion is
characterized by two major freguency ranges: one of about 50 cps at Station 650.01 which, ac-
cording to Fig. 1.1, involves principally transmission through the shallower materials chaiac-
terized by a seismic velocity of 6300 ft/sec, and the other of from 2 to 4 cps which involves &n
appreciable proportion of travel over a refraction path within the 18,000 ft/sec basement rock.
These frequencies are consistent with those observed in seismic exploration.

The frequency of the air-shock induced motion {s generally similar at all stations, ranging
from 20 to 70 cps except for the higher ones in Station 803 measurements which probably re-
sult from response of structural elements.

Directions of the various components of motion are consistent. The initial vertical accel-
eration pulse is upward for the ground-transmitted signal and downward for the air-shock in-
duced one at all stations. Initial radial pulse is outward from Ground Zero for all signals from
both sources with the doubtful exception of the ground-transmitted signal at Station 650.09.
Initial tangential pulses are less consistent; the pulse from the ground-transmitted acceleration
is clockwise for the ground stations, 650.01, 850.02, and 650.03, but is reversed for the shelter
station, 603, and a similar reversal occurs in the air-shock induced signal, which is counter-
clockwise at all stations except 603.

1.5.2 Velocities

Velocity-time information was derived by integration of data from each measured accelera-
tion component. A detailed description of the integration process is included in Appendix B,

Integrations over time intervals of the order of § sec or longer were required even for
atrong motion portions ol the ground-transmitted accelerations. Integration over periods of
such length magnifies excessively the influence of very small low-{frequency drifts in the pri-
mary recorded data. This effect vecomes more serious where signal-to-noise ratio is low,
even though the noise component of .he recorded data may be erased by the integration. The
magnification is, furthermore, stro gly enhanced when a second integration of th7 data is per-
formed. The aignificance of small 1 ng-Auration extrancous drifts in the primary data to the re-
sults of integration is evident if it is realized that an additive correction in acceleration data
appears as a iinear increase in velocity and as a parai<lic increase in displacement. For ex-
ample, slow sinusoidal or linear changes of the order of a fraction of 1 per cent of carrier
voltage can, for long-duration integrations, introduce effects that distort the velocity curve
badly and obscure small but real displacements.

Complete correction of data for integration was {requently neither {feasitle nor possible in
this analysis, and all corrections involved some degree of erbitrariness. Consequently, in re-
viewing results of the first integration of the acceleration-time data, unrealistic or improbabile.
results were often eliminated, and it was always necessary to recognize that precision had becn
lowered by the integration.

Velocity-time curves for each accelerometer station are inciuded in Figs. A.1 to A.11,
These represent the corrected velocity data from which displacements were derived. Data frocm
these velocity curves are compiled in Table 1.3. Maximum velocities enclosed in parentheses

7 represent peak-to-peak values of the higher {frequency signals which are reasonably independent
of the spurious values introduced by instrument drift. Computed peak velocities and low-fre-
quency components are in some cases introduced by extraneous sources.
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Velocities computed for Station 850.01 are probably irrelevant because only the early part
of the ground motion was recorded before the circuit failure at 1.436 sec (vertical dashed line
in Fig. A.1). Magnitudes of the velocities included in Table 1.3 for this station may be reason-
able, but it is highly probable that a very different range of velocities would have beer: observed
had the complete acceleration-time sequence been reccrded.

Ground-transmitted veiocity curves for Station 850.02 illustrate the effect of long-period
minor changes in recorded acceleration which are probabiy extraneous to ground motion. All
three components of velocity at this station, Figs. A.2 to A.4, include one signal of about 3.5 to
4 cps and another signal of either 0.8 or 0.3 cps. The former corresponds to the dominant fre-
quency in the acceleration, and the latter is hardly distinguishable in those data except perhaps
as a modulation in the radial and tangential curves. The full significance of these low-{requency
effects cannot be appreciated from the velocity data alone, although they do evidently increase
the maximum peak-to-peak amplitude of the velocity by factors cf from 1.5 to 3. The inore
sericus effect of the anomalies will be noted in displacement data.

There are somewhat similar anomalies evident in the air-shock induced portions of the
velocity curves, although here the spuriousness is not so certain; the low-{requency components
may well be iegitimate ground-trans ~itted signals comprising part of the late seismic reflec-
tion or a Rayleigh wave. However, that portion of the curve, particularly for Station 650.02,
which corresponds to the high-frequency acceleration appears only as relatively minor oscilla-
tions in the velocities superimposed on much lower frequency signals of amplitudes several
times those of the high-frequency component. Because the durations of the damped wave-train
associated with incidence of the air shock are short and data were integrated over a correspond-
ingly short period, long-period drifts have little influence on the results. However, the length
of the air-shock induced accelerations included in the integration is considerably less than that
of the positive phase of the air shock and may not give a complete picture of maximum veloci-
ties.

Velocity curves derived for Station 850.03 (Figs. A.5 to A.7) are essentially free of aerious
extraneous signals. The earlier part of the curves (ground signals) shows no long-period large-
ampiitude effects. The air-shock portion of the curves includes a 1.1-cps signal, but this is
compatible with refiected signai frequencies and its occurrence at about 9 sec afier zero time
suggests that it may be part of a reflected pulse. The data in Table 1.3 for thls station are
therefore all valid. Parenthetic values of amplitude represent a superimposed signal in the
case of the air-shock induced ground velocities and are approximately the sum of the positive
and negative peak velocities of the earlier part of the curves.

Vertical and tangential velocity data from the shelter, Station 803, include a long-period
uscillation which might be spurious. A similar long-pertod effect is not obvious in the radial
velocity. The air-shock induced velocities are reasonably free of extraneous signal, aithough
{wo frequencles are evident. One of about 100 cps may represent reaction of the structural ele-
ment itself and the other, about 10 cps, osciliation of the structure-foundation system.

Data from Station 650.08 are of no real significance to damage or to structural responae.
However, these data, in particuiar those transmitted from Ground Zero through the earth, were
uased for testing integratlon procedures. Numerous corrections were made as noted in Appendix
B, and only a short portion, including the first reflected signal, was carried through the finally
corrected integration. Duration of the data integrated for the air-shock induced curve is short
80 that effects of spurious signals similar to those which altered ground-transmitted data are

not noticeable.

1.5.3 Displacements

Corrected velocity-time data were integrated to displacements. Iteration secves to en-
hance further the influence of the long-period components at the expense of the short-period
signals. In the aecund integration this effect can result in extinction of the ahort-period infor-
mation, making the results worthless. Unfortunately in some insiancea this resuit was attained
in processing the Operation Ivy acceleration data.

Displacement-time data are included in the graphs of Appendix A as the third curve in each
figure. Data from these curves are compiled in Table 1.4. Maximum displacement values in
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Table 1.3-~GROUND-VELOCITY DATA
— = .
Velocity
Ground-transmitted Afr-shock induced
Ground Max. Max. Max. ! Max.
Station range, Com- pos.,* neg., | Freq.,t pos.,* neg., | Freq.,t
number ft ponent ft/sec ft/sec! cps ft/sec ft/sec | cps
650.01 8,302 v 0.41 0.85 |42
R 0.98 {38
T 0.009 0.10 |62
850.02 18,34 v 0.90 (0.61) | 0.93 3.4 (0.3) 0.29 0.04 22 (1.5)
R 0.62 (0.87) | 0.80 4.0 (0.6) 0.22 0.11 (8.3)
T 0.33 (0.17) | 0.33 3.7 (0.6) 0.25
650.03 21,264 v 0.53 (0.83) | 0.30 1.8 0.80 (0.44) | 0.73 1.1
3 R 0.57 (0.77) | 0.38 3.1 0.63 (0.39) { 0.74 1.1
; T 0.17 (0.44) | 0.32 3.5 0.37 (0.14) | 0.60 1.1
_ 603 30,226 v 0.48 (0.85) | 0.83 3.7 (0.3) 0.15 (0.49) | 0.40 63 (9)
- R 3.83 (6.48) | 2.85 2.4 0.18 (0.35) | 0.17 (105 (9)
F T | 0.33 (0.65) | 0.45 3.3 (0.2) 0.056 (0.08) | 0.048 |111 (12)
é 650.05 No record
A 650.06 114,182 j v l 0.056 (0.104 0.048 1 1.5 0.0080 ((.016) 0.0079J 20
b *Maximum velocities enclosed {n parentheses represent peak-to-peak values of the higher
- b frequency signals.

tValues enclosed in parentheses are those of apparently secondary {mportance.

“’ , Table 1.4—GROUND-DISPLACEMENT DATA
Displacement®
Ground-transmitted Afr-shock induced
Ground

Station range, Com-~ Maximum, | Resfdual, | Frequency, | Maximum, Reu!dual.'!nmuey.

number ft ponent fn. fn. cps In, in, cps
650,01 | 8,302 | V 0.4
1 R

T

850,02 18,334 v (=9.1) -2.) (0.18}
3 R 1.2(-3.2)| 0.3¢1.v) |2 (.8)
1 T 0.5 (—2.9) (-=0,75) | 1.4 (0.8)
; 650.03 21,264 v 1.0 (-1.5) |-0.2 0.3 (2 -1.7 1.05 0.8
3 R 1.1(-1.7] 0.5 0.3 (2 -2.2 1.0 0.6
T 0.7 (-0.9) [-9.5 0.5 (2.4 -1.8 0.0 1.1
3 603 26| v |-58 1.9 013 (1.6) | =015 0.08 a8
- R 4.8 0.9 0.14 (1.8) -0.05 1.5
| T 0.9 -1.2 0.2 (1.4) -0.008 0.008| 15
| 650,05 No record

650,08 | 114,182 v 0.13 (0,20)] 0.03 1.5 (0.17) -0.001 >-0,001 18

* Maximum displacement values in parentheses are curve maxima; displacements not enclosed are
either maxima or peak-to-peak values which are directly attributable to the measured acceleration.

i,




T T

S TR

iia i e

G aaa

R St S

parentheses are curve maxima and represent in some cases the effect, wholly or in part, of
uncorrected spurious instrument or circuit drifts. Displacements 1.ci enclosed parenthetically
are either maxima or peak-to-peak values which are directiy attribuizble to the measured ac-
celeration. These are not necessarily true maxima because the integration process tends to
submerge short-period peaks in long-period oscillations.

No useful information concerning displacement can be derived at Station 650.01. No signifi-
cant maximum or residual vajues occur in the data prior to faiiure irndicated by the carrier
monitor record.

Information contained in the verticai displacement curve for Station 650.02 appears to be
worthless because the 0.3-cps component noted in the velocity data cliscures the 3.4-cps data
in the curve. The 9-in. negative dispiacement is probabiy excessive, and no safe estimate
can be made.

Radial and tangential dispiacements at Station 850.02 are iess seriously affected by spurious
fong-period signais. However, validity of the 3.2-in. maximum radial and 2.9-in. maximum
tangential displacements is uncertain, and the 1.2- and 0.5-in. peak-t>-peak displacements are
probably more reiliabie information.

Displacements associated with the 20- to 40-cps acceieration produced by incident air shock
are negligible and oniy barely perceptible as an inflection of the curve resuiting from tonger-
period ground-transmitted effects.

The existence or importance of falge displacements in the ground-transmitted data for Sta-
tion €50.03 ia not so definite as at Station 650.02. However, the positive puise of 1.5 sec dura-
tion in the verticai and radiai displacement curves may be the resuit of false data. Peak-to-
peak ampiitudes of the higher frequency slgnals, or the first inflection representing the inte-
grated first half-cycie of the veloclty curve, indicate displacements which are certainly not
greater than maximum and may be low. Tangentiai displacements aico inciude a long-period
component, but maxima and peak-to-peak values of higher frequency components of this curve
differ very iittie.

Air-shock induced displacements for all components at Station 650.03 are of very similar
shape. There is a negative dispiacement peak of 1.5 to 2.0 in. between 8.9 and 9.0 sec. None of
the curves show the infiuence of the damped 20- to 80-ctps sinusoidal pulse which is so strong
in the acceleration curve.

Motion of the sheiter, Station 603, shows a long-period displacement dominating ail three
components of the ground-transmitted effect but reaching a peak at successively later times for
vertical, radial, ard tanganital data. The displacements are large, possibly too large to be
realistic, but they suggest a long-period surface wave in which displacement follows a se-
quence-——down, up and out, in and counterclockwise — which is reniniscent of the hyirodynamie
wave recognized by Leet after the Trinity test.! Lack of coincidence of these large displace-
ments indicates that they are probably not instrumental error, aithcugh the amplitudes are
farge. At this statior there is evidence, especially in the radial and tangentlal displacement, of
motion from arn independent source at a frequency of about 1.8 cps corresponding to the higher
frequency components of the ground-transmitted signal at Stations 650.02 and 650.03.

Alr-shock induced displacements from high-frequency acceierations at Station 603 are
again negligible, but displacements of the order of tenths of an inch vertically and hundredths
of an inch radially and tangentially at 1 cps are evident and do not appear to be spurious.

Finally, the integrated data from the vertical accelerometer at Station 850.08 on Parry in-
dicate peak-to-peak ground-transmitted displacements at 1.5 cps of about 0.13 in. superim-
posed upon a 8-sec cyclical variation. Air-shock induced displacements are of the order of

0.001 in.

1.6 DISCUSSION OF RESULTS
Ground-motion measurements of Project 8.5 show unfortunate gaps. Data from the stations

nearest to and most remote from Ground Zero are not useful, data from Station 803 are anoma-
lous because instruments were mounted on a structure as an expediency following failure of
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underground instrumentation, and data from Station 850.05 on Aomon are lacking because of
recorder faflure.

This study is limited, consequently, to information from two stations, 650.02 and 650.03,
which should ke pertinent, and a third, 603, of doubtful pertinence. The latter data, although
highly significant to the reaction of surface structures of the type used for recorder shelters at
Pacific Proving Grounds, can be related to ground motion in this study only by crude extra-
polation from shorter ground ranges.

Results from the most remote instrumentation, that or Parry, could at best have been of
academic interest and, because of a too optimistic estimate of set range, were burdened by low
signal-to-noiss ratio and serve principally as tests of integration techaiques (Appendix B).

Ground motion of sufficient magnitude to damage underground structures in the Pacific
Proving Grounds evidently did not occur at scaled ground ranges (R/W's in ft/1b") as great as
6.6 (Engebi) where the recorder shelters were intact following Mike shot. However, the earth-
covered recorder shelter on Bogon, Station 600, at a scaled ground range of 3, was subjacted to
such severe motion, probably from incidence of the air shock, that fajlures were produced in
the recording circuitry and steel doors were jammed. Correlation of ground-motion data with
damage at these stations is of doubtful significance because of the incompleteness of informa-
tion from the instrumentation at Station 650.01 near the recorder shelter on Bogon.

1.7 CONCLUSIONS

1. Data from only two of the six stations instrumented were wholly suited to the purpose of
the ground-motion study.

2. Information from these two stations and such partially usable data as wers available
from other stations suggest that, for the Pacific Proving Grounds, maximum ground-trans-
mitted accelerations from weapons burst above ground may be estimated from the empirical
equation

L -3
AW? = Ky

where acceleration is in g units and the scaled ground range A is derived from W"", the cube
rcot of ths radiochensca! yield exnressed as pounds of TNT. The coefficient X has valuss be-
tween 2.66 x 10* and 2.1 x 10* for scaled heights of burst between 0 and 0.14 ft/1b%,

3. Acceleration inauced in the ground at Pacific Proving Grounds by locally incident air
shock is related to the peak air overpressure by the equation

A =0.053p!?

for sccelerations in g units and pressure in psi, with an error of +30 per cent.

4. Motion of elements of a massive, rigid structure foundsd on loose watsr-filled sands
may be from 2 to 6 times greater than ths motion of the soil, althouzh the frequancy of ths
motion will be similar to the latter, according to data from Station 603. Motion of such struc-
tural elements induced directly by air shock appears to be considerably greater than ground
motion from the same source and will include a frequency characteristic of ths structural ele-
ment.
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CHAPTER 2

GROUND MOTION FROM SHOT
OF OPERATION CASTLE

2.1 PURPOSE

Study of the ground motion produced by burst of megaton-yield weapons near the ground
surface was planned for Operation Castle to extend and suppiement the incomplete results of
Project 8.5 of Operation Ivy. Primarily interest was focused on ground motion closer to
Ground Zero than during the previous test and on data to {iil the vacancy ieft by incomplete
records {from Station 650.01.

2.2 PLAN OF THE EXPERIMENT

The general plan for Project 1.7 included obaservation of vertical, radiai, ard tangential
components of acceieration in the ground below the water tahle at ground ranges correeponding
to 200-, 100-, and 40-psl air overpressu: . ’

Specific plans required that instrumentation be split between _ — jlhot to be
fired on Eninman Island of Bikini Atoll and the  ;shot io be Tired on Eberiru Island of
Eniwetok Atoll. This split was dictated partly by available information channele but more
critically by the fact that the larger yield burst, was scheduled for an atoll
whoee asubsurface conditione dillered to an unknown degree {rom those which had affected the
ground-motion data from Mike shot of Operation Ivy. Since the data from the new project were
not expected epecifically tu overlap those irom Mike shot, but ware to replace an important
partially recorded set of information, it wae conaidered advisable to include check measure-
ments involving inzofar as possible eubsurface conditione similar tg thoee which prevailed for
the previous operation. Such a check test was {easible on the shot, although the esti-
mated yield wae in the fractional megaton range.

Theee coneiderations were the basis for choice of three accelerometer statione (Fig. 2.1)
on Bikini Atoll at a ground range of 2600 {t on Eninman (Station 170.01) and on Reere at ground
rangee of 3650 ft (Station 170.03) and 5600 ft {Station 170.02), corresponding to approximately
200-, 100-, and 38-psi air overpressure for the eetimated 1-Mt yield. Similar considerations
were invoived in locating two stations at Eniwetok Atoll on Rujora at ground ranges of 2450 ft
(Station 170.08) and 3000 ft (Station 170.04), correeponding to eatimated overpreesures of 70
and 40 psi for the predicted Ramrod-shot yield of 0.2 Mt.

Boring logs for islands of the Eninman-Alrulkiiji complex at Bikini indicated considerable
difference between subsurface conditions there and at Eniwetok, However, soil and rock con-
ditione reasonably coneistent with those prescribed for Operatior Ivy ground-motion etations
existed at depths of about 15 {t on Eninman and Reere. Consequently accelerometers at
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Stations 170.01, 170.02, and 170.03 were placed at that depth; those at Stations 170.04 and
170.05 on Rujoru were placed at a depth of about 17 {t in agreement with gauge depths adopted

for similar stations on Operation lvy.

STA, 170.02
STA 17003 —

BIGIREN

A ARAART -
-~n

STA 470.01—

H—"ﬁ_—ﬂnf--

e meERE
=2 ENIRIKKU
-
g

-
b

GROUND ZERO A\-
e

Fig. 2.1 —Site plan showing location of ground-motion stations forr j Opcration Castle
(Bikini Atoll). b

2.3 INSTRUMENTATION

End instruments and mounts were essentially the same as those used for Project 6.5 of
Operation Ivy. The cases in which the accelerometers were mounted were redesigned to en-
sure better waterproofing. Instrumentation for recording gauge output consisted of carrier
amplifiers and magnetic tape recorders backed up by photographic recorders and is described

in the instrumentation report for the Sandia Laboratory projects.’
Set ranges for the accelerometers were assigned on the basis of data from Operation Ivy.

Initial set ranges were increased shortly before calibration as a resuit of an increased esti-
mate of ylield. Final set ranges for vertical and radial components were 33 g for Station 170.01,
24 g for Station 170.03, and 9 g for Station 170.032. Tangentia® component ranges were lower.
Calibration procedures and installation were essentially the same as those used during
Operation Ivy. The spin-table used for accelerometer calibration was revised to ensure

smoother operation.’

3.4 DATA ANALYSIS A
60 ®

Eight of the nine acceleration channels (or‘. _—A‘.ppcnud sa‘isfactorily. The ninth
channel, responding to vertical acceleration at Station 170.01, became inoperative probably be-
cause of damage to the cables by water waves {rom one of the earlier shots. It was not feasible
to repair or replace the gauge since it was already in the ground. Consequently no vertical
acceleration data were recorded for the close-in station.

The yield of' N shotiwas about one-eighth the earlier estimate of 1 Mt and
about one-twelfth the estimated yield used for {inal calibration. The result of low-yleld and
consequent high set ranges was very loy recorded signal ampiitudes. A secondary result
of the low yield of Jshot canceliation of th _shot and consequent

limitation of the ground-motion data to those from the earlier shot.
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Acceleration-time plots are presented in Figs. A.12 to A.14, each of which inciudes all
components observed at one station. It is evident that, except for data from Station 170.01, the
signal-to-noise ratio is 0 iow that identification of any portion of the signal except air-shock
induced acceleration is uncertain. Ground-transmitted acceleration signals are definite on the
records from Station 170.01. Approximate arrival times and peak accelerations were read
from the data, and the results are compiled in Table 2.1,

Table 2.1 —ACCELERATION DATA

Acceleration
Ground-transmitted Afr-shock induced
Ground Set Arrival | Max. | Max, Arrival {Max. | Max.
Station range, nnge,' Coun- time, |pos., | neg., | Freq., time, |pos., | neg., | Freq.,
number ft g ponent sec ['4 ['4 cps sec (4 g cps
170.01 2596 33 v No record
a3 R 0.31 |0.96 | 0.47 42 | 063 |3.44 ]| 40 90
33 T 0.31 1,50 | 1.27 45 0.65 | 2.20 | 4.87 100
170.03 3650 24 \4 0.39 | 0.37 | 0.25 1.24 |0.23 | 0.55 45
24 R 0.40 | 0.13 | 0.35 1.23 [0.62 | 0.29
9 T 0.42 | 0,11 { 0.19 1.24 | 0.24 | 0.18
170.02 5599 9 v 0.61 | 0.17 | 0.15 38 2,63 (0.15 | 0.51
K} R 0.61 }{0.13 } 0,12 2,56 |0.51 | u.25
3 T 0.61 | 0.10 | 0.10 2.61 |0.16 | 0.25

The graph of arrival times vs ground range, Fig. 2.2, is a two-branched curve in which
the ground-transmitted signal is shown to be propagated with 2 velocity of slightly over 8700
{t/sec and the air-shock induced signal follows the same pattern as air overpressures, being
propagated at velocities which decrease with increasing ground range. The time-dlstance curve
for air-shock induced ground motion is a short range extrapolation of the corresponding one
for air-overpressure data, since the station of shortest ground runge for which overpressure
arrival times are avallable coincides roughly with the most remote ground-acceleration station.

Alr overpressures were measured as part of Project 1.2 by Ballistic Research Labora-
torles (BRL)! and by Sandla Laboratory.} Arrival times of the close-in BRL data were not ob-
served, but peak overpressure data were adequately precise for correlation with accelerations.
However, precision of acceleration data from two stations, 170.03 and 170.02, was too low to
be suitable for correlation, and the results of comparison of peak pressures and accelerations
are consequently of little value. They are sulficient simply to indicate that for two stations,
170.03 and 170.02, at overpressures of about 21 and 8.2 psi the air-shock induced vertical
accslerations were about 75 and 25 per cent below those predicted by Eq. 1.2 (A = 0.053p'?)
derived {rom Mike-shot data.

Acceleration {requencies could be read {rom the recorded signals with reasonable con-
fidence in only 2 {ew cases. TFﬁ_!ew obgervations, which are included in Table 2.1, Indlcate
merely that the {requencies of} _shot data are similar to those observed at the
close-in stations during Mike shot. Noise or other extraneous oscillations vbscured the rec-
cgnizable acceleration frequencies on the records for which no data were included.

Analysis in terms of velocities or displacements was not attempted because the ground
motion was too small to produce structural damage and precision of the data was too poor to
support integration.

Actual yield of the shot placed the 40-psl ground range at Station 17C.01.
These data were consequently derived {rom an overpressure level corresponding approxi-
mately to that of Station 650.01 for Mike shot of Operation Ivy and, had they been complate,
might have been useful adjuncts to the incomplete Mike-shot data.
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3.5 CONCLUSIONS

The only conclusion that can be derived {from the ground-motion data of Project 1.7 is that
they are insignificant. They are inadequate for either correlation with damage or recorder
shelter design needs and do not supplement or complete the data from Mike shot of Operation

Ivy.
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APPENDIX A

GROUND-MOTION CURVES, OPERATIONS IVY AND CASTLE
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APPENDIX B

DATA PROCESSING

By George N. Landes and William R. Perret

B.1 NORMAL PROCESSING

Ground motion from large-yield explosions is observed as acceleration because instrument
response favors this over direct observation of velocity or displacement. Required information
concerning velocity and displacement must be derived thrcugh iterated integration of the accel-
eration-time data.

As observed during Operation Ivy, output of the accelerometers was recorded as a modu-
lated carrier frequency on magnetic tape. This information was played back through a system
which produced a photographic record. That record was in turn translated on Telereaderes into
displacements of the information trace from a reference trace as a function of time with pre-
cision of +0.003 in. and +0.0001 sec. These data were recorded in digital form on IBM cards
and converted according to pretest calibration data to accelerations as a function of time,

B.2 TYPES OF ERROR

Several types of error may be superimposed upon the data during recording and reduction.
These errors are additive and, although small enough to be neglected in the raw data, may un-
der some conditions have a serious effect on integrated results. Two of these errors—noise
and drift—are inherent to the recording and reduction circuitry. Noise is a short-period ran-
dom phenomenun. Drift is a long-period low-amplitude effect which may be linear or sinusoidal.
A sinusoidal drift may be of sufficiently long period compared to the interval over which inte-
gration is performed to appear as a constant or roughly linear or parabolic error. The third
type of error — shift —1is a constant which usually results from reader error in identi{ying the
zero or balance point of the record trace but may also be 3 quasi-permanent change in the bal-
ance position of the trace caused by very strong translents.

These errors are significant only in relation to the information signal, and the signal-to-
error ratio must be the criterion of importance. Integration is a cumulative process, and er-
rors which are insignificant to raw data may assume dominant proportions in the integral i
they persist over sufficiently long periods. Three questions arise concerning the effects of er-
rors on integrated data:

1. How does integration affect the relation between signal araplitude and error?

2. What corrections are feasible?
3. To what extent can corrected results be depended upon to indicate true motion?
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B.3 INTEGRATION

Integration of acceleration-time data involves summation of the trapezoldal areas defined
by palrs of consecutive data points and the axis of zero acceleration. Magnltudes of elemental
areas are derlved by multiplying the mean acceleration amplitudes of a pair of adjacent data
by the time interval between them. These areas represent incremental veloclties, and their
cumulative sum represents approximately the instantaneous velocity at the time represented by
the last datum Included in the summation. Evidently, if adjacent points are sufficiently close,
the stepwise summation approximates closely the true area between the acceleration-time
curve and zero axis. It i8 also evident that both stability of the zero balance of the record
trace and its proper evaluation within the time span of the integration exercise strong control
on the relative error In the result.

B.4 INFLUENCE OF ERRORS

The acceleratlon-time signal is some undefined function of time to which an error, either
constant or a linear or sinusoidal function of time, has been added in recording or reduction.
Since the error is added, the effect of integration upon it may be considered independently of
the signal. The relative effect of the error on the integrated data can then be estimated roughly.

The integral of a slne function of the form E sin wt is —(E/w) cos wt, where E 1s the am-
plltude and w is the frequency In radians per second. Consequently the amplitude of the inte-
gral (dlsregarding sign) will be less than E for all values of w greater than 1. Or, since w =
2nf, where f 18 frequency in cps, then E/w will be less than E for all frequencies greater than
'/,ﬂ, or approximately '/. cps. This suggests that any sinusoidal error of frequency greater than
14 cps will be dimlnished 1n amplitude by integration. But the importance of an error is Its
relative magnitude with respect to the signal, and relative error wlll remaln unchanged or be
diminished by integratlon only for those components of the signal which have frequencies equal
to or greater than the error frequency regardless of its relation to the Y-cps limit.

It is apparent that high-frequency error such as noise will become negligible with respect
to slgnals of normal ground-motlon range, less than 40 cps; but even the higher frequency
ground-motion signals will be diminished In processing. It is also evident that Integrations over
short intervals, of the order of a few seconds, will be affected principally by constant or linear
errors or by portlons of periodic errors which may be approximated by llnear or parabollic er-
ror functions. Integratlons extending over very long intervals will show the Influence of slnu-
soidal errors as such.

A constant error a becomes upon integration at + b, and double integration makes it '/,at’ +
bt + ¢. Similarly a linear error, at + b, ln primary data becomes '/,a\tx + bt + ¢ in the first inte-
gral and Yat? + Y,bt? + ct + d in the double integral. The significance of these errors becomes
evldent if It 1s assumed that the primary data are represented by slne function of amplitude A
and frequency { and that there 18 a constant error a. The relatlve error 18 expressed as the
ratio of the error at any time t to the maximum signal amplituie. The maximum signal ampli-
tude for the primary data is A; for the once-Integrated data, veloclty V is A/f; and for the
doubly integrated data, dlsplacement D is A/f°. The relative errors are then for the initial
constant error a

EA=

>I»

b {
EV = (at + b) A
f'
Ep = ('/,at’ +bt + c)-x

It is evident that, as t increases, the relative errors Ey and Ep, become rapidly greater than
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A. If it is assumed that a = U.001A; that b and c are successively an order of magnitude
greater than a, l.e., b= 0.01A and c = 0.1A; and that the sigaal frequency { is 10 cps, then the
relative errors at the end of integration periods of 5 and 10 sec are

For 5 sec For 10 sec
E, =0.1% Ep= 0.1%
Ey = 15% Ey= 20%
Ep = 1625% Ep = 2500%

Similarly a linear error at + b in the primary data woulc give errors of the order of 100 per
cent in the velocities and 10,000 per cent in the displacements. Of course, if all of the error

coefficients do not have the same sign, those of opposing sigr will counteract each other and

reduce the relative error in the integrals, although not usually to extinction.

B.5 CORRECTION PROCEDURE

Evidently, innocuous acceleration errors can become monstrous in their effect on the de-
sired displacement information, and to obtain useful results correction must be made. Direct
correction in the primary data is often inadequate; it is difficult, for example, to recognize a
zero shift of 0.1 per cent of the peak signal amplitude. Correction can be made, however, in
the velocity data by fitting a continuous curve which when added or subtracted will cause the
velocity to satisfy both the initial and final conditions that {t be zero before and after passage
of the transient signal. Sometimes it is necessary to approximate the second condition because
of the multiplicity of ground-motion signals which arrive at a station over various refraction
and reflection paths, but generaliy some reasonable form of correction can be applied.

Similar correction would appear to be applicable to displacement data, but, in the absence
of independent posttransient measurements of residual displacement, no independent criterion
for a thermal condition exists other than the intuitive one that residual displacement should be
less than its maximum value and that adjustment of the residual value to nearly zero should
not seriously affect amplitudes of early peaks.

B.6 EXAMPLE

The ground-transmitted acceleration data observed at Station 650.06 ¢\ Parry for Mike
shot provide an extreme example of multiple correction. Signal strength was very low, with
consequent poor signal-ncise conditions, and duration was very long. Direct integration of the
acceleration data between about 7 and 35 sec yields the curve V, in Fig. B.1. The noise has
been reduced nearly to extinction in the integral, and the curve suggests a strong parabolic in-
crease in velocity and a roughly sinusoidal varfation with a period of about 30 sec. Considera-
tion of arrival time, frequency, and magnitudes suggests that the 1.5-cps component of the sig-
nal between about 10 and 16 sec may be a reflected pulse {from the deep basalt and is probably
the strongest part of the true ground motion. This 1.5-cps signal is distinguishable but is
minor compared to the parabolic and 30-sec periodic components. A parabolic-error curve
(the dashed line in Fig. B.1) was fitted to the velocity curve at three points, and the primary
velocity error equation Ey, = 0.001875t* + 0.03375t — 0.325 was derived irom it. The derivative
of this equation, converted from f{eet per second to g units, gives the linear correction function
for the acceleration

Ca, =—Ex, =-0.00011646t — 0.001048

Acceleiation data within the interval between 7 and 24 sec were then corrected and integrated
to give the curve V,; in Fig. B.2. This curve, which is plotted on a velocity scale 10 times that
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of Vy, includes the first half-cycle of the 3(-sec periodic component noted in the V; curve. A
new error curve (the dashed line in Fig. B.2) in which a parabcla approximates the half-cycle
between 7 and 24 sec was fitted to the V, data and evaluated as

Ey, = —0.0017995t! + 0.055781 - 0.30228
The negative derivative of EV, is the second acceleration correction function

Ca, =—Ea, = +0.0001177t — 0.0017323

Integration of the newly corrected acceleration over the interval 8.5 to 16.5 sec results in the
curve V, of Fig. B.3. This curve emphasizes the 1.5-cps signai. However, integration of the

— T T ] o I l ] I |
\ - MMM - AL Afal
LAY v
T l | | I 1 7L i I I | |

Fig. B.3—Velooity from acceleration data cor-
rected for sinusoidal drift ss indi-
cated by dashed line of Fig. B.2,

Fig. B.4 —Velocity from acceleration data cor-
rectod for shift as indicated by
di.shed lines of Figs. B.3 and B.5.

V; data gives the displacement curve D, in Fig. B.5, in which the 1.5-¢ps signal hss become
submerged in s long-period component which can be approximated between 10 and 16 sec by the
parabola shown superimposed on the data. The equation for this error function is

!Dl = 0.025833t} — 0.795t + 5.14667
which upon differentistion gives the linear error function
EV, = 0.004306t — 0.06625

repressnted by the daghed line in Fig. B.3. This results in a third correction term for the sc-
celsration

Ca, = - Ky, =—0.0001337

Firally, integrstion of ths sccelerstion corrected for E,, between 9.8 and 16.5 sec yields the
velocity curve V, of Fig. B.4, which in turn gives the displscemen’ curve 1) of Fig. B.6.

There s still s 8-bec periodic component evident in the diaplacemen! curve which ua-
doubtedly affscts the maximum valuss of the curve. However, the 1.5-cpe signal is strong, and
peak-to-peak smplitudes of this component in the D; curve ure probably reasonabls approxims-
tions of maximum excursion of the ground st the instrument station.
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B.7 EVALUATION

Evaluation of corrected doubly integrated acceleration-time data is important. Admittedly
the exampie just described is an extreme case involving data wkich for practical purposes are
uselese. The actual accomplishment of the correction process in thls case was elimination of
features of the raw data which, because of duration or period, were judged to be extraneous to
pertinent data. As a resuit significant portions of the velocity and displacement data could be
plotted to scales 20 times those feasibie for resuits of the Initial integration. The final dis-
placement curve does not depict true motion but gives a reasonable Indication of magnitude and
a rough idea of the displacement-time pattern. _

Less compliex data involving accelerations of damaging magnitude, high signal-nolse ratlos,
short periods of time, and relatively simpie signal patterns, such as those from a clean air
shock or close-in on an underground explosion, in general can be corrected by the procedures
described. Correction of data in this category, if necessary, is usually much less complex, In-
voiving only one or two {inear corrections in the first integral, and the resuits are correspond-
ingly more accurate. Data from short-duration ciean signals can be fitted to the terminal con-
dition of vanishing velocity with more certainty than complex longer signals. Consequently
velocity and displace:nent components of ground motion can be derived by integration of accel-
eration data with considerable confidence when the data represent ground motlon in the area
where signal strength s high and durations are relatively short. Fortunately thls area includes
all ground ranges in which motion of damaging proportions will exist.
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