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ABSTRACT

Experimental data are needed to verify or improve earthquake

resistant design techniques. Such data must come from actual or simu

lated earthquakes. Simulations are needed because data from actual

earthquakes are limited and will continue to be limited because of

uncertainties with regard to time and place of occurrence.

An investigation was made of the technical and econimic feasibility

of simulating earthquake-like ground motions with high explosives. This

form of simulation appears most applicable to evaluations of soil

structure interaction where structure response is coupled with the

response of the medium through which the ground motion waves propagate.

Eight tasks were undertaken in the investigation. The first task

identified potential simulation methods. Second, an approach was devel

oped for simulation criteria. Existing ground motion data were analyzed

as a third task. Because the data base was not sufficient for a high

confidence assessment of feasibility, a numerical calculation approach

was developed to expand the data base in the fourth task. Over 30, one

dimensional and two-dimensional calculations were performed to provide

insigut into explosive ground motion phenomena and to reveal relation

ships between the governing parameters. As a fifth task, numerical

calculations aimed at enhancing ground motions from explosive sources

were performed. The data and calculation results were synthesized into

prediction relations in the sixth task. The application of explosive

to simulate on earquake-like environment to a specific structure was

studied in the seventh task. Finally, the economic feasibility using

explosive to simulate earthquake-like systems was presented in task eight.





The investigation concludes that explosive simulation of earthquake

like ground motions on engineering systems is technically feasible.

Explosives in various arrays can produce motion amplitudes and frequency

content which are in the range of those expected in large earthquakes.

Further, the wave structure from planar explosive arrays contains

significant shear wave contributions to the horizontal motion. This is

similar to what is thought to occur in actual earthquakes. Multiple

cycles of motion and long time durations can be obtained from multiple,

sequenced explosions. Explosive ground motions in dry alluvial materials

can be predicted with reasonable confidence using methods developed in

the investigation.
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SECTION I
INTRODUCTION

1. BACKGROUND

The design of engineering structures to resist the effects of earth

quakes is one of the most significant problems facing the United States

and world technical communities. The potential loss of property and life

in the United States from large size earthquakes is astounding. The mod

erate San Fernando Earthquake of 1971 resulted in 64 deaths and monetary

losses approaching a billion dollars (ref. 1-1). Had the earthquake

occurred nearer to a more densely populated area or been of larger size,

the resulting loss would have been unestimable.

Analytical methods are now and must remain the prime basis for the

design of engineering structures subjected to the effects of earthquakes.

It is practically and economically impossible to test every structure

under every potentially damaging environment. However, experimental data

are needed to verify current design techniques and/or to provide the

basis for new or improved techniques, fully analytical or semi-empirical.

Such data must come from actual or simulated earthquakes.

Response measurements and post-event observations of actual earth

quakes are a significant source of data on the behavior of prototype

structures and such data have demonstrated serious deficiencies in our

understanding of phenomena and associated design procedures (refs. 1-2

1



and 1-3). However, the available data from actual earthquakes are severe

ly limited and will continue to be limited by uncertainties with regard

to time and place of earthquake occurrence and by the limited amount of

in-place instrumentation to. record response. A more complete and ade

quate data base must, therefore, come from simulations.

Simulation sources include field shaking machines, shake tables

and explosions, either nuclear or high explosive. Field shaking machines

are limited by low levels of input energy and, as a result, low vibra

tion levels are induced within limited regions. Shake tables are very

useful because they are able to reproduce ground shaking from past or

projected earthquakes with a high degree of precision. The largest shake

table in the United States, located at the Richmond Field Station of the

University of California, is 20 feet by 20 feet (ref. 1-4). A shake ta

ble of 100 feet by 100 feet has been proposed (ref. 1-5) but is of ex

tremely high cost. The major limitations of shake tables are size (simil

itude is required to extrapolate the prototype size structures), some

limitation on maximum displacement, and almost a complete inability to

simulate effects on soil and soil-structure systems. This last limita

tion is very serious. Being composed of or surrounded to a large extent

by the medium through which the earthquake waves propagate, the response

of such systems cannot be adequately evaluated independently of the me

dium. Actually, the use of a shake table for any system is somewhat in

error because it enforces a condition of minimum interaction between the

model and the source of shaking. The behavior of underground conduits,

subways, mines, earthdams, retaining structures and nuclear power struc

tures are only a few of the numerous important problems which are not
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satisfactorily resolved by current understanding and testing techniques

and which cannot be evaluated with shake tables.

For soil and soil-structure systems, potential earthquake simulation

sources which have not seen any significant use are explosions, both nu

clear and high explosive. Although high energy explosions cannot repro

duce all of the motion characteristics of strong earthquakes, knowledge

of explosion-phenomena has reached a level where, with additional re

search, explosions may be used in combination with enhancement techniques

to simulate motions closely resembling earthquakes. The evaluation and

development of explosive sources for planned scientific simulation experi

ments is the only viable alternative to waiting for major earthquakes to

identify deficiencies in current understanding and design procedures.

It is not clear that the latter alternative is either economically or

morally justified.

The Russians have been considering earthquake simulation with explo

sions for some time (ref. 1-6) and the need in the United States is

strongly emphasized by the conclusions of a recent National Academy of

Engineering Workshop on the Simulation of Earthquake Effects on Struc

tures (ref. 1-7). The Panels on Building Structures and Special Struc

tures recommended study and development of explosive methods and the

Panel on Soils, Rocks and Foundations, in particular, recommended the

establishment of a national test site where ground shaking is created by

explosives. The steering committee of the workshop concluded that "a much

more detailed study of its (explosive simulation) technical and economic

feasibility is required. II

Although nuclear explosions provide a significant potential simula-
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tion source, high explosives are preferable because they offer less en

vironmental hazards, more safety, smaller cost, and greater flexibility

in charge size and configuration. In addition, high explosive events can

be fielded in a wide range of geologies while nuclear events in the conti

nental United States are restricted to the Nevada test site. Accordingly,

this report addresses the topic of high explosive simulation techniques.

2. RESEARCH OBJECTIVES AND METHODOLOGY

The major objective of this research was the assessment of the tech

nical feasibil ity of using high explosive detonations to simulate the

effects of earthquakes on engineering structures. Achievement of the

objective required the accomplishment of seven major tasks:

a. Development of an approach for the establishment of simulation

criteria.

b. Identification of potential simulation methods in relation to

existing applicable ground motion data.

c. Analysis of existing data and identification of data base de

ficiencies.

d. Development and application of a numerical calculation approach

to expand the experimental data base.

e. Synthesis of experimental data and calculation results into

general relations for analyzing, scaling and predicting ground motions

from various explosive simulation arrays.

f. Illustration of the application of the prediction relations in

combination with simulation criteria for the design of a simulation

experiment.

g. Cost feasibility of usin9 high explosives to simulate an earth

quake environment.



The first task was considered a very important one because no tech

nique, explosive or otherwise, is capable of simulating every aspect of

an earthquake. Accordingly, it is necessary to establish some basis for

determining those characteristics of an earthquake which must be simu

lated for a credible test on a particular structure. Since specific cri

teria for simulation will vary from structure to structure, the develop

ment of an approach for the establishment of criteria was emphasized in

this research.

The second and third tasks deal with the existing high explosive

experimental data base. Although the objectives of the experiments which

led to the data differed from those of interest in this research, there

exists sufficient data for identification of potential simulation methods

and a partial assessment of the technical feasibility of simulation with

high explosives.

A high confidence assessment requires that detailed insight be ob

tained into data trends and that the data be extrapolated to motion re

gimes and time durations for which data does not exist. The fourth task

was designed to provide the basis for this extrapolation. A numerical

calculation procedure, using finite continuum mechanics codes, was de

veloped and applied. The calculations, viewed as numerical experiments,

can provide insight into important explosive ground motion phenomena and

quantitative relationships between governing parameters which were not

immediately evident by the experimental data alone.

The synthesis of the data and calculation results was accomplished

in the fifth task. The synthesis led to general relations which can be

used for the design of simulation experiments. Application of these re
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lationships, in combination with simulation criteria for an example

structure, to demonstrate the technical feasibility for one class of

structures performed as the sixth major task.

Finally a cost feasibility study was conducted to illustrate the

economic feasibility of utilizing high explosive techniques to simulate

earthquake-like ground motions.

3. APPROACH

The report is divided into sections basically following the tasks

mentioned above. Section II summarizes previous work applicable to ex

plosive simulation including the ground motions resulting from high ex

plosives and the use of high explosives as a ground motion source for

evaluating general structural response. Section III describes the impor

tance of simulation criteria and provides an approach to criteria devel

opment. Prototype earthquake ground motion characteristics are summarized

and methods for evaluating those aspects of a prototype earthquake which

are important for a particular engineering system are presented.

Section IV describes high explosive configurations-a:1d enhancements

with potential for simulating earthquake effects. Existing data from

spherical, cylindrical and planar charges, and the effect of various en

hancement techniques are presented and analyzed. Data deficiencies are .

identified. Section V describes for single shots the numerical calcula

tion approach for expanding the experimental data base. Calculation re

sults are presented and analyzed. Section VI deals with numerical

calculations pertaining to ground motion enhancement techniques. The

calculation results and exp~rimental data including enhancement tech

niques are synthesized in Section VII. Empirical and semi-empirical
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relationships are developed which relate configuration, charge size,

array dimensions, range and other important parameters to ground motion

amplitude and duration characteristics.

The ground motion prediction relations are discussed in relation to

a potential application for a structural problem in Section VIII. Simu

lation criteria for the structure are developed and the design of a

suitable simulation experiment is presented. This application demon

strates the technical feasibility of high explosive simulation of earth

quake ground motion effects for at least the structure described therein.

Section IX presents a cost feasibility study in using high explosives to

simulate earthquake-like ground motions, and finally Section Xsummarizes

the conclusions of the research, lists remaining uncertainties and pre

sents recommendations for future research.

Supporting information is provided in Appendices. Explosive equiv

alency information, which was evaluated to enable reduction of ground mo

tion data from different types of explosives to a common base, is pre

sented in Appendix A. Appendices Band C contain methods for predicting

and minimizing the extranneous explosive environments (in the sense that

they do not occur in earthquakes) of cratering and debris, and airblast,

respectively. Detailed output from typical calculations is presented

in Appendix D.
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SECTION I I
PREVIOUS WORK ON HIGH EXPLOSIVES AND THEIR USE IN

SIMULATING EARTHQUAKE-LIKE GROUND MOTIONS

1. INTRODUCTION

No previous studies of the direct application of high explosives

for simulating specific earthquake effects on engineering structures

are known to exist. However, data and information which provide a

partial basis for evaluating the technical feasibility of simulating

earthquake ground motion effects exist in two areas:

Ground Motion Effects from High Explosives

High Explosives Used as Vibration Sources

Significant work in these areas is summarized in the following.

2. GROUND MOTION EFFECTS FROM HIGH EXPLOSIVES

Single or multiple explosive charges detonated in various arrays

and firing sequences and in combination with various enhancement tech

niques will be used in the s~mulation approach. Large amounts of data

on single point charges and lesser amounts on cylindrical, arrayed,

and enhanced charges are available in the literature. The major

sources of data and conclusions with regard to effects are summarized

in the following paragraphs. Major emphasis is placed on deeply buried

charges, since earthquake simulation applications will require maximum

coupling and minimization of energy converted into airblast. Specific

applicable data are presented and analyzed in detail in Section IV.
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a. National Defense Research Committee Tests

The earliest systematic evaluation in the United States of the

ground motions created by high explosive detonations was performed in

the period 1941 through 1945. The results of the evaluations are sum

marized by Lampson (ref. II-l), including empirical and semi-empirical

relations between ground shock parameters and charge size, explosive

type, range, material properties, and ~epth of burst.

The relation for soil pressure is

(II-l)

where

P = peak pressure in lb/in 2

R = distance in feet

W=weight of explosive in pounds

k = a soil characteristic in lb/in 2

F =a coupling coefficient determined by depth of burial

E = an energy factor determined by type of explosive

n = an exponent whose value is determined by the depth of
burial or the depth of the measurement gage.

1

The exponent n was found to be 3 for depths of burial deeper than 3/2W3

feet, and 4 for shallower depths. Explosive factors (E) are given in

table II-l, and the energy coupling factor (F) as a function of depth of

burst is given in figure II-l. It can be seen in figure II-l that maximum
1

coupling is achieved at a depth of burst of about 2.1W3 feet. The soil

characteristics (k) for various sites are given in table II-2. A corre-

lation between k and soil density and seismic velocity, accurate to

10



Table II-l
Explosive Factors for Pressure (ref. II-l)

Explosive Explosive factor E

TNT 1.00
Amatol 1.04
Compo B 1.04

Tritonal 1.17

Minol 2 1.34
HBX 2 1.39 --

Table II-2
Soil Constants for Pressure as Function of Soil Type

and Location (ref. II-l)

k(min) k(max) k(avg)
I

Soil type Location
. ------------ -

Loess Natchez, Miss 400 1,700 800
Clay si lt (loam) Pri nce_~!!.!..._~ ~_. 1,300 2,500 2,000-----
Silty clay Camp Gruber, Okla. 1,300 9,000 5,100
Clay, unsaturated Houston, Tex. 10,000 20,000 15,000

Clay, saturated Houston, Tex. 50,000 150,000 100,000

11
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C From Pressure Measurements

OFrom Impulse Measurements

1 2 3
Charge Depth. 113

(Charge Wei ght PTs 1n ft/l b

Figure II-l. Explosive Coupling Factor as Function of
Charge Depth in Clay Silt (ref. II-l)
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within ± 25 percent, was found to be

k = 1/25 pc 2

where

p = soil mass density

c = seismic velocity

(11-2)

The impulse due to the compressive phase of the pressure pulse was

found (ref. 11-1) to be

where

I = impulse per unit area in lb-sec/in 2

E1 = an explosive factor for impulse

k l = a impulse soil constant in 1b-sec/in 3

(11-3)

and the other parameters are as defined previously. The explosive fact-

or (E 1
) and soil constant (k l

) differ from those for pressure and are given

in tables 11-3 and 11-4, respectively. The soil constant is related to

the mass density and seismic velocity by

although the correlation is not as good as for k.

(11-4)

The correlation for acceleration due to TNT at the depth of maxi
. 1

mum coupling (2.1WT feet) is
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Table II-3

Explosive Factors For Impulse (ref. II-l)

Explosive Explosive factor E'

TNT 1.00
Amatol 1.04 I

Camp. B 0.97
Tritona1 1.27
Minol 2 1.38
HBX 2 1.50

Table II-4

Soil Constants For Impulse For Various Soils (ref. II-l)

Soil Location k' (avg)

Loess Natchez, Miss. 1.60
Clay silt (l cam) Princeton, N.J. 4.77
S11 ty clay Camp Gruber, Okla. 5.44
Clay Houston, Tex. 6.64
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where a = horizontal or vertical acceleration in gls (i.e. relative to

the acceleration due to gravity).

Relations of less confidence are given for particle velocity and
1

dislacement from TNT at the depth of maximum coupling (2.1WT feet).

The relation for velocity is

(11-6)

where

v = particle velocity in in/sec

B = a numerical constant which depends on the stress strain
curve (0.7 for a silty clay described in reference 11-1)

The relation for displacement is

(11-7)

where d = displacement in inches

. Reference 11-1 notes that, in the absence of other data, the re-

lations for acceleration and velocity can be applied to other explo

sive types and depths of burst using the factors E and F for pressure.

No recommendation is made for displacement.

Reference 11-1 presents a few examples of the data from which the rela

tions 11-1 through 11-7 were derived, but the amount of data and in

formation about the specific experiments from which the data were ob

tained are not sufficient to allow detailed analysis in this program.

However, the relations are compared with other more recent data in

Section IV.
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b. Underground Explosion Test Program (UET)

The Underground Explosion Test Program was undertaken in 1951 to

study the generation and propagation of explosive produced waves from

underground detonations, and their effects on structures. Tests were

conducted in three soils and three rocks, and involved charges ranging

from 8 lbs to 320,000 lbs of TNT. The soil results (ref. 11-2) are of

most interest to earthquake simulation and are discussed herein.

The three soils involved were roughly categorized as dry clay, dry

sand, and wet clay, although the sites were relatively nonuniform in

nature. The dry clay site consisted of a deep bed of lake sediments

containing thin sand lenses and, below 20 ft, sand beds 1 to 10 ft

thick. A white marl layer of varying thickness was also present.

Significant nonuniformity was introduced by two major joint sets, one

north-south ana one east-west, with joints as wide as 2 inches filled

with loose clay. Reference 11-2 states that these joints had a signif

icant effect on results. Seismic surveys at the site indicated seismic

velocities of 1000 ftlsec at 3.7 ft, 6150 ftlsec at 93 ft, and 5400 ftl

sec at 138 ft. The water table was below 138 ft, but capillary satu

ration extended in two drill holes to 136 feet.

The dry sand site was in a dune area having very irregular topog

raphy (20 ft from troughs to ridges common over short distances). The

depth of sand was greater than 100 ft, but there were lenses of clay and

thin beds of white marl near the surface. Some gravel and gravel lenses

were present in the lower sand. The water table was below 170 ft, but

the material was damp a few inches below the surface. Seismic velocities
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were 800 to 1000 ftlsec in the dune sands, 1500 to 2000 ft/sec in the

moist sands (the bulk of the sand layer), and 8000 to 9000 ft/sec at

100 ft. Because of the topographic irregularity, the shot sites were

leveled and in some cases filled. Also, most areas had been backfilled

previously in 1948. Reference II-2 notes that variations in density and

moisture content occurred and the site properties were significantly

altered by excavation and backfilling.

The wet clay site was flat and consisted of wet clay to 62 feet, be

low which interbedded clays and sands were present. The clay exhibited

thin layering in color, but was physically homogeneous. There were

some joints, mostly in the north-south direction, but they were not as

wide as at the dry site. Seismic velocities were measured as 2800 ftl

sec to 3.5 ft (thought to be the water table depth) and 5600 ft/sec

be10'1'.

The characteristics of the test detonations are summarized in ta-

ble II-5. Measurements consisted of pressure, horizontal accelerations,

some vertical accelerations and permanent surface displacements. The

bulk of the data and discussions of reference 11-2 deals with acceler

ations, and derived particle velocities. No pressure data are presented.

Accelerations were measured at various ranges and depths with re

spect to the detonations and reference II-2 presents least square power

fits to the horizontal peak accelerations for each round. Correlations

amongst the various rounds, however, are relatively poor. For example,

figure 11-2 shows scaled peak horizontal accelerations for various charge

sizes at a common scaled depth of burst. Reference I1-2 attributes the

17



Table 1I-5
Summary of Underground Explosion Test Detonations (ref. 1I-2)

Charge Charge No. of Site
Site \lIt ("I b) Scale * Charges Location

8 0.029 2 Dugway Proving Ground, Utah
110 0.07 1

Dry Clay 320 0.1 9
2 560 0.2 5

40,000 0.5 1
320,000 1.0 1

8 0.029 2 Dugway Proving Ground, Utah
320 0.1 10

Dry Sand
2,560 0.2 3

40,000 0.5 1

8 0.029 2 Dugway Proving Ground, Utah
Wet Clay 320 0.1 2

2,560 0.2 1

Limestone 320 0.1 2 Dugway Proving Ground, Utah

Granite 320 0.1 10 Unaweep Canyon, near Grand
2,560 0.2 2 Junction, Colorado

320 0.1 8 Buckhorn, Hash, near Castle
1,080 I 0.15 1 Dale, Utah

2,560 0.02 3
Sandstone

10,000 10.315
40,000 0.5 3

320,000 1.0 1

* The 320,000 pound charge was arbitrarily assigned a scale of 1.0; the charge
scale is proportional to the cube root of the charge weight.
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large scatter to variation and lack of understanding of soil properties~

although it appears that the inclusion of all data regardless of depth,

and the fact that the peak acceleration was not or could not be resolved

into the radial direction also contributes to the scatter. It is also

possible that instrumentation placement, in the early stages of develop

ment at the time of the UET experiments~ may have contributed to the data

scatter. It is interesting that the bounds to the 2650 lb charge data

encompass most of the data from smaller and larger charges. Unfortunately,

reference 11-2 does not provide sufficient definition of the specific data

so that the data could be reevaluated 'according to depth. In spite of

some shortcomings with respect to using the motion data of reference 11-2

for new analysis, reference 11-2 draws several conclusions which are of

significant interest.

Symmetry evaluations indicated definite asymmetries which were re

latively random in nature. Measurements of acceleration at the same

range but different azimuths indicated variations of a factor of 2 to 3

occurred and these could not be correlated with any systematic cause.

This nonuniformity and random scatter, as will be noted in later dis

cussions~ has been observed in every well instrumented experiment, re

gardless of the apparent uniformity of the site.

Reference 11-2 identified four types of waveforms in the acceler

ation data which were described as follows:

Type 1 - a direct compressional waveform having a simple pulse

form of high amplitude.

Type 2 - a waveform, thought to be a transverse wave, which prop-

20



agates at a lower wave speed and has higher frequency content than the

direct compression waveform.

Type 3 - a waveform having multiple peaks and large negative peaks

which tended to occur in lieu of the direct compression wave.

Type 4 - a waveform which occurred at larger ranges, especially at

shallow depths, and appeared to be the break up of the simple compres

sion waveform into a more complicated wave train.

Figure 11-3 shows the records from round 109 in dry sand. The type 1

and type 2 waveforms are evident in the data.

On the basis of waveform types, reference 11-2 classified deton

ations according to scaled depth of burst. Deep bursts, with scaled

depths of burst below 0.5, contained primarily type 1 waveforms, wh~le

those for shallow bursts above a scaled depth of 0.5 were type 3. This

differentiation is also evident in the amplitude and decay rate data as

a function of depth of burst. Figure 11-4 shows least square fits to dry

clay data at various depths of burst. The decay rate increases rapidly

with increasing depth of burst from -1.5 at the shallowest burst depth

to -3.5 at a scaled burst depth of 0.51 after which it increases only

slightly. On the basis of amplitude, maximum initial amplitude (i .e.,

coupling) for acceleration is achieved at a scaled burst depth of about

2.0. Particle velocity amplitude {fig. 11-~ also seems to achieve a maxi

mum at a scaled depth of burst of about 2. These results are in agree

ment with the conclusions of Lampson (ref. 11-1) for maximum coupling

for pressure and impulse which were presented earlier.

Information on attenuation rates for acceleration and particle velo

city are also available from reference 11-2. Table 11-6 presents data
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Tabl e II-6

Attenuation of Peak Horizontal Acceleration
Scaled to Charge Size, AH x r, for Charges

with Scaled Depth of 0.51 (ref. 11-2)

Dry Sand Dry Clay

Charge Charge
Round Weight Round Weight

No. (pounds) A
H

X r No. (pounds) A
H

X r

104 320 1.4 X 10 4 (L/F(3.6 304 320 4.7 X 102 (L/rr 1. 9

110 320 3.2 X 10 4 (L/r( 4.1 310 320 1.6 X 103 (L/rr
Z

.
8

113 320 1.9 X 10 3 (L/F(2.1 313 320 1. 1 X 103 (L/F(Z.4

109 2560 3.5 X 10 4 (L/r)-3.9 317 2560 2.2 X 104 (L/r(4.6

112 2560 6.2 X 10 3 (L/F(3.7 319 2560 3.6 X 104 (L/rr4. i

115 40,000 2.1 X 105 (L/rYs .8 315 40,000 2.5 X 104 (L/rr3•2

318 320,000 1.3 X las (l/iY" 'J
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fitting from reference 11-2 to the dry clay and dry sand data at a

scaled charge depth of 0.51. The average attenuation rate in dry sand

is -4 while that in dry clay is -3.4. In spite of the lack of corre

lation from test to test, the attenuatton rates on the average are con

sistent and credible. Available least square fits for horizontal par

ticle velocity are given in table 11-7. The average attenuation rate in

dry sand is -2.6 while that in dry clay is -2.9. Within the data scatter,

the attenuation rates in dry sand and dry clay appear about the same.

Very few vertical accelerations were measured in the UET series but

the few data available from near surface measurement indicate that the

vertical accelerations are on the same order as the horizontal.

c. Project Mole

Project Mole (ref. 11-3) was conducted in the period June 1952

through October 1954, and produced one of the largest banks of data on

small spherical TNT explosions in existence. The project was conducted

by Stanford Research Institute for the U.S. Army Corps of Engineers.

It had as its objective the investigation of hBight and depth of burst

effects on the ground shock and airblast produced by explosives of a

single size in various soils. The program involved 45 rounds of spheri

cally shaped, 256 pound charges of TNT detonated in four different soil

types.

Volume I of reference II-3 presents basic information on the test

series, plots of various peak parameters versus range, comparisons with

data from other sources, and a thorough discussion of in?trumentation and

the qualitative differences between the results of the different shots.

26



N -.
.j

T
ab

le
II

-7

L
ea

st
Sq

ua
re

E
qu

at
io

ns
Fo

r
H

or
iz

on
ta

l
P

ar
ti

cl
e

V
el

oc
it

y
(r

ef
.

11
-2

)

D
ry

Sa
nd

H
or

iz
on

ta
l

H
or

iz
on

ta
l

V
el

oc
it

y
C

ha
rg

e
Sc

al
ed

C
ha

rg
e

S
ca

le
d

V
el

oc
it

y

Ro
un

d
U H

W
ei

gh
t

D
ep

th
Ro

un
d

W
ei

gh
t

D
ep

th
U H

N
o.

(f
ee

t
pe

r
se

co
nd

)
(p

ou
nd

s)
of

B
ur

st
N

o.
(p

ou
nd

s)
o

f
B

ur
st

(f
ee

t
pe

r
se

co
nd

)

10
4

42
(L

/r
)-

2.
6

32
0

0.
51

11
0

32
0

0.
51

74
(L

Jr
)-

3
.

3

10
5

4
0

(L
/r

(2
.1

32
0

1.
02

11
2

25
60

0.
51

17
(L

/r
)-

2.
:t

10
6

sh
al

lo
w

42
(L

/r
)-

2.
3

32
0

2.
04

11
3

32
0

0.
51

46
(L

/r
V

2~
I)

de
ep

9
8

(L
/r

r2
•

5
32

0
2.

04
11

4
8

1.
0

1
0

0
(l

/r
)-

2
.8

10
7

9
8

(L
/r

(2
.5

32
0

4.
08

11
5

40
,0

00
.

0.
51

69
{L

/r
F

L
2

10
9

3
7

(L
/r

(
2.

3
25

60
0.

51
11

6
32

0
1.

28
8

9
(L

/r
(

3.
0

D
ry

C
la

y

H
or

iz
on

ta
l

H
or

iz
on

ta
l

V
el

oc
it

y
C

ha
rg

e
Sc

al
ed

C
ha

rg
e

S
ca

le
d

V
el

oc
it

y

Ro
un

d
U H

W
ei

gh
t

D
ep

th
Ro

un
d

W
ei

gh
t

D
ep

th
U H

N
o.

(f
ee

t
pe

r
se

co
nd

)
(p

ou
nd

s)
of

B
ur

st
N

o.
(p

ou
nd

s)
of

B
ur

st
(f

ee
t

pe
r

se
co

nd
)

30
6

1
7

0
(L

/f
f2

.5
32

0
2.

04
31

0
32

0
0.

51
10

0(
L

/r
)-

3
.

It

30
7

1
l0

(L
/r

f
2.

It
32

0
4.

08
\

31
9

25
60

0.
51

26
0(

L
/r

)-
3

.
3



Volume II presents the detailed data including the directly measured

time histories, tables of peak amplitude and characteristic time param

eters for each gage, and time of arrival curves for each round. Also

included in reference 11-3 are results from some UET rounds in dry clay

which are not provided in reference I1-2, as well as data in an unclass

ified form from the JANGLE HE test series, the JANGLE nuclear test

series and the TEAPOT ESS (shot 7) nuclear event.

The soil types in Project Mole were dry clay (DC), dry sand-gravel

mix (S-G), wet sand (WS) and moist clay (Me), where the initials in paren

theses are the abbreviations for the soil types used in reference 11-3.

A summary of the Mole rounds is given in table 11-8. The mole rounds are

identified by a 3 digit number, the first digit of which designates the

series number which is associated with the test location. The last two

digits are simply sequential designations of the individual tests in the

series.

The 100 series, consisting of 12 shots, was conducted at Dugway

Proving Ground, Utah in the same dry clay used in the UET program.

The properties of the site determined in the UET program and described

previously are applicable for the Mole dry clay tests. First arrival

wave speeds in the Mole experiments averaged 1540 ft/sec and the in-

situ density was about 99 lbs/ft 3
• The 200 series, with 13 shots, was

conducted in the Yucca Flat area of Nevada Test Site, near the JANGLE

HE site. The soil in this area consists of alluvial fill in a basin

range valley. The constituents consist largely of sands, gravels and

silts, hence, the designation sand-gravel mix. The site is very dry with

only a trace of moisture detected in one drill hole at a depth of 1500

28



Table 11-8

Summary of Mole Rounds
(ref. II-3)

Sca1ed Actua1
Charge Charge
Depth Round Depth
(,\)* No. Date (ft) Remarks

Utah Dry Clay

1.00 101 6/28/52 6.35 First attempt at firing failed
1.00 105 7/17/52 6.35
0.50 102 7/3/52 3.18 All records lost due to rp.1ay failure
0.50 102A 7/6/52 3.18
0.26 106 7/19/52 1.65
0.13 103 7!i0/52 0.83 Partial detonation, data not reported
0.00 107 8/20/52 0.0

-0.13 104 7/13/~2 -0.83
-0.26 111 8/26/52 -1.65
-0.50 109 8/24/52 -3.18
-0.50 110 8/26/52 -3.18
-1.00 108 8/24/52 -6.35

Nevada Sand-Gravel Mix

1.00 201 9/11/52 6.35 Partial detonation, data not reported
1.00 202 9/14/52 6.35 Records from one camera lost
1.00 212 10/24/52 6.35
0.50 '203 9/19/52 3.18
0.26 204 10/4/52 1.65
0.13 205 10/8/52 0.83
0.00 206 10/11/52 0.0

-0.13 207 10/15/52 -0.33
60.26 211 10/21/52 -1.65 Records from one camera very faint
-0.26 211A 10/22/52- -1.65
-0.50 209 10/19/52 -3.18
-0.50 210 10/19/52 -3.18 Records from one camera lost
-1.00 208 10/18/52 -6.35 Twelve records lost due to oscillator im-
1.00 404 10/30/54 6.35 balance
0.75 402 10/26/54 4.77
0.50 401 10/23/54 3.18
0.50 406 10/4/54 3.18
0.26 405 11/2/54 1.65
0.13 403 10/23/54 0.83

California Viet Sand,

0.75 304 9/23/53 4.77 Shot in 303 crater
0.50 302 9/18/53 3.17
0.50 301 9/15/53 3.17 Most records off-scale
0.50 309 10/16/53 3.17
0.50 310 10/17/53 3.17
0.50 305A 10/5/53 3.17 Dynamite, data not reported
0.25 303 9/22/53 1.6 Partial detonation, data not t'eported
0.25 305 9/26/53 1.6
0.13 306 10/8/53 0.83
0.00 307 10/10/53 0.0

-0.13 308 10/13/53 . -0.83
I

California Moist Clay

0.5 311 10/20/53 3.18
0.5 312 10/22/53 3.18

-0.13 313 10/24/53 -0.83

* A - Depth of Burst 1

C - (charge weight)'
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feet. The vertical seismic profile of the site indicates 3000 ft/sec

velocity from the surface to 100 ft, 4000 to 4500 ft/sec from 100 to

350 feet and 5000 to 5500 ft/sec below 350 feet. First arrival wave

speeds in the experiments averaged 3600 ft/sec. The in-situ density

averaged 99 lbs/ft 3 •

The 300 series was conducted at Camp Cooke, California. Eleven

tests in wet sand were conducted on the banks of a lagoon formed by

the mouth of the Santa Ynez River. The top 2 feet consisted of silty

sand mixed with organic material. This material was underlain Oy sat

urated sand to a depth of 20 feet where Monterey shale was encountered.

Three tests were conducted in a moist clay at a nearby site where the

ground surface was about 5 feet above the water table. The upper 5

feet consisted of hard clay-silt which was underlain by moist sandy

clay to a depth of 22 feet. Seismic data for these sites are not given

in reference II-3, but reference II~3 gives measured wave speeds in the

explosive experiments of about 5000 ft/sec in the wet sand and 4020

to 7550 ft/sec in the moist clay. In-situ densities were 114 and 124

lbs/ft 3 in the wet sand and moist clay, respectively.

The 400 series, consisting of 6 shots, was conducted at the Nevada

Test Site about 7000 feet from the site of the 200 series tests. The

purpose was to obtain data near the site of the TEAPOT ESS nuclear event.

The soils of the site were assumed in reference 11-3 to be similar to

those at the 200 series site. Measured first arrivals in the experiments

indicated a wave speed of 2900 ft/sec suggesting some differences in the

properties from a seismic viewpoint.
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Measurements in Project Mole included soil pressure, soil stress,

soil strain, particle acceleration, airblast overpressure, residual

earth displacement and crater profiles. The instruments were placed

at depths of 1,2.5, and 5 feet with most of the instruments at 2.5

and 5 feet. Since the depths of burst of the buried charges ranged

from 0.83 to 6.35 feet, not appreciably different from the gage depths,

the horizontal measurements can probably be assumed as representative

of the radial behavior without introducing as much suspected scatter as

occurred in the UET results by this assumption. Accelerations were

integrated to obtain particle velocities and doubly integrated to ob

tain displacements.

Reference 11-3 discusses qualitative differences amongst the data

quite thoroughly. In addition, the data is scaled for comparison with

large scale high explosive data or nuclear data where available. Typical

waveforms derived for various parameters are shown in figures 11-6, 11-7,

and 11-8. The peak parameters and characteristic times shown in the figures

are tabul ated in Vol ume II of reference 11-3. A typical travel time

plot, useful in discriminating direct induced effects from airblast in-

duced effects, and in evaluating the wavespeeds in the experiment against

measured seismic wavespeeds, is given in figure 11-9. Examples of peak

motion parameter data in dry clay are shown in figures II-10, II-ll, and II-12.

The data show a tendency toward increasing amplitude with increasing

depth of burst. Comparisons of scaled data from series 400 with TEAPOT
l-

ESS are given in figure 11-13. The W3 scaling used in reference 11-3 did

not bring these events into close agreement.

Very little quantitative analysis of the results of the tests is
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presented in reference 11-3 and, hence, the major benefit of the project

is the availability of the data for further analysis. Ground motion

data applicable to the simulation objective of this research effort is

analyzed quantitatively in Section IV.

Some of the major general conclusions of reference 11-3 are as

follows:

(1) Ground shock response from underground explosions is highly

dependent upon medium characteristics.

(2) The response is much larger in wet and damp soils than in dry

soils.

(3) Response to small explosions can be quite sensitive to local-

ized inhomogeneities.

(4) Ground response increases with increasing depth of burst

while airblast effects decrease.

(5) Comparisons with higher yield explosions indicate that Wt

scaling may not work. Also, nuclear radiochemical equivalent yield may

not be the appropriate yield for comparison with conventional high ex

plosives.

(6) Crater radius may be a more appropriate scaling parameter than
1

WTfor near-surface explosions which cause craters.

Reference II-3 attributes the difficulty in scaling small and large

charges at the same scaled depth of burst to the inelasticity of the

soils. In general, properties vary with depth, even within a material

which appears uniform. The variation is related to changes in moisture
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content and increasing overburden stress with depth, as well as the ex-

istence of distinct material interfaces. These changes are usually mani-

fested in an increasing seismic velocity with depth. The varying pro-

perties will have little effect upon small charges, but the ground re

sponse to larger charges will be influenced by a considerable variation

in properties even from continuously varying seismic velocity. The pro

perty changes will be particularly important where faults, water tables,

and rock interfaces are encountered. Reference 11-3 also notes that

differences between the hydrodynamic and thermodynamic behavior of

high explosives and nuclear explosives complicate the determination of

appropriate scaled yields for nuclear explosions.

d. Some Russian Work

Reference 11-4 describes a relatively large experimental study of

the ground motions caused by charges of various sizes in a geology con-

sisting of loess loam* overlying clay. The experiments were performed

in the fall of 1957 at a site in southern Kazakhstan. Charges ranged

from 10kg (22.05 lbs) to 1000 metric tons (1100 tons) of Ammonite 6 ex-
1

plosive and were placed at scaled depths of burst of 0.4 to 0.7 m/kgT

1

(1.01 to 1.76 ft/lbT ) with the exception of two 1000 kg explosions which
1 1

were detonated at a s·caled depth of burst of 1.5 m/kgT (3.78 ft/lbT ).

The test sites consisted of loess loam which varied in thickness

from 1 to 25 m overlying clays. Area 1, having flat relief and involv

ing 13 explosions having sizes of 10, 80, and 1000 kg, had a surface

*The definition of loam varies from place to place. In general, it re
fers to texture and denotes a mixture of particl?s of sand, silt and
clay sizes without precise specification of relative amounts. Clayey
loam usually means a sufficient amount of clay so that the texture is
fine and the material is plastic when moist.
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layer of loam of 1 to 2 m thick with seismic velocity of 240 to 280

m/sec (800 to 900 ft/sec), underlain by a main loess layer 15 to 20 m

thick having a seismic velocity of 400 to 500 m/sec (1300 to 1600 ft/

sec). Area 2 had significantly more relief, and the recording stations

were on the slope of a hill having a 2 degree slope. Five explosions

of 1000 kg each were detonated at varying depths of burst in area 2.

The site of the explosions had about 1 m of loess-like loam with a den

sity of 1.6 g/cm 3 (100 lbs/ft 3 ) underlain by a 0.5 m layer of sand. A

layer of chestnut green clay with a density of 1.9 g/cm 3 (120 lb/ft 3
)

was present to a depth of 5 m, below which existed blue clay with a den·

sity of 2 gm/cm 3 (125 lb/ft 3 ). Seismic velocities are not reported,

and the authors note that the stratum were not uniform over the field

of observation, but the degree of nonuniformity is not known.

Charges of 90, 105, 120, 1000 and 10,000 kg were detonated in area

3 which had a geology similar to that of area 2, but with a flatter topog

raphy. "The upper layer was fissured loess-like loam for 1 m, under-

lain by a layer of chestnut green clay to a depth of 7 mwith a seismic

velocity of 1750 m/sec (5750 ft/sec). Below 7 m was a layer of blue

clay with a density of 2g/cm3 (125 lb/ft 3
) and a seismic velocity of

1800 m/sec (5900 ft/sec). The single 1000 metric ton charge was d~ton

ated in area 4, which consisted of 6 to 12 m of loess-like loam over

lying clays. Seismic surveys indicated the loam had a seismic velocity

of 430 to 500 m/sec (1400 to 1650 ft/sec). A chestnut green clay, with

a seismic velocity of 1750 m/sec (5700 ft/sec), and a thickness of 2.5

to 3 m was beneath the loam. Blue clays, with a seismic velocity of

1900 m/sec (6200 ft/sec), extended to an undetermined depth.
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Measurements on all explosions consisted of direct measurements of

particle velocity and displacement at various ranges using seismometers.

The majority of the measurements were made at the surface. Reference

11-4 analyzed the results of the experiments in great detail. Peak am

plitude parameters, characteristic times, waveforms, and particle trajec

tories were evaluated and interpreted with regard to their variation with

range and the underlying phenomena which controlled the parameters.

Figure 11-14 shows typical measured particle velocities and figure 11-15

shows typical displacement waveforms, measured in area 1. Individual

wave components on the displacement waveforms are identified by capital

letters R1 , No' etc. It is important to note that the peak amplitude

occurs at the first motion cycle at near ranges, but in later cycles at

more distant ranges, the waveforms becoming increasingly complicated

with increasing range. At close distances, reference 11-4 interprets

the first main forward and upward motion (R~, R1 ) to be associated with

the initial compression wave from the explosion. At greater distance

the waveforms become more complex and their nature is not as evident.

The R motion at far distances has an ellipsoidal counter-clockwise tra

jectory and has a propagation velocity of 210 to 250 m/sec (700 to 820

ft/sec). Thus, reference 11-4 identifies the motion as a Rayleigh type

surface wave in the loam layer. The transition area is vague. The N

motion phase has been tentatively hypothesized by reference 11-4 to be

due to headwaves in the surface layer which were formed by a transverse

wave refracted into the underlying clays, although reference 11-4 notes

that this hypothesis lacks a clear physical concept and is not consistent

with all data.
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Reference 11-4 provides an interesting evaluation of scaling laws

using the results from areas 2 and 3, whicn were geologically similar.

Explosive weights were 100, 1000, and 10,000 kg. Two scaling approaches

are considered, designated in reference II-4 as Cauchy and Froude

scaling. Cauchy scaling applies to systems where elastic forces pre

dominate in controlling phenomena and is what is commonly called Lamp-
l

son scaling or WT scaling in the United States. Froude scaling applies
/

to systems where gravity exerts major control on phenomena and is com..

manly called gravity scaling in the United States. The scale factors

for the physical quantities of interest for thet\'Jo types of scaling are

given in table 11-9. The scale factors for 3 quantities can be taken

arbritrarily and they were selected by reference II-3 as 1 for density

(i.e. same material density in model and prototype), 0 for length (i.e.

model lengths are 1/0 those of the prototype) and 1 for modulus of

elasticity for Cauchy scaling or for the acceleration due to gravity

for Froude scaling.

Selecting the amount of explosive C* as a convenient scale magnitude,

using 1·kg as a standard, and taking the charge energy as proportional

to the charge size for the same explosive, the scale for length is:

1

Cauchy Scaling = l/cT

1
Froude Scaling = l/C~

where C = charge weight in kg

( II-8)

(II -9)

Table 11-9 can then be easily converted to table 11-10 which presents the

scale factors in terms of the charge weight C. Reference II-4 tested

*C is used in the Russian work; Wis the common symbol in U.S. literature
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Table II-10
Scale Factors Relative to Charge Weight

in Different Modeling (ref. 11-4)

Modeling Modeling Modeling Modeling
after after after after

Quantity Cauchy Froude Quantity Cauchy Froude

, 1 1 Mass m 1 I 1Length r ;:i= c-j;- C -~

I C*

I
I

Density 1 1 I

I
1 I 1

Modulus of elasticity E 1 Force K -z --r- CT I C-:r

I
1 IStress cr j"

Acceleration of gravity g 1 1 1 C.,. I
! T

I
1 I

I
1-r -:r: ITime t cT CB

-:r: I Energy Q 1 1
Velocity u 1 ca C C

Acceleration ct 1 I
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the validity of each type of scaling for the parameters of the initial

phase of motion (the compression phase) from different charge sizes in

areas No.2 and 3. The first phase on the vertical (Z) component is

designated P and on the horizontal (X) component as No' Figure 11-16 shows
I

the results of Cr scaling for the vertical component of velocity, while

figure II-17 shows the results for the horizontal component. Vertical

velocity can be expressed as

(II-10)

where

peak vertical velocity in initial compression phase in
cm/sec

r = range in meters

C = charge weight in kg

The corresponding expression for horizontal velocity is

( )

-2.3

U~o = 900 c¥: (II-11)

xwhere UN =
o

peak horizontal velocity in initial compression phase in
cm/sec

It should be noted that these relations do not correlate the absolute

peak velocity since the absolute peak occurs in later phases of the
I I

waveforms for scaled ranges greater than about 7 m/kgT (17.6 ft/lbT ).

Scaled data for maximum vertical displacement (A~) and the rise

time to maximum displacement (T2) are shown in figure 11-18. Similar

data for horizontal displacement are shown in figure II-19. It can be
1

seen that Cq (Froude) scaling seems to provide a better reduction of
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the peak displacements to a common fit and reference 11-4 arrives at

the conclusions that in the immediate vicinity of explosions in soil,

gravity creates the greatest effect on the formulation of seismic waves.

The expressions for displacement are:

vertical component

AZ =500 C
p ?

where AZ =vertical displacement in emp

horizontal component

X CO. S25

A
No

= 300 rZ • 3

where A~ = horizontal displacement in em.
o

(II-12)

(II-B)

The characteristic time, L2, indicates that the transition from gravity
1 1

influence to elastic force influence (i.e. C~ scaling to C7 scaling)
1

occurs at a scaled range of about 10 m/kg7 . The characteristic time

seems to decrease to this scaled range and increase thereafter. In
1

addition, it is apparent that the times are grouped better by W~ scaling
1

up to this range and by WT scaling thereafter.

Reference 11-4 notes several points which limit the conclusions of

their results including the facts that the geologic layers were not

modeled and the composition of the sites varied somewhat from explosion

to explosion, and between areas 2 and 3. The smaller shots were con-

ducted in loams and fissured clays while the 10,000 kg shot was in the

deeper clay. Also, the natural attenuation rate of the parameter influ-
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ences the degree to which scaling can be evaluated. Reference II-4 notes
1 1

that if the velocity attenuates as r- 1 • 5 then CT and C~ scaling give the

same result, i.e.

where

u = velocity

A = a constant

cO. S

u =A~ (11-14)

Since reference 11-4 finds the velocity attenuation rate to be between
1

r- 1
•

6 and r- 2 ,'the good agreement for CT scaling shown in figure 1I-16

does not completely verify the scaling. Because all measurements

were made at the sur'face, it is possible that gravity (i.e. cratering)

might be exerting a stronger influence on response than at greater

depths.

Reference II-4 does not perform a similar modeling comparison for

the surface wave (R) components of the motion because of the lack of

layer depth modeling which strongly influences surface wave development

and dispersion.

L
A short discussion of the meaning of C~ or Froude scaling is appro-

priate here. Gravity scaling can be physically interpreted as meaning

that the effect of material properties is small. Indeed, near the ex

plosion, the shear strength of most soils is so small that all soils

can be considered equally strong. It has been observed in numerous

cratering experiments (e.g. ref. 1I-5) that the peak displacement is

strongly dependent on the positive phase of the upward and outward velo-
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city. The displacement results from severe shear failure and flow of

the material. Initially the duration is long but it diminishes with

range as the stresses drop and shear strength becomes important. In

the range where shear strength is essentially zero, it is reasonable to

expect that duration might be controlled by gravity. Peak velocity, how-

ever, is controlled by bulk or stiffness properties of the medium which
1

are significant even at near ranges. Hence, CT scaling for velocity

would be indicated. However, since duration strongly controls displace
1

ment, it is possible that C~ scaling might be a better way to scale

close-in displacements.

e. Defense Nuclear Agency (DNA) High Explosive Events

The Defense Nuclear Agency (formerly Defense Atomic Support Agency)

has sponsored a large number of near-surface high explosive events

from 1966 through the present. Table 11-11 lists some of the important

high explosive ground motion experiments. Reference 11-6 summarizes

major characteristics of many of the test events, and lists references

for sources of the basic data and analyses. A large amount of the data

has been accumulated in a computer accessible master file (ref. 11-7)

and is available for future analysis by interested technical personnel.

With the exception of MINERAL LODE, all the DNA sponsored events

were conducted at or above the ground surface. As a result, airblast

effects are major and, therefore, most of the basic data and analyses

are not directly applicable to the earthquake simulation problem.

MINERAL LODE was d~eply buried in rock. Although at some future time

rock may be of interest, this research is primarily concerned with soil

response.
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f. Underground Nuclear Explosions

Several underground nuclear tests events have been conducted by the

United States, and their results are summarized in reference 11-8. Ta-

ble II-12lists some of the important events and their characteristics.

Although coupling effects between conventional high explosives and nu

clear explosives differ, information on attenuation rates and geologic
!

dependencies are available from nuclear data. Reference 11-8 divides

the available data into separate categories for hard rock, soft rock,

and dry soil. Those categories were established by generalizing the

observation that data from various types of hard rock were encompassed

by the data bounds for granite. The bounds on the particle motions for

the three categories are shown in figures 11-20, 11~21, and 11-22, where

the bounds have been established from measured data.

The peak ground motions at intermediate ranges due to contained

bursts in hard rock may be estimated by the following relations which

define the average and approximate bounds of granite data.

( w )-}v = 200 ft/sec lMT

d = 200 in

(1k~tr2

(l) ~ (_R)-}
lMT lkft

± a factor of 2.5

± a factor of 2

(11-15)

(11-16)

a = 3500 g (l~T) (lk~t)-4

where

d = peak displacement

v = peak particle velocity

a = peak acceleration

W= yield

R = range
57

± a factor of 2.5 (11-17)



Table II-12

Some Contained Nuclear Tests Providing Direct-Induced
Ground Shock Data (ref. II-8)

Medium Shot Name Yield

FISHER l3.3kT

All uvium* HAYMAKER 48kT
HOGNOSE **
RINGTAIL 4.9kT

RAINIER 1.7kT

Tuff EVANS 55 ,tons
(Seismic Velocity - TAMALPAIS 72kT

7000 fps)
MADISON **

Granite HARDHAT 5.9kT
(Seismic Velocity - SHOAL 12kT
18000 to 19000 fps)

PILEDRIVER 61kT

Dolomite HANDCAR 10kT
(Seismic Velocity -

14,100 fps)

Andesite LONGSHOT 81kT
(Seismic Velocity - MILRoW lMT14, lOa fps)

CANNIKIN 5MT

Salt GNor~E 3kT
(Seismic Velocity -

13,400 fps)

* Seismic velocity varies with depth ranging from 3000 fps (914 m/sec)
from 175 feet (53 m) to 650 feet (198 m) to 10,000 fps (3050 m/sec)
below 650 feet (198 m).

** Classified Field
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The corresponding relations for soft rock, defined by the approximate

bounds for tuff, are the following

v = 80 ft/sec (, ~T)} (1 k~tr2

± a factor of 2 (11-18)

d 160 in (l)t ( R )-+ ± a factor of 3 (Il-l9)= lMT 1kft

(, ~T) (1 k~t f~
I

a = 600 g ± a factor of 5 (II-20)

The bounds of the alluvium data, given below, are recommended for esti-

(I1-21)

(II-22)

± a factor of 3

± a factor of 4

mates of peak motion quantities at intermediate ranges due to contained

burst in dry soils.

v = 20 ft/sec (w)t ( R )-2
\"lMT \i kft

. (\.,)i- ( R )-+
d = 100 1n lMT lkft

a = ± a factor of 5 (II-23)

Reference 11-8 notes that particle velocities (fig. 11-20) at a given range

are, on the average, highest for hard rock, intermediate for soft rock

and lowest for dry soil. The particle velocity trend is in agreement

with the concept that the more hysteretic a material the greater the

close-in peak stress and velocity attenuation. A similar trend exists

in the acceleration data (fig. 11-22) and is also in agreement with existing

knowledge of material behavior. Increases in rise time and attenuations

of peak particle velocity and, therefore, attenuation of acceleration

are directly related to material nonlinearity and hysteresis.

Peak displacements (fig. 11-21) are not as readily interpretable.
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Peak displacements in tuff are, on the average, higher than in hard rock

while displacements in dry soil are less than in hard rock. In a homo

geneous elastic medium, peak displacement is directly proportional to

impulse and inversely proportional to characteristic impedance (density

X wave velocity). Assuming the impulse delivered at a given range is

the same in both hard rock and soft rock, displacement will be greater

in soft rock because soft rock has a lower characteristic impedance, in

agreeement with hard rock and tuff data. The impulse argument does not

explain the alluvium data, however. Since peak displacement is a late

time phenomena, displacement is easily affected by free surface effects

(which ultimately occur in all contained events) and reflections. Free

surface and/or reflection effects may be playing a stronger role in

alluvium events than in events in rock. In any case, reference 11-8

states that the observed displacement differences between the materials

are believed real and should be expected in future events in similar

geologies.

g. OIHEST Improvement Program (DIP)

In the late 1960·s the Air Force developed a method for simulating

the direct induced ground shock effects from a weapon burst. The method,

called the DIHEST tecnnique (Direct Induced High Explosive Simulation

Technique), involved the use of high explosives in various arrays in

which the array size, shape, and explosive loading density were varied

to obtain the desired ground motion effects. Early large scale appli

cations were in rock. However, in the early 1970·s the University of

New Mexico, as contractor to the Air Force Weapons Laboratory, under-
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took a program to apply the D1HEST technique in soils. The results of

the work are reported in references 11-9 through 11-13.

Reference 11-9 reports the results of 13 developmental tests per

formed in a silty sand at the McCormick Ranch Test site south of Albu

querque. The experiments were designed to investigate enhancement tech

niques with potential for lengthening motion duration and sustaining

large displacements, while maintaining rel~tively low levels of veloc

ity, acceleration, and stress. Although the motion levels of interest

were higher than those of interest in earthquakes, the objectives are

directly applicable to earthquake simulation. Techniques tested were

focusing, decoupling, and boundary relief.

The focusing concept employs a geometric arrangement of explosives

to concentrate energy from a large array into a small region to increase

durations and displacements in the region. Decoupling is the detonation

of charges in closed air cavities in the soil to reduce the input pres

sure to the soil and extend the duration of the driving function. Bound

ary relief consists of providing a reflective boundary in the test

medium (usually by trenching) to obtain reflections which maintain dis

placement and velocity intensities over longer periods of time.

Table 11-13 summarizes the characteristics of the experiments and their

ofjectives. Figures 11-23 and 11-24 show the layout and some results

for the decoupled (Shots 6 and 7) and coupled (Shot 8) cylindrical

experiments. Within the scatter of the data there does not appear to

be a significant difference in the peak velocity amplitudes between de

coupled and coupled charges. Frequency content, however, does appear
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Figure 11-24. Integrated Accelerations (Velocity Time Histories)
from Cylindrical Shots of DIHEST Enhancement Study

(Data from ref. II-9)
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to be affected. Figure 11-25 shows the layout for Shots 3 and 4 which were

intended to evaluate the effect of focusing from arrays. It was hoped

that the same instrumentation could be used for both shots. Shot 3 was

fired first and destroyed instrument holes I-1 and 1-2. In addition,

reference II-9 suspected that the medium properties were significantly

altered by Shot 3 and, as a result, questioned the validity of Shot 4.

Shot 5 was performed as a repeat of Shot 4. The results of Shots 3 and

5 are compared in table 11-14 where the ratios between ground shock param

eters measured in Shot 5 and those measured in Shot 3 are tabulated at

each range. It can be seen that focusing significantly increases the

ground shock amplitude.

The configurations and results for two boundary relief experiments

(ref. 11-9) are shown in figures 11-26 and 11-27, respectively. Test 9

consisted of a 40-ft by 13-1/3-ft rectangular array of PETN explosive

buried 8-ft with a charge density of 4 1b/ft2
• A free boundary was

created by an 80-ft by 3-1/2-ft deep trench located 40-ft from the

explosive array. Instrumentation was located on both sides of the array

allowing comparison of the effect of relief and no relief. It can be

seen in figure 11-27 that the boundary has no effect upon peak acceleration.

However, attenuation of velocity decreases at a distance about halfway

to the relief trench and displacements are enhanced throughout the instru

mented region.

Test 13 was similar to Test 9 except that the charge density was re

duced to 1 1b/ft2 and partial relief was provided on one side of the ex

plosive array with a rectangular pattern of 3-ft diameter, 25-ft deep

drill holes over an area lOO-ft by l2-ft, and l-ft diameter relief holes
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Table II-14

Comparison of Shots 3 and 5 Peak Values*
(Focusing Comparison(ref. 11-9)

RANGE, FT.

AVERAGE
PARAt4ETER 9-1/2** 13-1/2 17-1/2 21-1/2 25-1/2 WCREASE %

VELOCITY 1.28 2.19 1. 17 0.55 2.00 44

DISPLACEMENT 1.04 1.78 1.06 0.55 2.25 34

ACCELERATION 1.28 3.56 2.76 1.39 2.11 122

STRESS 1.89 1.43 0.95 4.80 2.00 121

* Shot 5 Peak Values Divided by Shot 3 Peak Values.

** Focal Point on Shot 5.
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along the side boundaries of the test area. As in Test 9, a relief

trench was provided on the opposite side of the explosive array. The

reduced charge density results in overall reduced motions as can be

seen in figure 11-27. As in Test 9, the relief condition does not affect

accelerations. Partial relief provides effects on velocities and dis

placements which are intermediate between the complete relief and no

relief conditions. Reference 11-9 concluded that boundary relief pro

duces the greatest increase of displacements and duration, followed by

decoupling and then focusing. In addition, boundary relief reduces the

attenuation of particle velocity with range.

In addition to the enhancement study, five relatively large events

(DIP IA through VA) were conducted to evaluate the effects of DIHEST in

soil on a large scale. The important characteristic of the tests are

given in table 11-15.

DIP 1A (ref. 11-10), conducted in March 1971, was a large fully

contained single concentrated charge which was intended to provide a

basis for comparing array response with single charge response. The

charge consisted of 40-tons of IREeO DBA-22M slurry in a cylindrical

shape lO-ft in diameter and 10-ft, 4-in high. The charge was buried

40 feet to its center. Reference 11-10 considered the 40 tons of slurry

approximately equivalent to 50 tons of TNT.

The test was conducted at the McCormick Ranch Test Site. Reference

11-10 provides a simplified soil profile and the results of triaxial

tests from samples at the site. This soil data are considered in com

bination with other available data in more detail in a later section.
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Measurements in the test event consisted of particle velocity, accel

eration and soil stress in three orthogonal directions at 53 locations.

Velocity was the primary measurement. The quality of the measured data,

however, was poor. Reference 11-10 states that the pre-test predictions

were low. As a result, most of the gages either failed or band-edged.

The close-in data in reference 11-10, therefore, has little direct use.

Far-field measurements, however, were reliable and they are given in fig

ure 11-28). Seusy (ref. 11-14) has made an unpublished interpretation

of some of the radial failed and band-edged gages and the results are

given in table 11-16.

DIP IIA (ref. 11-11), conducted at McCormick Ranch in June 1971,

was a large planar array test involving 40 tons of IRECO DBA-22M slurry

placed in 29 drill holes which were 7-ft 2-in on center. Important test

parameters are given in table 11-15. The configuration approximated

a planar array 208-ft long by 35-ft deep loaded with 11.4 1bsjft2 of

slurry explosive. The test contained the largest areal charge density

of any soil DIHEST conducted.

The test layout, including instrumentation holes, is shown in figure

11-29. Instrumentation recovery was quite good. Peak horizontal veloci

ties and displacements from reference 11-11 are shown in figures 11-30 and

11-31. The large scatter is due to the fact that all data, without regard

to depth, are plotted together. Radial seismic motions are shown in fig

ure 11-32. A typical horizontal velocity measured in DIP IIA is shown in

figure 11-33. It is believed that the characteristics of the motion are

of the type of interest in earthquake simulation.
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Table II-16

Approximate Radial r1otion From DIP IA (ref. II-14)

Range Acceleration Velocity Displacement
(ft) (g) (ft/sec) (in)

40 - - -
60 219 37.5 -
90 11 .3 14.6 26.8

135 1.2 3.2 6.2

200 0.69 1.5 2.6
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DIP IlIA (ref. 11-12), conducted at McCormick Ranch in May 1972,

was a planar array test designed to further evaluate boundary relief.

The array was loaded with 6600 lbs of DBA-22M slurry in 15 holes 7-ft

2-in on center. The configuration approximated a 107.5-ft long by 33

ft deep planar array loaded with 1.86 lb/ft2 of slurry. The incident

ground shock was assumed symmetric about the array and, therefore,

measurements were made on both sides. The test layout is shown in

figure 11-34. A 62-ft deep trench, 5-ft wide was placed on one side of

the array while a series of 62-ft deep relief holes was placed on the

opposite side. Figures 11-35 and 11-36 present the peak horizontal

velocities and displacements measured on the centerline on the trenched

side of the array while figures 11-37 and 11-38 present similar data on

the relief hole side. Reference 11-12 makes no detailed interpretation

of the resul ts nor does it compare the results with those of reference

11-9. The results will be discussed in Section IV, which deals with data

analysis.

DIP IVA (ref. 11-13) was conducted at McCormick Ranch in August

1973. The event was a single concentrated charge of 1000 lbs of DBA

22M slurry detonated at a depth of 10-ft 9-in, considered by reference

11-13 to be the approximate optimum depth of burst. The objective, as

with DIP lA, was to obtain baseline concentrated charge data for com

parison with the planar arrays. Unfortunately, as with DIP lA, data

recovery was poor. Reference 11-13 attributes the poor instrumentation

performance to moisture penetration into the gage canisters. The few

peak velocity data available are shown in figure 11-39.

DIP VA (ref. 11-13) was also conducted at McCormick Ranch in August
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1973. Its objective was to provide data which could be used to evaluate

the effects of a very large planar array and a very low areal charge

density. The event contained 40 tons of IRECO 65T2 slurry in 16 holes

which were 71 feet on center. The explosive loading approximated a

planar array 1134 feet long by 204 feet deep loaded at an areal density

of 0.35 lbsjft2 of slurry. The 65T2 slurry is similar to the DBA-22M

used in prior events except 20 percent of the ammoni~m nitrate is re

placed with TNT pellets. The TNT allows the slurry to be detonated in

deep holes where the hydrostatic pressure is high. Data from TREGO, the

firm which manufactured both slurries, presented in reference 11-13, in

dicates the explosive energy of the two slurries is about the same. Only

velocity measurements were made on DIP VA. Figure 11-40 shows the layout

of DIP VA and figures 11-41, 11-42, and 11-43 present measured peak hori

zontal velocities as a function of range, depth and distance from the

experiment centerline.

3. USE OF HIGH EXPLOSIVES AS VIBRATION SOURCES

Applications of high explosives for the specific simulation of de

finite characteristics of an earthquake have not been found in the lit

erature. However, there have been studies where high explosives were

used to provide a ground motion excitation for prototype structures.

These applications demonstrate several advantages of ground motion ex

citation over forced vibration methods and are briefly discussed below.

a. UCLA Studies

Reference 11-15 summarizes the results of three test programs in

which high explosive charges were used to induce ground motion effects
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on large structures. As stated by the authors, the objective of the

tests was lito determine the feasibility of simulating strong ground mo

tion earthquake effects using dynamite blasts. 1I Blast induced structural

response was measured in tests at:

(1) Enrico Fermi Nuclear Power Plant, Monroe, Michigan

(2) Experimental Gas - Cooled Reactor Facility (EGCR), at Oak

Ridge National Laboratory, Tennessee

(3) UCLA Field Station

Reference II-16 provides additional detail on the EGCR and UCLA Field

Station Tests.

The measurements at the Enrico Fermi plant were made in December

1969, as an adjunct to a study by Dames and Moore. Dames and Moore were

attempting to obtain soils data for use in planning future excavations

and construction at the site. The ground motion measurements are not

reported. UCLAls concern was with the respons~ of the structures.

Seven tests involving single charges weighing 25-1bs were detonated

at distances from 875 to 1000 ft from the reactor core. The small

charge size and large distances involved caused excitations at the

structure which were small and could only be detected by instruments.

Instrumentation consisted of accelerometers placed on the reactor and

other important facility components. Data were analyzed by fast

Fourier transform (FFT) techniques to identify system natural frequencies.

It was found that the frequencies observed in the spectra for the blast

were in excellent agreement with frequencies interpreted from ambient

vibrations, in spite of the fact that ambient vibration amplitudes were

an order of magnitude less than those induced by the blast. In addition,
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it was obser.ved that the blasts excited coupled response between the

various components of the facility, and permitted insight into the

coupling. This coupling was not excited by ambient vibrations.

The EGCR tests were conducted in July and August 1970 and had as

their objectives the evaluation of soil-structure interaction effects,

containment building response, and equipment response. The charge

siz~ and distance parameters for the tests are summarized in table 11-17.

The tests were designed primarily to study structural response, and

references 11-15 and 11-16 do not present the measured soil response

data. Some frequency domain analyses are provided in reference 11-16,

However, the results are subject to some uncertainty (ref. 11-16), and

cannot be used directly in this report.

FFT techniques were used to interpret the structural response. Real

and imaginary parts of the spectrum, power spectral density, and cross

power spectra were generated. Both Fourier modulus and phase were used

in evaluating soil-structure interaction. The modulus indicated the dom

inant motion frequencies at various structure locations. In-phase re

sponse at various positions in the basement indicated vertical response

of the entire basement as a body, while out of phase response indicated

structural rocking and, therefore, the presence of soil-structure inter

action and the dominant frequencies of the motion. The measured data in

dicated the presence of coupled rocking-translation in two modes. With

regard to structure and equipment response, it was found that the blasts

could be used to excite and identify the system modes, even when closely

coupled.
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The major conclusions of the EGCR tests were that excellent agree

ment existed between frequencies determined from the blast tests and

those determined earlier by shaker tests. In addition, the blast tests

provided deeper insight into nonlinear behavior, soil-structure inter

action and coupled response.

The UCLA field station tests were conducted in March 1971 to evalu

ate methods for controlling the excitation created by explosive blasts.

Specifically, the objectiv.e_s of the tests were to investigate

(1) the effect of detonation rate and explosive bulk strength on

the frequency of the ground motion

(2) amplitude and frequency sensitivity to distance

(3) the feasibility of producing arbitrary blast durations using

time delayed explosions.

In addition, the blasts were used to excite a three story test struc

ture. The test characteristics are shown in table 11-18 and the test

layout in figure 11-44.

Figure 11-45 shows the measured radial accelerations at the structure

base from three tests involving 3-lb charges of dynamite having three

different detonation rates. There is no significant difference in the

peak amplitudes or the time histories. Thus, reference 11-15 concluded

that detonation rate does not significantly affect the form of the ac

celeration time history. Figure 11-46 compares the radial base acceler

ations from two tests in which the total weight of Hercomite 7X-A was

varied (3-lbs in Test 2, 10.71 lbs in Test 9). The effect upon the

acceleration time history is insignificant. Test 9 had the same bulk
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Tab1e II-18
Blast Test Program (ref. 11-16)

Date: Wednesday, March 24,1971; UCLA Field Station

Three-degree-of-freedom structure
9 accelerometers

Test DYNAr1ITE CHARGE SIZE DISTANCE DELAYS
No.

lo Hercomite • 3.06 lbs. 100 ft. --
7X-A transverse

2. Hercomite 3.06 1bs. 100 ft. --
7X-A

3. Hercol 2 2.92 1bs. 100 ft. --
4. I Gelaprime-F 3.00 1bs. 100 ft. --
5. Hercomite 3-3-3-3 lbs. 11 0 ft. 0,#4,#7,#10

7X-A

6. Hercomite 3-3-3-3 1bs. 105 ft. 0,#4,#7,#10
7X-A

7. Herco1 2 3-3-3-3 lbs. 95 ft. 0.#4,#7,#10

8. I Ge1aprime-F 3-3-3-3 1bs. 100 ft. 0.#4,#7,#10

9. Hercomite 10.71 1bs. 95 ft. .50/14 x 3#
7X-A

10.
I

Hercomite 7.7 1bs. 25 ft. --.-
7X-A

11- Hercol 2 10 lbs. 36 ft. I --
12. Herco1 2 5-5-5-5-5 lbs. 50 ft. I

quart circle I
I

13. Gelaprime-F 7-7-7-7-7 lbs. 75 ft. I --
quart. circle'

Bulk Strength Detonation Rate Delays

Hercomite
14;~ 6,400 ft/sec7X-A 0 .012 sec .

Herco1 2 50;~ 10,500 ft/sec #4 .100 sec.
#7 .205 sec.

Gelaprime-F 54;; 20,800 ft/sec #10 .320 sec.
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dynamite (10.71-lbs, 14 percent bulk strength*) as Tests 3 and 4 (3

lbs, 50 percent bulk strength). Since the results of Test 9 coincide

closely with the results of Tests 3 and 4, references 11-15 and 11-16

concluded that matching total bulk dynamite on the basis of bulk

strength was a valid method for obtaining equivalent responses from

different dynamites at the same range.

Figure 11-47 presents measured base radial accelerations for tests in-

volving time delayed charges. The results indicate that the use of time

delays is a viable method for introducing multiple cycles of motion and

extending the time duration of the ground motion excitation.

With regard to structure response, reference 11-16 notes that, where

allowances were made for nonlinear effects, blast results yielded model

frequencies that were in good agreement with the results for forced vi

bration tests. The mode shapes and damping values did not compare as

well. Reference 11-16 attributes the differences to the fact that the

levels of response in the forced vibration tests were higher than in the

blast tests, leading to higher damping values in the forced vibration

tests.

An important conclusion stated in reference 11-16 is that criticisms

of blast testing based upon the high frequency content of the input and

the lack of a precise simulation of an earthquake-like motion are not

completely relevant. Reference 11-6 noted that although early structur-

al response contained a substantial high frequency content, this response

quickly diminished and transitioned to a free vibration response at the

*Bu1k Strength is the strength of the dynamite relative to the strength
of pure nitorglycerin.
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natural frequencies of the systems. This response lasted for 20-seconds

or more in many cases, and was the prime basis for the UCLA analyses.

Reference 11-16 states that this response is a significant response in

that it reflects the structure providing the driving force for the in

ternal equipment.

The UCLA results are important in that they demonstrate the use-
I

fulness of'a ground excitation created by explosives in gaining.under-

standing of structural response. In addition, the results indicate the

feasibility of using time delays for varying the frequency and duration

of the input excitation.

b. Explosive Excited Forced Vibration Tests in the Soviet Union

Reference II-17 reports the results of two tests on a three story

test structure in which high explosives were used to generate ground

motion excitation of the structure. The tests were conducted at a test

site near Laur, Tadzhik, S.S.R. The first test involved the detonation

of a 2 metric ton concentrated charge at a range of about 175 m (576 ft)

from the structure. The second test, which was designed to generate

longer duration shaking, involved six 2-metric ton explosions detonated

at 0.5 second intervals. The layouts for both tests are shown in figure

11-48. The explosive used was black powder in bags (ref. 11-18).

The test site consisted of what is described by the Russian engineers

as dry homogeneous loess-like clayey loam with some sand and plastic
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material* extending to a depth of 60 m (200-ft) (ref. 11-18). The wet

density of the soil was 1.4-1.5 gm/cc (87-94 lb/ft 3
) and the moisture

content ranged from 6 to 17 percent. The porosity averaged 50 percent

. and the specific gravity of the solids was 2.68. Seismic velocities at

the site were 390 to 420 m/sec (1300-1400 ft/sec) to a depth of 60 m

(200 ft), 800 m/sec (2600 ft/sec) from 60 to 95 m (200 to 310 ft), and

1400 m/sec (4600 ft/sec) at greater depth.

Measurements consisted of horizontal and vertical accelerometers

placed on the structure: one horizontal and one vertical on the roof,

one horizontal on each of the second and third floors, and a triaxial

package on the foundation. No measurements were taken on or in the soil.

Acceleration measurements, and their integrations, taken on the foundation

during the single charge test are shown in figures II-49 , II-50, and

II-51. Similar data for the sequenced event are shown in figures II-52,

II-53, and II-54. These records were obtained from Rojahn (ref. 11-18),

and he notes that they are preliminary and have not been evaluated in

detail with regard to variations in accelerometer sensitivity, filtering,

and baseline corrections.

Table 11-19 summarizes peak kinematic parameters and some frequency

and duration characteristics which have been crudely extracted visu-

ally from the plotted time histories. In general, the amplitudes of the

motions are significant, but well below the amplitudes which would be

expected in the near-field of a strong earthquake. The small amplitudes

*The definition of loam varies from place to place. In general, it re
fers to texture an9 denotes a mixture of particles of sand, silt and clay
sizes without precise specification of relative amounts. Clayey loam
usually means a sufficient amount of clay so that the texture is fine
and the material is plastic when moist.
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are due to the large distance from the explosives to the structure in
1 1

each test (a scaled range of R/WT = 45 ft/lb(TNT)T for the single charge

test where black powder has been taken about one-half as effective as

TNT*). The single charge event seems to contain significant motion

contributions at 2.8 and 7 Hz. The sequenced event also contains these

frequencies but, in addition, there is a 2.2 Hz component evident in the

velocity and displacement. Thfis frequency seems to correspond to the

firing time delay of 0.5 seconds (2.0 Hz). Only the 7 Hz component

could be visually ascertained from the acceleration record of the se-

quenced event due to the overlap caused by the multiple firings. The

10 percent and 20 percent durations (amplitudes equal to or greater than

10 or 20 percent of the peak) of the sequenced event correspond well

with six times the time delay (6 x 0.5 sec = 3.0 sec) plus the appro

priate 10 percent or 20 percent duration of the single charge event.

The vertical motion components in both events are. 40 to 80 per

cent (50 percent average) higher than the corresponding N-S (longitudi

nal) component. The E-W (transverse) components averaged about 67 per-

cent of the N-W components on the single charge event and about 40 per-

cent of the N-W components on the multiple charge event.

The peak amplitudes in the sequenced event are 30 to 125 percent

(85 percent average) higher than in the single charge event. This ef-

fect may be due partially to the fact that the structure was nearer the

explosive in the sequenced event than in the single charge event (165 m

vs 175 m) and partially due to the effect of the superposition of the

*See appendix A
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second sequenced explosion on the first (the peaks occur during the time

period of the second explosion). Analysis beyond these observations is

not possible due to the few available data.

c. Explosive Vibration Test of a Reinforced Earth Wall

Reference 11-19 describes a study in which dynamite blasts were

used to excite a reinforced earth wall at the UCLA Engineering Field

Station in Sangus, California. The overall study was designed to check

a seismic design procedure on a full-scale test wall and supplement

data from laboratory model tests. Dynamite blasts were included in

the program because forced vibration tests provided only low levels of

dynamic excitation (shear strains less than 0.001 percent) while the

authors believed higher levels were necessary to evaluate nonlinear soil

response. In addition, it was desired to obtain data from random type

dynamic loadings.

A total of 20 explosive tests were conducted employing a wide

variety of explosive types, detonation rates, locations, and depths

of burial. Evaluations of initial small (0.3 to 2.7 lbs) tests by

the authors indicated that a slow detonating explosive produced a

greater wall response than the same amount of fast detonating explosive.

As a result, the stronger tests utilized a slow detonating explosive.

The large tests involved 5 to 20 lb charges of HP-90A dynamite and

caused peak wall accelerations of up to 1.46 g horizontally and 1.25 g

vertically. These accelerations were associated with small vibration

periods, usually less than 0.1 sec.
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Four of the larger tests involved multiple delayed explosions, but

the delay caps available to the investigators were not adequate for properly

phasing the explosions into a continuous wave train. Reference 11-19

suggests that larger amounts of explosives at greater distances and the

use of many multiple delay charges may be necessary to simulate realistic

strong earthquake motions.

I

Reference 11-19 analyzed the forced vibration and blast response

of the wall to estimate values of the wall IS first vibration mode fre-

quency, the damping, and the maximum peak to peak soil shear strain ad

jacent to the wall. The results are shown in figure II-55. The frequency

was obtained by performing a fast Fourier transform (FFT) of the acceler

ation at the top of the wall, while the strain was calculated as a ratio

of the peak dynamic wall displacement divided by the wall height. The

damping ratio was estimated using the log decrement method during the

ring down phase of the wall vibration. Reference 11-19 compared the

results with estimates based on work by Seed and 1driss (ref. II-20)

and found good agreement even to strains as high as near 1 percent.

The disagreement of the damping ratios for the forced vibration tests

(much higher than indicated by the blast results) were attributed in

reference II - 19 to geometri c damp i ng caused by the smalls i ze of the

vibrator.

d. Structure Response to Quarry Blasts

BUilding and ground responses have been measured in the vicinity

of several large quarry blasts. Reference 11-21 describes the mea-

surements made in a steel frame mill building located about 1000 ft
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from a 185 ton explosive charge. The peak ground acceleration near the

structure was 0.12 g and reference 11-21 notes that the acceleration time

history shape was similar to that of the initial portion of a strong

earthquake. Reference 11-22 also observes that large quarry blastsgen

erate ground accelerations in their vicinity which are comparable in ampli

tude and other characteristics to strong earthquakes.

4. CONCLUSIONS

The previous paragraphs have outlined some of the significant

existing work which deals with explosive ground motions per se or with

the use of explosively generated ground motions to excite structures.

The major conclusions which can be drawn from this previous work are the

following.

a. There is a very large existing base of data on the ground

motions which result from single point sources. These data encompass

varying depths of burst and material types. Significant, but lesser,

amounts of data exist on cylindrical charges and planar charges. Data

to define .the effects of charge dimensions and various material types

are lacking for these types of charges.

b. In spite of the large amounts of ground motion data available,

there does not exist a common unified explanation of the data nor a

general theory or scaling method for relating the complete data base.

Data analyses consist in large part of a qualitative description of

the results and the effects of different parameters in specific test

series. An important conclusion from all of the data is that the results

from a single well instrumented experiment or from identical experiments

scatter over a relatively large range.
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c. High explosives have been used to generate ground motion ex-

citation of large structures. The results have indicated significant

usefulness of such tests including the determination of as-built struc-

ture dynamic properties and the obtaining of insight into some nonlinear

effects. However, the vibration levels in the experiments were re-

latively small. Specially designed experiments to simulate specific

aspects of a strong earthquake ground motion environment have not been

conducted. In addition, there has been no analysis of the criteria

necessary to define simulation requirements.

d. Specific data from several ground motion experiments suggest

some potential methods for designing an explosive experiment to simu-

late ground motions which approach earthquake levels, durations, and

frequency content. The UCLA tests (refs. 11-16 and I1-19) indicate a

strong potential use for delayed explosions in lengthening durations.

The University of New Mexico DIHEST enhancement experiments (ref. II-9)

suggest several potential methods for varying ground motion attenuation

rates and tailoring ground motion amplitudes.
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SECTION III
SIMULATION CRITERIA

1. THE SIMULATION CONCEPT

The word simulation generally implies that the prototype environ

ment cannot be generated at will and that some features or character

istics of the prototype environment will not be reproduced exactly in a

simulation. In developing or designing a simulation technique, it is

necessary to determine those characteristics of the full-scale environ

ment which are essential to adequately evaluate the system of interest.

Note that the system of interest is a major consideration. Certain

features of earthquakes may be important for one structure but not for

another. For example, aboveground structures founded on soil may be

adequately tested by simulating certain kinematic features of earth

motion (acceleration, frequency content, duration) while belowground

structures may require both a kinematic and dynamic simulation (i.e.

both motions and stresses).

The dynamic response characteristics of a structure are of major

importance in designing a simulation experiment. For example, if an

earthquake of interest has a given acceleration, frequency content and

duration, the important features which must be simulated for a particu

lar structure are directly related to the response characteristics of

. the structure itself. If the characteristics are such that maximum re

sponse will be achieved at, say, one-fourth the duration of the earth-
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quake, then it may not be necessary to simulate the complete duration.

If the structure is not acceleration sensitive but velocity or displace

ment sensitive, then certain acceleration amplitude features of the pro

totype earthquake may be compromised while still achieving an adequate

simulation. The major point to be made here is that the adequacy of a

simulation cannot simply be judged by the degree with which it matches

the prototype environment, but must be judged by the degree to which

the response of the system of interest matches or yields insight into

prototype response. Obviously, it will not be possible to define pro

totype response in every detail so that precise simulation requirements

can be defined. However, it is believed that analytical studies and

engineering judgement can be applied to establish reasonable simulation

needs.

An important point to be recognized is that no simulation, shake

table, explosive or otherwise, will fully reproduce every feature of an

earthquake and its interaction with an engineering system. However,

explosive simulation can produce environments equally as complex as

earthquake environments and excite structures of prototype size. It is

believed that the most important value of such simulation is that both

the excitation and the response can be used to judge the ability of

current analytical techniques to predict response. Also, the experi

mental results provide a data base for developing new or improved tech

niques. If analytical techniques provide satisfactory prediction and/

or understanding of a complex simulated dynamic environment and response,

then the technical community will gain improved confidence that the same

techniques can be adequately applied to prototype earthquake environments.
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In developing simulation criteria for a particular engineering

system, it will be necessary to consider the two primary aspects of the

prototype problem:

a. The characteristics of the prototype earthquake environment.

b. The dynamic characteristics of the engineering system.

The remainder of this section discusses these problems in general terms.

Detailed criteria cannot be given because the criteria will vary with

the earthquake threat in a particular region and the specific system of

interest. However, the approach given in the following should provide

a guide to criteria development. An example for a specific problem is

given in Section VIII.

2. EARTHQUAKE CHARACTERISTICS

a. Introduction

The characteristics of a~ earthquake environment which are of inter

est include motion amplitude, time history and/or frequency content,

duration and as much detail as possible on individual wave components

and associated stresses. These characteristics will be dependent upon

the earthquake source mechanism, the source size, the geology, and pro

perties of the geologic materials between the source and the structure

location. Ideally, it would be desirable to combine these factors into

a consistent physical theory so that effects could be predicted under

any combination of conditions. Unfortunately, the state of understanding

of earthquakes has not advanced to that stage. Current understanding is

based upon empirical measurements and observations combined with ele

mentary theories.
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b. Earthquake Mechanisms

Major earthquakes are caused by tectonic processes i.e., processes

that cause deformation of the earth's crust. Specific mechanisms

however, are subject to some controversy. The most widely accepted

theory, at least for the shallow focus (less than 60 km) earthquakes of

the Western United States, is that they result from the sudden release

of strain energy by rupture of a faU1t (refs. 111-1, 11I-2, and 111-3).

This theory, known as the elastic rebound theory, is due originally to

H.F. Reid who developed it after study of the San Francisco earthquake

of 1908. The theory holds that tectonic forces in various parts of the

earth are causing strains in the crustal rocks. When these strains

exceed the strength of the rock, a rupture takes place and the strained

rock rebounds under its elastic stresses until the strain is relieved.

The release of strain energy which occurs as the rock rebounds gives

rise to the strong earthquake waves which propagate away from the

fault.

The original elastic rebound theory has subsequently been modified

to account for aftershocks by hypothesizing that after rebound there is

a readjustment and repartitioning of the remaining strain in the region

(ref. 111-1). The stress may grow on a section of the fault, which may

have been weakened by the main fracture, until local slip occurs again.

This readjustment can continue to occur until everywhere the strains are

below those necessary for rupture. The modified elastic rebound theory

is consistent with aftershocks and with the observation that surface de

formation in the form of fault rupture, surface uplift, or subsidenGe

often accompanies shallow focus earthquakes of moderate to large energy
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release. Reference 111-1 also notes that analyses of P-wave first mo

tions in a large number of cases suggest a line source which lies with

in a few degrees of a major fault in the vicinity. Exceptions, where

observable faulting is not evident in major earthquakes, include the

Charleston earthquake of 1886, the New Madrid, Mo. earthquake of 1811

and shallow focus earthquakes in Japan and Europe (ref. 111-1). How

ever, the elastAc rebound theory is consistent with most available

evidence in the Western United States.

The tectonic model which leads to the crustal strains is described

in reference 111-2 as based upon magnetic variations which show that

the sea floors have spread outward from the mid-oceanic ridges to plunge

finally beneath the ocean trenches. The model proposes that the earth's

surface is divided into a small number of geological plates. These

plates move outward from the mid-oceanic ridges causing plate motion

over the entire earth. Earthquakes occur mainly along the mid-oceanic

ridges and the edges of the plates. The San Andreas fault appears to

form the western boundary of the North American plate which extends to

the Mid-Atlantic ridge. Along the San Andreas, the North American plate

is moving west while the Pacific plate is moving northwest; both at dif

ferent velocities.

If the discussion is restricted to earthquakes which are generated

by fault slip, then it can be seen that the source of the earthquake is

extended in space. The term focus or hypocenter is used to designate

the point at which rupture starts (i .e., the source of the first waves

to arrive at a point). Epicenter refers to the point on the ground sur

face immediately above the source of energy release. The focus, however,
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may not be the center of energy release if faulting occurs over a large

region since the focus, or point of initiation, may lie anywhere on the

fault.

The energy released in an earthquake can be quantified in a rel

ative way by the Richter magnitude of the earthquake. The magnitude

is defined (ref. 111-3) as:

where

M= magn itude

A = maximum amplitude in thousandths of a millimeter recorded by
Wood-Anderson seismograph at a distance of 100 km from the
epicenter

A = an amplitude of one-thousandth of a millimetero

In practice, measurements are made at various distances and must be

extrapolated to 100 km. Reference 111-1 provides the following empiri

cal relation between magnitude and energy:

where

E = energy in ergs

Eo = 2.5 X lOll ergs

a = 1.5

Log E - Log E = aMo
(III-2)

The relation indicates that for a 1 unit increase in magnitude there is

a 32 fold increase in energy.

The energy released by an earthquake is directly related to the
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faulting characteristics. Reference 111-2 states that the energy is

proportional to the length of faulting and the square of the fault slip.

This assumes (ref. 111-4) that the shear stress drop on the fault is

approximately the same for small earthquakes as for large earthquakes.

A large earthquake is associated with a failure over a large region

leading to a large release of strain energy. The size of the earth

quake or slipped area is manifested in the frequency content, duration,

and lowered geometric attenuation of the seismic waves with distance.

The amplitude of the ground motion at the source seems more related to

the stress drop and local geologic conditions (ref. 111-2).

Earthquakes of magnitude 5.0 and greater generate ground motions

SUfficiently severe to be potentially damaging to engineering systems

(ref. 111-4). The vertical and horizontal dimensions of the slipped

region are about the same for earthquake magnitudes less than about

6.0. Larger earthquakes may involve slipped regions extending for tens

to hundreds of miles. This relation between magnitude and slipped length

gives added engineering importance to magnitude in that it indicates

the approximate size of the source and, therefore, the approximate area

affected by ground shaking.

c. Seismic Waves Generated by Earthquakes

Elastic wave propagation theory predicts that dilatational (P),

shear (S), and Rayleigh waves (R) will result from any disturbance in
\

a medium which contains a free surface. Even a pure dilatational source

will generate shear waves and Rayleigh waves upon reflection from the

free surface. Layered media introduce P and S waves from wave inter-
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actions at layer interfaces and, in addition, surface waves with strong

horizontal surface motion transverse to the direction of propagation,

known as Love waves. The theoretical wave velocities of P, S, and sur-

face waves indicate that P-waves travel the fastest, S-waves next and

lastly surface \'Iaves. The $-wave velocity is related to the P-wave

velocity by the following relation

where

c =..,« 1 - 2v)
S VZ(l - v) Cp

(III-3)

Cs = shear wave velocity

v = Poisson's ratio

C = dilatational wave velocityp

In an elastic half-space, the Rayleigh wave speed can be computed as

the real root of

where CR = Rayleigh wave velocity.

(
CR)2

2 - V
s

(I II-4)

For a Poisson's ratio of 0.25, a representative value for many rocks,

(III-5)

In layered geologies, the velocities of surface waves, Rayleigh

or Love, are more complicated because the waves are dispersive in

nature, i.e., the phase velocity of a particular frequency component is

a function of the frequency which, in turn, is related to the layer

depths and the source characteristics lref. 111-5). This dispersive
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nature will cause a transient pulse at the source to spread into a wave

train as it propagates outward.

With regard to geometric attenuation, P and S waves attenuate

spherically in amplitude at large distances from the source, in pro

portion to the range, R, while surface waves (which are confined to

the near-surface region) attenuate cylindrically in proportion to IR
I

(ref. 111-6). As a result, surface waves predominate at the more dis-

tant ranges.

Although elastic wave theory accounts for many of the observed

wave phenomena in earthquakes, the detailed motions, including ampli

tude, frequency content and individual wave components, are dominated

by source characteristics, material inelasticity, viscosity, aniso-

tropy and non-homogeneity. Lack of understanding and major uncertain

ties in all of these parameters make theoretical predictions of seismic

waves emanating from a fault break beyond the state-of-the-art at this

time.

However, it is possible to make qualitative assessments of expected

motions from general knowledge of the effects of the various parameters

and from available recorded motions. Prime interest is the focal re-

gion, where P, S, and surface wave effects are intermixed, because that

is the region where potential damage to engineering structures is most

severe. Reference 111-1 notes that ground shaking produced by progressive

rupture on a fault will be different than if it were produced, for ex-

ample, by an explosion. Since the fault slip is essentially a shearing

mechanism, it would be expected that a primary effect in the near region
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perpendicular to the fault would be due to shear waves while off the

ends of the fault dilatational and compressional waves might be re

latively important. The actual character of the waves would be sensi

tive to the type of faulting (e.g., strike-slip, dip-slip or some

combination).

Focal depth is an important earthquake parameter in that shallow

focus (less than 60 km) earthquakes cause th~ greatest damage (ref.

111-1). In addition, focal depth seems to affect the relative impor

tance of the wave components in the near field. Reference 111-1 notes

that deep foci do not excite strong surface wave motions. In addition,

theoretical work (ref. 111-7) on underground disturbances indicates that

the amplitude of Rayleigh waves is insignificant compared to P and S

waves out to distances as much as 5 times the focal depth. Reference

111-2 notes that S-waves provide the greatest transverse ground shaking

within a few tens of kilometers from the fault. They generally move

upward from the fault at depth.

Reference 1II-8 follows this same reasoning and notes that, due

to the decreasing wave speed with increasing height above the fault,

the waves are refracted into nearly vertical ray paths. As a result,

surface response can be computed from basement rock motion with a one

dimensional model. Reference 111-9 and 111-10 describe one-dimensional

models for shear wave propagation. Given the rock motion, the response

of the surface of an arbitrary site can be computed or, alternatively,

the rock motion can be estimated from measured surface motions at a site.

The major difficulty with verifying this approach, as well as other pos-
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tulations of motion in the source region, is the absence of a signifi

cant amount of data in the focal region of major earthquakes, especially

on rock or at depth.

d. Earthquake Ground Motion Amplitudes

As is evident from the preceding discussions of earthquake mech

anisms and resulting waves, the state-of-the-art in fundamental earth

quake understanding is not sufficient for the quantitative prediction

of ground motion amplitudes and time histories. The current information

on ground motion amplitudes is based upon recorded accelerations, most

of which were taken on alluvium. It appears from the literature that

there is no generally accepted synthesis of the available data into a

consistent empirical prediction method which can relate ground motions

to factors such as magnitude, distance from the causative fault and

geologic parameters. However, several investigators have presented

prediction relations and a few of the results are reviewed in the

following.

Reference III-ll proposes an upper limit of 0.5 g for the maximum

acceleration possible in the vicinity of a major earthquake based upon

an extrapolation of data available at that time (1965), suggesting that

the maximum acceleration should be related to stress drop on the fault

which is upper bounded by the failure strength of rock. Extending the

argument, estimating the stress drop to be about 500 to 1000 psi based

upon surface strain measurements from large earthquakes, and assuming

reasonable rock properties, reference 111-11 proposes an upper bound

for the area (approximately the peak velocity) of an acceleration pulse
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of 0.5 9 to be about 2.0-ft/sec. This velocity implies a square ac

celeration pulse with a time width of 0.25 sec.

Other investigators and more recent data suggest that the proposed

upper bound of reference 111-11 is too low. The maximum recorded ac

celeration at Poicoma Dam (ref. 111-12) was 1.25 g and reference 111-6

indicates that the maximum acceleration in the 1897 Assam earthquake was

ai least 1.0 g and perhaps 1.5 g. Reference 111-13 suggests that at the

source very high accelerations are possible, perhaps as high as 2.0 g

or greater. ~I/hether this acceleration reaches the surface is dependent

upon the local geology. Reference 1II-13 also suggests an upper bound

of 1.5 mlsec (5 ft/sec) for the maximum rock velocity near the fault

break which, as with peak acceleration, mayor may not reach the surface

depending on geology.

Correlations between magnitude, distance, and ground motions in

the near-field are subject to significant uncertainty. However, some

correlations have been proposed as the basis for the development of de

sign criteria. Reference III-14 presents the curves of displacement,

velocity, and acceleration versus distance and magnitude which are

shown in figure 1I1-1. The development of the curves is not discussed

although the authors state that they are based upon sparse data and

are conservative.

Reference 1I1-15 presents the following equations for relating

acceleration, velocity, and displacement to magnitude and distance:

a = 1230eo,~ (R + 25)-2

v = l5eM (R + O.17eo. s9M )-1.7
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(III-8)

where

a = acceleration in cm/sec 2

v = particle velocity in em/sec

d =displacement in em

R = range in km

M= Richter Magnitude

e = base of the natural logarithm

The accelerations and velocities predicted by equations 111-6 and

111-7 are compared with the recommendations of reference 111-14 in figures

111-2 and 111-3, respectively. The near-field peak acceleration recom

mendations of reference 111-4 are also included in figure 111-2. The cor

relations from the three sources differ so markedly that it is difficult

to even describe the differences qualitatively. Compa~isons of displace

ments are not presented because equation 111-8 leads to displacements

which are so large that they appear to be unreasonable compared to avail

able data and other correlations.

Reference 111-8 proposes the basis for a somewhat different ap

proach to the prediction of ground motion. The authors estimate bed-

rock horizontal peak accelerations by combining the measured rock motions

from the San Fernando earthquake of 1971 (the largest number of rock

motion records available), rock motions which were estimated from

measurements on soil by using soil property estimates and a one-dimen-

sional shear wave model, and attenuation assumptions to obtain a cor-

relation between peak rock acceleration, earthquake magnitude and dis-
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tance. The correlation for average maximum accelerations is shown in fig

ure 111-4. Uncertainty ranges are shown in figure 111-5. The use of the

rock acceleration correlations requires a knowledge of the detailed

soil properties at the site, an assumed normalized acceleration time

history and the calculation of the motion transmission to the surface

with a wave propagation code.

In addition to empirical methods which attempt to correlate mo-

tions as a function of range and magnitude, information is available

in the literature on base ground motions used for design of various

systems. For example, reference 111-16 outlines the design earthquake

ground motions used for the Trans-Alaska pipeline. The ground motions

for the II contingency plan ll earthquake (i.e., system designed to survive

contingency earthquake but not necessarily continue operation) are given in

table 111-1. Various magnitude earthquakes are given because the design

earthquake varies along the pipeline. The authors state that the values

given are "effective ll values of such motions and are not the maximum

spikes or possible maximum instrumentation readings that might be re

corded. They do not define the meaning of "effective ll or hO~J the "ef

fective ll peaks are determined. The values of table III-l can be compared

with the proposed correlations of reference 111-14 (fig. 111-1) at a range

which yields the same velocity. For the magnitude 8 earthquake, ref

erence 111-14 predicts a 29 in/sec velocity at a range of 15 miles. The

corresponding acceleration and displacement are 0.7 g and 17 in, re

spectively, about 15 percent higher on acceleration and 15 percent lower

on displacement. For the magnitude 7 event, the corresponding range for

a 14 in/sec velocity is 20 miles, which yields an acceleration of 0.38 g

139



0
.8
i
i
i

i
i
i

i
i
i

10
0

60
40

20
10

6
4

2
0\
I
i
i

i
j
-

i
~

O
.1

I
I

I
>

-L
I

.....
.<

1
"

I
"

I
'-

I
<

:
<
~

0.
7

0.
6

Q
)

0
.5

f;
:: 0 'r
- +-> nJ

0.
4

s.... O
J

r
- O
J

U U

0
.3

c
:( E ::::s E 'r
-

+:
-

x
0.

2

0

nJ :a:

D
is

ta
nc

e
fr

om
C

au
sa

ti
ve

F
au

lt
-

m
il

es
F

ig
ur

e
11

1-
4.

A
ve

ra
ge

V
al

ue
s

of
M

ax
im

um
A

cc
el

er
at

io
ns

in
Ro

ck
(r

ef
.

11
1-

8)



0
.9

.
I

I
I

I
I

I
I

I

lO
C

60
01

I
I

i
=
:
:
t
:
-
=
L
/
/
4
7
7
6
S
q
/
/
~
S
1

-
2

4
6

10
20

40

D
is

ta
nc

e
fro

m
C

au
sa

ti
ve

F
au

lt
-

m
il

es

O
.1

1
I
~
7

1
:;

.;;
V

;'>
x:

I
X
/
7
/
/
;
4
r
;
~

'<
1/

//
/2

)-
..

.
,

I

o.
21

p"
7

/7
/7

L
N

F
'(

,/
7

/7
f/

7
'/

-S
::

¥
7

/?
4

'9
'A

"
,
I

I

0.
81

V
/'"

..
I

I
I

I
I

I
I

0.
71

V
/
>
S
.
4
4
~

I
I

I
I

I
I

en
0

.6
s::

I
I

'«
/X

//
/
l
/
A
~
'
.
I

Ir
-

Pr
ob

ab
1e

U
pp

er
Bo

un
d

0 o
r- +-> co

0
.5

-
-

!.
-

O
J

r
- O
J

U U <:
t:

0.
4

.....
.

+:
>

E
.....

.
:J E o
r- ><

0
.3

co ::
f:

F
ig

ur
e

1
II

-5
.

R
an

ge
s

of
M

ax
im

um
A

cc
el

er
at

io
ns

in
Ro

ck
(r

ef
.

1I
I-

8)



Table III-l
Contingency Plan Ground ~1otions for Trans-Alaska Pipeline (ref. III-16)

Magnitude Acceleration Velocity Displacement
(g) (in/sec) (i n)

8.0 0.60 29 22

7.5 0.45 22 17

7.0 0.30 14 10

5.5 0.12 6 5
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and a displacement of 9.5 in. The acceleration is about 27 percent

higher and the displacement about 5 percent lower. The agreement for

the 5.5 magnitude earthquake is not as good. Although the proposals of

reference 111-14 are not in precise agreement with the design criteria

of reference 111-16) the agreement is far better than with reference

111-15.

Seismic design spectra for nuclear power plants are discussed in

reference 111-17. Spectra will be discussed in some detail in a later

paragraph) but of interest here are proposed maximum ground motions.

Without citing a specific earthquake magnitude) reference 111-17 notes

that for a 1 g ground acceleration in alluvium) the corresponding maxi

mum ground velocity is 48 in/sec and maximum displacement is 36 in. On

hard rock, the values are 28 in/sec and 12 in. Again comparing with

reference 111-14, and selecting a magnitude 8 earthquake) it is found

that 1 g corresponds to a range of 8 miles. The velocity and displace

ment at this range are 37 in/sec and 18 in) about 25 percent and 50 per

cent less than the alluvium proposals of reference 111-17.

Although the literature does not yield motion amplitude corre

lations universally agreed upon, the recently proposed correlation of

reference 111-14 and the proposed motion amplitudes of reference 111-16

and 111-17 are not grossly in disagreement. The results of these

separate investigators provide at least a trend toward the bounds on

strong motions which can be expected. The results of reference 111-15

predate these other three, are in significant disagreement with them)

and will not be considered further herein.
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Very little direct attention is given to vertical ground motions

in the existing literature. Usually vertical ground motion amplitudes

are related in magnitude to the horizontal component. Reference 111-4

notes that the vertical peak acceleration is 1/3 to 2/3 the horizontal

and usually has higher frequency components. With regard to response

spectra, reference 111-4 states that the vertical spectra values are

usually given as 1/2 and 2/3 the horizontal. Reference 111-17 gives

maximum vertical motion amplitudes of 2/3 g, 29 in/sec and 33 in for

alluvium and 2/3 g, 17 in/sec and 11 in for rock. These values are

66.6 percent (2/3), 60 percent and 29 percent the maximum horizontal

amplitudes.

e. Earthquake Ground Motion Durations

Reference 111-11 presents a correlation of ground motion duration

with earthquake magnitude for magnitudes greater than 5 which can be

written as

T = 11.2M-53

where

T = duration of strong ground shaking in seconds.

M= Richter magnitude

(III-g)

Equation 111-9 is restricted to regions very near the source and estimates

the duration of the strong shaking phase. Shaking of lesser intensity

will occur for a relatively long period of time.

Reference 111-18 provides an estimate of ground motion duration

given by
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T = 0.02eO. 47M + 0.3R

where R = range in kilometers

(111-10)

A recent statistical study of ground motion duration based upon

188 acceleration records is given in reference III-19. The authors

note that a major difficulty in studying duration is determining a

suitable definition of duration. Reference 111-19 selects a defi

nition based on themean-square integral of the motion (acceleration,

velocity or displacement) which is closely related to that part of the

strong motion which makes a significant contribution to the seismic

energy arriving at a point. The recommended correlation is

T = as + bM + c~ ± 0

where

T = duration in seconds

S = a site dependent constant

M= magnitude

~ = range in kilometers

o = one standard deviation

a,b,c = constants

(III-ll)

The site constant S is 0, 1 or 2 depending upon whether the site is soft

(alluvium), intermediate or hard (crystalline rock), respectively. The

constants a, band c and the standard deviation given in table 111-2, de

pend upon whether the acceleration, velocity, or displacement is being

considered. The correlations of reference 111-11, 111-18, and 111-19 are

compared for acceleration in figure 111-6. Comparisons with reference
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Table III-2

Coefficients for Estimates of Earthquake
Ground Motion Duration (ref. 111-19)

{acce1erati o~}
Duration velocity = as + bM + c~ ± 0;

displacement

Component a b c 0

Acceleration

Vertical -6.29 2.90 0.172 10.89

Horizontal -4.88 2.33 0.149 10.67

Ve1ocity

Vertical -6.51 4.50 0.100 12.13

Horizontal -5.60 3.55 0.141 12.16

Displacement

Vertical -5.82 5.32 0.0307 13.61

Horizontal -4.08 4.07 0.107 13.72
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111-19 results for velocity and displacement are similar. There does

not appear to be a consistent relation between the three sources at

all. It may be due to the lack of a consistent definition of duration

among the three sources. The results of reference 111-19 are the most

recent and are based on the analysis of a large amount of data; therefore,

rather arbitrarily, duration estimates, where required herein, wiTl be

based on reference 111-19 results.

f. Ground Motion Time Histories

There is no available method, empirical or otherwise, which allows

the predicti~n of an earthquake ground motion. However, a large number

of the s~rong motion accelerograms recorded in the United States have

been digitiz$d, corrected and integrated. These records and their in

tegrations ate given in plotted and print-out form in reference 111-20,

and are avai1able on punched cards or magnetic tape from the Earthquake

Engineering ~esearch Laboratory at the California Institute of Tech

nology. An ~xample of the available plotted ground motion data is

given in fig4re 111-7.

g. Respons~ Spectra

The frequency content of earthquake ground motions is usually an

alyzed and irlterpreted through the use of response spectra or Fourier

spectra. Re~ponse spectra are discussed here. Fourier spectra are

discussed in a later paragraph. A useful way of expressing the effect

of a ground motion on an engineering system, including the effects of

both amplituqe and frequency content is through the use of a response
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spectrum. The response spectrum concept is reviewed in detail below

because of its potential use in developing simulation criteria.

Response spectra give the maximum response of a single degree of

freedom system as a function of the frequency or period of the system.

Consider the single degree of freedom system shown in figure 1II-8 having

mass m, a linear spring of stiffness k, viscous damping c, and subjected

to a base motion. The equation of motion of the mass is

or

where

mU(t) + cu(t) + ku(t) = -my(t) (III-12)

(III-13)

y(t) = base displacement as a function of time

x(t) =absolute displacement of the mass

u(t) = relative displacement between the mass and
the base = x(t) -y (t).

s =2~ = damp~ng ratio or fraction of critical
m damplng

wn = Ik/m = undamped natural frequency

and a dot (.) above a variable indicates the usual differentiation with

respect to time.

For zero initial conditions equation 111-12 has the solution (e.g.

ref. II 1-21 )
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k

c

/

1_--.-. y(t)

u = x - y

Lx(t)

Figure 1II-8. Single Degree of Freedom System
Subjected to Base Motion

151



(III-14)u = (x - y) = -1 ft Y(T)e-Swn(t-T)sinw /f:S2 (t-T)dT
w~ 0 n
n

Successive differentiation of equation 111-14 with respect to time and

the use of the relation between absolute and relative acceleration lead

to the following expressions for relative velocity and absolute accel-

eration

(III-15)

x = w
n

(1-2S
2

) f t y(T)e-Swn(t-T)sinw~ (t-T)dT
v']:(3'2 0 n

+ 2w sjtY(T)e-SWn(t-T)cosw If:S2 (t-T)dT
non

(III-16)

The maximum values of u(t), u(t) and x(t) have important engineer-

ing significance and their values may be written as

S = Iu(t) Imaxd
S = Iu(t) Imax (III-l7)v
S = Ix(t) Imaxa

Anyone of the quantities S , S , or Sd can be computed as a function
a v

of the natural frequency or period and damping of the system for any

given base motion. and plotted as a function of frequency or period.

The resulting curves are known as the maximum relative displacement
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spectrum, relative velocity spectrum or absolute acceleration spectrum. de

pending upon the quantity plotted. Anyone of the individual spectra is

commonly called a response spectrum. An example relative velocity spectrum

(ref. IlI-22) is shown in figure 111-9. Also shown in figure 111-9 is the

Fourier amplitude spectrum whose relation to the relative velocity spectrum

is discussed later. In the blast response community, the response spectrum

is often called a shock spectrum and often the terms response spectra or

shock spectra are used to refer to all or any of the individual spectra.

All three spectra have uses. The relative velocity spectrum has

good definition at both high and low values of frequency while the rela

tive displacement and acceleration spectra become obscured due to the fre

quency or period multipliers in equations 111-14 and 111-16. The maxi

mum relative velocity gives a direct measure of the maximum energy per

unit mass in the system. The relative displacement spectrum is impor

tant because it is directly related to system strain. The absolute

acceleration spectrum is important because it is directly proportional

to the seismic coefficient or lateral force coefficient commonly used

in building codes, i.e., if

F :: CWmax

where

Fmax :: the maximum force on the mass

W:: weight of the mass

C :: seismic coefficient

then
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c =1 (w S)= 1 (21T S)
g n v g \1 v

where g = acceleration due to gravity

(II1-19)

and the term in parenthesis is the maximum absolute acceleration of

the system.

For small damping (13 less than about 0.2), If:S2 ~ 1 and equation

111-14 can be simplified to

(II1-20)

and ignoring terms in 13 and 13 2
, equations 1II-15 and TII-16 can be

simpl Hied to

u = (II 1-21)

t
x = w f Y(T)e-Swn(t-T)sinw If=S2 (t-T)dT

n n
o

(1II-22)

A comparison of equations 111-20 and 111-22 indicates that the same

integral appears in both expressions and, therefore, there is a unique

relationship between the relative displacement and absolute acceleration.

spectra for small damping, namely

(III-23)

where Spa = pseudo-acceleration which is usually very close to the

absolute acceleration (ref. 111-6).
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It would be convenient to have a unique relation joining the three

parameters Sa' Sv' and Sd under small damping conditions. If the cosine

function under the integral in equation 111-21 is replaced with the sine

function then the maximum value of equation 111-21 is called the pseudo

velocity, Spv' and is related to Spa and Sd by

__1 S = S =w S
wn pa pv n d (111-24)

The parameters Spa' Spv' and Sd are sometimes expressed as A, V, and

D. Reference 111-4 notes that Spv and Sv do not differ much for most

earthquakes, although they can be significantly different when the

system period is much longer than the duration of the earthquake.

Because of the convenient relation between the spectra expressed

by equation 111-24, Spa' Spv' and Sd can be displayed together on a tri

partite logarithmic plot as, for example, is shown in figure 111-10. So

long as one is careful in interpreting the pseudo-velocity, i.e., it is

applied under conditions where Sv ~ spv' the tripartite plot provides

the pertinent peak parameters of maximum relative displacement, re1a-

tive velocity and absolute acceleration on a single plot.

Reference 111-23 lists several useful features of the response

spectra, in spite of its definition in terms of a single degree of

freedom system, including:

(1) The effect of system damping in limiting the dynamic stresses

in a system is often apparent from the response spectrum. Undamped

spectra for earthquakes often show irregular peaks suggesting dominant

periods in the input and large responses for certain system periods. How-

ever, small amounts of damping, as illustrated in figures 111-9 and 111-10,
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Imperial Valley Earthquake May 18, 1940 - 2037 PST
El Centro Site Imperial Valley Irrigation District Component SOGE

Damping Values are 0, 2, 5, 10 and 20 Percent of Critical
400 r--1r---r-....,.-..,.----,.--""r"""....,.......,.......,.----,--....,.--r--,....,.---r---,

20

u
<IJ
Vl-s:::....
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u
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Period (sees)
Figure III-10. Example Tripartite Logarithmic Response Spectra Plot

(ref. 1II-22)
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removes most of the peaks. Reference 111-23 notes that damped response

spectra for a number of earthquakes indicate that there are no dominant

periods as far as most structures with some damping are concerned.

(2) Response spectra can provide an upper bound to response for

multi-degree of freedom systems which can be decoupled into a series of

single degree of freedom systems. The method is described in several

available references, reference 111-24 for example.

(3) Many complex structures behave as single degree of freedom

systems under some circumstances, and the response spectra can be ap-

plied directly.

(4) The response spectra gives the energy input into the system

directly.

Response spectra for a large number of recorded earthquake ground
.

motions are available in reference 111-22. Many of these spectra have

been analyzed statistically and the results are summarized in reference

111-17. The authors considered various partitions of the available

data in terms of geologic conditions, motion intensity and other vari

ables, but could not draw statistically significant inferences. They

recommend horizontal spectra on alluvium type soil based upon computed

mean spectra plus one standard deviation, which corresponds to a prob

ability of 84.1 percent that the spectra will not be exceeded. The

recommended amplification factors are given in table II1-3 for specified

design spectrum frequency control points. The amplication factors are

applied to a ground motion peak displacement of 36 1n and a peak ac

celeration of 1 g. The corresponding peak ground velocity is 48 in/sec.

The design spectra obtained from the recommendations are shown in figure

III-ll.
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Table 111-3
Recommended Amplification Factors for

Design Spectrum Control Points (Ref. 111-17)

AMPLIFICATION FACTORS FOR CONTROL POINTS
Acce1eration* Di sp1acement-.l

Damping,
percentage critical A (33 Hz) B (9 Hz) C (2.5 Hz) D (0.25 HZ)

(1 ) (2) (3) (4) (5)

0.5 1.0 4.96 5.95 3.20
2.0 1.0 3.54 4.25 2.50
5.0 1.0 2.61 3.13 2.05
7.0 1.0 2.27 2.72 1.88

10.0 1.0 1.90 2.28 1. 70

* Maximum ground displacement is taken proportional to maximum ground accel
eration and is 36 in. (910 mm) for ground acceleration of 1.0 g.
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Figure III-ll. Design Spectra for Various Damping Factors
(ref. III-17)
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The recorrmended vertical response spectrum is obtained by taking

two-thirds of the horizontal design spectrum from very low frequencies

through points D (0.25 Hz) and C (2.5 Hz) as illustrated for 2 percent

damping in figure III-12. The corresponding control points on the vertical

spectrum are 0' and C1
• The line D'-C' is extended to point C, where

the vertical design spectrum becomes equal to the horizontal spectrum.

At point A the vertical spectrum deviates again and merges into the

estimated peak ,vertical ground acceleration at about 50 Hz.

h. Fourier Spectra

The Fourier amplitude spectrum is a convenient way of exhibiting

the frequency content of any function of time such as a measured ground

motion. In addition, the complete Fourier spectrum (both amplitude and

phase) can be used in relating input excitation to system response for

linear systems.

The Fourier transform of an acceleration time history with a dura

tion T is defined by

(III-25)

The Fourier amplitude spectrum is given by the square-root of the sum

of the squares of the real and imaginary parts of F(w), i.e.

(III-26)

The peaks in the Fourier amplitude spectrum represent periods or

frequencies at which relatively large amounts of energy are contained
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in the ground motion. Reference 111-25 presents Fourier amplitude

spectra for a large number of recorded ground motions, as well as

recorded motions at other positions within structures. These latter

spectra are included because the basement spectra and the spectra from

other locations in the structure can be used to obtain information on the

transfer functions in the structure. Figure 111-13 provides an example

Fourier amplitude spectrum determined for one of the horizontal

acceleration components measured at El Centro during the Imperial Valley

earthquake of May 18, 1940.

There is a relation between the Fourier amplitude spectra and the

exact relative velocity response spectra for an undamped (S=O) single

degree of freedom system. The exact relative velocity with S=O follows

from equation 111-17 as

Equation 111-27 can be expanded to

u(t) = - cOSw tf t y(T)COSW TdT - sinw tft y(T)sinw TdT
n n n n

o 0

which from the definition of Sv is

Sv = 1;,( t) I~ax = [ ([tm
•
x
y( T)COSWnTdT)' +

o

(III-27)

(III-28)

where t = the time at which maximum response occurs. A comparison of
max

equations 111-26 and 111-29 indicates that they are th€ same except that the

Fourier amplitude spectrum results from the integration over the entire

duration of the motion while the relative velocity response spectrum

for S=O results from the integration up to time of maximum response.
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As a result, the shape of the two spectra are similar (fig. III~9). If

t max coincides with T the two spectra are identical. In general, how-

ever, t is less than T and the undamped relative velocity responsemax
spectrum is always greater than the Fourier amplitude spectrum (ref.

111-25).

3. DEVELOPMENT OF SIMULATION CRITERIA

The previous paragraphs provide a description of the state of knowl

edge of characteristics of prototype earthquake environments. The char

acteristics and their amplitude bounds provide a partial basis against

which high explosive test methods can be compared to partially evalu-

ate their suitability as a simulation method. It remains, however, to

evaluate the response characteristics of engineering systems and their

effect on simulation requirements.

The important characteristics of earthquakes in terms of structural

response and criteria for a good simulation are not clearly stated nor

universally agreed upon in the existing literature. Ma"ny American en

gineers and most U.S. design codes focus on peak acceleration as a base

line parameter. Housner (ref. 111-26) suggests that the greatest area

of acceleration pulse (a velocity measure) is a more significant para

meter than peak acceleration by itself. Cloud and Perez (ref. 111-27)

consider the time duration above some acceleration level a more impor-

tant duration criterion for response than simply total duration. Russian

structural design criteria (ref. 111-28) are based upon peak particle

velocity, in agreement with Housner, but the effect of duration and

number of cycles of motion are also considered important (ref. 111-29).
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Watabe (ref. III-3D) suggests that the motions given in table 111-4 are

credible earthquake motion bounds but that shake table simulators must

be capable of producing somewhat different motions because of similitude

requirements, the need to determine structural dynamic characteristics,

and physical limits on displacements which can be achieved.

Sozen (ref. 111-31) suggests that in simulation it is not necessary

to reproduce a precise acceleration time history, but demonstration

that model response is similar to prototype response is the most im

portant factor. He also considers response spectra, but notes that

response spectra are rather insensitive to many time history details.

It is believed that Sozen1s approach is a reasonable one. It is pro

posed, therefore, that simulation criteria be developed around the sys

tem response concept.

In the prototype situation, the ground shock environment created at

a point in the ground will be determined by the incoming wave or waves,

the stresses associated with these waves, and the motions which are

generated by the waves through the inelastic interactions between the

stresses and the media material properties. The response of a structure

to this environment will be governed by the structure characteristics

(mass, mass moment of inertia, size and shape, stiffnesses, interface

conditions, etc.), and the inelastic interaction between the structure

and the surrounding media. At one extreme, simulation criteria could

require that the simulated environment contain a precise duplication of

the prototype waves, and their stress and motion time histories.

This would insure precise duplication of structure response for a full

size prototype structure.
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Table III-4

Suggested Bounds for Earthquake Motions (ref. III-3D)

Acceleration Velocity Displacement* Frequency
. (g IS) (ft/sec) (inches) (Hz)

0.1 to 1.5 0.2 to 4 0.01 to 200 0.1 to 20

* Displacements approaching the upper limit of Watabe1s bounds are
possible in the immediate vicinity of surface faulting. The simu
lation of such faulting, however, would require special treatment
not intended to be addressed in this program.
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Such a severe criteria specification would be economically impracti

cal and technically difficult to achieve. Indeed, it is inconsistent

with the state-of-knowledge of the prototype environment and understand

ing of the inelastic interactions which occur. A more realistic approach

is to consider the type of structure, its dynamic characteristics,

anticipated response in the prototype environment and the major uncer

tainities in the anticipated response. Simulation criteria should then

be specified to insure similar response in the simulation, especially

exercise of the structure in such a way that the major uncertainties

can be evaulated.

The criteria will probably vary from structure to structure and

may include any or all of the following:

a. Wave Types (P, SV, SH or R)

b: Stress-time history associated with the waves

c. Motion-time history at a point or points

d. Some level and type of response in the structure.

The wave types and associated stresses might be important for under

ground or partially buried structures which are loaded directly by the

waves. The stress fields associated with various wave types differ and

the stress fields may be important for evaluation of the structural in

tegrity of systems loaded by the stresses. Another aspect of wave type

relates to the propagation velocity of the different waves. Some aspects

of the response of systems which are long (i.e., bridges, tunnels, dams)

may be affected by the transit time of the wave across the structure

and phase differences in the ground motion along the structure length.
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For structures in which the stress system is not of major impor

tance, i.e., where the structural strength is sufficient to withstand

the incident stresses regardless of their distribution and type, then

the specification of a motion time history at a point in the ground may

be a sufficient criteria for simulation. This would normally be the

case where the ground motion excites structure base motion which in

turn excites motion and stresses in other parts of the structure not

directly loaded by the incident waves (internal or above-ground com

ponents). This is a common problem in seismic design and is the one

which most design codes treat for above-ground structures. Figure III-14

illustrates the idealized generation of the same horizontal motion time

history at the ground surface from two different wave types. The P-

wave illustrated travels horizontally and contains a high horizontal

stress component while the S-wave travels vertically and contains no

horizontal or vertical stress component. For properly selected P and

S wave stress amplitudes, the two waves can produce exactly the same

horizontal motion time history. The illustration shows that if only

motion time history at a point is of interest there is a wide range of

wave types or combinations which can be used to produce it. It is

interesting to note that the use of shake tables is implicitly founded

on this principle in that the motion of the table is created by mecha

nismswhich do not contain the wave characteristics which are present in

earthquakes. Shake tables also contain a more severe restriction com

pared to the use of some other kind 9f wave excitation because they effec

tively eliminate interaction between the structure and the shaking

source.
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The least restrictive simulation criteria in terms of defining the

waves, stresses, or ground motions is the use of some structural response

parameter or parameters as a measure of simulation. Normally, a designer

or analyst is interested in the behavior of various critical members

or locations in a structure. The behavior of interest, which determines

whether the structure or some internal component is safe, may be defined

by some level of stress, strain, displacement, velocity or acceleration

at the location of interest. Strain, for example, may be of interest

in a problem of structural integrity or if one is interested in the in

elastic interaction between the foundation soil and the structure. Rel

ative displacement between an internal component and its attachment

points may be of interest in a shock isolation problem. Acceleration

may be a major concern in evaluating the behavior of electrical or

electronic components, such as relays and servo-control systems. What

ever the parameter of interest, it is the level and type of response

which is important rather than the specific details of the excitation

causing the response. The response spectrum discussed in detail pre

viously is a convenient tool for relating the characteristics of an

input excitation to the response of a system. Although it is defined

in terms of a single degree of freedom system, it can be used to esti

mate response of multi-degree of freedom systems under some circumstances

and, in addition, many systems can be approximated as single degree

of freedom systems. It is believed that the use of a response spectrum

is a reasonable and practical approach to defining simulation criteria

for a large number of earthquake problems.

Consider the idealized response spectra shown in figure 111-15. The
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spectra designated "prototype" are estimated,spectra for 1 9 and 1/2 g

magnitude 8 earthquakes using the base ground motions of reference III-14

(fig. III-l) and the spectral amplification factors for 0.5 percent damp

ing of reference III-17 (table III-3). The spectra designated "explo

sive ground motion" are credible spectra from hypothetical (but un

specified) ground motion experiments. The fact that the "explosive"

spectra are shifted to the right relative to the earthquake spectra is

a manifestation of the higher frequency content and higher accelerations

of the explosive ground motion. The estimation of spectra from actual

explosive ground motions is addressed in a later section.

Suppose that a 2.0 Hz lightly damped system were of interest.

Its peak responses to the 1 g and 1/2 g earthquakes are represented

by the circled points on the "prototype" spectra. The spectrum for

"explosive ground motion No.1" passes nearly through the same point

and, therefore, the peak response of the system would be about the

same as in the 1 g earthquake in spite of the higher frequency content

and higher acceleration of the high explosTve experiment.

The response of the system to "ground motion No.2" would be about

65 percent that of the 1 g earthquake, but about 22 percent higher

than that of the 1/2 9 earthquake. Depending upon the objective of

the experiment, these results might also be satisfactory for inter

preting system response.

If the system of interest has multiple frequencies of importance

to the overall response, then matching the prototype spectrum at a single

point will probably not be satisfactory. The wider the range over
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which the system frequencies extend, the wider the range over which the

lIground motion" spectrum would be required to approximate the prototype

spectrum. This same comment applies if there is an uncertainty range

in the fundamental frequency for a single degree of freedom system.

The use of scaled models changes the required simulation require

ments. Suppose, for example, that a l/lOth scale of the 2.0 Hz system

were to be evaluated. In scaling, assume that the construction materials

remain the same and that all linear dimensions in the model are taken as

l/lOth those of the protoype system. The resulting natural frequency

of the model system would then be 20 Hz or

where

f = frequency

A= geometric scale factor

f
f =.J?.m A (III-3D)

and the subscripts m and p refer to model and prototype, respectively.

A perfectly scaled model response would have a peak relative dis

placement of l/lOth the prototype, a peak relative velocity equal to

that of the prototype and a peak acceleration 10 times that of the

prototype or

0
Om =.J?. (III-3l)A

V = V (III-32)m p

Am = AA (III-33)p

where 0, V, and A are spectral values of relative displacement, rela-
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tive velocity and absolute acceleration. This type of scaling is some

times called velocity scaling because velocities in the model and proto

type at similar (i.e., scaled) times are the same.

In order to achieve perfectly scaled response in an experiment t it

is necessary to also scale the input excitation. Figure 111-16 shows the

1 9 prototype spectrum of figure 111-15 and a perfectly scaled l/lOth scale

spectrum of the 1 g prototype. It can be seen in figure 111-16 that the

model system (20 Hz) has a response to the scaled environment which is re

lated to the prototype system (2 Hz) response in the prototype environment

by equations 111-31 through 111-33. It can also be seen. that the model re-

sponse to IIground motion No. 111 is only about 50 percent that of the

model in the scaled prototype environment. Indeed, the accelerations

and frequencies in the ground motion environment are too low compared

to what would be required for a good simulation of the scaled prototype

environment. It is clear that the specification of simulation criteria

must account for the system dynamic characteristics, including scaling

if smaller models are to be tested, and the effect of the system char

acteristics upon those aspects of the prototype environment which govern

the response.

4. CONCLUSIONS

This section has described various factors which must be considered

in establishing simulation criteria which an experimental method must

meet to provide reasonable insight into earthquake ground motion effects

on engineering systems. The two primary aspects of the problem are

a. Earthquake environment characteristics

b. System characteristics
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The state-of-the-art in understanding earthquake phenomena and for

predicting soil stress and motion in a particular location is relatively

poor. However, there is sufficient data from past earthquakes so that

estimates of peak motion amplitudes and, importantly, shock spectra are

possible.

Simulation criteria should be specified in relation to the system

of interest. If belowground stresses are important then simulations may

be required to reproduce specific earthquake waves and their associated

stress fields. If only the ground motion is important then there is

flexibility in the methods that can be used to create the ground motion.

If the study of basic phenomena, e.g. inelastic soil-structure inter

action, is of interest, then a sufficient simulation specification may

simply be the development of large soil strains so that the phenomena

can be investigated and tested against theory.

In many instances, it appears that a good method for evaluating

(and, inversely, designing) the ground motion is through the use of

response spectra. If a ground motion produces system response at

levels similar to those produced by an earthquake, then the specific

details of the motion are important only to the extent that they in

fluence the response spectrum. If modeling is used in simulation experi

ments, appropriate scaling of both the system and the input environment

is required.
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SECTION IV
ANALYSIS OF DATA

1. INTRODUCTION

Simulation environments will be created by explosive charges in

various arrays and. perhaps, in combination with various enhancement tech

niques. The basic charge configurations are spherical, cylindrical

and planar (see figure IV-l) and enhancement techniques may include:

a. Increasing the size of the region affected by using multiple

charges in two-dimensional arrays

b. Employing explosives with longer burn times

c. Decoupling explosives by detonating in drums or cavities

d. Focusing energy into a specific region using special arrays

e. Lengthening motion duration in a specific region by sequential

firing of charges

f. Emplacement of barriers or trenches in the media to obtain re

flections or refractions which tailor the motions or increase durations.

The selection of a charge configuration and appropriate enhance

ment technique will be dependent upon the simulation criteria for a

particular engineering system of interest. Parameters which must be

considered include motion amplitudes, frequency content and duration.

perhaps as they influence response spectra. as well as the physical

dimensions of the structure or desired test area. For example. it is

expected that for large structures or where several structures will be
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tested in the same experiment, a large experimental area with relatively

uniform motions would be desired. A planar array whose linear dimen

sion is dependent upon the desired width of the test area may provide

an appropriate test geometry for this case.

Available data on the effects of single charges, as well as some

of the potential enhancement techniques, have been outlined in Section

II. In this section, the data are presented and analyzed to validate

or establish scaling laws and to allow identification of data base de

ficiencies which must be reconciled to allow simulation design with rea

sonable confidence. First, the importance of dimensional analysi~ and

the applicable scaling laws are presented. Then, spherical, cylindri

cal and planar data are analyzed to determine their agreement with the

scaling laws. Data on enhancement techniques are considered last.

Finally, the deficiencies in the data base are described. These de

ficiencies define the objectives of the numerical calculations presented

in Section V.

The analysis in this section concentrates on dry granular mate

rials since most of the available experimental data were taken in these

materials and, further, dry alluvial sites are likely candidates for

initial simulation experiments. However, some. attention is given to

scaling terms which account for some of the effects of different mate

rials. These terms can form the basis of the extension of this work

to other types of materials.

2. DIMENSIONAL ANALYSIS CONSIDERATIONS

In a large number of physical problems, the phenomena are so
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complex that mathematical formulation of the equations for the phenomena

is extremely difficult. This is especially true of dynamic problems

involving explosive sources in inelastic media. In these cases, it is

common practice to evaluate the phenomena experimentally and develop

empirical relations from measured response data.

Whether a theoretical or an experimental approach is taken to a

problem, the initial steps in the analysis must be, first, a qualita

tive evaluation of the phenomena and, second, identification of the im

portant physical parameters which control the phenomena. The two ap

proaches depart at this point. The theoretical approach attempts to

develop a mathematical model for the problem which will lead to the

mathematical relations between the parameters, while the experimental

approach attempts to establish the relations by means of experiments in

which the governing parameters are varied in a reasonable way.

Experiments are expensive, and it is important to keep the experi

ment size and the number of parameter variations to a minimum. Further,

it is important to have a uniform guide for "scaling fl and evaluating ex

perimental results from different experiments so that empirical rela

tions among the parameters can be developed. A useful tool in perform

ing these functions is dimensional analysis. The fundamentals of dimen

sional analysis are described in a number of references (e.g., refs.

IV-l, IV-2 and IV-3). Some of the basic results are reviewed herein and

used to develop consistent scaling parameters for various high explosive

configurations.

In general, most of the parameters that are dealt with in physical
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sciences depend in magnitude upon the scale used to measure them, and

are called dimensional quantities. Non-dimensional quantities are in-

dependent of the system of measurement. The establishment of units for

three physical quantities is ordinarily enough to define the units for

any other physical quantity. Mass, length and time or force, length

and time* are convenient units usually selected and they are called fun

damental or primary units. Other units, for example velocity, may be

derived from the fundamental units and these are called derived or sec-

ondary units. If force, length and time are selected as fundamental

units, the associated dimensions can be written

dimension of force ~ [F]

dimensions of length ~ [L]

dimensions of time ~ [T]

(IV-l)

dwhere = indicates dimensional equivalence and the brackets [] indicate

the dimensions of the quantity. The dimensions of any physical quan

tity can be written as a monomial power of the three fundamental units

or

(IV-2)

where a, band c are exponents. If the quantity is dimensionless then

a=b=c=O.

Physical laws are functional relations between the parameters

which define the phenomena. Since the phenomena are independent of the

system of measurement, the functional relations must be independent of

* In thermodynamic problems a fourth unit, perhaps temperature. is also
necessary.
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the systems of measurement. Hence, if the relation between the physical

parameters governing a particular phenomena is

f(A I , A2 , A3 , ••••• ,An) = 0

then

(IV-3)

(IV-4)

Equation IV-4 is a statement of dimensional homogeneity and states that

the most general term in equation IV-3 must be dimensionless.

Since the functional relation must be independent of the system

of units, equation IV-3 can be written as

(IV-5)

where IT I , IT 2 , •••• IT are dimensionless quantities and are functions ofm
the original parameters. Buckingham's Pi theorem (ref. IV-4) states

that if equation IV-3 is complete, then the TI terms of equation IV-5 are

independent products of the original parameters Al through An' are

dimensionless in the fundamental dimensions, and that the number of terms

in the solution m, is less than the original number of terms, n, by

a factor, k, where k usually equals the number of fundamental dimen-

sions, i.e., m = n - k. A proof for the theorem Js given in reference

IV -1.

If the number of fundamental dimensions is 3 (e.g., F, L, T) then

the general relation (Eq. IV-5) usually contains 3 terms less than the

original relation (Eq. IV-3). This simplification, as well as the formu-

lation of the non-dimensional IT terms, are the main advantage which
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dimensional analysis lends to the analysis of a physical problem. If

the number of fundamental dimensions equals the number of physical param

eters with independent dimensions which govern a phenomena, then the

relations will be completely determined to within a constant factor

by dimensional analysis (ref. IV-l); i.e., if n - 1 = k, it will only

be possible to form a single non-dimensional IT-term from the parameters

and the functional relations for k = 3 can be written

or

(IV-6)

(IV-7)

where the exponents are determined by the dimensions of A1 and C must

come from theory or experiment. In the most general case, however,

dimensional analysis does not yield the functional relation. It must

be determined from experiment.

In formulating a dimensional analysis, it is necessary to include

all the parameters which may control the phenomena even if they are

constant. The derivation of the dimensionless IT-terms may then be de

termined in any number of ways. Inspection is one approach, but the

use of the statement of dimensional homogeneity (Eq. IV-4 provides a

systematic approach).

Consider, as an example, the case of a spherical explosion in a

homogeneous elastic soil. The parameters listed in table IV-l are common

ly considered important in governing the phenomena (e.g., ref. IV-5).

Dimensions of force, length and time are taken as fundamental.
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Table IV-l

Some Parameters Determining Explosion Phenomena From a
Spherical Source in an Elastic Soil

Parameter Symbol Dimensions

l. Dependent
Peak Soil Stress a F/L 2

Peak Particle Acceleration a L/T 2

Peak Particle Velocity v LIT
Peak Displacement d L
Various Characteristic Times t T

2. Independent
Explosive Energy E FL
Range R L
Soil Density p FT 2 /L
Dilatational Wave Speed C LIT
Poisson1s Ratio v --

The equations relating the dependent and independent parameters are

a=fdE o, R, p, C, v) (a)

a = f 2 (E o, R, p, C, v) (b)

v = f 3 (E o, R, p, C, v) (c) (IV-8)

d = f 4 (E o, R, p, C, v) (d)

t = fs(E o, R, p, C, v) (e)

The dimensional homogeneity of equation IV-8(a) can be expressed

so that

(IV-g)

(IV-10)

where the term involving v has been eli~inated fro~ equation IV-10 since

it is already dimensionless and is, therefore, a IT-term. Equation IV-10
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leads to the following relations involving the exponents.

o ::: al + az + ai+ (a)

0 ::: -2al + az + a3 - 4.ai+ + as (b) (IV-ll)

0 ::: 2ai+ - as (c)

Equation IV-ll may be solved in terms of a2 and a4 to give

(IV-12)

or rearranging

(IV-13)

The terms in brackets are dimensionless and a complete set of IT-terms

is therefore

IT l
_ Eo (a)- crR 3

TIz
::: pe z

(b) (IV-14)cr

IT 3 ::: \) (c)

IT-terms can be multiplied, inverted, squared, or rooted to form new

groups of IT-terms. It is convenient to have terms which separate the

dependent and independent variables and which are physically meaningful.

A new set of IT-terms can be developed as

IT l ::: _1 ::: ~
IT z pC

ITz ::: (~l . TIz) } :::
IT 3 ::: \)
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so that non-dimensional relationship for peak stress can be written

(IV-16)

By similar application of the method illustrated above, the relationships

for'the other variables can be shown to be

aEo t
= ~eC2 )j-R v)1 f z 1

(pCB )"r EaT

':!...= epC2 )j-R v)f 3 . 1
C EoT

1 f{( PC2 1j-R v)(pCZ)Td
=1

EaT EaT

1 .epC2 )j-R ,v)(pCS)Tt =
1 f s 1
T Eo T

Eo

(a)

(b)

(IV-17)

(c)

(d)

It can be seen that the relations previously expressed in equation IV-8

in terms of five independent variables are now expressed in terms of

two independent variables. It is important to note that the relations

involve three variables and, therefore, the functions must be considered

in three-space.

A major advantage of equations IV-17 is that they immediately show

how the variables should be scaled to determine if experimental data fit

the proposed scaling. Range, for example, should be scaled by the in-

verse of the cube of energy or yield and, for experiments in different

materials, by the cube root of the constrained modulus of the material.

Cube root of yield scaling is common, but the material terms are not

normally included. It should be noted that range scaling in ground

motion literature usually considers charge size in units of weight rather

190

'.



than energy. Since weight is proportional to chemical energy release

for a given type of explosive, the scaling is equivalent, but the range

term is no longer non-dimensional. Reference IV-5 has applied this

form of scaling to nuclear underground test data in various rocks. The

agreement for rocks with widely different seismic velocities (e.g., Tuff

vs Granite) is not good and, therefore, it is not clear that the pro

posed scaling is complete. These relations have been applied to

Mole data in different materials and to cylindrical calculations for dif

ferent elastic materials and have been found inadequate.

In an earlier paragraph it was stated that it is necessary to in

clude all physical parameters which influence the phenomena, even if

they are constant. It is possible that the total energy, Eo, may not

be sufficient to completely characterize the source. For example, the

peak pressure at the source may be an important parameter. As an illus-

tration, consider an explosive source which at detonation is instantan-

eously converted to an ideal gas which contains the energy of the ex

plosion as internal energy. The source characteristics can be completely

categorized by the total mass of explosive, W, the internal energy per

unit mass, So, the initial density, p , and the ratio of specific heats,o

Yr' The peak pressure of such an ideal gas source is

p = (y - l)posoo r (IV-18)

The total explosive energy used to derive equations IV-16 is simple soW.

If Po is included in the dimensional analysis then an additional

IT-term
(IV-19)
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must be added to the relations expressed by equations IV-16. The re

lations between the dependent and independent parameters can then be

written

~ p . v)a _ pC z + 0
pCt - f 1 R( E;- ) , -per , (a)

( )( P v)a E t_ f&.: t 0cz- ~ - f 1 R (Eo) , per , (b)

v _ ( (PC Z
) + Po v) (c) (IV-20)f- f z R E;- , pC t ,

d(f)+= f,(R (f)+, P v)0 (d)pC t ~

Ct(~;2) t= f s (R (~;Z) +,
P v)0 (e)per ,

Recombination of IT-terms can yield an alternate set of relations

f, (R(:~Y p v)a _ 0 (a)p- pC z ,
0

(~)+= f, (R(::t P v)a 0 (b)cz- ' per ,

pCv _ (R(:;y P v)f 3
0 (c) (IV-21)-p- - per ,

0

(P t ((P Y P v)d \ E~ =f 4 R E~
0 (d), PET ~

C)+ (C)+ p
v)Ct E~ = f s R E~

0 (e), per ,

There are many other possible formulations, all correct so long as six

independent IT-terms are included.

A comparison of equations IV-20 and IV-2l indicates that there is no

unique way of scaling range or the dependent variables~ as was the case
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in equations IV-l? when only a limited source description was included.

The functional relationships are multi-variate. They cannot be reduced

to two-dimensions ~ as is often attempted when scaled response parameters

are plotted versus some form of scaled range on log-log paper. Even if

the explosive type is the same from event to event (i.e.~ Po is constant),

the relations remain multi-variate.

To the authors' knowledge, the scaling relations expressed by equa-.
tions IV-20 or IV-21 have not been tested against data. However, it is

believed that they should form the basis for extensions of the results

herein to new materials. Although actual explosives will not behave

as ideal gases, a physical source parameter similar to Po is expected

to be important. Therefore, terms involving Po' p and C are expected

to be present in the relations.

For completeness, a corresponding set of relations for cylindrical

geometry are

(IV-22 )

(d)

(e)

(c)

(b)

(a)v)

v)

, :~" v)
p \

, p~2' 'J)
P \
p~z , 'J)

p
a

, pCz ,

Po
, pC2 ,fl~(P~t

f,0(Pol
cr

Po =

d(P~l. f "~(P~t

Ct(p~)} · f 5~(P~)} ,
where y is the lineal energy density and has units FL/L or F. The
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relations for a planar charge are

p: = f, 0(~) Po v), per ,

a (~J =f2~(P~) Po v)CZ , pe Z ,

~ = f,~(~~) Po v)Po ' pcz ,

d(P~) = f40(P~) Po ,v), pcz

Ct(P~) f5~(P ~) Po ,v)= , pC 2.

(a)

(b)

(c) (IV-23)

(d)

(e)

where a is the areal energy density and has units FL/L2. or F/L.

The data analysis presented in the following is concerned with a

common material, dry granular alluvial type soil. In the same material,

the scaling relations for the spherical, cylindrical and planar geom-

etries are simplified considerably and reduce to

cr = FlY(~) (a)

a·Y = F2Y(~) (b)

v = F3Y(~) (c) (IV-24 )

d F4Y(~) (d)y=

t _
F5Y(~) (e)y-

1 1

where Y is Wr , yZ , or a depending on whether the geometry is spheri-

cal, cylindrical, or planar, respectively; and Fiy (i = 1, ... ,5)
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indicates the relationships are dimensional and dependent on the parameter

being considered and the geometry.

In actual problems, there will be many other variables which may

be important. Examples are the depth of the charge below the free

surface, the finite length of cylindrical or planar charges, the depth

to the target point location, material nonlinearity, material strength

and gravity. Inclusion of these terms in the dimensional analysis is

straightforward, but there is generally insufficient material property

data or experimental data or both to allow evaluation of their impor

tance. The relations given in equation IV-24 are the basis for most of

the work herein. Other considerations are introduced as required in

analysis and/or justified by available data.

3. DATA FROM SPHERICAL EXPLOSIONS

A large base of data from spherical explosions in dry granular media

is available from various experiments at Nevada Test Site. Relatively

deep burial is of interest for simulation applications, and suitable

data is available from the Mole 200 and 400 series, JANGLE HE-3 and

TEAPOT E5S. The tests have been reviewed in Section II, and the data

is available in reference IV-6.

Horizontal accelerations, velocities and displacements in the Mole
1

200 and 400 series for scaled depths of burst greater than 0.5 ft/lb3 are

plotted in figures IV-2, IV-3 and IV-4, respectively. The material at

the 200 and 400 series sites has been considered the same and, therefore,

data from both series have been plotted together. It can be seen in

figures IV-2 and IV-3 that the data from the two series scatter together;
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hence, the assumption of a common material, at least for acceleration

and velocity, has some justification in the data. The displacement data

of figure IV-4, however, seems to separate with the 400 series events

yielding higher displacements. Measured wave speeds averaged 3600 ftl

sec in the 200 series and 2900 ft/sec in the 400 series, indicating the

400 series site was less stiff than the 200 series site. The differ-

ence is apparently reflected mostly in the displacement data. Since the

wave speed difference was not known prior to the tests and since the dif

ference in the magnitude (about a factor 2) seems too large to be ac

counted for simply by the difference in wave speeds (a factor of 1.2),

the data from both series are treated as a group. The scatter intro

duced is no greater than has been observed in single well instrumented

experiments.

With the assumption stated above, the Mole 200 and 400 series data

in dry gravel-sand can be represented by

1
6000 ( ;-)_3.3a·~iT= ± a factor of 3.3

~jT

v = 80\~t2'6 ± a factor of 1.6

d 1.45 ( ;-)-2, ~ ± a factor of 2.1--.r =
W'T W'T

(a)

(b) (IV-25)

(c)

where

a = acceleration in gls

v = velocity in ftlsec

d = displacement in inches

R = range in feet

W= charge weight in lbs of TNT
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The decay exponents show that accelerations decay most rapidly

with range; velocities and displacement follow, in that order. How-

ever, the decay difference between the velocities and displacements may

not be significant within the scatter of the data. There is a tendency

for the acceleration data to decay at a reduced slope beyond a scaled

range of about 6. There is insufficient data to define the decay slope

with any confidence and, hence, the dashed-line in figure IV-2 with a slope
I

of -1.6 is shown with question marks. The reduction in slope suggests

that the peak stress beyond this range is approaching an elastic condi-

tion. Measurements suggest an average seismic wave speed in the mater-

ial of 3600 ft/sec and a unit weight of 100 lbs/ft 3 (see Section II).

The particle velocity at a scaled range of 6 is about 0.75 ft/sec. If

the behavior is near-elastic, radial stress at the range can be estimated

where

o = stress

p =mass density

C = seismic velocity

v = particle velocity

o = pCv (IV-26)

Substitution of the appropriate parameters suggest the radial stress at

a scaled range of 6 to be about 60 lb/in 2
• This value is consistent

with elastic limits in dry granular materials estimated from in-situ

material property tests.

Lampson's empirical relations (ref. IV-7), given previously in
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equations 1-5, 1-6 and 1-7, are also plotted in figures IV-2, IV-3 and IV-4

for the unit weight and average seismic velocity stated in the previous

paragraph. The relations for acceleration and velocity are higher than

the data and decay more rapidly. The relation for acceleration shows a

tendency toward reduced attenuation and comes into agreement with the small

amount of data and the reduced slope which was fitted to the data beyond a

scaled range of about 10. Lampson's relation for displacement (fig. IV-4)

goes through the data quite well. Although it has a greater attenuation

rate than the fit shown, it can probably be considered an equally good

fit within the data scatter. This observation indicates that there is

significant uncertainty in decay slopes fitted to scattered data. Use

of the fits beyond the ranges for which data is available is highly un-

certain.

Vertical accelerations measured on the Mole 200 and 400 series are

plotted in figure IV-5. As with the horizontal accelerations, the data

from the two series scatter together. The vertical data, to a scaled

range of about 6, is fit very well by aline having the same decay

slope as for the horizontal accelerations (-3.3) but with an amplitude

of about 1/3 the horizontal amplitude. The fit equation is

1 (R ~_3. 3a·WT = 2000 -r
~~T

(IV-27)

The data scatter is about the same as for the horizontal data.

Beyond a scaled range of 6, the vertical data scatter significantly and

suggest little or irregular attenuation. Some vertical accelerations

exceed the horizontals. The data suggest a change in the phenomena

causing the peak vertical acceleration. While at closer range, peak
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vertical and horizontal accelerations occur at the wave front at about

the same time, the vertical accelerations at more distant ranges often

occur later in the waveform suggesting that they may be due to shear

or surface wave phenomena. From a prediction viewpoint, the peak ver

tical acceleration beyond a scaled range of 6 should be taken equal to

the horizontal component. No vertical velocity or displacement data are

available from Mole.

Two characteristic times of the 200 and 400 series horizontal ve

locity pulses, the time from peak outward to peak inward velocity and

the duration of the outward velocity phase, are plotted in figure IV-6.

The data has been separated into near-surface gage and near-radial gage

categories because the data seem to suggest different trends at these

locations, especially the outward phase duration. This difference is

believed due to shear failure and flow of material near the surface

which is not significant at the near-radial positions.

The data for peak outward to peak inward velocity contains consid

erable scatter and clear trends are not discernable. The near-radial

data appear to be decreasing rapidly with range at close ranges (to a

scaled range of about 4) and approaching a plateau at greater ranges.

This apparent trend is represented by the dashed-line with question

marks in figure IV-6(a) (1); the question marks to indicate the tenuous

nature of the trend line. The few near-surface gages indicate a similar

trend to a scaled range of about 4, but the trend beyond this range

cannot be determined due to the absence of data.

The outward phase duration data for near-radial positions separates
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according to series with the 400 series data being highest. This is

consistent with the displacement data which indicates higher displace

ments in the 400 series. However, for reasons previously outlined for

displacements, the data from both series are treated as a single group.

The near-radial data from individual tests and the data as a whole do

not exhibit a consistent variation with range. Indeed, there appears

to be very 1ittle variation with range. No variation has been assumed

and the data has been averaged to yield

where

~ = O. 0075 + a factor of 1.5
Wr - a factor of 1.7

(IV-28)

t pd =outward phase duration in seconds

W= explosive weight in lbs

The scatter in this correlation is equal to or less than the scatter for

the peak motion amplitude parameters discussed earlier.

The outward phase durations for the near-surface gages contain a

clear tendency toward reduced amplitude with increasing range. The

average outward phase velocity to a scaled range of 4 is expressed by

t~d = O. 082 (~ \-1.7 ± a factor of 2
HT wr )

(IV -29)

There is no data beyond a scaled range of 4, but the average duration
1

at that range .is 0.078 sec/lbr which is very close to the duration for

the near-radial gages. It is possible that near-surface shear and flow

has become less significant at this range and both near-surface and
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near-radial gages will behave similarly at scaled ranges beyond 4.

The data of figures IV-2, IV-3, IV-4, IV-5 and IV-6 and the associated
1

equations have been scaled by W3 (i.e., equations IV-24). Since the data
]

are from charges of the same size (256 lbs), the w3 scaling cannot be veri

fied by the data. Its use is for convenience in later comparisons. The
1

validity of W3 scaling in a common material is discussed next.

Figures IV-7, IV-8 and IV-9 compare the bounds and average fits to the

Mole 200 and 400 series peak motion data with the data from JANGLE HE-3

and TEAPOT ESS. JANGLE HE-3 had a yield of 2560 lbs of TNT while TEAPOT

ESSwas a nuclear event with a yield of 1.2 kT of TNT equivalent. Both
1

were at scaled depths of burst 0.5 ft/lbT. Data from DIP IA at McCormick

Ranch (ref. IV-8 and IV-9) are also plotted on the figures but will not

be discussed at this time.

Since JANGLE HE-3 and TEAPOT E55 represent experiments having yields

of 10 and 9375 times as great as in the Mole series at the same site,
1

it is of interest to evaluate the degree to which WT scaling collapses the

data. It can be seen in figure IV-7 that the bounds to the Mole hori

zontal acceleration data contain most of the data from the larger events

except the JANGLE HE-3 data beyond a scaled range of about 6. The JANGLE

data reaches a constant value at a scaled range of about 4 and maintains

this value to a scaled range of about 8 after which it attenuates again

at about the same slope as in the near region. The cause of this be-

havior is not clear. It is not the same as the apparent transition to

elastic behavior that occurs in the Mole data nor does it occur in the

available TEAPOT data.
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Bounds to nuclear data in alluvium, which are much larger than the

Mole bounds, encompass all of the data. Although most of the TEAPOT and

JANGLE HE-3 data lie within the Mole scatter, there is a clear tendency

for the data of the larger events to lie below the Mole average. TEA

POT lies the furthest below while JANGLE (to a scaled range of 6) lies

in between. This same tendency occurs to a larger extent in the velocity

data (fig. IV-8)~and the displacement data (fig. IV-g). It is also evident

in figures IV-8 and IV-9 that nuclear data in alluvium, represented by the

bounds shown, lie well below the Mole bounds. These data all suggest
1

a dependence upon ~~ 'w',hich is not included in WTscaling.

A dependence of ground motion data on gravity has been suggested

in the ground motion community for several years but the dependence has

not been formalized nor gained general acceptability. The Russians (ref.

IV-ll), as discussed in Section II, considered gravity scaling in the

absence of material property dependence. Such scaling leads to the

following expressions for the major ground motion parameters:

? 1 = fl~P9)} ~~v) (a)
(pg )7+' E 7+' E 4:"'"

o 0

~ = f'(P9)~ ~))

= f30g)\~))

(Et) d= f"0g<~))
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1

The range in equations IV-30 is scaled by E 4 and~ hence, gravity scalinga
is often called fourth root of yield scaling.

It is difficuH to believe that relations which exclude material

properties will be complete. Indeed, although material property effects

are not well defined, available data indicate material differences.

Equations IV-2l include dilational wave speed and Poisson's ratio as mater-

ial property terms. To these, a nondimensional term involving gravity

of the form given below can be added
1

IT)) = b-G:J (IV-3l)

The appropriate functional relation involving gravity and material prop

erties for the independent variables of equations IV-2l is therefore

(IV-32)

For a common explosive type and a common material, equation IV-32.

can be written in dimensional form for the dependent variables as

cr = fl(~ , w)

1 (R l~)at'P- = f2--r
~JT

~ (R 11~)v = T 3 --r
WT

d f{~ , w)-l =
WT WT
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(c)

(d)



(e)

where Wis the explosive weight.

Equations IV-33 indicate that each dependent variable is a function
1 1

of two variables and, therefore, neither Wr nor W~ scaling are appro-

priate if gravity is important. The solution will be a surface in three-

space with the dependent variable on one axis, scaled range on a second

axis and the amount of explosive on the third axis. It is often ob

served that ground motion data plots versus range as a straight line on

log-log paper. If it is assumed that the solution in log-log three

space is a plane, then solutions of the type below can be sought

P = KRnw"l (IV-34)

where

P = the dependent variable of interest

K= a constant

n,m = exponents

The peak motion amplitudes at a scaled range
1

WT is used rather
1

of two as a function of WT are plotted in figure IV-lO.

Fits to the TEAPOT and JANGLE HE-3 peak motion data are shown in

figures IV-7, IV-8 and IV-9. The fits to JANGLE HE-3 are limited to scaled

ranges less than about 4.

than Wfor convenience in plotting. It can .be seen that the amplitudes

are fit fairly well by straight lines, indicating that the differences

in energy per unit mass at the source (nuclear VS. TNT) do not appear

significant at the depth of burial considered and that equation IV-34

is reasonable. Solutions to equation IV-34 for acceleration, velocity,
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and displacement are:

aW a•31 = 81 50 ( R )-
3

• 3 ( a )
WO• 31

where

v = 142.5 ( R _,-2.6

WO• 29)

(
R )-2.4

= 4.32
WO. 2S

(b)

(c)

(IV-35)

a =acceleration in g's

v = velocity in ft/sec

d = displacement in inches

R =range in feet

W= explosive yield in lbs of TNT

1

It can be seen in equations IV-35 that acceleration scales almost by WT,
1

displacements by almost W*with velocity in between. This suggests that

gravity has its major influence on displacement.

Characteristic times for JANGLE HE-3 and TEAPOT ESS are compared

with Mole 200 and 400 series times in figure IV-ll. It can be seen that

the trends in the peak to peak times are similar but the data from the

different events are separated significantly. TEAPOT ESS data is low-

est, Mole highest and JANGLE HE-3 data in between. The peak to peak

times decrease rapidly to a scaled range of about four, reach a low and

then increase at a lower rate. The outward duration data initially de-

crease and then increase slightly beyond a scaled range of about four.

The amplitude order of the outward phase data is the same as for the

peak to peak time data. As in the peak motion data, there appears to be
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a clear dependence of the amplitudes on yield.

Although there is a slight variation of the outward phase duration

apparent in the JANGLE HE-3 and TEAPOT data, .these data are fit fairly

well by average constant fit lines as was used for the Mole data. The

constant fits are plotted as a function of yield in figure IV-12. Again,
1

WT has been used instead of Wfor convenience in plotting. Also plotted

in figure IV-12 is the peak to peak time at a scaled range of four. Both

sets of data are fit fairly well by straight 1ines. The marked curva

ture of the peak to peak data indicate that an equation of the form of

equation IV-34 cannot be fit to the data. However, peak to peak times

can be estimated approximately by

(
W )0.17

t pp = tpp{JANGLE HE-3) 2560 lbs

The outward phase duration can be estimated by

0.17

t = O.Olaw

where

t = time in seconds

W=yield in pounds of TNT

(IV-36)

(IV-37)

Equation IV-37 indicates that the outward phase duration scales approxi
1

matel y by V{b.

4. DATA FROM CYLINDRICAL EXPLOSIONS

The data base for cylindrical explosions is relatively small com-

pared with the spherical base and the planar base to be discussed in

the next sub-section. Data of reasonably long duration to relatively
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distant ranges are available in dry granular soil only from the Univer

sity of New Mexico DIHEST Enhancement Program (ref. IV-12). The cy1in-

drical tests were designated Shots 6, 7, 8 and 12. Their pertinent char

acteristics were given previously in table II-13. Briefly, Shots 6 and 7

were decoupled shots in which PETN primacord was placed in a 3-foot di

ameter borehole at a loading density of 5 lbs per foot of hole. The

PETN was distributed in the borehole for Shot 6, but concentrated on the

centerline for Shot 7. Shot 8 used the same loading density but the

explosive was placed in a 9-inch diameter borehole and then grouted.

The length of explos ivefor a11 three shots was 12 feet and there was

6 feet of surcharge above the explosive. Shot 12 was primarily a yield

variation on Shot 6. The loading density was 22.9 1bs/ft of PETN and

the explosive was distributed in the borehole. However, the explosive

length (13.3 feet), depth of surcharge (8 feet) and borehole diameter

(4 feet) were not scaled from Shot 6 (lengths would have had to be scaled
1

by. yTfor a complete scaling comparison).

The scaled depths of burst for all events taken as point charges
1

are greater than 0.5 ft/1bT (TNT) so that it appears that the depths of

burst are sufficient for the shots to be considered deeply buried. Thus,

it can be assumed that the unsealed surcharge heights are not important.

However, in comparing Shots 6, 7 and 8 with 12, there remains some un

certainty in assessing scaling rules and deriving prediction relations

due to unsealed explosive lengths and borehole diameters. These dif

ferences, on the other hand, may lead to insight regarding their effects.

Before proceeding with an analysis of the data, it is important

to assess anticipated effects of finite borehole lengths. Scaling terms
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1
for cylindrical geometry were derived earlier. It was shown that yT

scaling is appropriate (Equations IV-22 and IV-24)when the borehole extends

infinitely in both directions, i.e., the geometry is completely cylin

drical. In any field problem, however, the borehole will always have a

finite length. The finite length will produce relief waves which orig

inate at the ends of the borehole at the instant of detonation and prop

agate into the loaded region. Both the loading waves and the relief

or unloading waves in elastic media are shown in figure IV-13. The major

loading wave is a compression wave (P-wave) which causes motion away from

the explosion and moves away from the borehole with velocity Cpo Along

the length of the explosion it has a planar front in cross-section. At

the instant of detonation, a compression wave and a shear wave are ini-

tiated at the ends of the explosion. In addition, a von Schmidt-like

wave (a shear wave connected between the P-wave and S-wave fronts) is

also expected to be initiated at the ends. In the region above and below

the explosion these waves are loading waves, i.e., they are moving into

unloaded material. In the region loaded by the incident P-wave, however,

these waves are relief waves. Figure IV-13 shows that the direction of

particle motion associated with the waves tends to bring the material back

to its initial condition, i.e., the major direction of motion is inward.

At a point at the mid-depth of the explosive, the loading wave will

arrive first and cause outward motion. At some later time, the P-relief

waves (P') will arrive causing some inward motion (their vertical com

ponents will cancel at the mid-depth). The major inward motion will

likely occur with the arrival of the SP-relief wave.

In inelastic soil media, the wave pattern will distort somewhat

219



Primes Indicate Relief Waves
Loading Wave

- - - Rel ief ~~ave

-t-
P - Compression Waves
S - Shear ~Javes

SP - von Schmidt-like Waves
Cp - Speed of Compression Loading Waves
C' - Speed of Compression Relief Waves
C~ - Speed of Shear Waves

/
plV

-~<
f--. Cp

C p
p

>,
.j..).,...
>
n::I

U

(])

>.,...
p

~C
p

S'

Figure IV-13. Major Wave Fronts From Cylindrical Explosion in
Elastic ~1edia

220



from that of figure IV-13, but the major loading and unloading waves will

still exist. In general, the loading wave velocity of the incident P

wave (Cp) will be less than (1/2 to 3/4) that of the P-re1ief wave due

to the inelastic behavior of soils. The P-re1ief wave velocity will be

approximately the seismic velocity. The SP-wave will have a velocity

which is controlled by the loading P-wave velocity and the S-wave ve1-

acity. /

Using ray tracing and geome~ry, the arrival times of the various

waves at a point X (see figure IV-13)at the mid-depth of the explosive are:

(IV-38)

(IV-39 )

=(l/C ') I(H/2)2 + X2 for X < (H/2) IC 2 /(C 2 - CI 2.) (IV-40)s p P s

=(H/2C~)I2Cp _(C~2 / Cp)_(C~2) + 0/cJ ~ - (H/2) ICp/(Cp - C~2)~
for X > (H/2) 1[2/(C2 - C'2)

P P s (IV-4l)

where

t P = time of arrival of peak of loading wavea
pi

t s = time of arrival of P-relief wave

S't a = time of arrival of S-relief wave

SP't a = time of arrival of SP-relief wave

x = range from explosion

C = P-loading wave velocity
p
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C1 = P-relief wave velocityp

C' = S-relief wave velocitys

H= height of explosive

The first relief effect will be due to the P-relief wave. Since it

generally travels faster than the loading wave, it will overtake and be

gin to erode the peak (stress or velocity) beyond -some range. Equations

IV-38 and IV-39 can be solved simultaneously to determine the range to be

(IV-42)

Where R' = range at which the P-relief wave overtakes the P-loading wave.

For a P-loading wave velocity of one-half the relief velocity, R' will

be 0.71 H. For three-fourths the relief velocity, R' will be 0.91 H.

Beyond R', the attenuation of the peak stress or velocity will approach

spherical attenuation. The rate will probably not change instantaneously,

but rather will begin to transition to a spherical condition.

Peak acceleration attenuation will be affected in a similar way.

Since the peak acceleration occurs shortly before peak velocity, the

beginning of the acceleration attenuation change will probably occur at

about the same range as the velocity or stress change. However, since

peak acceleration is much more sensitive to wave field changes, especially

increases in rise time in the velocity time history which will be a major

effect of relief, the transition to complete spherical attenuation will

probably occur more rapidly.

Peak outwdr~ displacement changes will begin to occur at the range

at which the peak velocity begins to be eroded by the P-relief wave but
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major changes will not start until arrival of the S or SP-relief waves.

Because of their low velocities, these waves will probably rarely over

take the peak of the P-loading wave. The major effect of S or SP-relief

waves will be to reduce the outward phase duration of the velocity pulse,

i.e. tend to pull the particles inward. The time of peak displacement

(i.e. the outward phase duration of the velocity pulse) is related in

a complex way to the size of the source (yield), Poisson1s ratio and the

failure behavior of the soil (see, for example, ref. IV-13). Hence, the

range at which major S or SP-relief effects occur cannot be simply esti

mated. However, it is expected that the transition region for displace

ments will be larger than the transition region for accelerations or ve

locities.

These anticipated effects are illustrated qualitatively in figure IV-14.

All kinematic parameters begin to transition at range R1 which corresponds

to the range at which the P-relief wave overtakes the P-loading wave. The

peak acceleration quickly transitions to spherical attenuation while the

peak particle velocities and displacements transition less rapidly. There

is generally insufficient data to completely define the transition regions

and the individual fits in cylindrical and spherical regions will be ex

tended herein to a single intersection point which defines an effective

transition range. These extensions are qualitatively illustrated in

figure IV-14 by dashed lines.

All explosions will be influenced by the free-surface after some

time which is dependent on their depth of burst. The major effect of

the free-surface is expected to be a significant contribution of motion

toward the free-surface. This will be particularly important for esti-
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mating vertical motion components in simulation experiments. The cylin

drical experiments of interest here did not contain vertical measurements.

Hence, the discussion of free-surface effects is postponed to the sub

section dealing with planar arrays where vertical motion data is available

for evaluation.

Radial velocity time histories from Shots 6, 7 and 8 were shown pre

viously in figure 11-24. Peak radial accelerations, velocities and dis-.

placements for these shots as well as Shot 12 are plotted in figures IV-15,
1

1V-16 and IV-17. The data have been scaled by y2 where y is the linear

charge density. Although the Shot 12 data is sparse and contains signifi-
1

cant scatter especially for displacements, the y2 scaling brings the

Shot 12 data (22.9 lbs/ft PETN) into relatively good agreement with Shots

6, 7 and 8 (5 lbs/ft of PETN).

The acceleration data show an attenuation slope of -3.35 from the

near region to a scaled range of about 5. This attenuation is comparable

to a spherical decay slope (-3.3 for Mole). Hence, the acceleration data

do not seem to indicate a cylindrical region. It may be that there is

insufficient close-in data to clearly delineate the cylindrical region.

The reduced attenuation rate of -2.2 beyond a scaled range of 5 is prob

ably attributable to a transition to more elastic behavior. The particle

velocity at scaled range of 5 is about 4 ft/sec.

The velocity data show an initial decay slope of -1.52 to a scaled

range of about 3.5 and a decay slope averaging about -2.05 beyond this

range. Shot 8 shows a somewhat steeper decay slope but it is not known

whether this is data scatter or real and due to the fact that the Shot 8

explosive was grouted at the origin. In any case, the difference is not
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major.

The break in slope at the 3.5 scaled range appears to be the effec-

tive transition from cylindrical to spherical attenuation. (Mole atten

uates at -2.6.) The start of the transition was estimated earlier to be

about C.71 to 0.91 H, depending upon the ratio of the loading to the

relief wave speed. These ranges correspond to scaled ranges of 3.3 to

4.2 for Shots 6, 7 and 8 which had an explosive height of 12 feet. .The

transition in the data agrees well with these estimates and corresponds

to a transition range of 0.76 H. There are too few data from Shot 12 to
1

draw any firm conclusions regarding Shot 12 1 s transition. The yT scaling

does, however, bring the data of Shot 12 within the scatter of the other

data.

The displacement data show a definite separation between the data

of Shot 8 and those of Shots 6 and 7. Shot 8 displacements are on the

order of 50 percent lower than Shots 6 and 7. This separation is appar

ently due to the method of coupling at the explosive source and indicates

that grouted explosives lead to decreased displacements compared with

decoupled explosives. Shots 6 and 7 cannot be distinguished within the

scatter of the data. The method of explosive dispersal within a bore-

hole, therefore, does not appear to be a significant parameter. The data

of Shot 12 is significantly scattered and, therefore, cannot be used for
1

firm conclusions. The yT scaling does, however, bring Shot 12 into the

vicinity of the other data.

The displacements attenuate initially \'!ith a slope of -1.15 to -1.35

to a scaled range of about 3.5. Beyond this range the attenuation becomes

-1.68 to -1.95. These latter rates are somewhat lower than the spherical
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attenuation rate of -2.4 for Mole. The transition range of 3.5 is about

the same as for particle velocity. Actually, it is possible that the

transition range for both velocity and displacement is at a nearer range,

but this cannot be determined with the available data.

The following relations summarize the variation of peak acceleration,

peak velocity and peak displacement with range for decoupled cylindrical

shots at McCormick Ranch:

1
13,700(R/y~-3. '+

1
a·y"I:= for R/yT < 5

1
1 ,900 (R/yt)-Z. 2

1

a·yT = for R/yT> 5

62(R/y-t-)-1 .5
1 1

V = for R/yT < 0.75 H/y2

53. 7(H/y±-) a.5 (R/y~)-2.a
1 1

V = for R/yT> 0.75 H/yT

1
4. 5(R/yt)-1. ~

1
0.75 H/y!-d/yT = for R/y2 <

d/y~ = 4.25~/y})O.3 (R/y~)-l. 7
1 .L

for R/yT> 0.75 H/yl

(a)

(b)

(c)

(d)

(e)

(f)

(IV-43)

where

a = acceleration in gls

V = velocity in ftjsec

d = displacement in inches

R = range in feet

y = lineal charge density in lbsjft of TNT

H = height of charge in feet

The relationships for acceleration and velocity (Equations IV-43(a), (b),

(c) and (d)) also apply to coupled charges but displacements for coupled

charges will be about 50 percent lower.
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Figure IV-18 shows an idealized velocity time history from a cy

lindrical explosion with selected characteristic times designated thereon.

The characteristic times selected are the outward velocity phase, t pd '

the time from peak outward to peak inward velocity, t pp ' and the duration

of the first motion cycle, tr . Available data (see figure 11-24) indicate

that a second outward phase may occur, but there is insufficient data

to definer its occurrence and characteristics. However, it has been indi-

cated by a dashed line.

The scaled characteristic times for Shots 6,7,8 and 12 are plotted

as a function of scaled range in figure IV-19. The data from Shots 6 and

7 scatter together further reinforcing the conclusions from the peak data

that the dispersal of explosive within the source cavity is unimportant.

The data from both shots can, therefore, be treated as a single set.

The peak to peak times and the duration of the first motion cycle

for Shots 6, 7 and 12 show no variation with range while the data from

Shot 8 seem to increase markedly between scaled ranges of 3.5 to 8 and

remain constant thereafter. It is not known whether this trend is re-

lated to the grouted coupling at the source or due to data uncertainties.

For lack of a clear understanding of the cause, t pp and t r data with

range for Shot 8 have been averaged to obtain mean characteristic times

for comparison with Shots 6, 7 and Shot 12. The averages are shown in

figure IV-19.

As described earlier in the discussion of qualitative effects of

finite explosive length, the explosive height is expected to play an

important role in both attenuation of peaks and in waveforms. The S
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VpO = Peak Outward Velocity

VpI = Peak Inward Velocity
t pd =Outward Phase Duration
t pp = Peak-to-Peak Time

tT = Duration of First ~otion Cycle
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Figure IV-lB. Idealized Particle Velocity Time History from Cylindrical
or Planar Explosion of Finite Dimensions
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or SP-relief arrivals, for example, are expected to cause a significant

reversal in the outward velocity. It seems necessary then to include

both the amplitude of the source (reflected in y) and the source height

(H) in scaling characteristic times. An appropriate scaling term includ-
1

ing H is H/yT. (This term has already been used in equation IV-43.)

The average values for t p and tT and the value of t d at a
1 PIP

scaled range of R/yT = 1 are plotted versus H/yTfor the various shots in

figure IV-20. The data show a clear trend of increasing characteristic

time with increasing explosive height. Straight-line fits have been made

to the data of Shots 6 and 7 and Shot 12, but these fits are highly un-

certain due to the few data points. The Shot 8 data has not been in

cluded in the fits due to the source difference of Shot 8. As noted

previously, grouting of the explosive at the source seems to decrease

characteristic times.

An important part of the cylindrical velocity waveform is the ampli

tude of the peak inward velocity, Vp1 ' Figure IV-2l plots the ratio of the

peak inward velocity to the peak outward velocity versus range scaled by

the explosive height. The data contain significant scatter, but show a

definite trend toward increasing relative magnitude of the inward com-

por.ent with increasing range. A linear fit to the data is

V
vPI = 0.10 + 0.112 (R/H)

PO

where

Vp1 = peak inward velocity

VpO = peak outward velocity
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R = range

H= explosive height

The correlations for peak amplitudes, characteristic times and the

ratio of peak inward to peak outward velocity which have been presented

can be combined with the idealized waveform of figure IV-18 to construct

waveform predictions for the first motion cycle from cylindrical explo

sions in dry granular media. The later parts of the waveform are un

certain due to a sparsity of data. Some data indicate a second outward

pulse which is shown dashed in figure IV-lB. Its definition is uncertain

but, roughly, its amplitude is about one-half the peak inward velocity

of the first cycle and its duration is about the same as the inward phase

duration of the first cycle.

The rise time to the peak outward velocity increases with range in

soils. This increase in rise time is a major contributor to acceleration

attenuation. The rise time as a function of range can be estimated approx-

imately by (ref. IV-10).

1 R R
~ ---~r - 3 Ci Ci

where

6t = rise time to peak velocityr

R = range

C. = seismic velocity
1

5. DATA FROM PLANAR EXPLOSIONS

(IV-45)

A relatively large base of data' in dry granular soil exists from

seven (7) experiments conducted at The University of New Mexico's
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McCormick Ranch Test Site. The experiment characteristics are given in

table IV-2. Table IV-3 presents some characteristics of the experiments

scaled by the areal loading density, a.

The Mini-SIMQUAKE experiment contained two arrays fired with a time

delay. The measured ground motion from the back array (fired first) is

unambiguous planar array data prior to arrival of the pulse from the front

array. Upon arrival of the front array pulse, the motions result from

the superposition of effects from the two arrays. However, the amplitudes

of the back array effects are relatively small at the time of the second

pulse arrival and, therefore, the front array (second pulse) effects are

assumed to be independent planar array effects in later analyses. Two

additional planar experiments, SIMQUAKE IA and SIMQUAKE IB, were recently

performed at McCormick Ranch. but the data from these events have not

been sufficiently reduced for use in this analysis.

As with cylindrical charges, it is important to anticipate the phe

nomenological effects which would be expected to occur in planar experi

ments due to finite charge extent. The appropriate scaling parameter

for planar charges is the areal charge density, a, where the charge ex

tends infinitely in both directions. However, the finite extent of planar

charges leads to waves which propagate from the boundaries of the charge.

The conditions are similar to those shown in figure IV-13 and explained for

a cylindrical charge. The waves initiated at the boundary are loading

waves in the region above and below the charge and relief waves in the

region loaded directly by the charge. There are two sets of boundary

waves in the planar case, however. One set from the top and bottom of

the array and a second set from the ends of the array. Usually, the array
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length is several times the array height and the waves from the top and

bottom of the array are the first to provide relief, with the waves from

the ends arriving some time later. Along the centerline, perpendicular

to the array, attenuation of peak motion parameters is expected to occur

as shown in figure IV-22. At ranges near the array, the relief effects do

not affect peak parameters and the attenuation is planar and due only to

inelastic effects. Beyond some range, which can be estimated by the

methods described for cylindrical charges, relief waves from the array

top and bottom begin to overtake the loading waves and cause the atten

uation rates to approach cylindrical conditions. Finally, at some greater

range, relief waves from the ends of the array overtake the loading waves

and a transition to spherical attenuation might be expected. As for the

cylindrical case discussed earlier, the transition regions for the param

eters of acceleration, velocity and displacement are expected to be dif

ferent with the accelerations transitioning over a short range, the dis

placements over a longer range and the velocities somewhere in between.

Most engineering systems for which ground motion simulation is re

quired are located at or near the ground surface. Explosive arrays, due

to the need for enhanced coupling, will be buried. The loading phenomena

in the near-surface region is, therefore, very important. In the pre

vious discussion of cylindrical explosions, it was noted that the loading

waves above the explosive consist of an incident P-wave, S-wave, and a

von Schmidt-like wave which is linked between the P- and S-waves. Upon

encountering the free-surface, these waves will reflect and cause some

changes in amplitudes near the surface compared with amplitudes near the

center of the array, especially for vertical motions.
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The incident waves and their free-surface reflections are shown in

figure IV-23. The arrows on the wave fronts indicate the direction of

motion associated with each wave upon its arrival. The major outward

horizontal motion may not be contained within the incident P-wave only,

but is thought to be spread between the incident P-wave and the inci

dent SP-wave. A small vertical component is associated with the incident

P-wave, but the major vertical motions may not occur until later. The

SP-wave and $-wave from the base of the array will contribute upward

motion while the $-wave from the array top will contribute downward mo

tion. The directions of motion associated with the waves reflected at

the free-surface indicate enhancement of the vertical component of mo

tion, but a lesser effect upon the horizontal components. The free

surface reflections causing upward motion will ultimately penetrate

into the deeper materials and give an upward component of motion to

the entire field, including the centerline at the mid-depth of the ar

ray which, because of symmetry, would have no vertical motion in the

absence of a free-surface. Although the phenomena described are dif

ficult to assess, some understanding of the phenomena, the directions

of motion associated with the wave fronts and estimates of the arrival

times of the various waves can aid in interpreting the measured data.

Peak horizontal accelerations, velocities and displacements measured

on planar events are shown in figures IV-24, IV-25 and IV-26. For Mini

SIMQUAKE, the motions at arrival of the front array pulse result from a

superposition of back and front array effects. It is possible to estimate

the incremental effects of the acceleration and velocity from the records,

but this is not possible for the front array displacements. Hence, front

array displacements are not plotted. All data have been scaled appropri

ately by the areal charge density, a (Eqs. IV-24). The different explo-
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(a) Incident Wave Fronts

(b) Reflected Wave Fronts
Notation: Subscripts 1 and 2 refer to two different times

P - Incident P-Wave
S - Incident S-Wave

SP - Incident von Schmidt-like Wave
P-P' - Reflected P Due to Incident P
P-S' - Reflected S Due to Incident P

SP_P" - Reflected P Due to Incident SP
SP-SP" - Reflected SP Due to Incident SP
5-5' I I - Reflected S Due to Incident S

Figure IV-23. Incident and Reflected Wave Fronts Near Surface
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sives in the various events have all been equated to TNT using the equiv

alency factors of Appendix A.

The acceleration measurements on DIP IIA were of poor quality and

there were no accelerations measured on DIP VA. Accelerations for these

events were estimated from the peak particle velocity and the rise time

to peak particle velocity by the relation

v
a = K max

max b.tr

where

amax = maximum acceleration

vmax = maximum particle velocity

b.t = rise time to peak particle velocityr

K = a constant, usually taken equal to 2

( IV-46)

Equation IV-46 is an empirical relation from reference IV-10. A value

of 2 for K corresponds to the assumption of a parabolic rise to peak

velocity.

Equation IV-46 is compared with measured accelerations on cylindrical

Shots 6, 7, 8 and 12, where good acceleration measurements were available,

in table IV-4. With the exception of the high acceleration levels near

the explosions and a few other data, equation IV-46 using a K value of 2

gives results within 15 percent of the measurements. Since data scatter

in a well instrumented experiment is commonly a factor of 2 and often a

factor of 4, equation IV-46 is considered satisfactory for estimating ac-

celerations where measurements are not available.

The acceleration data of figure IV-24 are all fit very well with an at

tenuation slope of -2.71. The fact that the fit lines are in different
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Table IV-4
Comparison of Measured Peak Accelerations with

Accelerations Estimated by Equation IV~46

I
Range A A

I
0/
/0

(ft) Measured Estimated Oifference K

I 3 3000 1732 -42 3.41
! 9 i 67 73 + 9 1.84i Shot 6 !

---~

I 21 i 10 9.3 - 7 2.15
59 0.9 0.97 + 8 1.86

3 2600 2252 -13 2.31
-

Shot 7 9 74 81 + 9 1.83
21 6.3 5.8 - 8 2.17

59 0.7 0.6 -14 2.33

---..
3 4000 2019 -50 3.96

Shot 8 9 85 74 -13 2.30
21 7.8 7.4 - 5 2.11

59 I 0.9 1. 27 +41 1.42

I 7 , 1200 1863 +55 1. 29
Shot 12 I 10.5 ! 400 310 -23 2.58

I 28 ,- --'3- 12.4 - 5 2.10

Avg. k 2.24

Avg. K excluding close-in measurement 2.06
Avg. K for close-in measurements 2.74
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positions reflects the fact that the scaled array height was different

from event to event~ i.e., the scaled transition range varied from event

to event. The attenuation rate of -2.71 apparently reflects cylindrical

attenuation after relief waves from the top and bottom of the array have

overtaken the P-loading wave. The cylindrical and spherical data showed

spherical attenuation rates of -3.3 to -3.4. The -2.71 rate, therefore,

is consistent with what might be expected cylindrically. Unfortunately,

there is little data on most of the events in the planar region. Only

DIP VA contains what appears to be planar data ,and these data, along with

the very close-in data of Shot 1 and Shot 9A, have defined the estimate

of planar behavior shown with an attenuation slope of -1.33. Given this

planar fit, the transition ranges were derived from the intersection of

the cylindrical fits with the planar fit and these ranges are tabulated in

figure IV-24. They range from 0.28 to 1.86 times the height of the array

(H). The value of 1.86 for DIP VA appears spurious compared with the

other data, perhaps due to the -large data scatter in the experiment.

Elimination of this data point reduces the upper limit to 0.82 Hand

yields an average of 0.52 H.

Given a value of 0.52 Hfor the break from planar to cylindrical

attenuation, a break to spherical attenu~tion might be expected at 0.52

times the length of the array (L). There are very few data in this re

gion and such a break is not evident. It may be that reduced attenua

tion due to a transition to elastic behavior may be compensating for the

increased attenuation due to spherical -behavior at the more distant ranges.

The particle velocity data of figure IV-25 show behavior similar to the

acceleration data. The apparent cylindrical attenuation is -2.1 and the
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apparent planar attenuation -0.56. The effective transition range for

velocity ranges from 0.74 to 1.73 H\'Jith 1.15 H being the average. Ex

trapolating this transition range to the array lengths (1.15L), no data

would be expected to be in the spherical region (i .e. all data is within

1. l5L).

The displacements shown in figure IV-26 also exhibit similar behavior.

The planar attenuation is estimated to be -0.14, the cylindrical atten

uation -2.1 and the average transition range 1.6 H. As with velocities,

no data is expected to be in the spherical region. The fact that the

cylindrical attenuation rate for displacement is the same as the atten

uation rate for velocities (-2.1) is consistent with the data for cylin

drical charges (-2.0 for v, -1.9 for d) and spherical charges (-2.6 for

v and -2.4 for d). This characteristic suggests, as noted for the spher

ical data, that there is very little change in the duration of the out-

ward velocity phase with range beyond the near region.

The peak horizontal kinematic parameters on the centerline of the

planar events at McCormick Ranch can be represented by the following

fit equations:

10, 150 (~)-l. 33
R (a)aa = for [ .:. 0.52

aCt = 411 9 (~J .3 a Q-)-2 .71 for ~ > 0.52 (b)

81 .s( ~)-o. 56 R (c) (IV-47)v = for [ 2. 1.15

1~1.4(~Y·54(~)2-l R 1. 15 (d)v = for f-f >

d 4. 6 (~)- a • 1 ~ R (e)- - for [.:::.1.6a
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d
- =a.

where

for ~ > 1.6 (f)

a = acceleration in gls

v = velocity in ft/sec

d = displacement in inches

a. = areal charge density in lbs/ft2 of equivalent TNT.
R = range in feet

H= array height in feet

These equations are applicable to range less than about 1 to 1.5 L where

L is the length of the array.

In the previous analysis of spherical data it was shown that gravity

effects are important in interpreting the data. In the spherical data,
1

yields ranged from 256 lbs to 1.2 kT (a range in WT of about a factor of

21). The planar events have areal charge densities ranging from 0.29

lb/ft2 to 15.11 lbs/ft 2 in equivalent TNT ( a difference of about a fac

tor of 52). It, therefore, might be expected that gravity would be in-

fluential in the planar data. However, the variations in parameters from

event to event (array heights, lengths, surcharge heights) do not permit

an analysis of gravity effects. For example, it would be desirable to

have two experiments with a significantly different a. but the same scaled

array dimensions to investigate gravity. An attempt was made to include

gravity in the planar analysis by extrapolating the gravity terms from

the spherical data analysis, but the results did not improve the data

fits or consistency beyond that for the analysis presented. It may be

that gravity is leading to the large spread in the effective transition
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ranges for the various events, but this scatter cannot be removed with

the currently available data.

An idealized horizontal velocity pulse from a planar experiment is

the same as that shown in figure IV-18 for a cylindrical experiment. The

characteristic times of outward phase duration, peak to peak time and

duration of the first motion cycle for data on the centerline of the

planar experiments are plotted versus scaled range in figures IV-27, IV-28,

and IV-29, respectively. There appears to be no consistent or significant

variation in these times with range. For outward phase duration, this

observation is consistent with the fact that peak velocity and peak dis

placement have the same decay rate in the cylindrical region. Given the

absence of consistent range variations within the data scatter, the scaled

characteristic times for each experiment have been averaged. These aver

ages are plotted versus scaled array height (~) in figure IV-30. It can bea

seen that there is a rapid increase in characteristic time with increas-

ing array height to scaled array height of about 8, beyond which the times

seem to approach an asymptote.

The magnitude of the peak inward velocity, in the first motion cycle

as a proportion of the peak outward velocity ~~:~) versus the ratio of

range to charge height (~) is plotted in figure IV-;t,. A1though there is

significant data scatter, this form of correlation \y:~ vs ~) minimizes

the scatter and produces a more consistent trend than alternate correla

tions that were attempted. This seems to imply that the range and array

height play the dominant roles in determining the inward velocity magni-

tudes. The trend is toward increasing inward component with increasing

range. A linear fit to the data is
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VpI _ -0.012 + 0.145 (RH)VpO -

where

VpI = peak inward velocity

VpO = peak outward velocity

R = range

H= array height

(IV-43)

The correlations for peak amplitudes, characteristic times and the

ratio of peak inward to peak outward velocity which have been presented,

can be combined with the idealized waveform of figure IV-18 to construct

waveform predictions for the first motion cycle from planar experiments

in dry granular soil. As for cylindrical events, the waveform beyond

the first cycle is uncertain due to absence of data. However, a second

outward pulse will probably occur. A rough estimate can take its ampli-

tude to be about one-half the inward amplitude and its duration to be

about the same as the inward phase duration of the first cycle. The

rise time of the first outward velocity as a function of range can be

estimated by equation IV-45.

The previous discussion and correlations are concerned with ground

motion behavior on the centerline and at the mid-depth of the array.

In most of the events conducted, this position was the most heavily in

strumented and most susceptible to analysis. Earthquake simulation

applications, however, will be concerned primarily with facilities at or

near the ground surface. In addition, large facilities may extend well

off of the centerline and, also, it may be necessary to site some facili

ties off center to make maximum use of the available test area. Hence,
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it is necessary to understand motion variations with depth and with cross

range. Depth and cross-range variations can be investigated partially

from data from DIP IIA and, to a lesser extent, from DIP VA.

Figure IV-32 plots the variations in the peak particle velocity with

depth. The data is normalized by the value of the measured peak particle

velocity at or nearest to the mid-depth. For DIP IIA, the nearest mea

surementwas at 40 feet while the array mid-depth was at 47.5 feet. The

data for DIP IIA scatter significantly and there is no consistent vari

ation with depth. Overall, it appears that the peak horizontal velocity

on DIP IIA can be taken constant with depth and equal to the peak hori

zontal velocity on the centerline. The scatter is about ± 50 percent and

this scatter is consistent with the scatter at the mid-depth in a single

well instrumented experiment.

The data for DIP VA, with the exception of one point, lie below the

mid-depth value both above and below the mid-depth. This is inconsistent

with DIP IIA and it is not known whether this behavior is real or due to

an erroneously high measurement at the mid-depth position. Since DIP IIA

data are more numerous, of better quality and at amplitude levels closer

to those required for strong earthquake simulation, it is recommended

that the DIP IIA trend of no variation with depth be tentatively used for

prediction pending calculations or more data. This trend is consistent

with the qualitative observation in the earlier discussion of phenomena

that free-surface effects will be most dominant 1n vertical motion com

ponents.

Figure IV-33 plots the variations in peak horizontal accelerations as
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a function of depth. The data is scattered considerably and the discern

ment of trends is tenuous at best. Below the rnid-depth the trend is not

clear at all and it has been assumed that there is no significant varia

tion of the peak with depth to the depth of "the array bottom. Above the

mid-depth there appears to be a trend of decreasing acceleration with in

creasing height, especially above the top of the array. This trend is

consistent with the spreading wavefronts above the array and relief toward
I \

the free-surface (figure IV-23). The variation seems to be related to the

range (scaled by H). Near to the array the decrease in acceleration is

rapid while beyond a scaled range of about 4 there seems to be no varia

tion with depth. These trends are based on DIP IIA. DIP VA shows a sim

ilar trend, but the sparsity of data and scatter do not allow quantitative

assessment of the trend.

The variation in peak horizontal displacement as a function of depth

on DIP IIA and DIP VA is shown in Figure IV-34. Displacement variations

are a complex function of range and depth. In the near region, displace

ments are influenced greatly by shear failure in the soil. The existence

of the free-surface causes enhancement of outward displacement due to the

lack of confinement. In this region, there is little or no inward ve

locity phase. With increasing range shear failure effects diminish and,

hence, free-surface effects also become less predominant. This trend

is evident in the DIP IIA data where there is almost a factor of 2 in-

crease of near-surface displacement above the mid-depth displacement at

a scaled ra~ge (~) of about 4, but only about a 50 percent increase at a

scaled range of about 6. Unfortunately, there are too few data to sub

stantiate that the DIP IIA trends are general trends and that ~ scaling

is appropriate. Indeed, the DIP VA data (low for what ;s suspected to be
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an erroneously high measurement at the mid-depth) does not show as marked

an increase in the near-surface region at a scaled range of 1.5.

scaling does not provide adequate correlation either.

R
a

Increase in horizontal displacement near the free-surface implies

an increase in the outward phase duration of the horizontal velocity

pulse. This trend is evident in figure IV-35 which plots the variation of

the outward velocity phase duration as a function of depth. At and be-

low the mid-depth there is little variation. but the duration clearly

increases as the surface is approached. The increase appears to be great-

er near the source, but a general correlation involving the scaled range

and the depths as related to array characteristic~ and free-surface 10-

cation cannot be ascertained from the available data. However. figures

IV-34 and IV-35 do provide information which can provide a crude guide

to variations.

The variation of peak horizontal velocity with cross-range on DIP

IIA and DIP VA is shown in figure IV-36. There seems to be no variation

within the data scatter in the middle one-third of the array. Beyond

the middle third the amplitude decreases and the amount of the decrease

seems to be related to range scaled by the array width. Near to the array

~ = o.~ the data indicates no variation. Between ~= 0.2 and ~= 0.3

there seems to be a rapid decrease in relative amplitude with cross-

range while beyond ~ = 0.3 there is a gradual increase in relative am

plitude. The DIP VA data off the array center is considerably lower

than at the center even within the center third, but the data seem to be

about constant. The low amplitude may be due to an erroneously high

amplitude value at the center as was suggested in the previous discus-
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sion of variations with. depth. The fact that they are constant in the

center third is consistent with the DIP IIA data. There are no DIP VA

data beyond the middle third of the array.

Figure IV-37 presents cross-range data on peak horizontal acceleration.

As with velocity, there is considerable scatter, but the trends are the

same as those for velocity. The few data available on displacement var

iations with cross-range are shown in figure IV-38. Data in DIP IIA are

only available at one range and the variation with cross-range is about

the same as for horizontal velocity, i.e., little variation within the

center third of the test area and attenuation to about 50 percent of the

on-center amplitude at the array edge. The DIP VA data is all located

within the center third and shows no significant cross-range variation

therein (excluding the suspect center measurement). For prediction pur

poses, it appears that displacement variations can be taken similar to

. the velocity variations of figure IV-35.

Vertical response as a function of range in the near-surface region

will be very important for earthquake simulations. As described pre

viously, the vertical response will be strongly influenced by the free

surface and; indeed, ultimately will destroy symmetry on the array mid

depth and give the entire field an upward motion component. Unfortunately,

vertical data of adequate quality only exist on DIP IIA and even those

are few in number. Hence, it is not possible to relate vertical response

to various scaling parameters with any level of confidence. The material

which follows simply presents the data and suggests possible phenom

enological causes.

Figures IV-39, IV-40, and IV-41 present vertical and horizontal velocity
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waveforms at various depths at the gO, 135 and 200-foot ranges, respec

tively, on DIP IIA. At the gO-foot range the vertical waveforms are

similar in gross shape to the horizontal waveforms and, near the surface,

the vertical velocity is about equal to the horizontal. At the 135

foot range, and, especially at the 200-foot range, the vertical wave

form in the near-surface region begins to develop two distinct upward

bumps. They are subtle at 35 feet, but quite distinct at 200 feet. In

addition, the upward velocity phase duration at these ranges exceeds

the outward velocity phase duration. It is believed that these phenomena

are due to the separation of the incident P, SP and S-waves in the near

surface region as previously illustrated in figure IV-23. Estimates of the

wave arrival times in DIP IIA support this hypothesis as do the direc

tions of motion associated with major features of both the vertical and

horizontal waveforms. For example, at 200 feet the first motion is up

and out, consistent with the incident P-wave direction of motion. The

vertical motion then begins to reverse while the horizontal motion con

tinues outward, consistent with SP motion. Finally, the vertical motion

is upward again at about the same time as the outward horizontal motion

reaches a peak and begins to reverse. This may be the SP effects from

the array bottom.

It appears that the vertical waveform may be decomposed into two

waveforms of shape similar to the idealized horizontal waveform of figure

IV-17, out of course, with different amplitudes and different time charac

teristics. This is illustrated in figure IV-42. Although it is possible

to describe a credible hypothesis for the observed vertical waveform

features and suggest a possible decomposition of the waveform, the few

data from DIP IIA are inadequate for quantification of the phenomena or
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the development of a general prediction. The DIP IIA data can, however,

provide a rough guide to the waveform characteristics. Table IV-5 lists

the characteristics designated in the composite waveform of figure IV-42

for the 135 and 200-foot ranges on DIP IIA. The gO-foot range data do

not explicitly contain the double II bump II characteristic and, therefore,

are not included. The time and amplitude characteristics of the composite

waveform (VI, Vz, etc) contain the influence of P, SP and S-wave compon-

ents combined, but VI and t can be used as a very rough indicator of,
lV

the characteristics of the P-SP contributions as can Vz and t zv for the

. S contribution. It appears from the data of table IV-5 that t and t
. IV 2V

can be taken, on the average, as about 0.5 and 1.0, respectively, times

the outward phase duration of the horizontal velocity pulse, t pd ' Little

can be concluded with regard to VI and V2 except that they appear to

attenuate at-different rates. VI diminishes in amplitude much more

rapidly than Vz.

In general, V2 is the peak upward vertical velocity. Peak upward

velocities and peak upward accelerations on DIP IIA are given in table

IV-6. ~xcept at the very near-surface (5-foot depth) at the gO-foot range,

the peak vertical upward velocity near the surface can be taken as about

60 percent of the peak horizontal. The ratio at the 40-foot depth is

only 40 percent, but this depth lies near the array mid-depth. The peak

vertical acceleration can be estimated quite well as about 45 percent of

the peak horizontal.

The cross-range variations of peak vertical acceleration, velocity

and displacement are shown in figures IV-43, IV-44, and IV-45, respectively.

Within the scatter of the data the vertical cross-range variations are
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Table IV-6
Variation of Peak Vertical Motion Parameters with Range on DIP IIA

5' Depth

Range (ft) RIa. Vv(ft/sec) V/V H Av(9) AyiAH-
90 6.0 13.0 1024 10.0 L09

135 8.9 5.7 0.66 2.0 0.43

200 13.2 6.5 0.59 2.48 0.47

20' Depth
Avg.O.63
(Excludes 90ft)

Avg.0.45
(Excludes 90ft)

Range(ft) RIa. Vv{ft/sec) V/V H Av(g) AyiAH

60 4.0 15 0.63 19.4 0.45

90 6.0 8.5 0.65 5.1 0.47

135 8.9 4.0 0.57 1. 62 0.42
200 13.2 2.0 0.67 0.62 0.44

40' Depth
Avg.0.63 Avg.0.45

Range{ft) RIa. Vv(ft/sec) V/V H Av(g) AyiAH

40 2.7 23.5 0.42 104 0.60
60 4.0 9.5 0.30 15 0.33
90 6.0 5 0.30 6.2 0.04

135 8.9 3.2 0.51 1.25 0.25
200 13.2 1.8 0.62 0.98 0.65

v = vertical velocityv
VH= horizontal velocity
Av = vertical acceleration
AH = horizontal acceleration

Avg.0.43
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the same as those described previously for the horizontal components.

6. DATA FROM ENHANCEMENT EXPERIMENTS

The general objective of enhancement is to alter the ground motions

from explosions so that their amplitudes, frequency content and durations

more closely approximate those of earthquakes. The use of a planar explo

sive array is an enhancement technique in this sense in that it allows

the introduction of the parameter of array height for additional control

of motion attenuation, frequency content and duration. There are other

potential methods and they are addressed here.

Enhancement techniques for which some data are available include

a. Focused Explosive Arrays

b. Explosives with Longer Burn Times

c. Decoupling of Explosives

d. Relief Trenches and Shock Barriers

e. Multiple, Time Sequenced Detonations

Each of these concepts and sources of available data have been outlined

in Section II. Numerical calculations involving relief trenches and shock

barriers are discussed in Section VI.

The potential value of focused arrays for increasing ground motion

parameters in a limited region was investigated by the University of New

Mexico at the McCormick Ranch Test Site (ref. IV-12). While it was hoped

that focusing would enhance time durations and displacements, it was

found that stresses and accelerations were enhanced more than velocities

and displacements. Some results comparing Shot 3 (unfocused) and Shot

5 (focused) were previously given in table 14. Displacements were only

increased an average of 34 percent while accelerations were increased
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by over a factor of 2. Data from Shot 9A (unfocused) and Shot 10 (focused)

showed similar results. The data from these events are significantly

scattered and there are insufficient data for detailed empirical analysis

beyond the general observations described above. Since focusing seems

to have its greatest effect upon acceleration and only affects a limited

region, its use in earthquake ground motion simulation seems limited.

Therefore, further analysis is not performed herein. Since the focusing

effect seems to be primarily a geometric phenomena it probably is suscep

tible to analysis with calculations, should earthquake simulation appli

cations be identified in the future.

The use of explosives with longer burn times to extend the duration

of the source was investigated by UCLA (refs. IV-16 and IV-17). Dynamites

with detonation rates ranging from 6400 to 20,800 ft/sec were investi

gated. It was found that no significant difference in the measured peak

motion amplitudes or time histories occurred. Hence, it appears that

varying explosive burn times is not a significant means of altering

ground motions.

Decoupling of explosives was investigated in the University of New

f1exico studies (ref. IV-12) and is currently under investigation by

Stanford Research Institute. In the University of New Mexico studies,

decoupling was obtained by suspending PETN primacord in cylindrical cavi

ties. Intimate coupling was obtained by grouting the primacord in place.

Direct coupling comparisons were available from the results of Shots 6,

7 and 8. and have been described in the previous paragraphs dealing with

cylindrical explosion data. Within the variations of the parameters in

vestigated. no obvious increase in velocity or acceleration was apparent
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from decoupling. Decoupled displacements, however, were about twice as

high as those in the event where the explosive was grouted in place.

There is insufficient data to analyze the effect quantitatively. How

ever, the observation indicates a significant potential of decoupling.

The effect should be investigated with further experiments and may be

analyzable with calculations.

The decoupling research at SRI is. now in progfess and results are

not yet available. It is understood, however, that their research is

concerned with the containment of the explosion in a mechanical device

which allows control of explosive gas venting. The objective is to re

duce peak pressure and initial acceleration and increase time duration

at the source.

Enhancement methods with greatest potential for immediate or near

term applications for earthquake ground motion simulation are the use of

multiple explosions and the use of relief trenches or shock barriers

in the medium. It appears from the analyses previously presented that

the use of two-dimensional arrays allows a wide range of control over

-. motion attenuation, frequency content and duration through variations

in explosive loading density, array dimensions and target range. The

number of cycles of motion and total motion duration, however, are

limited in a single event and may not be sufficient for tests on some

engineering structures. Significant acceleration cycles seem to be

limited to about 4 and the corresponding velocity cycles to about 2.

The use of multiply sequenced explosions appears to be a viable way of

extending the number of cycles and the total duration. In Section II,

the use of sequenced explosions by UCLA and by the Russians was described.
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The result of both research programs indicated the feasibility of using

multiple explosions. The available data from their experiments, however,

does not allow quantitative analysis. In addition, the resulting motion

amplitudes, although significant, were relatively low compared with

current strong earthquake design levels. To obtain high level motion

amplitudes while using explosive arrays of practical size, it appears

necessary to place the explosive arrays as near to each other as possi

ble. In addition, it will be important to predict the motion amplitudes

and time histories to insure the experiment design meets requirements.

The University of New Mexico recently conducted an experiment, called

Mini-SIMQUAKE (ref. IV-15), to investigate these requirements on a rela

tively small scale. An elevation of the experiment is shown in figure

IV-46. The objective of the experiment was to verify, on a small scale,

the tec~nical feasibility of sequentially firing two relatively close

arrays containing relatively large amounts of explosive and to obtain

ground motion data to aid in understanding the environment produced by

multiple arrays.

The multiple array concept of UNM requires that the explosive

arrays be fired from back to front so that each pulse is traveling

through material which has not been cratered or seriously disturbed.

Because of motion attenuation with distance, back arrays must be loaded

with more explosives than arrays nearer the target point to maintain

the same motion amplitude at the target. Obviously, the closer arrays

can be placed to each other the less the amount of required explosives.

However, with decreased array separation, unfired arrays will be severe

ly loaded by the pulses from the previously fired arrays and there is
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technical concern about maintaining the integrity of the explosive and

firing system of unfired arrays.

Mini-SIMQUAKE demonstrated that it is possible to closely space

arrays of large amounts of explosive, but that the spacing must be care

fUlly designed and special attention must be given to protection of the

firing system. In addition, the experiment provided important data on

rectangular explosive arrays both individually and in multiply sequenced'

experiments. The data was included in the planar array analysis pre~

sented previously, under the assumption that the arrays did not interact.

The interaction of the arrays and a potential method for estimating ef

fects is discussed below.

The most obvious method for estimating the effects of a multiple

array experiment is the use of linear superposition. In linear super

position, the contribution of each array is estimated individually and

then summed according to the array time phasing to obtain the combined

result. Linear superposition for the horizontal velocity at the 30-foot

range at the array mid-depth on Mini-SIMQUAKE is compared with the mea

sured data in figure IV-47. The time delay between the arrays was set at

300 msec because the correlations for planar arrays indicated the dura

tion of the back array (first) pulse would be about that amount. The

predictions of figure IV-47 are based upon the correlations previously

presented for single arrays and the pulse shape is fitted with straight

lines. The back array arrival time was estimated from the site seismic

velocity (1600 ft/sec). The front array arrival time was estimated as

the range divided by the seismic velocity plus the 300 msec firing delay

between arrays.
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Several conclusions are evident from figure IV-47. First, the planar

array correlations for velocity amplitudes are in good agreement with

the data. Second, the characteristic time estimates for the back array

pulse are in good agreement with the data. The outward phase duration

prediction for the front array pulse is also in good agreement with the

data, but the inward pulse and later oscillations are not predicted as

well. Third, while it was assumed prior to the te~t that each array

would generate a single significant velocity pulse, the data from the

back array indicate that a second velocity cycle is beginning when the

front array pulse arrives. This is the first set of planar array data

to late times available, and it appears that two significant velocity

cycles may be achievable from a single array. The fact that back array

pulse motion was still in progress when the front array pulse arrived

may be the cause of the late time disagreement between the prediction

and the experiment. In general, the comparison between prediction and

experiment is good and indicates that linear superposition appears to

be a reasonable way of estimating combined effects. Of course, further

data would be desired to substantiate this conclusion.

The use of relief trenches and relief holes as a means of increas

ing displacements and lengthening motion durations was also investigated

by UNM (ref. IV-12) and briefly described in Section II. A relief trench

effectively provides a free-surface from which the incident wave re

flects and travels back into the initially loaded region. The reflected

wave, in turn, might be expected to cause a second outward motion pulse.

The use of relief holes was investigated because of the cost and diffi

culty associated with constructing a relief trench to relatively large
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'depth.

Figures IV-48 and IV-49 show measured horizontal velocity in time his

tories on Shots 9 and 13. The characteristics of these shots were given

previously in table IV-13 and figure IV-25, and measured amplitude data in

figure IV-26. It can be seen in figure IV-48 that the effect of relief is

to greatly increase the time duration of the outward velocity phase at

all ranges and significantly increase the velocity amplitude at ranges

near the trench. Figure IV-49 shows similar effects on the trench side,

but lesser effects on the hole relieved side.

DIP IlIA (ref. IV-18) \"/as a larger test of boundary relief than

Shots 9 and 13 and its characteristics were given previously in table

IV-15 and figure IV-34. As in Shot 13, one side of the event was trenched

while the other was relieved with drill holes. The velocity and dis

placement data from DIP IlIA are compared with predictions using equation

IV-47 (no enhancement) in figure IV-50. Acceleration data were few and

of poor quality and could not be compared. It can be seen in figure

IV-50 that the velocity data scatters about the prediction except at ranges

near the trench where the trench data is higher than the prediction and

the hole relieved data by about 30 to 50 percent. The trench and hole

relief displacements are markedly higher than the predictions at all

ranges.

Velocity time history predictions for DIP IlIA were developed by

superimposing an initial pulse prediction based upon the planar array

correlations of previous paragraphs and a reflected pulse from the trench

or relief holes. The measured data at two ranges are compared with no
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" relief time history predictions in figure IV-51. Peak outward velocity

amplitude agreement is reasonable and probably within the scatter that

might be expected in a single experiment. Waveform agreement for the

hole-relief data is also reasonable at the 39-foot range. However, at

the 51-foot range, the outward velocity pulse on the hole-relief side

seems to have a rounder peak which leads to a larger displacement. The

trench data have a very long outward phase and do not agree well with

the no-relief prediction.

The predicted velocity time history at the lOO-foot range trench

location (also shown in figure IV-51) was use~ to estimate a reflected

pulse which could be combined with the initial pulse for a better esti

mate of the relief effect. There are too few data to estimate the re

flection details and its attenuation as it propagates back into the test

area. It was assumed that simple reflection occurred and no attenuation

took place as the pulse propagated. The simple reflection predictions

are compared with the measurements in figure IV-52. It can be seen that

the reflection broadens the predicted pulse at both ranges. At the 61

foot range, this brings the prediction into good agreement with the hole

relief data and at the 39-foot range broadens the pulse so that it is

similar in shape to the hole-relief data initially. At neither range,

however, does the prediction even crudely approximate the trench-relief

data. It appears that the use of a relief trench causes extensive

shear flow which leads to outward velocities of very long duration.

This phenomena cannot be approximated with a simple reflection assump

tion. Simple reflection does, however, seem to predict the hole relief

effect although additional data are required to improve the prediction
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Figure IV-51. Some DIP IIIA Velocity Time Histories Compared
with Predictions Assuming No Relief

295



20 39-Foot Range

Simple Reflection Predictionu
<lJ
Vl- Hole Relief Side...., ---
4-

10
>, --- Trench Side....,
.,..
u
0 5,...
<lJ
:>

a

-5
0 800 1000

Time (msec)

16 61-Foot Range

12
u
<lJ
Vl-. ....,
4--
>,....,
''''u -.
0 ---- .<lJ '----. -
> a

-4 a 800 1000

Time (msec)

Figure IV-52. Some DIP IlIA Velocity Time Hi"stories Compared
with Predictions Assuming Simple Reflection
from Relief Region

296



of the reflection and, especially, its attenuation. It appears that

relief holes do cause a relief reflection, but the support between holes

limits the large outward shear flow caused when a complete open trench

is used.

While relief trenches enhance velocities and displacements and

cause little effect upon accelerations, the use of strong reflecting

barriers or shock shields in the media might be expected to reduce accel

erations and cause lesser effect upon velocities and displacements. The

motions of geologic media beneath rigid masses which are acted upon by

shock inputs are discussed in reference IV-10 in connection with struc

tuYB-media interaction for nuclear loads. The one-dimensional response

of a rigid mass on elastic soil to a triangularly decaying shock is

shown in non-dimensional form in figure IV-53. It can be seen that an

increase in the mass of the block will cause a decrease in the peak ve

locityof the block (and soil immediately beneath the block) and a length

ening of the duration of the motion of the block. The peak acceleration

of the mass and soil (represented by the initial slope of the velocity

time histories) also decreases. Peak acceleration of soil not shielded

by a rigid mass would theoretically be infinite while the peak acceler

ation with a rigid shield is simply the peak pressure (Pm) divided by

the mass per unit area of the rigid shield. These theoretical results

suggest that it may be possible to achieve a substantial decrease in

peak acceleration without causing a major drop in velocity.

Reference IV-19 presents results of shock tube experiments with

shock shields designed to reduce the loads delivered to buried struc

tures in nuclear problems. The problem is basically the same as that
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described above, and some acceleration results are presented in figure

IV-54. It can be s~en that a 2-foot thick concrete shock shield at the

surface reduces peak accelerations on the order of a factor of 2 to 3.

Velocity measurements on the same experiments indicate a reduction of

peak velocity of about 20 to 30 percent.

The solution for the peak velocity and the time of peak velocity
/

for the problem shown in figure IV-53 is (ref. IV-lO).

where

pCLv
--;:;-..;m;;,:.. = 1 - T

Pm m

Tm = 11n(<5 + 1)

<5 =

(a)

(b)

(c)

(IV-49 )

Pm =maximum pressure of the input function

p = mass density of soil

CL = loading wave velocity of the soil

vm =maximum velocity of mass

Tm = normalized time at which rilaximum velocity occurs = tm/to

to = total duration of input pressure function

This solution may be used to determine if the acceleration reduction of

figure IV-54 is predictable by the s.i.mple one-dimensional theory. The

idealized input pressure time history for the shock shield experiments

is shown in figure IV-55. It appears that the early time behavior may be

represented by a triangular pulse with duration, to' of 0.004 seconds.
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The soil used in the shock shield studies was Ottawa sand and reference

IV-19 gives its mass density, p, as 3.48 lb-sec 2 /ft 4 and its uniaxial

secant modulus associated loading wave velocity CL, as about 1500 ft/sec.

Taking the weight density of concrete to be 150 lb/ft 3 , the mass ratio,

0, can be computed to be about 2.2. The normal ized time of peak velocity

is then 0.53 and the normalized peak velocity 0.47. Using equation

IV-46 to compute acceleration, the peak acceleration of the mass would be

v O.47(:~ ) p

a = 2 L1~ = 2 0 53 t = 1.77 pC ~ (IV-50)
r . 0 L 0

In the absence of the mass, the peak acceleration near the surface can

be estimated by assuming a 1 millisecond rise time (ref. IV-10), so

that

a =
Pm Pm

1.15 ---(7"';0:--.:=;-;00::-:;'1')- = 4.60 pC t
pC l 0.004 to l 0

(IV-51 )

Hence, near the surface, the introduction of a 2-foot shock shield

would be expected to reduce peak acceleration to about 38 percent the

free-field value. A similar reduction might be expected to occur at

depth. There are no acceleration measurements near the surface for the

2-foot shock shield, but the measurements at 4, 6 and 8 feet in figure

IV-54, show accelerations with the shock shield to be about 30 to 34 per

. cent of those without the shock shield. This result suggests that the

simple one-dimensional theory seems adequate for estimating accelera-

tion.

It should be noted that although the relative acceleration ampli-

tudes seem to be predicted quite well, absolute acceleration computed
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by the relations above are well below the measurements of reference

IV-19. Indeed, the acceleration measurements seem to be exceedingly

high for the input pressure of 500 lb/in 2
• The cause of this discrep

ancy is not known. However, the relative differences shown by the data

and by the analysis are believed to be correct.

There appears to be a practical limitation to the use of shock

shields for large experiments which may require explosives to extend to

several tens of feet. The construction of a concrete shock shield in

front of such a large array would appear to be quite costly. It may

be possible, however, to construct a smaller shield in the vicinity of

the structure of interest at a more practical cost. Should shock shields

appear potentially useful in the future, then further analysis to rec

oncile the acceleration discrepancy noted above, and additional data

will be necessary to further verify design procedures.

7. SUMMARY OF CONCLUSIONS FROM DATA ANALYSIS AND MAJOR UNCERTAINTIES

a. General

Previous paragraphs have presented basic data and empirical analy

ses of data on dry silts and sands with potential application to the

simulation of earthquake-like ground motions. Where possible within

the data, an attempt was made to quantify relations which can be used

for design and prediction of experiments. Emphasis was given to peak

amplitude parameters and characteristic times as well as to complete

velocity waveforms. Although there is a substantial amount of data

available~ many of the proposed relationships and especially the wave

forms~ are subject to considerable uncertainty. The major uncertainties
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are summarized below and these uncertainties provide the basis for the

theoretical calculation program described in the next section.

b. Spherical Correlations

A gravity scaling term was required to explain the response in the

spherical experiments over a wide range of yields. Displacements and

characteristic times of the horizontal velocity pulse were especially

affected. This aspect of the analysis is unique compared to previous

investigations and it would be desirable to have expanded experimental

and theoretical verification. Due to a lack of sufficient data, there

are also significant uncertainties associated with the vertical near

surface motion components in spherical experiments.

c. Cylindrical Correlations

The cylindrical data appeared to manifest a transition from cylin

drical to spherical behavior which was related to the finite height of

the explosive. Additional verification of the attenuation rates and

the location of the transition region is required. In addition, more

information on characteristic times, the overall horizontal waveform,

especially late time features, vertical components and the variation

of the motion components with range and depth is needed.

d. Planar Correlations

The planar data seemed to manifest a transition from planar to cy

lindrical behavior which, as with the cylindrical data, was related to

the finite height of the explosive. This behavior requires additional

verification before high confidence in the qualitative and quantitative
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relations presented can be achieved. In addition, as with the spherical

and cylindrical cases, much more information is required on character-

istic times, vertical components, waveforms and their variations with

range and depth. Cross-range variation information is also needed.

e. Enhancement

The available data on enhancements are generally only sufficient to
(

indicate trends and potential uses. Much more quantitative information

over a greater range of parameters is required before the full value

of enhancement can be evaluated, and enhancement design can be accomp-

lished. The possible exception is the use of multiple explosions which

definitely appears feasible and analyzable based upon available data.

Decoupling requires further data and calculations. Calculations on use

of relief procedures and shock shields are presented in Section VI.

Additional data is required to substantiate results of these calculations.
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SECTION V

NUMERICAL CALCULATIONS

1. METHODOLOGY AND ASSUMPTIONS

The empirical analyses of the previous section resulted in approxi

mate relations between the major experiment parameters (yield, geometry,

etc) and various aspects of the ground motion environment. The level of

confidence in the relations varies depending upon the amount of available

data. There are remaining uncertainties regarding many parameters espe

cially transition ranges, characteristic times, and vertical motion com

ponents. These uncertainties can only be resolved by additional data or

theoretical analysis. Theoretical solutions to these problems, which

must consider inelastic material behavior, are not available and their

development appears beyond the current state-of-the-art. Field experi

ments, on the other hand, are quite expensive and several would be re

quired to allow an adequate variation in parameters.

The use of finite difference or finite element calculations as a

source of numerical experiments is an alternate to field experiments.

The calculation output can be viewed as measured data from an experiment

and analyzed by the same methods used to analyze field data. This ap

proach suggests that calculations can substitute for experiments on a

one-to-one basis at only a fraction of the cost of field experiments.

In addition, numerical calculations are not limited by the relatively

few instrument locations practical in actual experiments and do not con-
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tain the large random measurement scatter encountered in the field.

The use of numerical calculations was the approach selected in this

study to aid in resolving some of the uncertainties associated with the

empirical correlations. The same empirical or semi-empirical concepts

derived from phenomenological evaluations and dimensional analysis were

applied to the numerical output. The scaled results, in turn, were used

to evaluate t~e relationships between the calculated ground motions and

the major input variables.

Although calculations are known to have quantitative 1imitations due

to finite zone size, input source and material property uncertainties and

geometry limitations (e.g. when two-dimensional models are used for three

dimensional problems), calculations are qualitatively correct for the

problem modeled and do provide correct relative quantitative variations

as input parameters are varied. The relationships derived from calcula

tional results can be empirically modified to adjust for their limita

tions by using the available measured data.

The major parameters selected for evaluation with calculations were:

(a) Nondimensional scaling terms relating source characteristics

to motion parameters in spherical, cylindrical and planar geometry.

(b) Attenuation rates in inelastic silts and sands in spherical,

cylindrical and planar geometry.

(c) The effect of source coupling on motion amplitude in cylindri

cal geometry.

(d) The relation between finite cylindrical and planar charge

size and the transition range for ground motion parameters.
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(e) Peak Vertical response in the near-surface region of planar

events.

The evaluations were limited to dry granular material since most avail

able data are in such material and dry alluvial sites are prime candidates

for initial simulation tests.

2. THE CODES USED

The problems of interest are all, ultimately, two or three-dimension

al. Spherical explosions will be influenced by the free-surface after

some time and become two-dimensional. Cylindrical explosions will also

be influenced by the free-surface and, in addition, will be influenced

by the finite length of explosive, both effects causing two-dimensional

effects. Planar explosions will be influenced in a similar manner by

the free-surface and finite exploslve height, but, in addition, will be

influenced ultimately by the finite width of explosive, leading to three

dimensional effects. In spite of the ultimate two or three-dimensional

nature of the problems, a lesser number of dimensions can be used to an

~lyze many of the effects of interest. One-dimensional spherical, cylin

drical or planar geometry can be used to evaluate scaling terms and the

effect of material nonlinearity on scaling. Two-dimensional calculations

can be used to evaluate the effect of finite explosive height and free

surface effects in cylindrical or planar problems. In assessing three

dimensional effects, it is often possible to infer the difference between

two and three-dimensions from the difference between one and two-dimen

sions. Only one and two-dimensional calculations were performed in this

study. Three-dimensional calculations may be desirable in the future to

verify some of the conclusions herein should such calculations appear
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practical.

The one-dimensional calculations were made with the WONDY IV code

(ref. V-l). WONDY IV is a wave propagation code which solves the finite

difference analogs to the one-dimensional differential equations of mo

tion in Lagrangian coordinates. The geometry can be spherical, cylin

drical or rectangular (planar). In all cases, motion is restricted to

one direction but, in cylindrical and spherical geometry,/appropriate

circumferential strains are included. The artificial viscosity method

is used to maintain stability in the vicinity of strong stress gradients.

WONDY IV has the ability to handle any equation-of-state desired

by the user. In addition, there are several equations-af-state included

in the code including an ideal gas, and an ideally elastic-plastic-hy

drodynamic material. The equations-af-state used in the calculations

were the ideal gas and a special non-linear, plastic equation-of-state

for soils. The soil equation-of-state and the specific parameters for

the material of interest are described in a later paragraph. WONDY IV

can be initiated by boundary conditions (e.g. pressures), initial condi

tions or both. Input conditions in this study are also explained in a

later paragraph.

Output from WONDY IV can be obtained in either printed or plotted

form. Plotted form is the most convenient, and plots of stress and ve

locity versus time and stress path at each target point of interest were

obtained for this study. Typical plotted output for a target point in a

spherical problem is given in Appendix D.

The two-dimensional code used was TOaDY II (ref. V-2), which solves
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finite difference analogs to the two-dimensional Lagrangian equations

of motion. The code may be used under either rectangular (plane strain)

or axisYmmetric conditions. Both WONDY IV and TOaDY II were written at

Sandia Laboratories. As a result, both codes contain similar features

with regard to input, output, boundary condition and equation-of-the

state options. Further details on vIDNDY IV and TOaDY II, including math

ematical development, assumptions and input instructions can be found in

references V-l and V-2, respectively.

3. ASSUMED EXPLOSIVE SOURCE

The detonation process involves the conversion of explosive material

to gases and condensates in a very short period of time and with the re

lease of large amounts of chemical energy. After detonation, the chemi

cal energy resides in the explosion products in the form of internal

energy. This internal energy is manifested physically through high pres

sure and temperature in the explosion products and, possibly, vaporized

material from the surrounding medium. The products exert pressure on the

surrounding material which, in-turn, expands allowing the pressure to

drop until an equilibrium condition between the pressure and the surround

ing medium is reached or, if the explosion is near the surface, the

explosion vents to the atmosphere.

The explosion process was approximated in some of the calculations

with an ideal gas model. This model assumed that the explosive mater

ial was instantaneously converted to an ideal gas containing the avail

able energy of detonation. The initial volume of the gas was taken as

the initial volume of the cavity containing the explosive. Both the gas

and the surrounding soil were modeled in the calculations and their
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behavior was calculated simultaneously in the code. The ideal gas equa

tion-of-state is especially simple and is given by

pvY = constant (V-l)

where

p :: pressure

v :: specific volume

y :: ratio of specific heats

The pressure is given by

p = (y - l)pE:

where

p :: initial density

E: :: initial energy per unit mass ( specific energy)

and the sound speed is given by

c = Iy(y - l)E:

(V-2)

(V-3)

Equations V-l, V-2, and V-3 may be used to establish the initial condi

tions in the cavity from the initial values of energy and density.

The explosives of interest are TNT, PETN, AN slurry and ANFO. Av

erage values used for density and available energy for these explosives

are given in table V-l. The values were selected as representative val

ues"from the ranges given in Appendix A. A ratio of specific heats, y,

of 1.32 was used for all explosives. Although y is known to vary from

explosive to explosive and to be a function of temperature and pressure,

little is known about its actual value and variation for the explosives
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considered here. The range of y is fairly limited, however, (about 1.2

to 1.4) and the value of 1.32 for PETN when used in equation V-2 yields

values for peak pressure which are in excellent agreement with an empiri

cal relation for peak pressure given in reference V-3. The empirical

relation, derived from numerous HEST experiments, relates the peak pres

sure in a cavity to the total amount of PETN in the cavity and is

where

Po = 22.5 + 4297 Yc (V-4)

Po = peak pressure Ib/in 2

Yc = PETN charge density in lbs/ft 3

Table V-I
Representative Explosive Properties For Use in

Ideal Gas Source Models

Density Available Energy
. Explosive lb/ft 3 (gm/cc) ft-lb/lb (cal/gm)

TNT 93.7 (1.5 ) 1.42xl06 (l 01 0)
PETN 81.1 (1 .3) 1.91xl06 (1360)

AN Slurry 93.7 (1.5 ) l.99xl0 6 (1420)
ANFO 58.1 I (0.9~) l.25xl0 6 (890)

The ideal gas source model was used in most one-dimensional calcu

lations and a few of the initial two-dimensional cylindrical calculations.

The use of this model in the two-dimensional calculations caused serious

calculation problems however. The problems were associated with severe

zone distoration at the bottom and top of the explosive cavity. Figure

V-l shows the deformed mesh in the region of the explosive cavity after

about 20 msec in the first attempt at a two-dimensional cylindrical
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simulation of Shot 7. It can be seen that there is severe zone distor

tion adjacent to the gas cavity.

The original size of the zones adjacent to the cavity was approxi

mately that of the zone in the bottom left-hand corner of the figure.

The zones on the radial boundary of the cavity are crushed to about 25

percent of their original width in the deformed configuration. Worst

distortion from a computation viewpoint occurs in the soil zones at the

bottom and top of the cavity. In these zones, the zone boundaries have

crossed each other and the total area of each zone is approaching zero.

This condition causes the computation time step to become exceedingly

small so that the overall computation cannot proceed. This severe dis

tortion and its effect on computation time is a problem inherent in cal

culations involving large deformations with a Lagrangian code. In addi

tion to zone distortion, the Lagrangian mesh, which locks the zones to

gether, inhibits the expansion of the gas toward the free-surface and

prevents venting of the explosion. Venting is known to be the major re

lease of the explosive pressures at late times.

Attempts were made to alleviate the zone distortion and to enhance

the gas expansion by implementing slide lines in the calculations. Figure

V-2 shows the deformed mesh of a cylindrical calculation where slide lines

were used between the cavity region and the adjacent soil. It can be

seen that distortion in the zones above and below the cavity is reduced

and that a plug of soil above the cavity has moved upward significantly

relative to the adjacent soil, thereby enhancing gas expansion. Although

these results are in the direction desired, the zoning is complicated,

the amount of gas expansion is still too small for a good venting approx-
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imation and the required time step is too small for long time, production

calculations.

A second attempt was made to enhance gas expansion while minimizing

zone distortion by zoning the soil above the explosion into a trapezoidal

plug separated from the adjacent soil by slide lines, as shown in figure

V-3. It was hoped that the plug would behave as a pseudo-erater and give

a better approximation to venting. The assumption here, as with the

previous slide line approach, was that the behavior at ranges of interest

would be sensitive to the overall gross behavior at the source rather

than specific details. The pseudo-crater approach did little to enhance

venting compared with the vertical slide line approach (fig. V-2) and,

in addition, required more complex zoning and larger computation times.

Also, zone boundary interference along the inclined slide line caused

numerical problems.

The various approaches to modeling the'explosion in two-dimensions

using an ideal gas in a cavity led to two significant conclusions:

(a) Zoning complications and/or zoning distortions were such that

long computation times would be required for the parametric variations

required in this study.

(~) None of the zoning approaches gave an adequate approximation

of explosion venting to the atmosphere.

Cavity pressure-time histories computed with the various ideal gas

approaches are compared with each other and with a one-dimensional cy

lindrical calculation for the same soil properties in figure V-4. The

two-dimensional results shown are from the cavity mid-depth but it was

found that there was no distinguishable variation of pressure with loca-
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tion in the cavities. The mid-depth results, therefore, may be taken as

representative of any location in the cavity. The cavity pressures com

puted in two-dimensions were about the same regardless of cavity treat

ment. The two-dimensional pressures, however, were somewhat lower than

the one-dimensional pressures at late times(i.e., the pressures decay

more rapidly in two-dimensions than one-dimension). The difference be

tween the one and two-dimensional calculations, however, are not consid

ered significant within the uncertainty of the assumptions inherent in

the derivation of the ideal gas properties for the explosion to start

with.

Since the prime objective of the calculations was to obtain insight

into ground motion behavior at intermediate to far ranges as a function

of major source changes, and because of the complexity and high cost of

detailed source modeling, two-dimensional sources were approximated in

the parametric calculations by a pressure-time history applied over the

region in which the original explosive was in contact with the soil. The

pressure-time history was derived by modifying one-dimensional ideal gas

calculations to account for explosive venting. As noted above, the dif

ferences between one and two-dimensional behavior were found small within

the overall uncertainty of approximating the source.

The atmospheric venting modifications assumed that venting would

begin at the top of the explosive region after the wave initiated at

the top of the explosion has propagated to the surface, reflected,

and then penetrated back to the top of the explosion. At this time

all of the soil above the explosion would be in a state of spall and

moving upward at a high velocity. Venting was assumed complete after
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a rarefaction wave in the gas, initiated at the top of the cavity

at the start of venting, had propagated through the cavity and then

returned to the surface. The wave speed in the soil was taken as

the wave speed of the peak stress, approximated as three-quarters the

seismic velocity because of the high stresses near the explosion. The

rarefaction wave speed in the gas was estimated by (ref. V-4)

where

= C (P(~ + 6~ ~
Cr 0 6p + 1 )

(V-5)

Cr = rarefaction velocity in gas

Co = ambient speed of sound in gas

p = L
Pa

p = gas pressure at time of start of venting

Pa = atmospheric pressure

The input pressure to a two-dimensional cylindrical simulation of

Shot 7 is shown in figure V-5. The two-dimensional ideal gas pressure

time history (used since it was available) was assumed to go linearly

to zero starting at the time of arrival of the reflection from the sur

face and ending when a rarefaction wave had transited the cavity and re

turned to the surface. The overall pressure-time history was then

approximated by a simple overall fit of the form

(V-6)

where

p = pressure

Po = peak pressure

323



3000 r--------------------------.

0.025

of Venting

0.020

Surface Reflection

2-D Ideal Gas

--- Venting Estimate

0.010 0.015
Time (sec)

= 3000 (1 - tjO.024) exp (-2.5tjO.024)

0.005
OL..--__---''-- ---'- ---'- -:::!IoL.L---.;:;;;;::...:......._...I

o

C)
~
~

~ 1000
C)

~

0..

Nc: 2000
"
..0,....
---

Figure V-5. Simple Pressure-Time History Approximation
For Cylindrical Shot 7

324



to = duration coefficient

a =decay coefficient

The pressure-time fit of figure V-5 was applied as a pressure boundary

condition over the physical length of the explosive. The deformed mesh

at 140 milliseconds in this calculation is shown in figure V-6. The

grid did not include the zones above and below the cavity because of in

stabilities which remained, even using a pressure-time history, in the

zones immediately above and below the cavity. The effect of the mater

ial in this area was approximated by applying a pressure above and below

the cavity region equal to the pressure in the adjacent soil zone. This

procedure eliminated the instabilities and allowed the calculation to

proceed to the time of interest with a reasonable amount of canputer time.

An additional approximation was required in formulating the input

pressure-time histories for the planar calculations. Planar explosive

arrays in the field are generally created by placing explosives in closely

spaced boreholes. At distances from the array on the order of twice the

borehole spacing, the ground motion behavior is governed largely by the

average effect of all of the boreholes. This average effect has been

expressed in Section IV by the areal charge loading density, a. In the

planar calculations, the array was also approximated by an areal loading

rather than the effect of individual boreholes. In order to estimate

a pressure-time history from a planar array, it was necessary to esti

mate an effective cavity volume. The combined volume of typical bore

holes would have been so small that the selection of practical zone

si~es would have been impossible. Hence, the cavity volume was chosen

so that reasonable zone sizes could be selected. It will be shown later
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that ground motions have some sensitivity to cavity volume but, so

long as cavity volume is scaled properly, the relative effects of the

major input variables are obtainable with this assumption.

The assumptions described above, which take the real explosion

and translate it to a simple pressure time-history input, are major

and are subject to significant uncertainty. However, they were

necessary to enable practical calculations to the late times of inter

est to earthquake simulation. In spite of the assumptions, the re-

sulting pressure-time histories do preserve the essential features of

the explosion yield and areal size. As a result, although the precise

quantitative behavior in the resulting calculations may be uncertain

because of these assumptions, the relative quantitative behavior as a

function of parameter variations is believed to be correct.

4. ASSUMED MATERIAL PROPERTIES

The parametric calculations were performed using a nonlinear, in

elastic material model consisting of a unique, piece-wise linear, hys

teretic hydrostat to define pressure-volume behavior and a multi~

linear failure surface of the ~1ohr-Coulomb type to limit deviatoric

stresses. The hydrostat, shown in figure V-72, relates the pressure,

p, to the excess compression, ~, in both loading and unloading. The

pressure is defined as the average of the three normal stresses acting

on a material element, i.e.,

p=1/3<J ..
11

(summation notation implied)
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where

p = pressure

0;i(i=1,2,3) = normal stresses defined as positive in compression

The excess compression is defined by

where

p = current density

p = initial densityo

(V-8)

and is simply the spatial (Eulerian) volumetric strain. The hydrostat

is defined by linear segments with bulk moduli, BL1 , Bl2 , etc. As many

segments as necessary to define the material of interest may be used.

The unloading-reloading modulus, Bu' is ordinarily taken as equal to the

initial loading modulus.

The incremental deviatoric stress components are computed by

. .
(j ~. = 2Ge: ~ .

lJ lJ

where
.
a~. = deviatoric stress increments

lJ

G = local shear modulus.
e: 1 = deviatoric strain increments
ij

The local shear modulus, G, is estimated from

G= ~ (1 - 2V) B
2 1 + v
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where

B = local bulk modulus

v = Poisson1s ratio which may be different in loading and unloading

The total deviatoric stresses, 0ij' at a particular time are limited by

a failure envelope.

The failure envelope, shown in figure V-7b, is the Drucker-Prager

generalization (ref. V-S) of the Mohr-Coulomb failure envelope. The

envelope relates the limiting values of the square root of the second

invariant of the stress deviator tensor, IJI, to the pressure. IJI
is defined by

1
IJf = (1/20~ .o~ .)7"

1J 1J
(V-1J)

where 0ij =deviatoric stress components. The failure envelope is

usually derived from the standard triaxial test where IJf is computed

from the stress deviator by

(V-12)

where

01 = vertical stress in the triaxial test

03 = confining stress in the triaxial test.

and the corresponding pressure is

1
p = 3" (0 1 + 20 3) (V-13)

The failure envelope may have any number of linear segments, although

only two segments are commonly used. At low to intermediate pressures,
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IJI is linearly related to p by

.;'J[=k+o:p (V-14 )

where k and 0: are coefficients. The coefficients are related to con-

ventional triaxial parameters by

a = 213 sin¢
3 - sin¢

2c
k=--~~---

13 (_1_ _ltan¢\
cot<jl 3 J

where

<p = angle of internal friction

c = cohesion intercept

(V-15)

(V-16)

At high pressures, the failure envelope is usually taken as constant

(sometimes called the von Mises limit). Computed values of the deviator

stresses, aij' from equation V-9 are checked against the failure enve

lope to determine if an admissable stress state exists. If IJ[ is less

than or equal to the failure value at the corresponding pressure, the

computed values are accepted without modification. If IJI is greater

than the failure value, the deviator stresses are corrected to force

them to lie on the failure envelope. This correction is performed using

a nonassociated flow rule in which the pressure is held constant.

Ordinarily, laboratory or field data on hydrostatic behavior are not

available. Available information usually consists of seismic velocity

data and/or laboratory uniaxial strain data. Uniaxial response can be

converted to an estimate of hydrostatic response through Poisson's
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ratio and the failure surface. In the uniaxial test, the radial stress

;s related to the axial stress, prior to failure, by

cr = v cr
r 1 - v a

where

crr = radial stress

cr = axial stressa

v = Poisson's ratio

The pressure is then

l(l+V)P = 3" 1 - v cra

The excess compression ;s

(V-l7)

(V-181

j.l = 1

where 8 = axial strain.z

(V-19)

Equations (V-18) and (V-19) relate the uniax to the hydrostat up to the

point of failure. At each stage of use of these equations the failure

surface must be checked. IJI in the uniaxial test is

IJT = _1 (1 - 2~\ cr
2 13 1-jla (V-20)

Starting with the value of pressure at which the failure surface is

encountered, the relation between IJI and p on the failure surface must

be used to compute the pressure. The most direct procedure involves,

first, selecting a value for p and, second, determining the correspon

ding value of IJT from the failure envelope. The corresponding uniaxial

stress is then
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213 'J'I
(J = - YU2 + Pa 3 (V-2l)

The uniaxial strain which corresponds to this value of uniaxial stress

may then be used to compute the excess compression associated with the

selected value of p.

The baseline material selected for the parametric calculations was

dry McCormick Ranch silty sand. Most existing simulation data are from

McCormick Ranch and the site is a prime candidate for additional earth

quake simulation experiments. Soil data for the site are available from

references V-6, V-7, and V-8 and recent unreported tests performed by

CERF.

The site, above about 75 feet, consists mainly of silty, clayey fine

sand (classification SM and SC) with light cementation throughout.

There are some gravel and hard caliche lenses as well as a few layers

of plastic silts and clays but these conditions occur seldom and the

site is quite uniform overall. Air-bailed, dry drill holes remain open

without support in this material but undisturbed samples are difficult

to obtain. The soil below 75 feet is a clean uniform sand. Most simu-

lation tests have been performed above this material and, therefore, its

properties have not been determined. The ground water table at the site

is below 500 feet.

A representative seismic profile for the site is given in table V-2.

The seismic velocity gradually increases from 1300 to 2200 ft/sec from

the surface to 14 feet and then remains 2200 ft/sec to a depth of 85

feet, indicating the relative uniformity of the upper silty sand. The

increase in seismic velocity at 85 feet is probably associated with the
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uniform sand layer. The data of reference V-7 indicate that the aver

age dry unit weight in the upper 50 feet is about 102 lbs/ft 3 and the

average moisture content about 6.5 percent. These values combine to

give an average total unit weight of 109 lbs/ft 3
•

Table V-2

Representative Seismic Profile for McCormick Ranch Test Site (ref. V-6)

Oepth(ft) Seismic Velocitv(ft/sec)

0-3 1300
3-14 1750

14-85 2200
85-260 3750

260 and Below 6100

Two alternative esti~ates of the uniaxial strain response of the

silty sand are shown in figure V-2. Reference V-6 recommends a compos

ite uniaxial stress-strain curve for the upper 65 feet of material

based upon laboratory uniaxial tests. This recommendation (labor~tory

based) was taken as one alternative. A second alternative was consid-

ered because recent analyses of in-situ material property test data

(e.g., ref. V-g) indicate that laboratory derived stiffness properties

may be too soft. These analyses suggest that seismic behavior may per

sist to a stress level of about 100 lb/in 2 and that stiffness may re

main higher than indicated by laboratory data to very high stresses.

The second alternative model was derived by assuming a seismic

modulus (taking 1650 ft/sec as an average velocity in the upper material)

to the 100 lb/in 2 stress level and then softening the model to corres

pond to a modulus based upon one-half the seismic velocity. This latter

assumption is based upon long standing empirical correlations which

334



Seismic-Based
Mode1--__J

/1
;1
; I
/ I

; I Laboratory Based/ IMode1 (ref. V-6 )

/ I
/ I

I
I

I
/

/
o '---_--'-----.L---'--_---!.~~_ __L__ ___.J

5CJ

150

100

400

350

300

.-
~

'r-

~ 200

..-
--... 250

o 0.01 0.02 0.03 0.04 0.05

Axial Strain

FiqureV-8. Alternate Uniaxial Stress-Strain Models

335



indicate the effective loading wave speed at intermediate stress levels

(300 to 1000 lb/in 2
) is about one-half the seismic velocity (e.g., ref.

V-10). Unloading is assumed to occur at the seismic modulus.

It can be seen in figure V-8 that the seismic-based model is sig

nificantlystiffer than the laboratory model in loading but they have

similar unloading stiffnesses. The seismic-based model was used in most

of the parametric calculations, although one cylindrical calculation

was performed with the laboratory model to obtain some insight into the

effect of material property changes.

Failure data was available from triaxial tests reported in reference

V-8 and recent unreported results from CERF. All tests were performed

on recompacted samples at various conditions of density and moisture.

As a result, there is some uncertainty in interpreting in-situ behavior

of the soil. Figure V-9 presents the data in terms of IJI versus p and

several alternative fits of the failure envelope. Alternate A was a

direct fit of the data from reference V-8. It was found that cylindri

cal calculations of Shot 7 using this fit did not give sufficient in

ward motion compared with the data. Several additional calculations

were performed with varying failure surfaces to obtain better agreement

of the calculated inward to outward particle velocity ratio with the

Shot 7 data. The fit designated alternate B gave the best agreement

when the ideal gas source was used. Alternate C gave the best agree

ment when a pressure-time input including a venting estimate was used.

The major difference between alternates Band C and alternate A is the

intercept on the IJI axis. Alternates Band C indicate significant co

hesion at zero pressure. This is believed due to cementation and other
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long term in-situ conditions which are lost during sampling and recom

paction for laboratory tests.

Some of the early cylindrical parametric calculations used alter

nates A and B. However, alternate C was finally selected as the

best fit and was used for most of the calculations. This fit includes

a tensile pressure cutoff of 100 psi. This tensile cutoff is prob

ably somewhat large for the site materials but was required in order

to maintain stability in the calculations. Tension models currently

available are inadequate, and instability and large oscillations occur

when tensile failure occurs. Fortunately, large tensions are not en

countered in the calculations at most ranges of interest. Therefore,

this condition is believed to have little influence upon interpretations,

of the calculations.

As mentioned earlier, the material model for the calculations re

quires input in terms of a hydrostat and a yield surface. The alter

nate uniaxial fits of figure V-8 were converted to hydrostats assuming

a Poisson's ratio of 0.3 and using the alternate A fit to the failure

data. The hydrostats are shown in figure V-10. The hydrostats arerel

atively insensitive to failure surface variations within the range

considered and therefore these hydrostats were not changed when other

yield surfaces (alternates B and C) were used in calculations.

Most of the parametric calculations used the seismic-based hydro

stat and the alternate C yield surface since these were finally chosen

as the best representation of the in-situ material. However, the lab

oratory-based data and/or the alternate Band C failure envelopes were
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used in some of the early cylindrical parametric variations. Table V-3

shows the four main material property combinations which were used and

designates them as alternates 1 through 4. The designation will be

referred to later when calculation results are presented.

Table V-3

Main Material Property Combinations
Used In Calculations

Alternate Hydrostat Failure Surface

1 Seismi~ A
2 Laboratory A
3 Seismic B
4 Seismic C

In addition to the majority of calculations which used inelastic

material models, three cylindrical elastic calculations were performed

for a preliminary estimate of proper material property scaling in the

presence of elastic property variations. The elastic parameters used

in these calculations are given in table V-4. The variations designated

elastic 1,2, and 3 correspond roughly to unit weights and elastic

loading wave speeds of dry soil, wet soil, and soft rock, respectively.

5. CALCULATION SET-UP

Calculations of three general types were performed in this study,

namely spherical, cylindrical, and planar. Spherical calculations were

performed in one-dimensional geometry while cylindrical and planar cal

culations were performed in both one-dimensional and two-dimensional

geometry. The main purpose of the spherical calculations was to deter-
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mine whether standard scaling rules derived assuming elastic behavior

were applicable to nonlinear materials. In addition, it was desired

to evaluate attenuation rates for comparison with far-field cylindrical

and planar data.

The cylindrical calculations were designed to aide in resolving

scaling questions, cylindrical attenuation rates, the effect of finite

charge length, and off-centerline motion variations. In addition, the

cylindrical configuration was used to develop calculation procedures,to

observe the effect of limited material property variations and the

effect of source coupling.

Table V-4

Elastic Parameters Used In Material
Property Scaling Calculations

Unit Wei~ht Elastic Wave Poisson's
Identifier (lbs/ft ) Speed, C (ft/sec) Ratio, v

Elastic 1 109 825 0.3

Elastic 2 115 2750 0.3

Elastic 3 140 8000 0.3

The planar geometry was of interest because of its apparent near

term applicability to simulation. In the planar case, attenuation

rates, the effect of array height, and off-centerline variations were

investigated. In addition, the effect of the free-surface and the

vertical response in the near-surface region were evaluated.

Over 36 calculations were performed in this program. Table V-5 SUffi-

marizes the main calculations, their characteristics, and the individual
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calculation objectives. A calculation identifier, consisting of a

number, a letter, and another number, is assigned to each calculation

for reference in later paragraphs. The first number refers to the

number of dimensions in the calculation (1 = one-dimensional, 2 = two

dimensional). The letter refers to the geometry (S = spherical, C =

cylindrical, P = planar). The second number is a sequential number in

the calculation sequence.

Not all of the calculations summarized in table V-5 are treated in

the discussions which follow. Those calculations which have II cal cu

lation procedure" as their objective were used to establish initial

insight into important parameters and to guide the selection of zone

sizes, calculation times, and loading conditions (e.g., the pressure

versus time loadings described earlier). Their results are not explic

itly presented. Some cylindrical material property variations (i.e.,

alternates 5, 6, and 7) were intermediate steps in the selection of a

best estimate of in-situ properties. The results of these calculations

provide no new information beyond other calculations and are also not

presented. Most one-dimensional calculations were performed with an

ideal gas explosive model. A few were performed with a pressure input

to determine differences from the ideal gas model and to provide a base

line for comparison with the two-dimensional calculations. All two

dimensional calculations, except a few early 'Icalculation procedure II

runs, used a pressure input.

Figure V-ll shows typical configurations for the two-dimensional

calculations. For efficiency, the effect of array height on the ground

motion parameters on the centerline were determined in symmetric cal-
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culations (fig. V-112), where the mid-depth of the explosive was taken as

a plane of symmetry. Off-centerline behavior and vertical behavior due

to the free surface was ascertained by a more limited number of free~

surface calculations (fig. V=116).

The zoning configurations used are shown in figure V-12. Zone size,

in both one and two-dimensions, was finest near the source and then
(

allowed to grow with increasing range and depth. Three zoning types

were used. In one dimension, the zones grew in a cubic fashion in a

manner described in reference V-l. This zoning is designated type A.

In two dimensions, type B zoning held the zones in a region adjacent to

the explosive source (bounded by Xl, YI in figure V-12b) constant in size.

Zones beyond this region were then allowed to grow arithmetically to the

boundaries of the calculation (bounded by X2 , Y2 in figure V-12b). In

several planar calculations, where it was necessary to zone to very

large ranges, arithmetic zone size increases would have led to unusually

large zone aspect ratios. In these cases, the arithmetic zone size in

crease was stopped at some range and depth (X 2 , Y2 ) and constant zoning

was again used to the problem boundaries (X 3 , Y3 ). The boundaries of

the calculations were set so that spurious boundary reflections did not

affect calculation results during the time of interest.

Zone sizes were selected in relation to the explosive loading, and as

a compromise between calculation accuracy and efficiency. Initial one-

dimensional cylindrical calculations with a lineal charge density of

6.7 lbs/ft of TNT were performed with very fine zoning (6Xi = 3 inches).

A small parametric study indicated that an initial 6 inch zone size

gave sufficient accuracy and this size was used for several cylindrical
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calculations. In two-dimensions, these zone sizes would have been im-

practical. A 2-foot zone size was finally selected for the two-dimen

sional calculations. It was found that in the region of one-dimensional

motion, except very near the source, the•.2-foot zone size gave agree-

ment with the one-dimensional results that would have been well within

the scatter of a well instrumented experiment. In the two-dimensional

planar calculations much larger zone sizes were necessary to allow cal

culations to the large ranges of interest. Here the amplitude results,

especially near the source, are probably attenuated because of the large

zoning. However, the comparative quantitative results between calcula

tions are believed correct.

6. SPHERICAL RESULTS

Two spherical calculations were performed to verify the applicability
1

of standard WT scaling for ground motions in inelcstic media, as has been

suggested by Crowley (ref. V-ll), and to obtain information on spherical

attenuation rates. The yields in the two calculations were 80.4 and

107,200. lbs of equivalent TNT, corresponding to a yield difference of

greater than three orders of magnitude. The explosions were approximated

by an ideal gas approximation and the cavity radii for the twocalcula

"tions were in scaled proportion.

The calculated velocity and corresponding displacement time histories

at a range of about 147 feet from the 107,200. lb source are shown in

figure V-13. The velocity has a finite rise time due to the nonlinear

loading behavior of the soil. The velocity time history has a large Qut-

ward phase, a smaller inward phase and, finally, a second outward phase

before settling down to zero. The total motion endures for about 0.75 sec.
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Peak radial accelerations, particle velocities and displacements,

scaled by w~, are plotted in figures V-14, V-15, and V-16, respectively.

Since accelerations are poorly calculated in finite difference codes,

the accelerations were estimated from the peak velocity and rise time to

peak velocity using equation IV-46 from Section IV. The scaling results

indicate that w+ scaling does an excellent job of collapsing the

calculated results. The acceleration attenuation rate is about -3.5 to

a scaled range of about 5, after which the attenuation rate lessens to

about -1.6. Velocity attenuates at -2.4 to a scaled range of about 5.6

and then at -1.6. The particle velocity at the range corresponding to

the attenuation break is 1.8 ft/sec and this corresponds (using

equation IV-26) to a radial stress of about 70 lb/in 2 . The elastic

limit of the material model was 100 lb/in 2 • The break in the attenu-

ation slope of both the accelerations and velocities is, therefore,

associated with the transition to elastic behavior.

The displacements attenuate at -2.3, slightly smaller than the ve

locity attenuation rate, beginning at a scaled range of about 1. The

lesser attenuation evident in figure V-16 at nearer ranges is probably

due to severe shear failure from the high stresses near the source. The

displacements do not exhibit a change in attenuation rate at m~re distant

ranges. The reason for this is evident in the data for the outward dura~

tion of the particle velocity which are plotted in figure V-17. These

data also scale well. At near ranges, the outward duration attenuates

very slowly. The small attenuation of -0.09 accounts for the difference

between the velocity and displacement attenuation rates in the inelastic

region. At a scaled range of about 6, the outward phase duration begins
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to attenuate at -0.73. This increased attenuation combines with the re-

duced attenuation of the particle velocity so that there is essentially

no effect on displacement attenuation.

1

At ranges nearer than about 5 ft/lbT , the calculated ground motions

are fit very well by

where

a =acceleration in gls

v = particle velocity in ft/sec

d =displacement in inches

R = range in feet

W= yield in lbs of equivalent TNT

7. CYLINDRICAL RESULTS

a. Introducti on

(b)

(c)

(V-22 )

The cylindrical calculations were designed to evaluate six areas:

(1) The effect of sources coupling

(2) Yield scaling in cylindrical geometry

(3) Elastic material property scaling

(4) Effects of inelastic material property variations

(5) The effect of finite explosive height

(6) Free-surface effects
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In each case, the effect of the specific parameters on radial accelera

tion, velocity, and displacement and their time histories was of interest.

As mentioned earlier, cylindrical geometry was of interest because planar

array effects are expected to approach cylindrical behavior at some range

away from the array, and some cylindrical data are available for compari

son with calculations. The first four areas were addressed with one

dimensional calculations. The fifth and sixth areas involve two-dimension

al effects and, therefore, were evaluated with two-dimensional calcula

tions.

b. Source Coupling

In the initial one-dimensional cylindrical calculations (lCl through

lC5), the source yield was varied but little attention was given to the

dimension of the cavity radius. The radius was simply selected to be a

convenient value. It was found that the results of these calculations

did not scale well. After evaluation of these calculations, it was de

termined that cavity radius, which is a factor in source coupling, played

a significant role in some ground motion effects away from the charge.

Variation of the cavity radius for a given amount of explosive causes

a variation in the initial energy per unit mass in the cavity and, hence,

a variation of the peak pressure in the ideal gas source (see equation

V-2). Peak pressure, therefore, was determined to be an important scaling

parameter when using an ideal gas source.

Three calculations (lC3, lC4, and lCll) were used to obtain insight

into the effect of cavity radius. In those calculations, the total

amount of explosive was held constant at 6.7 lbs/ft of TNT (5.0 lbs/ft
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of PETN) while values of 1.5, 1.0, and 0.25 feet were used for the cavity

radius. These variations resulted in cavity pressures of about 3000,

6800, 110,000 1b/in2
, respectively. The 1.S-foot cavity radius corre

sponds to the condition of experimental Shots 6 and 7 discussed in Section

IV.

The radial accelerations, velocities, and displacements as a func

tion of range under the three coupling conditions are shown in figures

V-18, V-19, and V-20. The accelerations and velocities are peak values

while the displacements are the values when the particle velocity has

decayed to one-half its peak. This distinction was necessary because the

alternate 1 material properties did not result in an inward velocity

phase and the displacement continued to increase with time. This was the

prime reason for evaluating and using better in-situ material models for

later calculations.

The acceleration and velocity results at ranges nearer than about

15 feet separate significantly as a function of cavity radius. At 15

feet and beyond, however, the effect of cavity radius cannot be detected.

The displacements separate as a function of cavity radius at all ranges.

This is a result of a frequency content difference in the particle veloc

ity time history as a function of cavity radius. At a given range in

these calculations the displacements are proportional to the cavity radius

to about the 1/3 power although this result should not be used as a gen

eral relation without further evaluation.

The cavity radius variations were performed to develop insight into

the effect of source coupling details. Although further calculations
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and analysis would be required to reach firm quantitative relations, the

limited results obtained lead to several important conclusions:

(1) A source term related to cavity radius or, equivalently, source

pressure is important for ground motion scaling. In order to remove this

effect when using an ideal gas approximation for different yields in a

common geology, it is necessary to change the cavity dimensions so that
1 1

ro/WT, ro/yT, or t/a, depending on geometry, remains constant. This re-

sults in the pressure at the source remaining constant. In actual phys-

ical problems involving a common solid explosive, this effect is auto-

matically taken care of since the explosive yield is proportional to the

explosive volume and the detonation pressure remains constant. Detonation

pressure differences, however, may lead to some uncertainty when scaling

results from different explosives. It is common to use a single factor

to relate the energy equivalency of different explosives, and this is the

approach used herein. It is likely that a second factor related to the

explosive detonation pressure may also be important but this effect has

not yet been accounted for in the ground motion community.

(2) The effect of cavity radius or peak pressure on accelerations

and particle velocities diminishes with increasing range. This suggests

that source approximations similar to those used herein, where large

cavity dimensions were necessary to allow practical zoning, may be usable

for direct quantitative predictions at intermediate to far ranges. Ab

solute quantitative predictions of displacements will probably be high

due to the large source volume.

(3) Variations of source coupling in the field by placing the ex-

plosive in different sized cavities may be a viable way of altering the

displacements and, as a result, the frequency content of ground motion
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for simulation purposes. Accelerations and velocities at intermediate

to far ranges, however, may not be changed much.

c. Yield Scaling

Three one-dimensional cylindrical calculations (lC10, lC12, 1C13)

with different lineal charge densities, y, were conducted to evaluate
L

yT scaling and to determine cylindrical attenuation rates in dry alluvial

materials. An ideal gas source and alternate 3 material properties were

used in the calculations. In view of the coupling effects noted in the

previous discussion, the scaled cavity radius, ro/y}, was held approxi

mately constant from calculation to calculation. A typical velocity time

history and its integration are shown in figure V-2l. The velocity has

a finite rise time due to the nonlinear loading behavior of the soil.

The velocity has a large outward phase, a smaller inward phase and, fi

nally, an additional two motion cycles of relatively small amplitude.

The motion duration is about 0.11 sec.

Calculated peak accelerations, velocities, and displacements,

scaled appropriately by yt, are plotted versus scaled range in figures

V-22, V-23, and V-24. It can be seen that yt scaling does a very good

job of collapsing the data for a variation in y of over a factor of 22.

The small variations in the calculated results at the close-in ranges

are probably due to the small differences in the scaled cavity radii.

The relations between the kinematic parameters and range are curved

lines, but when fit with straight lines on. log-log paper, as is commonly

done with field data, the data suggest distinct regions with different

attenuation rates. Accelerations attenuate at a rate of -1.55 to a
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scaled range of about 2 and then attenuate at -3.1. Finally, at a scaled

range of about 15 the attenuation drops to about -1.05. Velocities show

a similar trend. Initial attenuation is at -0.75 to a scaled range of

about 3 after which it becomes about -1.8. At a scaled range of about

14, the attenuation rate decreases to -1.05. The low initial attenua-

tion rates appear to be due to highly plastic behavior near the source.
1

The change which occurs at R/yT = 14 corresponds to the transition to

elastic behavior.

Displacements show a similar trend in the close-in and intermediate

regions (attenuation at -0.75 to a scaled range of about 3 then at -1.7)

but no elastic transition is evident. This can be explained in the be

havior of the outward velocity phase duration. Scaled characteristic

times, defined as shown previously in figure IV-18, are shown in

figure V-25. They also scale very well with y7. The outward velocity

phase initially attenuates at 0.08 which is about the difference between

the particle velocity and displacement attenuation rates. At a scaled

,range of about 20 the attenuation rate increases to 0.08. This increased

attenuation compensates for the decreased particle velocity attenuation

in this region so that there is little effect upon displacement attenu-

ation.

The peak outward to peak inward velocity characteristic time varies

in a complex way but the variation can be fit approximately by a line

having an attenuation rate of -0.20. The total duration of the first

outward cycle remains about constant with range.

Figure V-26 plots the ratio of the peak inward particle velocity

to the peak outward particle velocity as a function of scaled range on
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linear paper. The data from the three calculations collapse quite well

to a scaled range of about 10 beyond which the correlation is not as good.

Figure V-27 shows the same data on log-log paper. Here the data collapses

well beyond a scaled range of 10. It appears that the relation between

the inward to outward velocity ratio and scaled range is complex and can

not be reduced to a single scaling rule.

d. Elastic Material Property Scaling

Although a single material, McCormick Ranch silty sand, was of main

interest in this study, a limited number of one-dimensional elastic cal-

culations were performed to evaluate the effect of varying elastic prop

erties on scaling. The calculations utilized the same input (6.7 lbs/ft

of TNT equivalent in a 1.5 foot radius cavity) but varied the densities

and wave speeds in a purely elastic model of the soil. The elastic param

meters were summarized earlier in table V-4.

It was found that the scaling proposed in reference V-12 and ex

pressed for spherical geometry in equation.IV-17 did not work but

that the scaling expressed in equation IV-21 was needed to collapse

the data. Equation IV-2l assumes that source pressure is a govern-

ing parameter. The result is that scaling terms which reduce the

results to a two axis problem (i.e., scaled motion versus scaled range)

cannot be derived explicitly. The results of the calculations were

analyzed empirically, and it was found that simple scaling terms were

present. The terms were:

Radial Stress
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Radial Velocity

Radial Displacement

Range

where

cr = radial stress

v = radial parti~le velocity

d = radial displacement

p = material mass density

(b)

(c)

(d)

(V-23)

C = material elastic dilatational wavespeed

y = lineal charge density

Po = peak source pressure

It is interesting that these terms are precisely those which are implied

by a closed form solution to the response of elastic material to a spher

ical ideal gas loading (ref. V-B) but they have never been used before

to analyze empirical or calculational data.

The correlations which result from these terms are shown for radial

stress, radial velocity, and radial displacement in figures V-28, V-29,

and V-3D, respectively, The Po term has been dropped in these figures

because it is constant in the three problems. This of course would be

the case in the field where a common explosive is used. It can be seen

that the calculated results are collapsed very well by the scaling terms

of equation V-23. Similar scaling terms of acceleration and character-.

istic times are believed derivable in a similar way but further calcu-

lations will be necessary before they can be well defined. It is be

lieved that the terms of equation V-23 should form the starting point for
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future extensions of simulation to different materials.

e. Effects of Inelastic Material Variations

In the course of establishing a best estimate of material properties

for McCormick Ranch soils, several one-dimensional cylindrical problems

were calculated with varying material properties. The number of calcu

lations is not sufficient to derive quantitative relations between spe

cific properties and response. However, the results of the calculations

yield some qualitative insight into inelastic material property effects.

All of the calculations were run using an ideal gas source with

6.7 lbs/ft of equivalent TNT (5 lbs/ft of PETN) in a 1.S-foot radius

,cavity (the Shot 6 and 7 experimental configuration). The results pre

sented here are for the four material property options previously sum

marized in table V-3. The options allow a view of response change for a

constant yield surface with two different hydrostat stiffnesses, and for

a constant hydrostat with three different yield surfaces.

Peak radial stresses for the four material property conditions are

plotted in figure V-3l. Peak radial stress versus range for alternates

1,3, and 4, which all used the seismic-based hydrostat, is effectively

the same. The radial stress for alternate 2, which had a softer and

more hysteretic hydrostat based on laboratory data, attenuates at a sig

nificantly higher rate. The failure surface does not seem to playa

significant role in controlling radial stresses.

Peak radial velocities versus range are plotted in figure V-32.

Velocities separate on the basis of hydrostat, with very little apparent
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yield surface effect. This result is similar to that for stresses. The

amplitude difference between the two hYdrostat conditions is reduced,

however, compared to the stress differences. In a set of experimental

data the differences would probably not be considered significant. It

appears that the large hysteresis in the laboratory-based hydrostat is

causing a larger stress attenuation but the softer modulus is leading to

higher corresponding particle velocities. The result is that the parti-

'cle velocities are not far different from those which occur for the

seismic-based hydrostat.

Peak radial accelerations are given in figure V-33. The accelera

tions in the softer hydrostat material (alternate 2) remain higher than

in the seismic-based hydrostat cases beyond a scaled range of about 4,

partially because of somewhat higher particle velocities in this region,

but also because of a smaller rise time to peak particle velocity. The

seismic-based hydrostat is a softening type in which the secant and tan

gent moduli decrease with increasing stress. This causes rise time to

increase with range. The laboratory-based hydrostat is a stiffening type

in which moduli increase with increasing stress. This condition leads

to the propagation of shocks or steep velocity gradients without a sig

nificant change in rise time with range.

Displacements, shown in figure V-34, are strongly influenced by both

failure surface and the hydrostat differences. The differences in peak

displacements between alternates 1 and 3, which used the same hydrostat

but different failure envelopes, is about a factor of five. The dif

ference between alternates 1 and 2 which used the same failure envelope

but different hydrostats is about 50 percent. The differences between
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alternate 1, 3, and 4 behavior, which all used the same seismic-based

hydrostat, appear due to the influence of the failure surface on the out

ward phase duration of the velocity pulse. Figure V-35 shows comparisons

of calculated velocity time histories at about the l5-foot range in each

of the calculations. The rise to peak velocity and the peak velocity for

the seismic-based hydrostat cases (alternates 1, 3, and 4) are all about

the same. The velocity decay, however, is substantially different. Al

ternate 1 decays very slowly and has a large outward phase duration. Al

ternate 4 has a much shorter outward phase duration while that of alter

nate 3 is somewhat larger than alternate 4, but still much less than al

ternate 1.

Figure V-36 displays the failure envelopes associated with alter-

nates 1 and 3 (the cases having the longest and shortest ou~~ard phase dura

tions) and the stress paths experienced by these materials, at the l5-foot

range. The major difference in the stress paths occurs on unloading from

the peak pressure. The unloading is controlled by the failure envelopes.

Deviatoric stresses in the alternate 3 material remain high during un

loading while those in the alternate 1 material decay as required by the

failure envelope. It appears that the slope of the failure surface has

the major effect on the outward phase duration. The failure surface for

alternate 4 has a slope intermediate between alternates 1 and 3 and this

is consistent with the intermediate outward phase duration result for

alternate 4. Although these calculations indicate a clear relationship

between failure envelope and outward phase duration, a larger number

of calculations would be required to develop a quantitative correlation.

The effect of the hydrostat on the velocity time history can also
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be observed in figure V-36. Alternates 1 and 2 used the same failure

envelope but different hydrostats. Alternate 2, associated with the

softer laboratory-based hydrostat; arrives later and achieves a some-

what .higher peak velocity. Although it I s outward phase duration is on

the order of that of alternate 1, it maintains significantly higher ve

locities throughout its time history. As with failure surface effects,

the qualitative observations cannot be quantified without additional para

metric calculations.

The observed differences between the various calculations with dif

ferent material properties were used in selecting alternate 4 as a best

estimate of in-situ properties. Although precise quantitative relations

were not derived, the material properties were varied iteratively in a

trial and error process to achieve reasonable agreement with the measured

data of cylindrical Shot 7. Arrival time, the ratio of inward to out

ward velocity and outward phase duration were given main emphasis in de

termining agreement.

f. Effects of Finite Explosive Length

The effects of finite explosive length in cylindrical geometry were

investigated with three two-dimensional calculations in which the explo

sive length was taken as 12 feet, 48 feet, and 96 feet (2C4, 2C5, 2C6).

The input was a pressure-time history applied over the region of the

explosive. The input pressure was derived from that produced by an ideal

gas equivalent of 6.7 1bs/ft of TNT in a 1.5-foot radius cavity, modified

for venting by the method described previously. These input conditions,

combined with the l2-foot explosive length, correspond to the experimental
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conditions for Shots 6 and 7. The calculations.were performed with a

plane of symmetry at the mid-depth of the explosive so that free-surface

effects were not present.

Figure V-37 compares radial accelerations at the explosive mid-depth

in the explosive length variations with those calculated in one-dimension

(le18) with the same pressure time input. The comparisons indicate that

the finite explosive results coincide with the one-dimensional results

to a transition range, Ro' which is about 0.6 times the explosive length.

Beyond this range the accelerations from the finite length explosions

attenuate more rapidly. The attenuation rate depends upon the stress

region. The l2-foot results begin to attenuate more rapidly at a scaled
1

range of about 2.3 ft/(lb/ft)T which is well in the inelastic region.

The attenuation rate in this region is -3.6 which is in good agreement

with the spherical results shown previously (fig. V-14). The attenuation

rate beyond a scaled range of about 7 is -1.75 and this is in good agree

ment with spherical results in the elastic region.

The 48-foot results transition to spherical behavior and elastic

behavior at about the same scaled range so that only the elastic atten-

uation rate is exhibited. The 96-foot results coincide closely with the

one-dimensional results at all ranges. ~trapolating from the l2-foot

and 48-foot results, which exhibit a transition at 0.6 H, the transition

for the 96-foot calculation should be at a scaled range of about 22
1

ft/(lb/ft)T. Since this range is at the last calculated range, no tran-

sition is evident in the results.

Although free-surface effects will be discussed later, figure V-37
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shows a comparison between l2-foot explosive length results in the sym

metric calculation (2C4) and a free-surface calculation (2C7). There is

no apparent effect of the free-surface on the peak radial accelerations

at the explosive mid-depth. This supports the validity of the use of

symmetric calculations for evaluating radial mid-depth behavior.

The radial particle velocity results, shown in figure V-38, are sim-

ilar to those for acceleration. The effective transition range for ve-

locity is about 0.6 H. Beyond this range the velocities attenuate at an

inelastic rate of -2.7 and an elastic rate of -1.75, both of which are

in good agreement with the spherical results given earlier (fig. V-15).

The agreement between the l2-foot symmetric and free-surface results is

also good.

Radial displacement results (fig. V-39) transition to spherical attenu

ation at about 0.55 H. The spherical attenuation rate is -2.5 and there

is no apparent transition to elastic behavior. The spherical attenuation

rate and the absence of an elastic transition is in good agreement with

the spherical results shown in figure V-16.

The radial accelerations, velocities, and displacements at the mid-

depth can be fit by the following relations:

(V-24)

1 1
R/yT ~ 2.5 ft/(lb/ft)T (a)

111
2.5 ft/(lb/ft)T < R/yT ~ 0.6 H/yT (b)

1 1
R/yT> 0.6 H/yT (c)

1 1
R/yT ~ 3.2 ft/(lb/ft)T (d)
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1 1 1
3.2 ft/(lb/ft)T < R/yT ~ 0.6 H/yT (e)

J.- (R/yJ.-)-O.75diy' =0.56'
1 1

R/yT ~ 2.8 ft/(lb/ft)T (9) (V-24)

1 1
d/yT = 1.6 (R/yT) -1.7

1 1 1
2.8 ft/(lb/ft)T < R/yT ~ 0.55 H/yT (h)

where

a = acceleration in g's

v = velocity in ft/sec

R/y+ > 0.55 H/y~ (i)

d = displacement in feet

R = range in feet

y = lineal charge density in lbs/ft of TNT

H = height of explosive in feet

Figure V-40 presents the scaled characteristic times of the velocity

waveform as a function of scaled range. The characteristic times are

the same as those defined on figure IV-18. The l2-foot characteristic

times are about 75 to 80 percent of those for the 48-foot, 96-foot and

one-dimensional calculations, which all scatter together. The duration

of the first outward motion cycle does not vary with range. The out

ward velocity phase is constant with range to a scaled range of about

9 beyond which it decreases rapidly. As noted for previous calculations,

this increased attenuation combines with decreased peak velocity atten-

uation in the elastic region so that displacement attenuation is not

affected. The peak to peak times decrease with range at an average atten

uation rate of -0.2.
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The difference between the characteristic times in the l2-foot cal-

culation and those in the other calculations can be interpreted from the

calculated waveforms and the wave structure shown previously in figure

IV-13. Figure V-4l compares particle velocity waveforms from the three

symmetric calculations at three different ranges. The velocity waveform

at a given range consists of the basic one-dimensional waveform (includ

ing its inward component) as modified by the P- and SP-relief waves.

The time at which these reliefs take effect is dependent upon the explo

sive height, H. What is thought to be the SP-relief in the 48-foot and

96-foot calculations is identified in figure V-4l. These effects occur

so late in time that the relief has little or no effect upon the first

motion cycle at most ranges. The amplitude of t~e peak velocity in

the first cycle is reduced by the P-relief wave, but the characteristic

times in the first cycle do not appear to be much affected. Hence, the

48-foot and 96-foot times agree closely with the one-dimensional times.

The SP-relief wave in the l2-foot calculation, however, arrives during

the decay from the peak velocity in the first motion cycle. In this

calculation, therefore, it does affect the characteristic times and

leads to the shortened times evident in figure V-40.

Characteristic times as a function of explosive height, are shown

in figure V-40. At an H/yt of 20 ft/(lb/ft)t and above the times are not

dependent on Hand they correspond to the one-dimensional characteristic
1

times. For scaled explosive heights below 20 ft/(lb/ft)T the times de-

crease. The data from the single l2-foot calculation is not sufficient

to develop a strong correlation below this scaled height. However, the

break point is a function of soil wave speeds. Times will be affected

when the SP-relief arrival time coincides with or is earlier than the
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outward phase duration in one-dimension. The outward phase duration can

be written for scaled ranges less than about 10 as

1

t - KyTpd -

where

t pd = outward phase duration

y = lineal charge density

K= a constant

(V-25)

The time between the initial compression arrival and the SP-relief arrival

""\ IC2 _ C2

=!!.Vp st sp - t a 2 C C (V-26)
P s

where

t sp =time of SP-relief arrival

ta = time of initial compression arrival

H= explosive height

C = P-wave speedp

C = S-wave speeds

Taking Cs to be approximately one-half Cp' the scaled array height at

which t pd and (tsp - t a ) are equal is

H _
i"" - O.87K CpyT

(V-271

Using the P-wave speed of the calculations (1650 ft/sec) and the value

of K from fi~ure V-39 (0.014 sec/(lb/ft)ij, the transition scaled array

height is 20.1 ft/(lb/ft)t. This value was selected as the break point

for the dashed fits of figure V-42.
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Figure V-43 presents the ratios of the peak inward velocity to the

peak outward velocity in the first motion cycle as a function of scaled

range. The 48-foot and 96-foot results scatter together and are fit

reasonably well with a straight line over all ranges. The ratios for

the l2-foot calculation are much larger than those of the 48 and 96-foot

calculations everywhere. This is apparently due to strong inward SP

effects arriving during the inward portion of the first motion cycle, as

described above in relation to characteristic times. Within the two

dimensional results, the differences are consistent. The 48-foot and 96

foot results, however,are inconsistent with the one-dimensional ratios

from the calculation with pressure versus time input. It would be ex

pected the two-dimensional ratios would exceed the one-dimensional ratios

due to decreased outward and increased inward amplitudes, both due to P

relief. The results show the inverse. This is believed to be caused by

the formulation of the pressure-time input at times after venting is

assumed to occur. The pressure was held at zero in the one-dimensional

calculation \-,hile the pressure \-,as held at the overburden stress in the

two-dimensional calculation. This latter assumption is believed to be

a more correct representation of field conditions.

Results presented to this point are for locations at the mid-depth

of the explosive. In general, radial motions at off-center positions

decrease. Off-center variations in the three symmetric calculations

were collapsed very well when range and off-center distance were scaled

by the explosive height (R/H and Z/(H/2)). Fits to the off-center peak

motion amplitudes, as a proportion of the peak mid-depth amplitudes, are

plotted as functions of the scaled off-center distance in figures V~44,
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V-45. and V-46. The off-center particle velocity outward phase duration

variations are plotted in figure V-47. These off-center results are .not

applicable to realistic field problems because of the influence of the

free-surface. However •. they are thought to be representative of cross

range variations which might be expected in planar events.

g. Free-Surface Effects

Free-surface effects in cylindrical geometry were evaluated with a

calculation (2C7) for a l2-foot long cylindrical charge buried 6 feet to

the charge top. The calculations utilized the same input and material

properties as used in the l2-foot symmetric calculation (2C4). Although

a single calculation cannot be used to derive high confidence general

relations for free-surface effects. the calculated results provide an

indication of free-surface trends.

Peak motion amplitudes at the explosive mjd-depth were compared

with corresponding quantities in the symmetric calculation previously in

figures V-37. V-38, and V-39. The mid-depth results in the two calcu

lations were in very good agreement. There are differences, however.

for target locations between the mid-depth and the free-surface. The

differences increase as the free-surface is approached. The cause of the

differences are free-surface reflections which affect the free-surface

region immediately upon arrival of the incident wave. and also affect

greater depths at later times as they penetrate downward into the mate

ri al .

The nature of the differences between symmetric and free-surface

behavior is illustrated in figure V-48 which compares radial velocity-
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Figure V-48. Effect of Free-Surface on Near-Surface Radial Particle
Velocities in Cylindrical Geometry
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time histories at the free-surface with those at the nearest corresponding

off-center location in the symmetric calculation. The initial velocity

amplitudes in the free-surface calculations are about double those in the

sYmmetric calculation. In addition, the characteristic times (a measure

of frequency) are longer and the late time oscillation amplitudes are

larger.in the free-surface results.

Off-center (in the direction of the free-surface) velocity amplitude

variations in the free-surface calculation are shown in figure V-49. At

ranges near the source (R/H < 1), the velocity amplitudes decrease with

off-center distance. At greater distances, however, the amplitudes in-
,

crease as the free-surface is approached. At all ranges, the off-center

amplitudes are larger than in the symmetric calculation. The off-center

amplitudes in the free-surface calculation as a proportion of the ampli

tudes at the corresponding off-center distance in the symmetric calcula

tion are plotted in figures V-50, V-51, and V-52. Off-center velocity

outward phase duration is plotted in a similar manner in figure V-53. In

general, the amplitudes at off-center positions in the presence of a free

surface.are equal to or less than twice the amplitude at the correspond

ing position in a symmetric calculation. Although the results given in

figures V-50 through V-53 are for a single free-surface calculation, they

can provide a guide to extending sYmmetric calculation results to free-

surface cases.

8. PLANAR RESULTS

a. Yield Seal ing

Two one-dimensional planar calculations (lPl, lP2) with different
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areal charge densities, a, were conducted to evaluate a scaling and to

determine planar attenuation rates in dry alluvial materials. An ideal

gas source was used in these calculations and the scaled cavity width,

tja, was held approximately constant to avoid source coupling differences.

A typical velocity-time history and its integration are shown in figure

V-54. The velocity exhibits a small elastic precursor which is associated

with the elastic portion of the loading hydrostat. The velocity then

jumps to its peak value and decays. The velocity does not exhibit an in

ward phase and this is a characteristic feature of the behavior of hy

steretic materials in one-dimensional uniaxial geometry (see e.g. ref.

V-10). Because of the absence of an inward velocity phase, the displace

ment continues to increase with time.

Calculated peak accelerations and velocities, scaled appropriately

by a, are plotted versus scaled range in figures V-55 and V-56. It can

be seen that Ct seal ing does a very good job of collapsing the data. The

linear fits for accelerations and velocities exhibit two distinct re

gions. An increase in the attenuation rates for accelerations and ve

locities occurs at a scaled range of about 20 ft/(lb/ft 2
). Calculated

stresses indicate this range corresponds to a transition from inelastic

behavior involving both the nonlinear hysteretic hydrostat and the yield

surface to inelastic behavior involving only the hydrostat. The elastic

region is never encountered in the range considered in the calculations

because of the low planar attenuation rates. The accelerations attenuate

initially at -0.89. Beyond a scaled range of 20, the attenuation rate

is -1.6. If a single line is fit to all of the data the resulting atten

uation rate is -1.19. The corresponding attenuation rates for particle
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velocity are -0.16, -0.6, and -0.34.

The times at which the velocities decayed to one-half their peak

values and the displacements at those times were used to evaluate a scal

ing for characteristic times and displacements. The results for times

are shown in figure V-57 while those for displacements are shown in

figure V-58. Both of these quantities scale well using the areal charge

density Ct..

b. Effect of Array Height

The effects of array height in planar explosions were investigated

with four two-dimensional calculations in which the array height was taken

as 10, 40, 80, and 160 feet (2Pl, 2P2, 2P3, 2P4). The input was a pres-

sure-time history applied over the region of the explosive. The input

pressure was derived from that produced by an ideal gas equivalent of

3.58 lbs/ft 2 of TNT in a 5-foot wide cavity, modified for venting by the

method described previously. The calculations were performed in planar

geometry with a plane of symmetry at the mid-depth of the explosive so

that free-surface effects were not present.

Figure V-59 compares horizontal accelerations at the explosive mid

depth in the array height variations with those calculated in one

dimension. The comparisons indicate that the finite array height results

coincide closely with the one-dimensional results to a transition range,

Ro' which is related to the array height. While in cylindrical geometry

(fig. V-36) the transition range was a constant proportion of the explo

sive length (0.6 H), the transition range in the planar calculations

varies with array height.
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The initial acceleration attenuation rate, prior to the transition,

is -0.89 which is the planar attenuation rate. Beyond the transition

range, the attenuation rate is -2.9 and this corresponds fairly well with

the one-dimensional cylindrical attenuation rate of -2.5 (fig. V-37). At

scaled accelerations below about 10 g'lb/ft2
, the attenuation rate de

creases due to a transition to elastic behavior. There is some uncertain

ty in acceleration estimates from the calculations in this region, but

the attenuation rate is believed similar to elastic velocity attenuation.

The horizontal particle velocity results, shown in figure V-GO, do

not exhibit a sharp transition from planar to cylindrical behavior. The

actual ranges at which the velocities depart from planar behavior are in

the range 0.4 to 0.75 times the array height. Straight line fits to the

velocities intersect the planar relation at ranges of 1.54 to 0.54 times

the array height.

Beyond the transition range, velocities attenuate at about -2.1.

The attenuation rate becomes about -0.95 for velocities below about 3

ft/sec. This reduced attenuation corresponds to the elastic range. These

attenuation rates are in good agreement with the one-dimensional cylin

drical rates (fig. V-38).

Horizontal displacements, shown in figure V-61, also exhibit a var

iable transition range which depends upon the scaled array height. The

attenuation rate, prior to transition, is about -0.12. After transition,

the rate is -1.82 which is in good agreement with the one-dimensional

cylindrical attenuation rate of -1.7 (fig. V-39). As in spherical and

cylindrical geometry, no elastic transition is apparent.
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The transition ranges for accelerations, velocities, and displace

ments are plotted as a function of scaled array height in figure V-62.

The variations are fit well by the following relations:

acceleration: Ro/H = 2.0 (H/a)-o,~o (a)

velocity (b) (V-28)

where

• disp1acement : R/ H = 1. 15 (HIa )- 0 • 2 5 ( C )

Ro = transition range in feet

H= array height in feet

a =areal charge density in lb/ft2 of TNT

Using equation V-28, the horizontal accelerations, velocities and

displacements at the mid-depth of planar arrays can be fit by the fol-

lowing relations:

a'a = 4400 (R/a)-O.S9 0. G
for R/a S 2.0 H/a) (a)

1.21 -2 9 ( ) 0 ~a'a = 17,772 (H/a) (R/a)' for R/a > 2.0 H/a .~
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v = velocity in ft/sec

d = displacement in inches

R = range in feet

H= array height in feet

a = areal charge density in lb/ft2

Figure V-53 compares calculated velocity time histories at the array

mid-depth for three different array heights. The results contain some

numerical noise but this does not detract significantly from the results

or waveform interpretations. Amplitude differences at the more distant

ranges are exhibited by the need for different scales for the different

calculations. The array height differences are evident in the character

istic times of the waveforms. The outward phase duration increases as

the array height increases. This is due to later arrival of the P-relief

and SP-relief effects as the array height increases. These relief ef

fects are the cause of the inward component of motion in planar geometry

because, as described earlier, one-dimensional planar motion contains no

inherent inward motion component.

The very late time parts of the waveform are suspect because after

the inward peak, the motion approaches zero as an asymptote rather than

enter a second outward phase. It is possible, as described earlier,

that this is due to a shortcoming of the input loading conditions, es

pecially treatment of the origin above and below the array. This feature

of the time history makes it difficult to estimate the total duration

of the first motion cycle.

Scaled characteristic times of the velocity waveforms are plotted
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as a function of scaled range in figure V-54. The outward phase durations

and peak to peak times are about constant with range over a large region.

In addition, the scaled amplitudes increase with increasing array height.

Beyond some range, the characteristic times deviate from constant be

havior.The times for the la-foot array height begin to decrease while

the times in the 40, 80, and l50-foot array height calculations increase.

These deviations from constant values begin to occur at about the range

of the elastic transition. The difference between the la-foot calcula

tion and the larger array height calculations is a real phenomena in the

calculations but its interpretation is uncertain. The difference may be

due to the relative phasing of the P-relief and SP-relief waves. In the

la-foot calculation, the two relief waves arrive within about the same

time period and their effect is in essence a single relief effect at all

ranges. In the larger array calculations, the two relief effects are

more separated in time and the SP-relief is the major cause of the in

ward motion. In the elastic region, the SP-relief seems to travel at a

lower wave speed than the initial front, perhaps because the SP-relief

is inelastic, and this leads to increased outward scaled durations and

peak to peak times. This interpretation is somewhat tenuous because of

the complexity of the stress field and, perhaps, combined elastic and

inelastic material behavior at these ranges. Uncertainties in the mate

rial model formulation also enter the problem at this stage: Fortunately,

main interest is in the intermediate region where confidence in the in

terpretation is better.

Although the total duration of the first motion cycle is uncertain,

due to wha~ is thought to be input boundary behavior, an attempt was made
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to interpret the duration at the near to intermediate ranges by extrap

olating the inward part of the waveforms through zero. These results

are also shown in figureV-64. Tney indicate behavior which is similar

to that of the outward phase durations and the peak to peak times~ i.e.~

constant total duration in the near to intermediate region and ampli-

tude increase with increasing array height. Although relative, the trends

indicated are bel ieved correct because extrapolation through zero was

conducted in a consistent manner. However, there is uncertainty in the

absolute values.

The constant values of the scaled characteristic times in the near

and intermediate regions are plotted as functions of scaled array height

in figure V-65. The time relationships can be fit well by straight lines

on log-log paper which have the following equations

tpd/a = 0.017 (H/a) 0.35 (a)

t la = 0.014 (H/a) 0.1+ 6 (b) (V-30)
pp

tria = 0.026 (H/a) 0.37 (c)

where

t pd = outward velocity phase duration in sec

t pp = peak outward to peak inward time in sec

t T = duration of the first motion cycle in sec

H = array height

a = areal charge density in lbs/ft2 of TNT

Figure V-56 presents the ratios of the peak inward to the peak out-

ward velocity as a function of range scaled by the square root of the
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product of the array height and the areal charge density. This form of

correlation produced the best collapse of the results for all except the

lO-foot calculation. The term aH is an effective lineal charge density

for the array. The la-foot calculation contains higher ratios of inward

to outward velocities because of the relative phasing of the P-relief

and SP-relief effects mentioned previously. In the larger array calcu

lations, the two relief effects are separated in time and the SP-relief

provides the major inward component. In the la-foot calculations, the

P-relief and SP-relief effects occur in the same time period and seem

to cause a relatively greater inward amplitude. Most practical appli

cations will probably involve large array heights and, therefore,the

correlations for the 40, 80, and l60-foot arrays have more applica-

bil ity.

As with cylindrical geometry, horizontal motions at locations off

the array mid-depth will diminish. Off-center variations in the calcu

lation were collapsed reaso~ably well when the range and off-center dis

tance were scaled by the array height. Fits to the off-center motion

amplitudes, as a proportion of the peak mid-depth amplitudes, are plotted

as functions of the scaled off-center distance in figures V-67, V-68, and

V-69. The off-center variations of the outward velocity phase duration

are shown in figure V-70. Th~se results will be 'used as the basis for

estimating off-center behavior in the presence of a free-surface in the

following discussion.

Free-surface effects in planar geometry were evaluated with two

calculations for a 40-foot high array with a 3.58 lb/ft2 TNT areal charge

density. One calculation utilized a 20-foot surcharge height above the
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explosive (2P5) while the second calculation utilized a 40-foot surcharge

(2P6).

The nature of free-surface effects upon horizontal velocity is il

lustrated in figure V-7l which compares some velocity time histories at

the free-surface with corresponding time histories at the same off-center

distance in the 40-foot symmetric calculation (2P2). The peak velocity
I

amplitudes are about double those in the symmetric calculations. In

addition, the characteristic times are larger. The combination of larger

peak velocities and larger outward durations leads to significantly

larger outward displacements in the presence of a free-surface.

Figure V-72 plots fits to the average ratios of horizontal acceler-

ation and horizontal velocity to the corresponding quantities at the

same off-center distance in the symmetric calculations, as a function of

range scaled by the array height. The ratios are plotted for two depths,

the free-surface and the array centerline. It can be seen that acceler

ations at the array centerline are unaffected by the free-surface. The

accelerations at the free-surface, however, are about double those at

the corresponding off-center distance in the symmetric calculations.

This is due to the free-surface reflection. Horizontal velocities at

the surface are also doubled due to reflection. The velocities at the

array centerline are unaffected out to some range but they then increase

and, finally, double at a value of R/H of about 4.5. The velocities on

the centerline are affected at a nearer range in the 20-foot surcharge

case than in the 40-foot surcharge case. This apparently is due to fast

er penetration of the reflection to the centerline in the 20-foot case.
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Ratios for displacements and outward phase durations as a function

of scaled range are shown in figure V-78. Displacement ratios at both

the surface and centerline increase with range to a scaled range of

about 4 after which they seem to remain about constant. Calculation

results did not extend far into this region, and, hence, the calculation

fits are uncertain as indicated by the question marks in figure V-73a.

At both the free-surface and the centerline, the ratio is approximately

independent of surcharge height. The outward phase durations at the sur

face increase with increasing range while they initially decrease and

then increase again at the centerline. The outward phase duration be

havior is complex and not readily interpretable.

The results of the free-surface calculations indicate significant

complexity in the variations of motion and characteristic time ampli

tudes with depth between the surface and the array centerline. The

variations shown previously for the cylindrical case in figures V-50

through V-53 are typical of the complexity, but the actual numerical

values of the ratios and their variations are different in the two

planar free-surface calculations. Many more calculations would be re

quired to define the variations in general terms. Fortunately, the

ratios at the free-surface in the planar calculations seem to be rela

tively independent of surcharge depth over fairly large ranges, and these

ratios are probably adequate for simulation design. If accurate esti

mates at depth are required then specific two-dimensional calculations

should be performed.

Some vertical time-histories at the surface in the 20-foot sur

charge calculation are shown in figure V-74. Horizontal velocities are
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also shown so that the relative behavior of the vertical and horizontal

components can be observed. At the 50-foot range, the vertical and

horizontal wave shapes are similar and the peak velocities are about

the same. This target location is in the region of strong compression

behavior and both the horizontal and vertical motions are due primarily

to the incident compression wave. At the farther ranges, the vertical

velocity begins to develop a more oscillatory character. At these

ranges the wave structure, containing P-waves, SP-waves, and S-waves,

becomes complex. The approximate arrivals of the SP-wave from array

top (SP), the SP-wave from the array bottom (SP 1
) and the S-wave from

the array top (S) are marked at the more distant ranges in figure V-74.

Inelastic wave speeds of about one-half the seismic speeds were used.

The SP arrival reverses the initial upward motion and causes downward

motion while the horizontal motion is still outward. The SPI-wave from

the array bottom causes the second upward motion and the major reversal

of the outward horizontal motion. The S-wave from the array top causes

the late time downward vertical velocity. Other wave arrivals cannot be

discerned at the time histories. In general, the major frequency con

tent of the vertical velocity is about 1.5 to 2 times that of the hori

zontal component. The qualitative behavior of the vertical velocities

seems to be in agreement with the wave structure proposed in figures

IV-13 and IV-23, as well as the few vertical data from DIP IIA.

Figure V-75 presents ratios of the peak vertical to peak horizontal

accelerations and velocities as a function of range scaled by the depth

of burst (depth from surface to array mid-depth). This type of scaling

resulted in the best collapse of the results of the two calculations.
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Acceleration ratios are given only at the surface because center

line accelerations could not be estimated easily due to the waveform

complexity. Velocity ratios are given both at the surface and at the

array centerline. The acceleration ratios at the surface decrease with

range to a scaled range of about 1.8. Beyond this range the ratio is

about constant. The velocity ratios at the surface behave similarly al

though the constant ratio is not reached until a scaled range of about

2.5.

In the near region the peak vertical motion is caused by the initial

P-wave directed at the surface at near normal incidence. As a result,

the ratio of vertical to horizontal motion exceeds 1. At more distant

ranges, the peak vertical motion is caused initially by the incident P

wave, but at further ranges, by the incident S-wave from the array top.

At these ranges, the incident P and S-wave fronts are traveling almost

parallel to the ground surface. It is in this region that the ratios of

vertical to horizontal acceleration and velocity are about constant.

The constant ratios (0.5 for acceleration, 0.35 for velocity) are probably

associated with some material property, perhaps Poisson's ratio, but

material property variations would be required to determine the material

property relationship.

Figure V-76 presents the ratios of peak vertical to peak horizontal

displacements as a function of unsealed range*. Unscaled range is used

because the calculation results agree best under this condition. Scal-

ing by depth of burst only spreads the ratios from the two calculations.

*Range should be scaled by the areal charge density, a, in extrapolating
to other charge densities.
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Note: See Figure V-75 for definition of symbols
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This result places some uncertainty on the depth of burst scaling for

accelerations and velocities. It may be that acceleration and velocity

results are fortuitous and that the two surcharge heights considered are

not sufficiently different to allow assessment of the proper scaling.

The displacement ratios at the surface are relatively constant to

a range of about 10 feet after which they decrease continually. At the

array centerline, the ratios are initially constant, although different

in the two calculations. They then increase and finally collapse to

gether at a higher value than at the surface at about 100 feet. Beyond

this range, the centerline displacement ratios of the two calculations

are about the same and they decrease at a lesser rate than at the sur

face.

9. SUMMARY OF CONCLUSIONS FROM NUMERICAL CALCULATIONS

a. General

The calculations were designed to aid in resolving some uncertain

ties on several important aspects of the ground motion environment cre

ated by various potential simulation configurations. Specific objectives

included evaluation of yield scaling in inelastic material, source coup

ling effects, inelastic attenuation rates in various explosive geometries,

the effects of finite explosive size in cylindrical and planar geometry,

free-surface effects and some aspects of material property scaling.

Main conclusions in these areas are outlined below.

b. Yield Scaling

The one-dimensional spherical, cylindrical, and planar calculations,
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using a highly inelastic soil model, indicated that yield scaling using
1 1

WT, y~ or a, depending on geometry, can be used with confidence in in-

elastic materials. If such scaling cannot collapse data in apparently

similar materials then material property differences or gravity effects

must be investigated.

c. Source Coupling

One-dimensional cylindrical calculations with different cavity radii

gave significantly different results for velocities and accelerations

near the source. At greater distances, the differences diminished.

The displacements were different, however, over all ranges. The larger

the cavity radius, the larger the displacement. These results indicate

that a source parameter, in addition to yield, is an important part of

scaling. That parameter appears to be source pressure or, equivalently,

source specific energy. This conclusion is reinforced by the elastic

material property scaling results discussed below. The coupling results

also suggest that it may be possible to control motion frequency content

by varying the source cavity size.

d. Attenuation Rates

The one-dimensional results indicated that velocities attenuate

only slightly faster than displacements. This implies, and the calcu

lations verify, that the outward phase duration attenuates at a rela

tively low rate with range. This is true for all characteristic times.

The attenuation rate information is valuable because it aids in inter-

preting the transition phenomena in different geometries.
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e. Effects of Finite Explosive Size

The two-dimensional cylindrical calculations indicated that the

motion field undergoes a .transition from cylindrical to spherical be

havior at a range which is approximately 0.6 times the array height. The

attenuation rates for the various motion parameters after the transition

were the same as the attenuation rates in spherical geometry.
(

The two-dimensional planar calculations indicated a transition from

planar to cylindrical behavior at a range which varied with array height.

This result is different from the data interpretation of Section IV and

provides a means of improving predictions. The planar results also in

dicated that the attenuation rates of the motion parameters after the

transition are indeed cylindrical attenuation rates. Characteristic times

exhibited a relation to array height which differed markedly from the re

lation implied by the data and, this too, will significantly improve

planar prediction capability.

f. Free-Surface Effects

The two-dimensional cylindrical and planar calculations provide

qualitative insight into the effect of the free-surface on horizontal

and. vertical motion components. The quantitative results can be used

as a guide for estimates of effects but scaling with parameters such as

surcharge height and/or depth of burst is somewhat uncertain. Additional

calculations will be required to reduce this uncertainty.

g. Material Property Scaling

One-dimensional cylindrical calculations with three different elas-
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tic models indicated that current material property scaling using only

yield as a source parameter is inadequate. Proper scaling terms can be

developed, however, if the source pressure is included in the dimensional

analysis. The proper terms for velocity and displacement were derived

based upon an "empirical" analysis of the calculation results.
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SECTION VI
ENHANCEMENT CALCULATIONS

1. INTRODUCTION

Existing experimental data on enhancement techniques were analyzed in

Section IV. The techniques which appear to have the greatest potential

usefulness in earthquake ground motion simulation are:

Multiple, time sequenced explosions

Decoupled explosions

Shock barriers

Relief Trenches

The available multiple, time sequenced explosion data indicate that

linear superposition of single explosion motions, according to relative

time phasing, is a good means of estimating combined effects. The de

coupled charge data, as well as the source coupling calculations of Section

V, suggest coupling variations may be a viable way of altering the ampli

tudes and the frequency content of explosive ground motions. Hence, feas

ibility of both of these methods in earthquake ground motion simulation is

well supported at this time. Further experimental data will be required

for the development of improved prediction methods.

The data on shock barriers and relief trenches, however, are from

very high motion amplitude regimes which are much higher than those of inter

est in earthquakes. As a result, further investigation into their effects is
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necessary for an improved feasibility evaluation. This section applies sim

ple analytical methods and a few numerical calculations for a limited im

proved assessment of the use of shock barriers and trenches as enhancement

methods.

2. SHOCK BARRIERS

A shock barrier is defined as a stiff, massive emplacement between

the explosive source and the test area. The energy reflected from the

barrier, as well as the increased time required to move the barrier com

pared with the free-field soil, diminishes the amplitudes of the motions

transmitted to the test area.

A solution for the one-dimensional response of a rigid mass on elas

tic soil to a triangular decaying shock was outlined in Section IV. The

theoretical solution (fig. IV-53) suggested that it was possible to de

crease peak accelerations without significantly decreasing peak velocity.

The results of shock tube experiments substantiated this conclusion. The

closed form solution is for a shock input and the rise times in the shock

tube experiments were very short. This condition will not occur under

general explosive loads. Hence, it is of interest to evaluate behavior

under more applicable pulse shapes. The response of a rigid barrier

(fig. VI-l) under a parabolic load (fig. VI-2) is considered. The

parabolic load was chosen because it closely approximates the rise to

peak stress in actual soil motion data and can be readily analyzed. The

solution method follows that given in reference VI-l.

The soil particle velocity behind the structure is equal to the

velocity of the structure. Hence, the stress on the rear of the barrier
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Off = P(t)

Elastic SoilTc
Density, Ps
Sound Speed, CL

Soil

Rigid Barrier,
Mass, M
Surface Area, A
Density, Pb

Figure VI-l. One-Dimensional Representation of Rigid Barrier

0ff(t) = P(t) = PM(2T - T2
)

L = t/tp

t p

Time

Figure V,I-2. Quadratic Pressure Loading Parameters
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is

where

Or = stress on rear of the barrier

Ps =mass density of the soil

CL = loading (compressional) wave velocity of the soil

v = barrier velocity

(VI-l)

The stress on the incident barrier face is twice the free-field value

(since the barrier is rigid) less an amount related to the barrier veloci-

ty, i. e. ,

where

0i = stress on incident face

off = incident free-field stress

(VI-2)

From conservation of momentum, the equation of motion for the rigid

barrier, neglecting shear, is:

where

M= mass of rigid barrier

v(t) = velocity history of barrier

v(t) = time derivative of velocity, i.e., acceleration

A = surface area of rigid barrier

For the stress history (fig. VI-2) given by
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(VI-4)

where

PM = maximum incident free-field stress

T = normalized time, tltp
t p =time to peak pressure

the closed form solution to the differential equation (eq. VI-3) is

where

~ _3PSCLAtp _ 2PsCLt p _ 2PSCLt p
o - M - MIA - PbT

Pb =mass density of barrier

T = thickness of barrier

(VI-S)

(VI-6)

(VI-7)

The acceleration of the barrier is

a(t) = v(t) = P~:~p ~ + t)(l .-OT)- TJ
Equations VI-5 and VI-7 are plotted in normalized form in figure VI-3.

It can be seen that as the mass of the barrier increases (8 decreases)

under a specific set of soil and loading conditions, the peak velocity

and peak acceleration of the barrier decrease, while the rise time to the

peaks increases. These changes would also occur in the soil motion be-

hind the barrier. For a given 0, there is a larger percentage decrease

in peak acceleration than in peak velocity. It is of interest to quantify

these changes in order to obtain physical estimates of barrier sizes.

The non-trivial root of the equation for acceleration (eq. VI-7)
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(VI-8)

is the time of peak barrier velocity. Substituting this into the equation

for velocity (eq. VI-5) would give peak velocity, vp' as a function of

the normalized material parameter o. Since equation VI-8 is transcendental,

peak velocity was determined numerically. The resulting relation between

o and peak velocity is given in figure VI-4.

The time to peak acceleration is determined from the root of the time

derivative of acceleration given by:

The root to equation VI-9, or time of peak acceleration is

Tp =t In(o + 1)

(VI-9)

(VI-10)

The normalized peak acceleration as a function of the normalized material

parameter is therefore

ap = 1 - t In(o + 1) (VI-ll)

Peak acceleration as a function of 0 is also plotted in figure VI-4.

The normalized peak parameters (ap and vpl are also the ratios of the

structure peak parameter to the corresponding free-field parameter
S ff S ff(ap/ap and vp/vp)' It can be seen that for a given set of soil, load-

ing, and barrier parameters, peak acceleration is decreased substantially

more than peak velocity.

The following set of parameters, which might be representative of a

concrete barrier, a silty sand under low stress conditions, and the input
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from a credible planar simulation experiment are considered.

Ps = 109 lb/ft 3

} Soil data
CL = 1650 ft/sec

Pb = 150 lb/ft 3 } Barrier data

t p = .100 sec

} Input free-field stress data
PM = 100 psi

The input free-field particle velocity under these conditions is

about 2.6 ft/sec while the free-field acceleration is 1.6 g. The particle

velocity is in the range of what might be expected in a strong earthquake

but the acceleration is too high. A 50 percent reduction in peak acceler

ation requires a 8 of 2.4. The corresponding reduction in peak velocity

is only about 15 percent. The thickness of concrete required for this

50 percent reduction in peak acceleration can be calculated from equation

VI-6 as:

(VI-12)

A 100 ft thick barrier is required to reduce peak acceleration by

a factor of 2 - clearly impractical. The rise time to peak pressure (tp)

is the controlling variable for the problem. In the case of incident

shocks relatively smaller barriers are required. For example, rise times

of .001 to .010 sec would require barriers of 1 to 10 feet thick, respec-

tively, for 50 percent reductions in acceleration. In the case of incident

waves with rise times on the order of those expected in large explosive

experiments, shock barriers appear impractical.

A one-dimensional, elastic shock barrier calculation was done using

WONDYIV (ref. VI-2) to confirm the analytical results. A lO-ft thick
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concrete barrier located at a range of 30 to 40 feet from the loading

source was modeled with the same parameters used above in equation 9,

except a rise time to peak pressure (tp) of .010 sec was used. The result

ing <) was 2.4.

The velocity and acceleration histories in front of and behind the

barrier are shown in figure VI-5. The early time motion is as expected

from theoretical analysis except for slight pulse spreading due to arti

ficial viscosity. The ratios of the average peak velocity and accelera

tion behind the barrier to the average peaks in front of the barrier are

plotted in figure VI-4. The agreement with the theoretical values is very

good. The small differences are due primarily to artificial viscosity.

The one-dimensional shock barrier analyses discussed above indicate

that, although the concept is valid conceptually, it would be impractical

to use them in large-scale simulation experiments.

3. ONE-DH1ENSIONAL RELIEF TRENCH AND TRENCH SCREEN CALCULATIONS

Relief trenches are used behind a test area to reflect loading waves

from the explosive source back into the test area, thereby altering fre

quency content and inducing multiple cycles of motion as the waves reflect

between the free trench boundary and the crater and loosened material

caused by the explosion. Shots 9 and 13 of the UNM DIHEST Enhancement

program (ref. IV-3) and the DIP IlIA experiment (ref. IV-4), in which

relief was provided by both open trenching and pseudo-trenching by a series

of drilled holes, have been discussed in Section IV.

Trench screens in front of a test area are designed to reduce the

motion in the region behind the trench. Experimental investigation of
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open trench screens has been primarily concerned with reducing Rayleigh

wave displacements (ref. VI-5, VI-6). Bentonite slurry filled trenches

have also been used (ref. VI-7).

The response of a one-dimensional soil column with boundary condi

tions approximating those of an open trench and of a trench backfilled

with low density, highly compressible material are discussed in this

paragraph. Calculations were performed using the finite element code

HONDO (ref. VI-8). The objectives of the calculations were as follows:

a. To examine the effects of soil nonlinearity on the motions of

the free-field and to provide a basis for comparison with the calculations

involving trench relief.

b. To examine the effects of an open relief trench with the object

of extending the duration of the ground motions.

c. To examine the effects of a compressible layer as a means of

providing a screened zone beyond the trench, primarily with the object of

reducing the particle accelerations.

d. To provide some basis for the design of two-dimensional numeri

cal calculations.

The one-dimensional models used in the calculations are shown in

figure VI-6. The applied pressure-time history is the same as dis

cussed in Section V (fig. V-5).

The soil volumetric strain vs. mean stress corresponds to that of

McCormick Ranch sand and is shown in figure VI-7. The soil failure

surface, also corresponding to that of McCormick Ranch sand is also

shown in figure VI-7. The dashed curves in each case are those used for

the properties of the compressible backfill materials.
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Attenuation of peak particle accelerations and velocities with range

for each of the models is shown in figure VI-8. Particle accelerations,

particle velocities and displacements of the relief models normalized with

respect to the free-field motions are shown in figures VI-g. It can be

seen that in the open trench model particle accelerations are decreased

by approximately 20 percent at the trench boundary while the accelerations

at ranges less than 150 feet correspond to those of the free-field. Par

ticle velocities at the trench face are approximately 1.6 times the veloci

ties of the free-field, while at ranges of less than 150 feet the velocities

are approximately those of the free-field. Displacements at all ranges

are greater than those of the free-field by factors of 1.8 to 2.9.

Examining the effects of a compressible backfill, it can be seen that

accelerations at the face of the trench, and for a distance of approximately

50 feet ahead of the trench are greater than those of the free-field. Be

hind the trench, particle accelerations are lower than those of the free

field with a maximum reduction of 38 percent occurring at a range of

250 feet. Particle velocities are essentially those of the free-field

except for increases of approximately 22 percent at ranges of 200 and 550

feet. Displacements are essentially those of the free-field at all ranges.

Velocity-time histories at points ahead of and behind the trench are

shown in figure VI-10. It can be seen from the figure that the primary

effects of the open trench are to increase the positive phase duration

and to produce secondary peaks in velocity from reflections off the free

boundary at the trench face. Smaller secondary peaks are produced by re

flections off the face of the backfilled trench while the velocities away

from these peaks are unaffected with no change in duration of the outward
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motion of the free~field. At a range of 250 feet the primary effect of

the soft backfill is to increase the rise time in velocity resulting in

a decrease in acceleration.

In the one-dimensional models the trenched region is assumed to extend

infinitely in the second and third coordinate directions. The result of

such a model should be expected to be an upper bound on the motions in a

two-dimensional model where the dimensions of the trench in the plane of

motion are finite. We might, therefore, expect somewhat smaller reductions

in accelerations and velocities. However, we might expect the reductions

in accelerations and velocities to maintain a similar ratio, i.e.,veloci

ties would be reduced to a lesser extent than corresponding accelerations.

4. TWO-DIMENSIONAL TRENCH CALCULATIONS

An open trench will eliminate the penetration of direct waves from

near-surface explosive sources into the region beyond the trench. Motion

in the region behind the trench is caused, in a general sense, by waves

which diffuse into the region from the trench boundaries. These diffused

waves are generated as the direct waves pass and interact with the bounda

ries. During the interaction, individual waves will produce a full range

of wave types. An idealized view of the primary wavefronts generated by

a planar compressional wave (P-wave) at a trench boundary is shown in

figure VI-ll. Since the P, Sand SP waves all have different character

istics and wavespeeds, the energy contained in a single wave in the free

field will spread in time as the diffused waves enter the screened region.

In addition, the amplitudes will attenuate geometrically. The spreading

and attenuation would be expected to lower motion amplitudes behind the

trench, as well as alter the frequency content and duration of the motion.
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The amount of effect wi 11 be dependent on trench size since the amount of

spreading and geometric attenuation is related to the location of the

point of interest with respect to the trench boundaries.

Two-dimensional trench calculations were performed using TOODYII

(ref. VI-g) to evaluate these two-dimensional effects, primarily screening

effects. The baseline problem for free-field behavior without a trench

is calculation 2P5 which was us~d in the analysis of free-surface effects

in Section V. The explosive source was located from 20 to 60 feet in the

ground. The assumed material model was for McCormick Ranch silty-sand.

A code description and specific calculational values are discussed in de

tail in Section V.

Three calculations were performed in which the trench depth was 10

ft, 20 ft and 40 ft. These calculations are designated T10, T20, and T40.

Each trench was five feet wide (one zone width) and located from 195 to

200 ft from the explosive source. The configurations of the three trench

calculations are shown in figure VI-12. It can be seen in the figure that

the 10-ft trench is completely above the explosive source, the 20-ft trench

extends to the top of the explosive and the 40-ft trench extends to the

mid-depth of the explosive.

Figure VI-13 shows vertical velocity histories for all calculations

at three ranges (R), one in front of the trench (R = 150 ft) and two be

hind the trench (R = 220 and 250 ft); and at two depths (0) (the surface

and 20 ft). Vertical velocity histories are generally not affected much

in qualitative character by the wave interaction with the trench. In

front of the trench there is a slight increase in downward motion (peak

B) and late time upward motion (peak C) due to the reflections from the
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Figure VI-13. Vertical Velocity History Comparisons
of Trench Screening Calculations
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trench.

Behind the trench, the initial upward motion (peak A) decreases as

the trench depth increases. The late downward motion (peak B) and peak

upward motion (peak C) increases as the trench depth increases. In these

cases, the largest percentage increases occur nearer to the trench (the

220-ft range). There is also a time shift in the vertical time histories

behind the trench as a result of the longer times required for the. ground

motions to penetrate the screened region.

Horizontal velocity time histories are shown in figure VI-14 at the

locations described above for the vertical histories. The horizontal com

ponents exhibit significant character changes with increasing trench depth.

In front of the trench, the peak outward and inward amplitudes, and the

outward pulse duration increases with increasing trench depth. This is

due to "relief reflections at the trench. This effect causes the relief

trench enhancement in the region between the explosive source and the

trench. A second cycle of motion due to later interaction of the reflec

ted waves with the source is not exhibited, however. Hence, these cal

culations do not support relief trenches as a contributor to enhanced

oscillatory motion.

On the other hand, the screening effect in the region behind the

trenches is dramatic. The initial outward velocity, which is the peak

outward velocity in the absence of a trench, exhibits a marked decrease

with increasing trench depth. Peak outward acceleration decreases at

an even greater rate. The character of the waveform also changes. In

particular, the late time outward motion becomes more predominant with in

creasing trench depth. In the 40-ft trench calculation, the late time
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peak outward velocity reaches or exceeds the peak outward velocity in the

20-ft trench calculation. The peak velocity, however, never does reach

the peak achieved in the untrenched calculation. The breakup of waves

interacting with the trench boundary, especially the generation of shear

waves with associated shear wave speeds, appears to cause the retardation

of the large outward motion.

Peak horizontal acceleration, velocity and displacement versus range

at the ground surface in the untrenched and trenched calculations are

plotted in figures VI-15, VI-16 and VI-17. Peak horizontal acceleration

in front of the trench is unaffected but there is a marked reduction be

hind the trench. At the 250-ft location the reduction ranges from about

45 percent for the 10-ft trench to 80 percent for the 40-ft trench.

Peak outward velocity (fig. VI-16) is also reduced but nct as much

as acceleration. The 10-ft trench reduction is only about 20 percent.

The 40-ft trench behavior indicates the enhancement of the late time hori

zontal motion. The VI parameter is the initial outward velocity and it is

reduced about 70 percent. The late time outward velocity, designated V2 ,

is only reduced about 30 percent.

Peak outward displacement (figure VI-17) in front of the trench is

increased due to the free-surface reflection at the trench (i.e., an in

creased velocity and outward phase duration as previously discussed with

respect to the waveforms). The peak displacements behind the trench are

not affected however. It appears that, although the waveform character

and velocity amplitudes change, the ultimate displacement achieved at the

surface is unchanged by a trench.
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The changes in peak horizontal acceleration and velocity evident in fig

ures VI-15 and VI-16 were normalized by dividing the trenched amplitude

by the corresponding amplitude at the same free-field location in the un

trenched calculation. A normalized value of unity implies that the value of

a component is the same as the free-field value in the absence of a trench.

Normalized peak horizontal components were relatively constant over the

range 0 to 50 feet behind the trench at a given depth and for a given

trench height. They did vary with depth, however. Average normalized

peak horizontal acceleration (AH) and velocity (VH) are shown as a function

of depth in figure VI-18a. AH is about 60, 40, and 20 percent of the free

field value at the surface for the 10-ft, 20-ft and 40-ft trenches, re

spectively. These values approach unity or the free-field value with depth

then seem to decrease again. The decrease is suspect since it is expected

that the amplitudes should continuously approach the un trenched conditions

with increasing depth. The ratios are based on interpolated un trenched

amplitudes in some cases. Interpolation errors may be the cause of the

suspect trend.

The first peak outward velocity is shown as a solid line in figure

VI-18b for the 10, 20 and 40-ft trenches. For the 10 and 20-ft cases

this is also the absolute peak. The dashed line is the second and abso

lute peak for the 40-ft trench. The first and second peaks approach each

other with depth in the 40-ft calculation. VH is 75 percent, 50 percent

and 25 percent the free-field value at the surface for the 10, 20 and

40-ft trenches, respectively. These values approach unity with depth.

The second or absolute peak for the 40~ft trench shows a different trend.

It is 80 percent the free-field value at the surface then decreases with

depth.
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Normalized peak vertical components are shown in figure VI-19. They

were relatively constant with depth and varied slightly with range within

a given trench calculation. Therefore, average normalized peak vertical

acceleration (AV) and velocity (VV) are plotted as a function of distance

behind the trench in figure VI-19. AV is from 10 to 20 percent great-

er than the free-field value directly behind the trench where the initial

P-wave from the bottom of the trench is propagating vertically. Av then

decreases to 90 percent, 80 percent and 60 percent the free-field value

for the three trench calculations at 50 ft behind the trench. Vv for the

40-ft trench is 40 percent greater than the untrenched value directly be

hind the trench and approaches the free-field value with range. Vv for

the 10 and 20-ft trenches is essentially unity or very near the free-field

value at all ranges.

Attempts to collapse all of the trench results by normalizing range

and depth by trench depth to obtain more general relationships were un

successful. Hence, the normalized peaks are plotted versus absolute range

and depth.

The qualitative effects of trenching are obvious from the calcula-

tions, i.e., there is a marked decrease in acceleration, a lesser decrease

in velocity and no change in displacement for the horizontal components.

Vertical components are not affected as much. The phenomena, however, are

quite complex. Additional calculations and new experimental work will

be required to enable development of quantitative predictive relations

for trench effect.
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5. CONCLUSIONS

Simple analytical methods and a limited number of numerical calcula

tions were used to provide additional insight into the use of shock barriers

and trenches as enhancement methods in earthquake ground motion simulation.

The major conclusions are as follows:

a. The use of shock shields to reduce horizontal accelerations in

large experiments appears to be impractical because of the large shield

masses required. This result is due to the relatively long rise times which

occur in the input ground motions. However, it may be practical in

small scale experiments where small model structures are used.

b. The use of trenches as relief boundaries does not appear to induce

additional motion cycles compareg with the motion from a unenhanced explo

sion. This conclusion is evident from both one- and two-dimensional re-

suIts.

c. The use of trenches or pseudo-trenches (in the form of closely

spaced drill holes) to screen a region behind the trench appears to be a

very practical method of reducing horizontal accelerations. Horizontal

velociti~s are reduced toa lesser extent and displacements are unchanged.

This trend is the desired trend for earthquake ground motion simulations.

Further calculations and field experiments to quantify trench screening

effects are strongly recommended.
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SECTION VII
SYNTHESIS OF DATA AND CALCULATIONS

1. INTRODUCTION

The empirical analyses of Section IV resulted in interpretations of

the ground motion environments from spherical, cylindrical and planar

explosions, and empirical estimates of the relationships between the

motion characteristics and the major explosion parameters. Several un

certainties remained at the end of the analyses, particularly with regard

to scaling in inelastic material, attenuation rates in the various geom

etries, the effects of array size, and vertical response in the near

surface region. The calculations, presented in Sections V and VI, were de

signed to reduce these uncertainties.

Results from the two sources are synthesized in this section. For

unenhanced experiments the relationships evident in the calculations are ta

ken as fundamentally correct in form and in relative quantitative behavior

for the material and geometries modeled. However, they may be different in

their absolute quantitative behavior compared with the field data due to ma

terial model inadequacies, finite zoning, and explosive input assumptions.

The main approach in this section is to empirically modify the relationships

from the calculations so that they yield quantitative results comparable

to those measured in the field. The resulting relations provide the

basis for predicting future unenhanced simulation experiments in dry al-

luvial materials with a reasonable level of confidence.
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Data on enhancement techniques are quite limited, and only a limited

number of enhancement calculations were performed in this study. Although

this information provides good insight into the qualitative effects and

usefulness of the variouS techniques in si~ulation, the "quantitative pre

diction of effects remains uncertain. Only tentative recommendations

can be made in this section.

2. SPHERICAL RESULTS

The calculated spherical results demonstrated the applicability of
1

WT scaling in inelastic materials in the absence of gravity. The rela-

tions for the motion parameters (eq. V-22) gave excellent attenuation

rate agreement with the empirical relations for Mole (fig. IV-25), but the

amplitudes in the calculations were higher than the Mole averages. Accel

erations were about 90 percent higher, velocities about 50 percent higher

and displacements about 175 percent higher. The accelerations and ve

locities were, however, within the Mole data scatter. The calculated

velocity outward phase durations and peak to peak times (fig. V-17) agreed

well with the Mole averages at near-radial positions (fig. VI-6). The

differences between the Mole data and the calculations may lie in mate

rial property differences. The calculations utilized a seismic velocity

of 1650 ft/sec while the Mole site seismic velocity was 2900 to 3000

ft/sec. Future analyses of this difference, should spherical charges be

used in simulation, may lead to a synthesis of those results in terms

of material properties. In the interim it is recommended that the Mole

empirical relations, modified to account for gravity, be used for radial

motion estimates in dry alluvial materials. These relations (eq. IV-35)

are repeated below for convenience.
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(VII-1)

where

a = acceleration in gls

v = velocity in ft/sec

d =displacement in inches

W= charge weight in lbs of TNT

The velocity and acceleration relations should be used only to the range

at which the velocity has decayed to a value corresponding to the elas

tic stress limit. This limit can be estimated to be about 100 lb/in 2

and equation IV-26 can be used to estimate the corresponding velocity. The

elastic attenuation rate for acceleration and velocity can be taken as

-1. 6.

Characteristic time estimates can be made using the calculated re

sults shown in figure V-25 since they are in agreement with Mole but do

not contain the large data scatter of the field data. Figure IV-10 can be

used to adjust these times for gravity effects.

3. CYLINDRICAL RESULTS

Figures VII-l, 2, and 3 compare predicted accelerations, veloci-

ties, and displacements, based upon the calculated results with the fits

to the cylindrical motion data for Shots 6,7, and 8 (figs. IV-15, 16 and
1

17). These shots had a scaled array height of 4.64 ft/(lb/ft)'T. The

493



10.000.

~

~iN
~...,.... 1000 ........
.Q

~

C>..~
>-

'".
c:
0.,.....,
'"s..ell
~

QJ 100.u
uc::
"0
<lJ
~

n:l
U
VI

10.

Data Fit (fig. IV-15)

\
\\+-- Prediction Based on

\ Calculations

\
\
\
\
.\. ?\

Empirical Modification \
to Calculation Results

.\
\\\. \

\

1 1

Scaled Range. R/yT(ft/(lb/ft)T)

Figure VII-l. Cylindrical Accelerations Predicted from Calculations
Compared with Qata

494



"'-

""-
"'

"'-
\

~ Limit of Fit· 0.6 H/yf
~. \,,---- ,

~. "
""Empirical Modification . \

to Calculation Results -~--a~o\.\. \

~ ~ Prediction Based on

". \\ Calculation

".\.,,

Data Fit
(fig. IV-16)

100.0

u
10.0<1J

'".......
~....
~

>
:>,
~

u
0....
<1J
:>

<1J....
U

~ 1.0!'-
n::I

Q.

0.1

1 1
SCdled Range, R/yT(ft/(lb/ft)T)

Figure VII-2. Cy1indrical Velocities Predicted from Calculations
Compared with Data

495



10.0

...~
.-
-i->
4-
........
.0.... Fit to.......
........ Shot 6, 7 and 12 DataI::....

(fi g. IV-l7)
.-4~

>-........
"Q 1.0
~...,

'-=
Q)
E
Q)
U
ra....
0-

'"
0

"0
Q) Empirical r~odifi ca ti on....
ra To Calculation Resultsu
V)

0.1

Scaled Range, R/y~(ft/(lb/ft)~)

Figure VII-3. Cylindrical Displacements Predicted from
Calculations Compared with Data

496



1
calculated accelerations and velocities in the near-region (R/yZ < about

1

3 ft/(lb/ft)Z) have a lower slope than the data. Beyond this region,

however, the calculated results have attenuation rates in very good agree-

ment with the data but the absolute ampl itudes are high by a factor of

2.5. These differences are consistent with an in-situ material having

a higher shear strength at high confining pressures than used in the model.

The calculated displacements have a different slope than the data

over all ranges. Calculated amplitudes are higher at near ranges but

lower at more distant ranges. The experimental displacement results are

anomalous because the spherical and planar data, as well as the spherical,

planar and cylindrical calculations, all indicate that the attenuation

rate for displacements is just slightly less than that for velocities.

The cylindroical data is at odds with this result. This difference may

be due to velocity baseline errors which, in turn, significantly affect

displacements. Baseline problems are evident in the original data.

Simulation applications will involve particle velocities bel~w

about 10 ft/sec. This velocity is in the intermediate region where ve-

locity and acceleration results are in good agreement with the data in

terms of attenuation behavior and the transition range fro~ cylindrical
1 ° 1

to spherical behavior (0.6 H/yZ in calculations vs. 0.75 H/Yz in data).

In this region and beyond, the calculation relations for acceleration

and velocity can be empirically modified to give good agreement with the

experimental results. The recommended relations are

(VII-2)
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where

L 1
for R/y~ > 0.6 H/yT (b) (VII-2)

a = acceleration in 91S

v = velocity in ft/sec

H= explosive height in feet

R = range in feet

y = lineal charge density in lbs/ft

These equations apply to the range at which the elastic limit is reached.

As in the spherical case, the elastic limit for radial stress can be

taken as about 100 lb/in 2
• Equation IV-26 can be used to estimate the cor

responding particle velocity. Beyond the range corresponding to this

velocity the attenuation rate should be decreased to -1.75 for both ve-

locities and accelerations.

An empirical modification for displacement is somewhat uncertain

because of the significant attenuation differences between the calcula

tions and the data. Prior to attempting a modification, characteristic

times are reviewed since peak displacement is related to the peak veloc-

ity and the velocity outward phase duration. In both the data and the

calculations the duration was relatively constant with range to the elas

tic transition range, but the durations did vary with the array height.

The variations of the average characteristic times with array height in

the calculations are compared with the measured averages in figure VII-4.

Although the data is scattered, the calculation results are significant-

ly lower than the data. The differences are most likely due to mate-

rial model inadequacies. Recommended empirical modifications for the
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characteristic times which pass through the data are shown as solid

1ines in figure VII-4.

The empirical modification for the scaled outward phase duration

results in an increase of the calculated relationship of about a factor

of 1.4. The empirical modification previously stated for particle ve

locities resulted in a decrease of calculated velocities of about a

factor of 2.5. These two modifications imply a decrease of displace

ments by a factor of about 1.8. The calculated displacement relation

modified by this factor is shown in figure VII-3. It is in good agree-

ment with the data at the nearer ranges but is lower at greater ranges.

At the present time, the modified calculation fit is recommended. This

recommendation is based upon the consistency of the velocity.and dis

placement attenuation slopes in spherical and planar data as well as

a suspicion that there are some baseline trend problems in the cylin

drical displacement data. The recommended relation for displacements

beyond the transition range is

(VII-3)

where d = displacement in inches and the other variables are defined

as in equati on VII-2.

Figure VII-5 compares the ratios of the peak inward to peak outward

velocities in the calculations with those of the data. The comparison

indicates that the inward components in the calculations are higher

than in the data. This ratio appears to be strongly dependent on the

material behavior, as indicated in figure V-35. The difference here is

apparently due to some inadequacy in the calculation material model.
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Recommended fits for the two array height cases for which data are

available are shown in figure VII-5. There are insufficient data avail

able to generalize these fits, but the fits given and the trends evi

dent in the calculation results can provide a guide for estimating in

ward motion components.

There are no cylindrical data available for evaluation of off-

center and free-surface effects. The normalized fits to the calculated

results shown previously in figures V-44 through V-47 for off-center vari

ations under symmetric' conditions, and figures V-50 through V-53 under

free-surface conditions are recommended at the current time.

4. PLANAR RESULTS

Planar results on the centerline are evaluated by comparing pre

dictions based on the planar calculations with the measured data from

DIP IIA and Mini-SIMQUAKE (MSQ). These events contain good data and

span a wide range of areal charge densities and scaled array heights.

DIP IIA had a charge density of 15.11 1b/ft2
, while the charge densities

for the MSQ back and front arrays were 0.78 and 0.29 lbs/ft 2
, respec

tively. All charge densities are in equivalent TNT. The scaled array

heights for these events are 2.32, 19.2 and 51.7 ft/(lb/ft 2
), respec

tively.

Figures VII-6, 7 and 8 compare predicted centerline accelerations,

velocities and displacements using equation V-29 with the measured data.

The predictions for accelerations are higher than the data by a factor

of about 1.5 for DIP ITA and MSQ-F, and by a factor of about 3 for

MSQ-B. The predictions for velocity are high by a factor of about 1.8
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for all the data. In addition, the acceleration and velocity data do

not seem to exhibit a transition to elastic behavior. This later ef

fect may be due to the finite lateral array dimensions in the field.

Finite array width would be expected to cause a transition to spheri

cal behaviqr beyond some range, and increased motion attenuation rates

This effect may be counteracting the elastic reduction in attenuation

in the field data. The effect, of course, is not modeled in two-dimen

sional calculations. The amplitude differences may be due to material

model and/or input loading inadequacies .

. The predicted displacements for DIP IIAare a factor of about 1.6

high while the predictions for MSQ-B are in excellent agreement with

the data. Displacement data for MSQ-F are not given since they could

not be interpreted in the data. This difficulty was due to the super

position of MSQ-B and MSQ-F effects in the sequenced experiment.

The calculated characteristic times exhibited little variation

with range out to the elastic region and this agrees with the trends of

the measured data. This behavior allows the average characteristic

times to be evaluated as a function of scaled array height. The average

characteristic times in the data are compared with the calculated re

lations as a function of scaled array height in figure VII-g. The trend

of the calculations leads to a markedly different interpretation of the

variation with array height than was made in Section IV. The data fit

indicated a trend of initially high increases in characteristic times

with array height. Beyond a scaled height of about 10 ft/(lb/ft 2
), the

times remained about constant. The calculations, on the other hand,

indicate continually increasing characteristic times with increasing
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array height. Some new data which recently became available from the

SIMQUAKE IA and IB (SQIA and SQIB) events also indicate a different

trend from the data available previously.

It appears that there is a depth of burst effect in the behavior

of the characteristic times. The data for DIHEST enhancement Shots 1

and 3, and for MSQ-B and MSQ-F all are significantly higher than those

of DIP IIA, Shot 9A, SQIA, SQIB and DIP VA. Shot 1, Shot 3, MSQ-B and

MSQ-F all had array centerline depths at 12.5 feet and above while the

centerline depths for the other events were significantly deeper. If

the two groups of events are separated into shallow and deep categories,

then the data in the individual groups show the same trend as the cal

culations, i.e., continually increasing characteristic times with in

creasing array height.

Gravity and/or material property differences may be exerting an

influence. There is insufficient data to evaluate the potential ef

fect of gravity. With regard to material properties, although McCormick

Ranch is considered herein as a homogeneous site, there is an increase

of seismic velocity with depth. In the near-surface region, the aver

age seismic velocity is about 1650 ft/sec while between 15 feet and 85

feet it is about 2200 ft/sec. This difference, as well as strength dif

ferences, may partially account for the behavior.

The calculations were made with a material model which corresponds

closest with the shallow events. The calculated characteristic times

are lower than the data just as they were for the cylindrical results.

Empirical fits to the shallow and deep data are shown in figure VII-g.

509



These fits which use the same slopes as derived from the calculations

are recommended for future predictions.

The observations and comparisons discussed above can be used to

select prediction relations for motion amplitudes on planar events.

The recommended acceleration and velocity relations are

a'a = 2900(R/a)-0.89 0.6
for Ria ~ 2(H/a) (a)

a·a = 11,680(H/a)1.21(R/a)-2.9 for Ria> 2(H/a)0.6 (b)

where

v = 49(R/a)-0.16

v = 3l3(H/a)(R/a)-2.1

( )0.52 ( )for Ria ~ 2.6 H/a c

for Ria> 2.6(H/a)0.52 (d)

(VII-4 )

a = acceleration in gls

v = velocity in ft/sec

R =range in feet

H= array height in feet

a = areal charge density in lb/ft 2 of TNT

These relations should not be altered in the elastic region since

spherical effects seem to counteract the elastic attenuation reduction.

These recommendations are compared with the data in figures VII-6 and

VII-7.

The displacement correlation from the calculations should be taken

as the basis for displacement estimates. The relation is

( )-0.12 ( )0.75d/a = 21 Ria for Ria ~ 1.15 H/a
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1.28 ( )-1.82 )0.75 )d/a = 26.6{H/a) R/a for R/a > l.l5(H/a (b (VII-5)

where d =displacement in inches and the other variables are as defined

for equation VII~4. This relation s~ould be used without modification

for shallow events. It appears that the calculations overestimate ve

locities and underestimate outward phase durations in such a way that

they compensate each other and give good displacement estimates for

shallow events. For deep events, the calculations slightly overestimate

the outward phase durations so that equation VII-5 overestimates displace-

ments. Deep event estimates should be taken as about 50 percent of the

values given by equation VII-5.

Figure VII-10 compares the calculated ratios of peak inward to peak

outward velocity with the available measured data. Overall, the data

exhibit higher inward to outward ratios than the calculations. This

trend is opposite to that in the cylindrical results where the calcu-

lated ratios were larger. It may be that the additional relief effects

from the ends of the array are playing an important role in the field

behavior. These three-dimensional effects are not modeled in the cal-

culations.

The MSQ-F and DIP VA (H/a of 51.7 and 474 ft/(lb/ft 2 )) inward to

outward ratios are in good agreement with the calculated results for

scaled array depths greater than about 11 ft/(lb/ft 2 ). It may be that

the curve at which these calculated results and the data coincide forms

an approximate lower bound to the ratios.

The results from the calculations indicate the proper scaling for

the inward to outward ratios as a function of range. The data fits,
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which have the same form as the calculated results, can provide a guide

for empirical estimates. Additional data or calculations, perhaps

three-dimensional, will be required to better define the parameters

affecting the inward to outward ratios.

The planar data for cross-range motion amplitude variations and

for free-surface effects are relatively sparse and contain significant

scatter. The normalized results of the cylindrical ~alculations (figs.

V-44 through V-47) are consistent with the cross-range data and may be

used for cross-range estimates. Similarly, the normalized results of

the planar free-surface calculations (figures V-72 through V-76) are COn

sistent with the horizontal and vertical experimental data and may be

used for estimates of free-surface effects.

5. ENHANCEMENT METHODS

This paragraph summarizes conclusions on the effects and potential

usefulness of several simulation enhancement methods. The conclusions are

based upon the data analysis of Section IV and the limited analytical and

calculational studies of Section VI. In large part, the conclusions are

qualitative since neither the data nor the calculations provide sufficient

information for the derivation of quantitative prediction relations. There

is sufficient information, however, to state firm conclusions on the use

fulness of the various techniques and the direction of future work.

The enhancement methods considered initially were the following:

• Focused Arrays

• Explosives with Longer Burn Times

• Decoupling of Explosives

513



• Relief Trenches

• Shock Barriers

• Multiple, Time Sequenced Explosions

In the course of numerically evaluating relief trenches, trench consider

ations were extended to encompass the use of trench screens.

Existing data indicate that focused explosive arrays enhance stresses

and accelerations more than velocities and displacements. This effect

is contrary to that desired for earthquake ground motion simulation.

Should some need be established for this type of enhancement in the fu

ture, the effect is probably susceptible to analysis with calculations.

The data on explosives with various burn times indicate that there

is no significant influence on motion amplitudes or time histories for

the explosives evaluated. Burn time effect, if any, for other explosives

would probably be a second order effect, at most. It, therefore, appears

that burn time variations will not provide an effective means of signifi

cantly enhancing explosive simulations.

The decoupling data (figs. IV-15 through IV-17) and calculations

(figs. V-18 through V-20) indicate th~t increasing the size of the explo

sive cavity for a given amount of explosive results in increased displace

ments and correspondingly lower frequency content. At the same time,

accelerations and velocities at intermediate to far ranges are not changed

much. These effects suggest significant potential application to earth

quake ground motion simulation. The data available to this study did not

span a sufficient range of parameters (explosive density, array size, etc.)

to enable derivation of general quantitative relations. SRI International

is now conducting research concerned with controlling explosive gas vent-
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ing from an explosive using a mechanical device. This work is closely

related to decoupling and the SRI data should be evaluated for decoupling

effects. In addition, other experiments and calculations should be pursued.

Relief trench data (figs. IV-48 through IV-52) and calculations

(figs. VI-16 and VI-17) indicate that it is possible to enhance horizon

tal velocities and displacements in the region between the explosive

source and the trench. Under certain design conditions, this effect may

be desirable from a simulation viewpoint. However, relief trenches do

not excite additional motion cycles in the cases for which data and cal

culations are available. Further experiments and numerical calculations

will be necessary for the development of general relations for estimating

the amount of velocity and displacement enhancement.

Numerical calculations suggest that the use of trench screens is a

very viable method for diminishing the horizontal accelerations and, to

a lesser extent, velocities in a region behind the trench. The ultimate

horizontal displacement does not appear to be affected by the existence

of a trench. Figure VII-ll plots the acceleration and velocity attenua

tion rates at the ground surface in the trench numerical calculations

as a function of trench depth. In the specific case investigated, a

factor of two reduction in acceleration can be obtained with a l5-foot

trench. This size trench is quite practical. The relations of figure

VII-11 as well as those shown previously in Section VI are for a single

set of explosive conditions and a single trench range. The generaliza

tion of these relations will require additional calculations as well as

field experiments.

Shock shield calculations and data indicate that it is possible to
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diminish accelerations behind the shield, while causing a lesser effect

on velocities and displacements. The size of the shield required for a

given amount of attenuation is strongly dependent on the rise time con

tained in the input ground motion. In small scale simulation experiments,

which will contain short rise times, shields of practical size can be

selected. In large simulations, however, impractically large shields

will be required because of the long rise times in the input ground mo

tions.

Multiple, time sequenced explosions appear to be the most practical

method available for inducing multiple cycles and long durations of ground

shaking. Such explosions might be on the same side of the test area or

on opposite sides. Since the time delays will generally.be selected so

that the motion from previous explosions is at a low level when later

explosions occur, linear superposition of individual explosion effects

will probably provide an adequate estimate of combined effects. This

conclusion is supported by the Mini-SIMQUAKE results given previously in

figure IV-47.

6. ESTIMATES OF FREQUENCY CONTENT AND SHOCK SPECTRA

The recommended relations of the previous paragraphs provide means

for estimating ground motion amplitudes and time characteristics under

a variety of explosive configuration conditions. These estimates im

plicitly contain frequency information. In designing a simulation,

however, it is desirable to have explicit estimates of the main fre

quencies contained in the ground motions, as well as shock spectra esti

mates which can be used to estimate the level of response of the sys

tem of interest. The most accurate means of estimating these quantities
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is the explicit generation of Fourier and shock spectra from either

measured or calculated time histories. Calculated time histories should

be modified empirically in amplitude and time characteristics by the

relations previously presented. There are simpler means of estimating

frequency content and shock spectra which will probably be satisfactory

for initial design estimates. These methods are briefly described here.

The characteristic times of the velocity pulse can provide an es

timate of the major frequencies of the ground motion. In general) the

data seem to indicate that peak to peak times are about 1 to 2 times

the outward phase duration) and the duration of the first motion cycle

about 3 to 4 times the outward phase duration. The major frequency in

the experiment will probably be associated with tpe outward phase dura

tion and the frequency can be estimated roughly as

where

f - __1_
pd - 2tpd

(VII-6)

f pd =approximate frequency associated with the outward phase
duration in Hz

t pd = outward phase duration in sec

Because of the differences between the outward phase duration and the

peak to peak and first motion cycle times, significant frequencies will

probably occur from fpd to 1/4 f pd '

Guides to shock spectra estimates are provided in reference VI-l

and VI-2. On a tripartite plot (see Section III), the undamped spectra

bounds for a short impulsive motion (a parabolic velocity pulse with

no inward component) can be estimated by using amplitude multipliers of
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1 for displacements, 1.5 for velocity and 2 for acceleration (ref. VI-l).

The corresponding multipliers for 10 percent damping are 0.9, 1.3, and

1.7. Average undamped spectra multipliers for earthquakes (ref VI-2)

are about 1.15 for displacement, 1.75 for velocity, and 2 for accelera

tion. For 10 percent damping, the corresponding values are 1.15, 1.34,

and 1.65. The earthquake multipliers are somewhat higher than those

for short impulsive motions because of the more oscillatory nature of

earthquake motions.

In simulation applications, the appropriate multipliers should be

selected on the basis of range and experiment design. At large ranges

from single arrays, and at all ranges from multiple arrays, the earth

quake multipliers are recommended because the motions will be os~il

latory. At near-ranges from single arrays, the motion will be more

impulsive in nature. In this case, the multipliers for short impulsive

motions would be appropriate.
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SECTION VIII
APPLICATION OF RESULTS

1. INTRODUCTION

Section VII summarizes improved empirical relations for predicting the

ground motion environments from various unenhanced explosive configurations.

Those relations can form the basis for designing simulations of earthquake

like ground motions on engineering systems. The other important aspect

of the design problem is the system itself. The system characteristics

and the prediction relations may be joined into the following procedure

for designing a simulation:

a. Define the system and its important dynamic characteristics.

b. Define the prototype earthquake environment.

c. Define the scale of the experiment.

d. Define the desired level of system response.

e. Select an explosive configuration.

f. Estimate motions from candidate explosive configurations.

g. Estimate corresponding shock spectra or other measure of system

response.

h. Select a simulation design and the range at which the system

will be sited.

This procedure was recently applied by the University of New Mexico

to the design of the SIMQUAKE I simulation experiments on nuclear power

plant models for the Electric Power Research Institute. Although National
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Science Foundation interest specifically excludes research uniquely re

lated to nuclear power plants, the design method is general and the experi

ments represent the only case in which explosive tests have been designed

and used to investigate specific earthquake-related behavior of large scale

structures. Hence, it is of general interest and is outlined in the fol-

lowing paragraphs.

I
Before proceeding to that application, it is of interest to observe

the range of motions that can be produced by an explosive simulation.

Table VIII-l lists predicted horizontal motions as a function of areal

charge density at the 1 9 acceleration level from planar arrays of 25, 50

and 75-ft heights. Corresponding surcharges of 10, 20 and 30 feet were

assumed and free-surface effects were accounted for in the estimates. It

appears possible to achieve particle velocities, displacements and frequency

content which are well within the ranges expected in strong earthquakes.

Durations and number of motion cycles are limited in single ~rrays but

these may be increased if necessary by using multiple sequenced arrays.

2. ILLUSTRATIVE APPLICATION

a. The System

Containment structures of nuclear power plants are massive, rigid,

reinforced concrete structures which are usually embedded to a signifi~

cant depth. The rigid body translation/rocking response of containment

structures is an important contributor to the loads transmitted to the

reactor core and other internal components during earthquake excitation.

Horizontal ground motions excite the translation/rocking response and are

of prime concern.
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Individual containment structures vary in size, shape and embedment

depending upon their specific design and site unique conditions. An

average generic structure might be considered as an open cyclinder with

the following characteristics

Height 180 feet

Diameter 120 feet

Base Thickness 14.5 feet

Wall Thickness 6.25 feet

Total Weight 40,500 tons

Embedment 1/4 to 1/3 the height

The base and wall thicknesses given above have been increased over typical

dimensions to account for the added mass of internal equipment and the

mass distribution with height in a typical structure since these para

meters influence translation/rocking response.

Beredugo and Novak (ref. VIII-l) provide a method for estimating the

translation/rocking frequencies of an embedded footing under small strain

conditions. The system is a two degree of freedom system having two reso

nantfrequenci es, but the response i s usua llydomi nated by the fundamental

vibration mode. The frequency solution is a function of the mass, mass

moment of inertia and embedment of the structure, and the density and

elastic properties of the adjacent soil. For 1/3 embedment of the generic

structure presented above and assuming a soil unit of weight of 110 lb/ft 3
,

a shear wave velocity of 900 ft/sec and a Poisson's ratio of 0.25, the

fundamental rocking frequency is about 2.0 Hz. An explosive simulation to

excite high level translation/rocking response of this structure should

be designed to produce frequencies at or, perferably, below 2.0 Hz. Less

than 2.0 Hz is preferable because the rocking frequency may decrease at
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high strain levels (i.e., softening soil conditions).

b. Prototype Earthquake Environment

A credible design environment might be that created.at the 1 g accel

eration level from a magnitude 7 or 8 earthquake. Motion estimates as a

function of magnitude and distance are available from reference V111-2

and were previously presented in figure 111-1. Selecting a magnitude 8

earthquake, the 1 g level occurs at a range of 10 miles from the source

and has corresponding velocity and displacement amplitudes of 36 in/sec

and 18 in, respectively. The simulation should be designed to excite

response on the order of that which would be excited by this selected

prototype environment.

c. Experiment Scale

The generic full size structure described above would be quite ex

pensive to build. The response of interest can probably be investigated

on a smaller scale. The scale should not be too small, however, because

of uncertainties in modeling in inelastic materials, gravity influences

and the need for a practical structure size for instrumentation purposes.

A 1/12 scale of the generic structure was selected as a reasonable com

promise. This size is reasonable for instrumentation and modeling of

details, if necessary, and is of reasonable cost. A 1/12 scale model

of the 1/3 embedded generic structure using the same construction mater

ials as in the prototype would have the following characteristics:

Height 15 feet

Diameter 10 feet

Base Thickness 1.21 feet
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Wall Thickness 0.52 feet

Total Weight 23.4 tons

Embedment 5 feet

Fundamental Rocking Frequency : 24 Hz

The simulation for this structure should be designed to contain frequencies

at or below 24 Hz. In addition, the prototype design environment should

be scaled appropriately. For a 1/12 scale experiment, the scaled environ-
I

ment should have an acceleration, velocity and displacement of 12 g, 36

in/sec and 1.5 in, respectively.

d. Desired Level of Response

A main concern in translation/rocking problems is the effect of

large soil strains on the level of response. In earthquake applications,

large shear strains are considered to be 0.1 percent and above, and this

strain level might be selected as a minimum response criteria. The shear

strain adjacent to the structure can be estimated approximately as the

peak rocking angle of the structure during response. Assuming the center

of rocking is near the structure base, a 0.1 percent soil shear strain

implies a relative horizontal displacement between the top and base of the

structure of 0.18 inch.

e. Explosive Configuration

A planar array was selected. The planar geometry assures that motions

at the structure, which has large dimensions in spite of scaling, are

relatively uniform. In addition, it provided a large experimental area

which was used for additional experiments on embedment, structure size

and backfill variations.
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f. Estimated Motions

The selection of an appropriate array is a trial and error process.

Equations VII-4 and VII-5 are used to estimate motions at the mid-depth

of various candidate arrays. The mid-depth motions are then modified for

off-center attenuation using figures V-67 through V-69. Finally, motions

at the free-surface are estimated using figures V-72 through V-73. Fig

ure VIII-l shows predictions for a 75-foot high array loaded with 4 lbs/

ft 2 of equivalent TNT. This configuration yields motions which are in

the range of those required for the problem being considered. The sur

face amplitudes at the 100, 150 and 200-foot range are summarized in

table VIII-2. The amplitudes do not precisely match the scaled environ

ment requirements of 12 g, 36 in/sec and 18 inches at any range. However,

if one of these motion parameters are considered more important than the

others then a range corresponding to the appropriate parameter could be

selected from the array illustrated or from another array. For example,

if the 36 in/sec velocity is considered important then a range between 150

and 200 feet might be selected.

Table VIII-2
Predicted Motions at the Surface from a 75-foot High Planar

Array Containing 4 lbs/ft2 of Equivalent TNT Explosive

Range Acceleration Velocity Displacement
(ft) (g) (in/sec) (i n)

100 6 85 9
150 2.5 53 7.2
200 1.4 32 6.4

A better method for selecting a range is to consider the desired

response in the experiment rather than a particular motion amplitude
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value. This is discussed next. Before proceeding, however, it is inter-

esting to note that the predicted motion amplitudes, with the exception

of displacement, are very close to those of the design environment for

the full scale structure (1 g, 36 in/sec, 18 in).

g. Shock Spectra and the Selection of a Design

Shock spectra provide a good means of estimating system response.
I

Spectra may be estimated by the amplification factors given in Section

VII. Since the explosive environment will be oscillatory in the anti

cipated siting region the same factors may be used for both the scaled

earthquake environment and the explosive environment. Due to embedment,

the structure will be highly damped, perhaps 10 percent of critical or

greater. Hence, the amplification factors for 10 percent damping may

be used. Those factors are 1.15 for displacement, 1.34 for velocity

and 1.65 for acceleration.

Ten percent damped spectra for the 1/12 scale, 1 9 earthquake environ

ment, and for a 1/2 g environment in the same earthquake, as well as for

the estimated ground motions at 100, 150 and 200-foot ranges are shown ;n

figure VIII-2. The 1/12 scale structure with a 24 Hz fundamental frequency

would have a very low response at any of the ranges shown compared with

the 1 9 earthquake. At 100 feet its response would be approximately that

of the 1/2 g earthquake. However, the soil shear strain would only meet

the minimum requirement of 0.18 in relative displacement. The low response

is due to the relatively low frequency content of the explosive environ-

ment (fpd ~ 2 Hz) compared with the frequency of the system. Other large

arrays also have a relatively low frequency content.
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Increasing the structure base and wall thicknesses to 1.5 feet and

1.0 feet, respectively, and decreasing the embedment to 25 percent re

duces the frequency of the model to about 14 Hz. Although no longer a

perfectly scaled model of the generic prototype considered originally,

this new model is still representative of a credible prototype and will

contain similar translation/rocking response features. The 14 Hz model

will have acceptable response at either the lOa-foot or 150-foot range.

At 100"feet, the response will be at least 90 percent that of the 1 9

earthquake. At the lSO-foot range the response will be at least 40 per

cent that of the 1 g earthquake and 65 percent that of the 1/2 g earth

quake. The response is stated as being lI at least ll a given amount be

cause large soil strains will be encountered in the experiment. At

the 100 or lSO-foot range, the relative displacement will exceed 0.18 in

implying greater than 0.1 percent soil shear strain. These strain levels

might be expected to reduce the structure frequency below 14 Hz and, there

fore, increase response.

The results described are for a single explosive array. In other

experiments, requirements may dictate the need for additional motion

cycles. The experiment could be designed to include added arrays with

little difficulty. A reasonable estimate of motions could be made using

superposition.

h. Comments on the Illustration

The procedure described above illustrates both the steps involved

in establishing a satisfactory simulation design as well as potential

design problems that may be encountered. Although the data of the
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SIMQUAKE I series are not yet fully analyzed and reported, qUick look

analyses indicate that the structure responded with a fundamental fre

quency in the range 3 to 6 Hz, well below th~ small strain estimate of

14 Hz. As a result, the level of response was near or above that of the

1 g prototype environment. The small strain frequency was measured in

the field as about 18 Hz so that the pre-test estimate of 14 Hz was reason

able. The large reduction in frequency ~uring the experiments appears to

be a large strain phenomena. Hence, the SIMQUAKE I simulation series

provided data on large strain response not previously available from real

earthquakes or other simulation methods.

3. REFERENCES
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SECTION IX
SIMULATION COST ANALYSIS

From inception to completion a well planned earthquake simulation

experiment must encompass the following major tasks:

• Site Selectipn, Development, and Investigation

• Simulation Experiment Design

• Explosive Array Construction

• Free-Field Instrumentation

• Structure Design, Construction, and Instrumentation

• Data Reduction, Analysis, and Report Preparation

• Site Restoration

The University of New Mexico, Civil Engineering Research Facility,

has conducted a series of such experiments at the McCormick Research

Test Site during the past ten years. As a result, it has gained experi

ence and assimilated a large amount of data for cost estimating purposes.

It should be emphasized that the actual cost for such experiments depends

greatly on the location and specific characteristics of the site, as well

as on the size and complexity of the structures to be tested and the

nature and completeness of the data that is sought. Consequently, the

cost estimates presented herein are intended to provide only a rough

measure of the order of magnitude of the costs involved.

Each of the tasks listed above will be discussed briefly.
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1. SITE SELECTION, DEVELOPMENT, AND INVESTIGATION

(a) Site Selection: If a well documented site is available from

previous experimental work, little or no additional cost for site

selection will be necessary. However, if a new site possessing a

specific geology is sought, there will be costs associated with a

literature search, exploratory drilling, geophysical survey, and data

analysis. Assuming that the exploratory drilling does not exceed a total

of 1000 line ft and that the geophysical survey is limited to a prelimi

nary assessment of the gross geologic features of the site, the total

cost of the site selection phase should range between $30K and $40K.

(b) Site Development: The basic objective of this task is to make

the site suitable for experimentation. It may include clearing and

grading, drainage. road construction, and water and power development.

Obviously, there will be little or no cost involved if a currently

available site is used. If a new site is sought, the cost will be

commensurate with the accessibility of the site. For a remote site the

cost involved may range between SlOOK and $200K.

(c) Site Investigation: The site investigation includes detailed

subsurface investigation and sampling, geophysical surveys, laboratory

testing and, possibly, in-situ testing to establish dynamic geotechnical

properties of the site. At a site in current use these investigations

will be relatively small. At a new site they will depend on the

complexities of the geology of the site and will consist of drilling

and sampling; seismic surveys including refraction, uphole and crosshole;

laboratory dynamic uniaxial, triaxial, and hydrostatic testing; in-situ

dynamic testing (eIST); and material model fitting. It· should be emphasized

that in-situ dynamic testing is a major undertaking and the total cost
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involved is greatly influenced by the in-situ dynamic testing. The

total cost for the site investigation could range between $75K and

$150K, depending on whether in-situ dynamic testing is undertaken or not.

2. SIMULATION EXPERIMENT DESIGN

The design of a simulation experiment entails empirical predictions

as well as finite difference calculations of simulation behavior. On

the basis of these findings, a simulation design is selected, which is

followed by the selection of the free-field instrumentation including

type, location, placement, and sensitivity. The cost for this phase of

the experiment including computer time and manpower could range between

$15K and $30K.

3. EXPLOSIVE ARRAY CONSTRUCTION

The explosive array construction phase of the experiment consists

of shothole drilling, casing, explosive purchase and placement, firing

system fabrication, and installation. The cost per ton of installed

explosive varies according to the overall size af the experiment and the

type of explosives used; however, assuming that ANFO is used for an

explosive, the average cost may range between $1000 to $1200 per ton of

in-place explosive.

4. FREE-FIELD INSTRUMENTATION

The free-field instrumentation consists of hole drilling, gage

purchase and canister fabrication, cable hookup, gage placement, and

grouting, calibration, checkou~, and recording. Assuming that the instru

mentation recording capability is already available, the average cost
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of free-field instrumentation including all of the above items is

approximately $1000 per new channel. Reused instrumentation for

successive shots including materials and labor runs in the neighborhood

of $600 per channel.

5. STRUCTURE DESIGN, CONSTRUCTION, AND INSTRUMENTATION

(a) Structure Design: The model design consists of establishing
(

simulation criteria, structural response analysis, engineering design,

and the preparation of construction drawings and specifications. The

cost is structure dependent; however, previous experience indicates

that it might entail between three to nine man-months of effort at a

total cost ranging between $lOK to $30K, depending on the type of

structure.

(b) Structure Construction: The construction cost depends greatly

on the type and size of the structure. The cost of construction for a

large reinforced concrete structure may range between $800 to $1200 per

cubic yard of concrete~ while for a small size model structure the cost

may range between $1400 to $1600 per cubic yard. Earthwork costs may

range from $2 per cubic yard for large structures to $10 per cubic yard

for small structures.

(c) Structure Instrumentation: The model instrumentation cost

including gage purchase, cable hookup, gage assembly and placement,

calibration, checkout, and recording is similar to that of free-field

instrumentation. Assuming that a recording capability is available, the

model instrumentation including labor will be about $100 per new channel

and $600 per channel for reused channels in successive shots.
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6. DATA REDUCTION, ANALYSIS, AND REPORT PREPARATION

(a) Data Reduction: The data reduction phase includes analog-to

digital conversion, noise removal, baseline correction, and integration

and the generation of Fourier and Response spectra. The approximate

cost for all the operations described above for data reduction is $600

per channel of data.

(b) Analysis and Report Preparation: The cost of data analysis

and report preparation is a function of the overall size of the experi

ment, including the number of structures and the amount of instrumenta

tion channels involved. It may .entail anywhere between 1 to 2.0 man

years of principal investigator's time including support functions at a

total cost between $50K and $lOOK.

7. SITE RESTORATION

The site restoration phase of the simulation experiment includes

the removal and/or demolition of structural models, the filling of

craters, and the cleaning, grading, and environmental restoration of

the site. The cost may range between $lOK and $25K.

8. COST ESTIMATES FOR A TYPICAL EXAMPLE

It is assumed that initial simuaation experiments will be preferred

at an existing, well documented site such as the McCormick Ranch Test

Site. The example involves concrete structure models of approximately

35 cubic yards total and 120 channels of instrumentation including

free-field and structure. It is further assumed that no in-situ dynamic

testing will be performed. The estimated experimental cost including

overhead is approximately as follows:
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• Site Selection (No Cost)

• Site Development (No Cost)

• Site Investigation - Nominal
(w/o in-situ dynamic testing)

• Simulation Design

• Array Construction (80 tons ANFO)

• Free-Field Instrumentation (60 channels)

• Model Design (6 man months)

• Model Construction (35 yd3 concrete)

• Structure Instrumentation (60 channels)

• Data Reduction (120 channels
@$600/channel)

• Data Analysis and Reporting (1.2 man year)

• Site Restoration

TOTAL -

$ ---._--

------

15,000

15,000

80,000

60,000

20,000

35,000

60,000

72,000

60,000

15,000

$432,000

This typical example indicates that 120 channels of data for an

earthquake simulation experiment can be obtained at a total cost of

$432,000, or at a cost of $3600 per channel. This unit price per

channel of instrumentation compares rather favorably with seismic

instrumentation costs on prototype structures, which run well above

the cost estimate for this simulation experiment (Ref. IX-l).

9. REFERENCES
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pp. 1.3-01 to 1.3-10, Sixth World Conference on Earthquake
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SECTION X
CONCLUSIONS AND RECOMMENDATIONS

1. CONCLUSIONS

a. General Conclusions

The overall objective of this investigation was the evaluation of the

technical and economic feasibility of simulating earthquake-like ground

motions with high explosives. The investigation results indicate that

simulation is technically and economically feasible. The development of

a simulation design requires that the engineering system of interest, the

prototype earthquake environment and the ground motion environment from

candidate explosive arrays be evaluated. The characteristics of the

engineering system and the earthquake environment should be used to estab

lish simulation criteria. An explosive design should then be chosen to

meet that criteria.

Major general conclusions with regard to simulation criteria and ex

plosive simulation capability are as follow:

(1) Simulation criteria should be based upon system response rather

than specific environment details. This is necessary because the current

state-of-the-art of detailed earthquake motion understanding is relatively

weak on the one hand and it would be impractical to simulate every known

earthquake detail on the other. The simulation should be designed to

excite the types and amplitudes of response that might be expected in a
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strong earthquake. The measured input and response data can then be used

to evaluate and improve response models and analysis methods. Specific

simulation criteria will probably be system dependent and will vary with

the experiment scale. Shock spectra provide one means of evaluating re

sponse and establishing criteria.

(2) Explosives in various arrays can produce acceleration, velocity

and displacement amplitudes which are in the range of those expected in

earthquakes. Frequency content in the range of earthquake interest can

also be produced. The equations and charts derived in this investigation

can be used to predict the motion environments from candidate explosive

arrays in dry alluvial materials.

(3) There is some degree of s imil arity between the wave structure

of many earthquakes, as presently understood, and the wave structure of

planar arrays. This similarity lies in shear wave content. Many earth

quakes are thought to contain a large shear wave contribution in the hori

zontal motion. The loading waves in the near-surface region from a planar

array also appear to contain large shear wave contributions. As a result,

early arguments that explosive sources caused primarily compression phe

nomena and, therefore, were very dissimilar from earthquakes are not

necessarily valid.

(4) Some simulation criteria may require modification of the ground

motions from single explosions. If necessary, multiple motion cycles and

longer time durations can be achieved with multiple, time sequenced explo

sions. Modification of the ground motion amplitudes is feasible through

the use of shock shields, relief trenches and trench screens. However,

these latter enhancement methods must be investigated experimentally and

numerically in more detail before they can be used with confidence.
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(5) High explosive simulations are economically feasible. This

conclusion is based upon cost comparisons with simulation tests performed

in the defense industry and costs per channel of recovered earthquake

strong motion data. With regard to defense simulations, the federal gov

ernment is willing to expend several million dollars a year to simulate

nuclear weapon blast and shock effects on defense structures using high

explosives. Earthquakes threaten billions of dollars worth of property

and an unestimable number of lives. At the same time, the state of knowl

edge of earthquake behavior in some cases is behind the state of know

ledge of weapon effects. Hence, it would appear that some Federal invest~

ment in explosive simulation of earthquake-like ground motions is quite

justifiable.

With regard to costs of recoverable data, explosive simulations can

be performed at a cost per recovered data channel of $3,000. to $5,000.,

including construction of the simulation and structures, geophysical in

vestigation, and data reduction. This cost range is on the order of a

factor of 2 to 5 lower than the cost per channel of recovered data from

current earthquake strong motion networks.

b. Specific Conclusions

In the course of evaluating the general feasibility of simulating

earthquake-like ground motions, several specific aspects of the analysis

and behavior of ground motion environments created by high explosives

were investigated. Detailed conclusions on these investigations were

given at the end of each section. Major conclusions on some of the more

important items are stated below.

(1) Numerical calculations can be used to evaluate ground motion
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phenomena and to expand and aid in the interpretation of field data. The

numerical calculations of this study yielded information which improved

the level of certainty in the correlations of available data and, in

addition, gave insight on some phenomena (e.g. free-surface effects) not

available from data.

(2) Yield scaling in the same material is exact even if the mate-

rial is inelastic. Deviations from yield scaling result from either

material property differences or gravity effects.

(3) Techniques for scaling ground motion effects in different mate

rials, which include only the explosive yield as a source parameter, are

incomplete. Source parameters related to pressure must be included in

order to obtain all of the necessary non-dimensional scaling terms.

(4) Source coupling, which is related to source peak pressure, can

affect the amplitudes and frequency content of ground motions. This

conclusion reinforces the scaling conclusions stated above and, in addition,

suggests that source coupl ing may be a potenti a1 means of altering the

ground motion environments from high explosives.

(5) The most common enhancement requirements may be acceleration

reductions, multiple motion cycles and longer time durations. Trench

screens appear to be the best potential method for reducing accelerations,

while multiple, time sequenced explosions can induce multiple cycles and

increased time durations.

2. RECOMMENDATIONS

Simulation design is technically feasible using the methods described

in this report. However, there are other areas whose investigation

would improve the options available in simulation design. These areas
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and recommended approaches to their resolution are given below.

a. The only explosive simulation enhancement technique which can

be employed with confidence is multiple, time sequenced explosions. There

are several other candidate enhancement techniques with the potential

for expanding simulation options. These include source coupling varia

tions, shock shields, relief trenches and trench screens. There are

insufficient data available on these techniques. Further investigation

with both calculations and experiments is recommended.

b. The calculations performed in this investigation indicated that

certain aspects of the ground motion environment were sensitive to the

input loading assumptions and the material properties. Late time behavior

and the ratio of inward to outward velocity were particularly affected.

It would be desirable to quantify the sensitivity of the response to input

and material property parameters, and to develop improved models for

future calculations.

c. The analyses of this investigation were restricted to dry al

luvial materials. At some point it will be desirable to extend these

results to other geologies. The material property scaling analyses herein

can form the basis for initial extrapolations. However, additional cal

culations and experiments will be needed to predict response in other

materials with confidence.

d. Simulation criteria and simulation design are closely related

to the engineering system of interest. An example application of the

development of a design for a particular system is given in Section VIII.

Simulation evaluations should be performed for other generic systems so

that appropriate explosive simulations can be designed.

e. Explosive simulations should be used to investigate specific
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engineering problems. Retaining structures, earth dams and underground

lifelines are a few potential candidates. Experimentation can be done

at small or large-scale.

In the case of large-scale simulations, major costs are involved in

the explosive arrays and the free-field instrumentation. After this in

vestment, however, there is a large amount of real estate available for

experimentation. Multiple experiments on various applications can be

included at a relatively small cost per individual experiment.

One approach to the planning of large-scale experiments would be the

formation of a joint agency steering committee. The steering committee

would have responsibility for assessing the requirements of various pub

lic and private agencies and, then, selecting, prioritizing, and coordi

nating individual projects to be fielded in a large-scale experiment.

The costs of individual projects and a share of the explosive array and

free-field instrumentation costs could be borne by the individual field

ing agencies.
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APPENDIX A
EXPLOSIVE EQUIVALENCIES

1. DISCUSSION

Existing ground motion data come from events which employed dif

ferent types of explosives. The data evaluated herein were from events

which utilized TNT, PETN and ammonium nitrate slurries. Future simu

lation designs may employ yet different explosives. ANFO (ammonium

nitrate/fuel oil mixture) is a likely candidate because of its relatively

low cost. Anaysis of existing data and predictions of future simu

lations require that some relative equivalence be established between

the various explosives.

Explosive energy is the parameter currently in common use for cor

relating results from different explosives. The total available energy

of an explosion is considered the most important quantity determining

the available work potential of an explosive (ref. A-l). In cases where

the explosion does not produce condensed solid or liquid products, the

total available energy is about equal to the heat of detonation. The

heat causes high pressures in the gaseous products which, in turn, do

work on the surrounding soil. For explosions producing appreciable con

densates, the total available energy will be less than the heat of deto

nation. This occurs because the energy residing in the condensates in

the form of heat cannot transfer the heat to the gases fast enough to
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allow work to be done on the surrounding soil during the short time of

the explosion.

Table A-l summarizes some information on energy and blast character

istics for the main explosives of interest in this study (Refs. A-l through

A-6). The data of table A-l was used to select the representative explo

sive properties shown in table V-l of the main text and the energy equiva

lencies used to correlate the data from different explosives.

2. REFERENCES

A-l Cook, Melvin A., The Science of High Explosives, Robert E.
Krieger Publishing Co., Inc., Huntington, N.Y., 1971.

A-2 Engineering Design Handbook, Explosive Series: Properties
of Explosives of Military Interest, AMCP 706-177, U.S. Army
Materi a1 Command, January 1971. '

A-3 Effects of Impact and Explosion, Vol. 1, Summary Technical
Report of Division 2, National Defense Research Committee,
Office of Scientific Research and Development, Washington,
D.C., 1946.

. .
A-4 Johnson, S.M., Explosive Excavation Technology, Nuclear

Cratering Group Technical Report No. 21, U.S. Army Nuclear
Cratering Group, Livermore, California, June 1971.

A-5 Levmore, S., Principal Characteristics of the Gelled Slurry
Explosive DBA-22M, Technical Report 4237, Ammunition Engi
neering Directorate, Picatinny Arsenal, Dover, New Jersey,
July 1971.

A-6 Data from IRECO, West Jordan, Utah, reported in Simmons,
K.B., DIHEST Improvement Program Tests (DIP IVA and VA),
AFWL-TR-74-238, April 1975.
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APPENDIX B
CRATER PREDICTION

1. DISCUSSION

Large high explosive simulations will generally produce craters and

associated ejecta. Engineering systems will usually be sited sufficiently

far from the explosive source so that the crater itself is not an immedi

ate problem. Cratering and resulting large displacements are usually

associated with horizontal particle velocities of about 10 ft/sec or

greater. Particle velocities in strong earthquakes are about 3 to 4

ft/sec. Standard geometric scaling does 'not change the particle velo

city. Hence, the particle velocity limitation will normally assure that

the system is beyond the immediate crater region.

The material ejected from the crater will be thrown to relatively

large distances. The ejecta will normally not be a problem because it

arrives relatively late in time compar-ed with the experimental time of

interest. In addition, the ejecta mass will usually not be large enough

to cause damage to the system.

Although cratering and ejecta will not normally be a serious pro

blem, c~ater and ejecta estimates should be made in the design process

to insure that they do not interfere with the simulation. In addition,

these effects should be considered to insure personnel safety and the

integrity of instrumentation systems.

Reference B-1 presents a correlation for crater dimensions from

various high explosive simulation configurations. The correlation

technique normalizes the crater dimensions by the depth of burst and
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energy of the explosion by a geometric parameter of the explosive con-

figuration. The geometric parameter is introduced to account for dif-

ferences between the geometries of different explosive configurations.

The normalized energy is called the mass-to-energy ratio in reference

8-1. The assumed mass to energy ratios for different configurations

are shown in figure B-1. The correlation between mass to energy ratio·

and normalized crater dimensions is shown in figure B-2.

Reference B-2 presents ejecta distribution measurements from buried

lirie charges at various depths of burst. The results, shown in figure

B-3, can be used as a guide to ejecta distributions from planar explo

sive arrays. The total ejecta masS from an experiment can be estimated

by assuming a parabolic crater with a depth and width predicted by the

method described above.

2. REFERENCES

B-1 Port, R.J., "Cratering and Ejecta Predictions for High
Explosive Simulation Techniques,1I Proceedings of the Eric
-H. Wang SYTTIposium on Protective Structures Technology, Ai r
Force Weapons Laboratory~ Kirtland AFB, New Mexico, 21-
23 July 1970.

B-2 Carlson, R.H., "High-Explosive Ditching from Linear Charges,"
Journal of Geophysical-Research, Vol. 68, No. 12, June 15,
1963.
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APPENDIX C
AIRBLAST PREDICTIONS

1. DISCUSSION

Earthquake simulations will usually require relatively deep explo

sion burial to achieve maximum energy coupling into the ground. As a

result, the airblast from the explosion will be very small. However,

airblast estimates should be made to insure that the simulation is not

affected and tha~ personnel and equipment are completely safe.

Reference C-l observes that there are two sources of airblast in

underground explosions: gas venting overpressure and ground shock in-

duced overpressure. The amplitudes of both sources should be estimated.

Empirical correlations for their amplitudes as well as total positive

phase impulse from single charges (ref. C-l) are as follow:

Ground Shock Induced Peak Overpressure:
1

5(R/W~)-1.OS
6p = I

10 exp (0. 6(DOB/W"3j )

Gas Venting Overpressure:
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Positive Phase Impulse:

1 - 0 .5

I - 15(R/WT),---::-c::--_-,-_
- . ---r-O 1 7 1

1Oexp (0.56 (R/WT)' (DOB/WT ) )

where

6P = peak overpressure in 1b/in 2

I = total positive phase impulse in (lb/in 2 )msec

R = range in feet

DOB = depth of burst in feet

W= yield in 1bs of TNT

(C-3)

The effect of multiple charges on overpressure may be accounted for

by the relation (ref. C-2):

where

6Psing1e = peak overpressure from a single charge

6P~ow = peak overpressure from a row of charges

n = number of charges

Ct = an exponent

(C-4)

The exponent Ct varies with depth of burst and charge spacing, and is

different at locations perpendicular to the row than at locations off

the ends of the row. Correlations for these variations have not been

established. In the region perpendicular to the row of charges, Ct

ranges from 0.41 to 0.8 for the ground shock induced overpressure and

from 0.18 to 0.63 for the gas venting overpressure (ref. C-3).
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APPENDIX 0
SAMPLE CALCULATION OUTPUT

All calculation output was taken in plotted form. One-dimensional

output at a typical target range in a spherical calculation (152) is

shown in figure 0-1. The output consists of time histories of normal

stress (normal to the wave front), tangential stress, particle velocity

and displacement, In addition, the stress path experienced by the

material at the target location is plotted.

Two-dimensional output at a typical target point in a two-dimen

sional planar calculation with a free-surface (2P5) is shown in figures

0-2,0-3 and 0-4. Time history output (fig. 0-2) consists of horizontal,

vertical, transverse and shear stresses; horizontal and vertical veloc

ities; and horizontal and vertical displacements. Deformed mesh plots

(fig. 0-3) and velocity vector plots (fig. 0-4) can be obtained at

selected time intervals. These latter plots are helpfMl in assessing

calculational problems if they occur.
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Figure 0-2. Typical Plotted Time History Output From a Two-Dimensional
Calculation
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Problem Identifier
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Figure 0-3. Typical Deformed Mesh Plot From a Two-Dimensional Calculation
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Figure 0-4. Typical Velocity Vector Field From a Two-Dimensional Calculation
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