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SUMMARY

Misers Bluff Phase II consisted of 2 experiments, a single

100 Ton TNT burst and 6 100 Ton TNT charges arranged in a hexa-
gonal pattern and fixed simultaneously. The primary purpose

of the experiments was to evaluate the Waveform Synthesis Model J

(WsM) for scaled MX conditions. The WSM was developed during
Misers Bluff Phase I as a procedure for predicting ground mo-
tions for the multiple burst attacks which might result because
of the MX deployment pattern.

The fundamental assumption underlying the WSM is that the
‘ principal of superposition may be used to combine the effects
of individual bursts to predict the ground motions for multiple
detonations. It was recognized from the outset that the known
nonlinearities in so0il response could lead to failure of this
' assumption in which case the multiple burst experimental data
would be used to construct algorithms to account for the non-

linearities. The Waveform Synthesis Model contains the following

seven elements:

" (a) A statistical package that allows Monte Carlo treat-

! ment of CEP, time-on-target errors, and height-of-

burst uncertainties

(b) An air-slap-induced vertical ground motion prediction

procedure that uses the LAMB code to predict the l

~
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multiple burst overpressure waveforms at points of
interest and a one-dimensional finite difference
code, PLID, that includes the no-flow pore-air
expansion model, to calculate the air-slap-induced
vertical ground motions

(c) An analytical estimate of the horizontal air slap
motion

(d) A WES-developed empirical prediction procedure for
the low frequency upstream-induced motions, based
on a compilation of high explosive and nuclear
data, and groundroll frequencies calculated by
computer code

(e) A routine for calculating the proper time phasing
and vector components for each individual burst,
of the motions at designated target points and
linearly combining these effects

(f) Algorithms for adjusting the linear combinations
to account for the nonlinearities

(g) An input/output routine to plot and list pertinent

data.

The Misers Bluff Phase I results had demonstrated that the super-
position assumption was not valid for all locations of interest
for the hexagonal array. Because of this the major thrust of

the Phase II data analysis was to evaluate predictions based

on superposition of waveforms measured on the single burst event

-
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and identification of the nonlinearities causing the failure

of superposition.

The single burst predictions which are superimposed for
multiple burst cases are based on state-of-the-art empirical
procedures. Evaluation of these procedures for the MB-II single

burst event resulted in the following observations:

e The vertical air-slap component of motion is well
predicted by the 1-D finite difference code, PLID,
used in the WSM. This code includes a first-order,
no flow model of the pore-air expansion phenomenon

which results due to the negative (gage) phase of the

surface airblast.

e The horiozntal air-slap component of motion is
reasonably well predicted by the AFDM procedure used

in the WSM except for the air-slap induced shear

wave contribution.

e The low frequency components (crater-related, up-
stream-induced, and oscillatory motions) are reason-

ably well predicted by the modified WES prediction

procedure.

Analysis of the data from the multiple-burst event (MBII-2)

and comparison with the Phase I results led to the following re-

sults:




et o ot

Superposition fails as a predictor of the local
airblast related signal. This occurred on Phase

I also and was anticipated because of the nonlinear
response of the air. The WSM does not use super-
position for this component. Instead the LAMB code
is used to predict the airblast environment and the
PLID code is used to predict the vertical airblast
induced particle velocity. This procedure resulted
in good predictions where LAMB gave airblast re-

sults consistant with the airblast data.

The near surface horizontal motions were not predic-
ted satisfactorily by superposition inside the
explosive array. These motions do not appear to be
significantly affected by the pore-air expansion
phenomenon, but indicate, as do the deeper horizontal
motions, that the geometry of the experiment (wave
convergence) is resulting in larger motions than
predicted by superposition due to the high stresses
generated by the wave interactions and nonlinear

N

stress-strain behavior of the soil.

The "late time" low frequency (Raleigh Wave) motions
and the total waveform for stations outside the

explosive array are well predicted by superposition.




® The relationship derived by Murphy and Auld con-

cerning the effect of bedrock on the period of the ’
low frequency motions is consistant with the

Misers Bluff data.

) The principle nonlinearities causing the failure

of superposition were the nonlinear equation of

state of air, the pore-air expansion phenomenon,
the geometry leading to the wave convergence
effects (related to the constitutive equations of
the soil) and the nonlinearities associated with

free fall after spall,

Theoretical analysis of the first two of these are reason-
ably well in hand, but pretest evaluation of the in-situ soil
properties controlling the pore-air expansion represent a prob-
lem in practice. Material stress-strain nonlinearities and
spall can be treated theoretically, however the empirical pre-
dictions procedures used in the Waveform Synthesis Model do not
treat these explicity, therefore, simplified algorithms must
be developed for the WSM.

The Waveform Synthesis Model has been significantly im-
proved as a result of the Misers Bluff II-2 experiment. It
now does a credible job of predicting nuclear multiple burst

events.
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PREFACE
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1. Introduction

The Multiple Protective Structure basing concept for the
MX system, currently under development by the Air Force, derives
its survivability by creating more potential launch points than
can be attacked one-on-one. This basing mode results in a
large number of hardened launch sites only a few of which are
occupied by missiles at any point in time. The missiles are
covertly shuttled among the protective structures in a random
manner such that each potential launch point is an equally
appropriate target.

The land requirements and system operating costs favor

close spacing of the launch points while survivability considera-

tions favor a large spacing to prevent the accumulation of
weapons effects on unattacked launch points from the attack of
neighboring launch points. Evaluation of this trade-off requires
predictions of the ground motions which result from multiple
detonations in the vicinity of the unattacked launch point.

The Misers Bluff Test Porgram was a two phase series of

experiments designed to study the multiple burst phenomena

'; pertinent to the MX system concept. The overall objective of
‘i the program was the development of a Waveforms Synthesis Model
| (WSM) which could be used for the prediction of the multiple
brust ground motion environment. The point of departure for
the WSM was a superposition of the empirically predicted wave-
y forms for the individual bursts.
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Phase I of the test program consisted of eight small
scale experiments (see Table 1 for configurations, yields and
individual objectives). The single burst experiments served

two purposes:

e To evaluate the accuracy of the state-of-the-art
single burst prediction procedures,

° To provide a data base for preparation of super-
position predictions for the multiple-burst

experiments.

This allowed an independent evaluation of the two major assump-
tions of the Waveform Synthesis Model. The primary purposes

of the multiburst experiments were to:

e Evaluate the superposition assumption.
° Provide a data base to identify the possible non-

linearities in the waveform accumulation.

The analysis of the Phase I cxperiments is reported in References
3 and 4.
Phase II of the Misers Bluff program consisted of two
larger yield experiments in a geology more representative of
the MX siting region. The objective of these experiments was
to test the predictive model (WSM) for both single and multi-

ple burst events. This broadened the limited multiple burst
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data base, and allowed more confidence in generalizing the
prediction procedure. The analysis of the Phase II experi-
ments is the subject of this report.

Section 2 of this report presents a description of the
site geology and the experimental configurations. The data
are analyzed, compared to previous experimer.ts and the pre-
test predictions are evaluated in Section 3. Section 4 pre-
sents the resulting recommended prediction procedures for both
single and multiple burst events and describes the Waveform

Synthesis Model. Conclusions and recommendations are presented

in Section 5.
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2. Experimental Plan

2.1 Location

Misers Bluff Phase II was conducted on a privately
owned ranch known as the Planet Ranch. The ranch is located
approximately 25 km east of Parker Dam near the Arizona-
California border. The nearest cities are Parker and Lake
Havasu, Arizona located at a distance of approximately 48 km
(insert on Figure 4) from the test site.

The 95 hectare test site (Figure 4) was located
near the eastern edge of the Planet Ranch in a valley at the
confluence of a major arroya and the Bill wWilliams River. The
valley is bordered on the east by a 15.2 m to 91.4 m cliff,
to the north and west by low lying hills, and to the south by

the Bill wWilliams River. (References 5 and 6)

2.2 Geology
Geotechnical studies of the Phase II test site were
performed by AFWL, Fugro National Inc., and the U.S. Army En-
gineer Waterways Experiment Station (WES). Results of the
studies that relate to the data analysis will be summarized

herein. For a more detailed discussion, the reader is referred

to References 7 through 12.
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2.2.1 Description

The Phase II test site is characterized
by a variable thickness (0 to 2 meters) of dry, highly com-
pressible silt overlying a fine-to-coarse sand strata with
gravel contents varying between 0% and 40% by weight. At
most locations in the test bed area, clays and silts were
encountered below the sands at depths that ranged between
8 m and 11 m. Below these fine grained deposits was a second
sequence of sands with gravel that in turn overlie a few meters
of gravels, cobbles, and boulders. Conglomeritic sandstone
was the bedrock at the site; the soil/bedrock contact ranged
between about 20 m and 70 m below the surface in the area of
interest. The around water table was at about the 4.5 m and
6.5 m depths at the time of MBIT-1 and -2 respectively (Re-

ference 7).

2.2.2 Seismic Properties

An extensive geophysical program was con-
ducted at the Phase II test site. This included down-
hole, uphole, crosshole, and seismic refraction surveyvs. The
specific metholls and analyses used in determining the properties
of the site are presented in References 7 through 12.

True p-wave and s-wave velocity profiles
deotermined from the crosshole and p-waves from the refraction

surveys by WES near MBII-1 are shown in Figures 5 and 6. The

p-wave protile indicates that the 100% saturation zone was
around 15 meters below the surface. Bedrock, as determined
35
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from the p-wave profile, was at a depth of 34.7 m. The s-
wave profile shows minor changes until rock is encountered
around 33.5 m. The reversals seen in these profiles indicate
varylng percentages of gravels in the layers and differing
degrees of cementation.

True p-wave and s-wave profiles determined
from the crosshole survey by Fugro near the MBII-2 ground
zero are presented in Figure 7. The seismic properties around
Event 2 are similar to those at Event 1, however, there are
differences in the depths of the major layers. The 100% sat-
uration zone was between 10.7 m and 12.2 m and bedrock was
encountered at about 52 m. Comparison of the p-wave velocities
of the bedrock indicates that at MBII-2 it is slightly less

competent than around MBII-1.

2.2.3 Material Properties

Site exploration and laboratory testing pro-
grams were carried out to characterize the materials at the
Misers Bluff test site. Index, properties tests, consolidated-
undrained triaxial shear tests, compaction, and relative
density tests were performed by Fugro. Results from these
tests are reported in Reference 8. Standard penetration, clas-
sification, and composition properties were determined by
WES and the results are reported in Reference 7. Dynamic UX
tests performed by WES and recommended material properties
are reported in Reference 12. In addition to laboratory test-

ing, CIST 19 (Ref. 11) was conducted at the site to determince

insitu propertics.
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The results of the material property in-
vestigation and the geophysical .studies are shown in Figures
8 and 9 for MBII-1 and MBII-2 respectively. These are the
site profiles used in analysis of the MBII data. Figure 10
shows the idealized calculational site profile (determined

from CIST 19) that was used for the pretest predictions of

MBII-1 and MBII-2. This is slightly different from Figures
8 and 9 because it was based on preliminary geophysical in-
formation. Figure 11 shows a three dimensional projection
of the bedrock surface which illustrates the nonlevel nature

of bedrock over the valley.

2.3 Instrumentation Plan

The instrumentation layouts for the experiments
in Misers Bluff Phase II are shown in Figures 12 through 14.
Motion sensors used on these experiments were Endevco model
2262 and 2264 accelerometers, Sandia model DX velocity gages,
WES SE stress gages, LVDT soil strain gages, and Kulite model
HKS-375 and XTS-1-190 airblast gages. Ranging, installation,
and recording of the data was performed by WES. A more de-
tailed discussion of the instruments used may be found in
Reference 13.

Initial data reduction for Phase II was done by
WES. They pfovided corrected data plots at scales of 1"-
400 msec to a total time of 2 seconds with amplitude scales
automatically set by the plot program. WES then provided

corrected data tapes to AFWL who made additional plots at
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expanded time and amplitude scales. Frequency domain data

were also provided by WES for selected measurements of MBII-2.
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3. Discussion of Data

3.1 Review of Phase I Results

In order to discuss the Phase II experiments, it
is helpful to review the major multiple burst results, from
Phase I. A typical multiple burst experiment (MBI-4) is
shown in Figure 12. Shown on Figure 13 are the areas in which
the superposition assumption was accurate and inaccurate.

Superposition failed as a predictive model interior
to the charge array above the water table. Examples of the
waveforms measured in this region are shown in Figures 1l4a
and l4c. The failure was apparent in both horizontal and
vertical waveforms, but was more dramatic in the vertical mo-
tions. The major difference observed was the long duration,
large amplitude upward motion following the downward air slap
(Figure l4a). Two hypotheses concerning the origin of this
signal resulted from the data analysis. The first hypothesis
is that the upward motion is due to the expansion of the pore
air in the soil caused by the passage of the negative pressure
of the airblast, which dilates the material and produces sig-
nificant upward motions. The second hypothesis is that these
large upward motions are due to free surface spall which re-
sults from high stress levels created by the interaction of
direct and reflected (froum the center) waves. The interactions
are the result of the convergent nature of the geometry. Cal-

culations modeling both phenomena were made for comparison of
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the Phase I experiments and the pore air expansion mechanism
appeared to be more influential than wave convergence.

Based on the results from Phase I the waveform
synthesis model was updated and used to predict the Phase II
experiments. The objective of this report is to evaluate and
refine this model based on the new data.

The process of developing a prediction procedure
naturally involves the prudent utilization of theory adjusted
for experimental data. In developing prediction procedures
for ground shock phenomena, simple theory has proven inade-
quate and prediction procedures are heavily biased to ex-
perimental data. The unfortunate aspect to a heavy emphasis
upon empiricism in making predictions is that the predictions
are only as good as the data base from which they are derived.
Since the data base is quite limited and predominately from
high explosive events, theoretical guidance is required in
extrapolating to the high yield nuclear events of interest.

For the above reason it 1s imperative that each
new data group added to the data base be checked for consis-

tency and anomalies, thereby validating or revising the pre-

diction procedures based upon the previous data set. Therefore,

within this report comparisons of Misers Bluff II-1 data to
the preexisting data are made.
The MBII-2 event data will be used tc evaluate

the superposition assumption and to study in greater detail
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the nonlinearities which were hypothesized from the results
of Phase I. The end result of this study will be a Waveform
Synthesis Model for predicting waveforms from either single

or multiple burst detonations.

3.2 MBII-1
3.2.1 Previous 100T High Explosive Experiments

Misers Bluff II-1 is identical in explosive
yield and configuration to eight previously conducted tests.
Small variations in explosive charge and/or configuration were
present in some of these tests, however, the effect of those
small changes are felt to be minor when making comparisons
for determination of site effects. For example, the MINERAL
ROCK and MINE ORE events were 1/10th buried, that is to say
the center of the TNT charge was at a height of 2.20 meters
rather than at the standard surface tangent height of 2.4
meters. Other charge variations including the PRE MINE THROW
IV 102-ton Nitromethane charge and the more recent AN/FO
capped cylinders have proven similar to the surface tangent
100-ton TNT charges in the PRE DICE THROW series of tests
(Ref. 14).

Table 2 presents a brief review of the 100-
ton explosion site data. The spectrum of sites tested covers
a wide range of earth material properties from the low strength
saturated silts, sands, and clays of the PRE DICE THROW Site
on the White Sands Missile Range, New Mexico to the high

strength properties of the quartz diorite at the MINE SHAFT
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Site near Cedar City, Utah. The depth of water table varies

from 1.2 meters at the MIDDLE GUST Wet Site to a depth of over
150 m at the PRE MINE THROW and MIDDLE GUST Dry Site. The
depth to rock also covers a wide range of variation from the
surface rock at the MINE ORE and MINERAL ROCK events (MINE
SHAFT site) to the 3 meter depth shale at the MIDDLE GUST

Wet Site to a depth greater than 150 meters at the PRE MINE
THROW and PRE DICE THROW Sites.

There are three site characteristics present
at the Misers Bluff Site which were not present in any of the
previous events. The first of these is the presence of an
extremely soft and compactible near-surface layer. This charac-
teristic will be discussed in the following sections of this
chapter since special emphasis was placed in estimating the
effect of this layer on pretest predictions. This characteristic
will be shown to cause significant differences in downward
air slap and upward motions from those motions observed in
the past test on other geologies.

The second difference in the Misers Bluff II
site has to do with a zone of near-complete water saturation
above the 15 meter depth, but below what is generally referred
to as the water table. Material below the water table is most
generally and commonly assumed to be saturated, i.e., all voids

are completely filled with water. The effect of small amounts
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of air within the voids is known to cause significant dif-
ferences in material compressibility in the laboratory (Ref.
15) and is believed to cause the significant differences in
both compressibility, and wave speeds in the field, however,
measurements of percent saturations in the field are nearly
impossible to make within a few percent. Figure 15 illustrates
an example of the significance of a small amount of air filled
voids on solil compressibility. The effect of this layer upon
the Misers Bluff field of motion will be addressed in Section
3.1.5.

The third site characteristic of Misers
Bluff significantly different from previous tests is the
presence of bedrock at a depth within the range of 20-60
meters. All previous test event geologies can be character- |
ized as one or two-layer systems. Misers Bluff is a distinct
; three layer geology with the near-surface dry soil underlain i
with saturated sand and gravel at a depth of 10.6 meters and
bedrock shallow enough to affect motions within the conven-

) tional outrunning ground motion regime (typically 100-200

) meters) .
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The theoretical techniques being used pre-
sently for prediction of surface waves (oscillatory com-
ponent) indicate that stiffer material at depths on the
order of 1/2 to 1/3 of the ground ranges involved have a
significant effect on the motion. This site has the stiff
layer shallow enough to evaluate this effect. This subject

is addressed in Section 3.1.6

3.2.2 Phenomenology

Near surface (0.5m) vertical and horizontal
velocity waveforms are shown in Figures 16 through 19. There
are three distinct regions of ground motion categorized accord-
ing to range from ground zero, and similar to the zonation used
in Reference 16. The first includes the 12.5 m range to the
33.5 m range measurements. The next region includes those
gages from the 50 m range to the 100 m range. The final region
extends from the 132.3 m range out to the farthest measurement
stations.

The ground motion observed in these regions
appears to reflect the variable thickness near surface silt
(Refer to Fig. 8). 1In the first region the depth of silt
1s greater than the gage depth. As the second region is
approached the silt is tapering up to a depth approximately
the same as the gage. 1In the third region the gages are deeper

than the bottom of the silt layer.
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Vertical motion in the first group (Fig. 16)

is initiated by the passage of the overhead airblast which i
4

creates a downward velocity. This is immediately followed by 4
:

a large upward motion which is related to the formation of

the crater and the negative phase of the airblast. The upward
motion 1is interrupted by a small secondary compressive phase
in the airblast (indicated by Aés on Fig. 16). This secondary
compressive phase is of short duration and terminates before
the material can return to its initial position. The material
then begins to free-fall (signified by the -1lg slope in Fig.
16). This free-fall ranges in duration from approximately
1.8 seconds (the extent of the data plot) at the 12.5 m range
to about 0.3 seconds at the 33.5 m range. This group of wave-
forms is characterized by little or no motions at later times.
Horizontal motions in this region (Fig. 17)
exhibit the same behavior as the vertical motions described
above. The overhead airblast initiates the motion with an
outward signal. This signal is followed by the airblast in-
duced shear wave which clips the outward air slap and drives
the motion inward (toward the charge). This is not seen in the
vertical records. Then a large outward signal attributable
to the formation of the crater occurs during the time frame
of negative iphase effects seen in the verticals. Late time
motions vary from little motion at the 12.5 .1 range to os-

cillatory in nature at the 33.5 m range.




Beginning with the 50 m range a slight change
in character is developing in the vertical motions (Fig. 16).
The initial motions are as described above, but the free-fall
signal is followed by an abrupt reversal in motion. This re-
versal is due to the material reaching its initial position
(transient displacements are zero) and rejoining the lower
material. Following this rejoin an oscillatory motion is
observed. At the 50 m range this oscillatory motion is of
small magnitude and short duration, but at increasing ranges
this component becomes more significant.

Again, horizontal motions (Fig. 17) correlate
reasonably well with the verticals. Crater-related (upstream
air induced) effects are occurring in the time frame of the
negative phase effects seen in vertical motions. The abrupt
outward sigral visible at approximately 450 msec is the result 3
of the material rejoining in the vertical motions. Horizontal
motions are completed in this region by oscillatory motions.
These oscillatory motions are much larger in magnitude relative
to early time horirontal motions than was observed for the
vertical motions. Comparison of this oscillatory signal be-
tween the vertical motion and horizontal motion however re-
vealed that the peak values were of the same order of magni-

tude.
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The final group of vertical waveforms
(Fig. 18) is in the outrunning region so the air slap is
preceded by, and superimposed upon the low frequency os-
cillatory motion. Following the air slap there is an upward
signal related to the recovery of the material and reflections
from deeper layers and upstream air-induced effects (see
Fig. 8). Motion is then directed downward as the upward
momentum of the material is overcome by the tail of the in-
itial compressive phase of the airblast. Following the down-
ward motion comes the upward motion attributable to the over-
head passace of the negative phase of the airblast. This
second upward peak 1s reached as the recompression phase of
the airblast arrives. Subsecuently the material beqgins free-
fall (signified by the ~1lg slope on Fig. 18). Rejoin {(impact)
then takes place, reversing the motio. and a continuation of
the oscillatory component completes the motion.

Horizontal motions measured in this region
are shown in Figure 19. Again the correlation in phenomen-
ology is good between the horizontal and vertical motions.

Figures 20 through 22 present the vertical
and horizontal waveforms measured at the 3 m depth. Again
these waveforms may be placed into three categories. The
first is of the classical superseismic nature (33.5m to
66.1m). Region 2 (88.6m to 132.3m) is transitioning from
the superscismic zone of region 1 to the outrunning zone of

region 3.
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vertical motions in the first region (Fig.
20) is characterized by the inttial high frequency downward
air slap. Immediately followinag this is a long duration up-
ward motion. This signal ortaginates from a combinatior of
the crater-related motion (that impulse causing crater exca-
vation closer-iny, tlections of the air slap from deeper
lLavers and divect-induced and upstream airblast induced re-
fracted motion.  Calculations indicate that the negative phase
cffect does not attect these depths. The material then begins
to tall only under the influence of gravity. This downward
motion ig deccelerated and reversed as the upper material rejoins
the lower material.  This is then followed by an oscillatory
motion that becomes more significant as distance from the source
Increasces.

Horizontal motions mecasured in this region
are shown on Figure 21. As was the case for the data measured
at the 0.5 m depth, there is good correlation of phenomenology
botween horizontal and vertical velocities, i.e., motions
described 1n the vertical waveforms are identifiable in the
horicontal waveforms.

The intermediate range record (region 2
on Fig. 20) for vertical motions shows transition from the
classical superscismic waveforms with strong crater related
motions, to waveforms that have reduced crater related (up-

stream induced) motions, and have more significant oscillatory




-

motions.

in the time framc that the preceding group was quiescent.
This may be due to second and third reflections imparting

upward momentum while the overburden stresses above are re-

duced due
face. At

completes

2, Fig. 21) are similar, however the upstream induced signal

has a longer duration thon in the vertical waveform. This

indicates
direction.

component

3 on Figq.
oxception

wavetorm.

is apparent, however, the rate of motion is less than free
fall and timing is such that it appears to be propagating

from the 100 m ranac.

22) correlate well with the vertical motions.

o L o > ,
W e e . R gy Y BT 4 e R

This waveform also exhibits a second upward motion

to zero or negative air pressure (gage) at the sur-
this time, the osgcillatory component arrives and
the motion.

The horizontal motions in this region (Region

that this signal is more dominant in the horizontal
Following this cycle of motion the oscillatory
arrives and completes the waveform.
The final region of vertical motion (region
20) is similar to those described above with the
that the air slap is superimposed on the outrunning

Also a signal similar to a free-fall rejoin signal

Again the horizontal motions (Region 3, Figq.
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This single burst experiment was phenomenologi-
cally different from those in Phase I in one very important
respect. This was the range to which the long duration up-
ward motion followed by the free-fall slope of -1 g and the
abrupt reversal of motion extended. The Phase I single burst
experiments experienced the phenomena to ranges not greater
than 1/2 the multiburst charge spacing, whereas on Phase 11
it extended to greater than the charge spacing. In the near
surface (0.5 m depth) waveforms this signal is Jue to the
dilation of the near surface material by the passage of the
negative phase of the overhead airblast. The surface silt
layer, which was reported to have 47 percent air voids (Ref.

7), 1s very susceptible to the pore air expansion mechanism.
As the dilated material returns to the lower more competent
material, it falls only under the influence of gravity which
produces the -1 g slope on the velocity records. The abrupt
reversal is due to the upper material rejoining the lower
material much like the dropping of a spring, i.e., the dilated
material hits the lower material and qgoes through a period of
compression and then rebounds causing reversal of the motion
in an abrupt fashion.

The upward motion and associated free-fall
rejoin signal at the 3 m depth is believed to be caused by a
mechanism other than pore-air expansion. The increased density
(and a conscquently smaller volume of air) and greater overburden
stresses of this deeper material would have a tendency to resist

the pore-air mechanism.
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The hypothesis is that the apparent spall is the result of
compression waves striking a free surface and reflecting
back into the soil as tensile waves. Separation occurs be-

cause the constructive interference of these two waves pro-

duces a net tensile stress greater than the strength of the
material and overburden stress. As this separation occurs
another free surface is formed. The spall will then propagate

downward as compressive waves below from below impinge on the

!

downward propagating free surface. This process continues
until the magnitude of reflected tensile wave is insufficient

to overcome the tensile strength of the material and overburden

%

stress. This separation can be identified at the 3 m depth to
about the 100 m range. A similar signal at greater depths and
ranges is apparently the transmission of the impact from the
rejcin of the material. Figure 23 shows the extent of spall.
The gages in the silt layer separated as a result of the pore-
air expansion mechanism whereas those below the silt spalled

as a result of the free surface.

3.2.3 Airblast Results
Peak values of overpressure, overpressure
impulse, and positive phase duration are shown in Figures
24 and 25. The predictions were taken from the Misers Bluff
Test Plan Volume II (Ref. 6). As is seen from the figure,

the predictions of all three parameters are quite acceptable.
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Airblast arrival times are shown in Figure
26. This curve shown was taken from Reference 6. Again the

prediction of arrival times was good.

3.2.4 Air Slap Component of Ground Motion
For the purposes of this report, the air
slap component ot ground motion will be defined as that
component of ground motion that is directly attributable

to the passage of the overhead airblast.

3.2.4.1 Prediction Procedure

Prediction of the air slap com-
ponent was accomplished using PLID, a one-dimensional finite
difference code. Use of this code requires specification
of the overhead airblast at the location in question and a
uniaxial material model.

Airblast parameters necessary for
specification in PLID are peak overpressure, positive phase
duration, and impulsc. These parameters were obtained from
Reference 6. The overpressure waveform was described by an

exponential function of the form:

P(t) = ae 't

1]

where P(t) overpressure at time t
A = peak overpressure

w = decay coefficient developed
from iteration

t = time
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A curve fitting procedure was used in developing the decay

coefficient a«. After determing «, the function was inte-
grated over the positive phase duration to check the calcu-
lated impulse and the predicted impulse. This process was
repeated until the two impulses were approximately the same.
(This procedure rather than LAMB was used pretest because the
LAMB/PLID code combination was unavailable at that time.)

The material model, material para-
meters, and profile used in the pretest predictions were
shown in Figure 10. These material properties are essentially
those discussed in Section 2.2.3. There are some differences
because the properties shown here were developed early in Phase
II before the complete geotechnical investigation had been com-
pleted. 1In fact, the soft silt layer which had a large in-
fluence on the near surface motions had not been identified
when these pretest predictions were made.

PLID calculates velocity, dis-
placement, acceleration and stress. Values of velocity, dis-
placement and stress were taken directly from the calculation.
Due to the high sensitivity of acceleration on artifical vis-
cosity, time step, and zone size, acceleration was calculated

separately. The following empirical equation from the Air

Force Design Manual (Ref. 17) was used:

_f2v) 1
4= tt 9.8
Y




A 4 .m

1

|

where, a = acceleration -g's {
tr = rise time of velocity-seconds 1

d

v = velocity from PLID -mps. ‘

Horizontal motions were then

calculated from the vertical values by the following equations

(Ref. 17):
S
aH cl 4
Acceleration — = tan [arc sin T
a, 4
; VH CL <
Velocity — = tan [arc sin = {
;A v u
, v 1
| ,
| dy ‘L
: Displacement T - tan farc sin T
? v
| {
L
! where W
: c, = seismic velocity
S velocity associated with loading modulus
u = airblast shock front velocity

Peak values and waveforms predicted

in this manner are compared with measured data in the following

swection,




3.2.4.2 Predictions vs Data
a) Waveforms

Comparison of the vertical
air slap portion of the waveform at 0.5 m depth is shown in
Figure 27. 1In general, the downward portion of the waveform
was underpredicted. This underprediction is due to the highly
compressible silt layer in the near surface region, which was
not modeled.

The upward portion of the ver-
tical waveforms shown in Fiqure 27 was underpredicted by as
much as a factor of 9. This portion of the signal was not
modeled in the prediction. This particular signal has tradi-
tionally been attributed to a combination of rebound reflections
off layers and the crater-related signal, but in light of re-
cent studies it appears that at least some (and more than
likely, most) of this magnitude is due to the negative phase
of the overhead airblast. This mechanism is known as pore air
expansion and a first-order calculational model is described
by Ullrich in Reference 18. Since this model was not included
in the pretest predictions, additional calculations were run

post-tcst to cevaluate it. The results of these additional cal-

culations will be shown and discussed shortly.

81




e
9

4
0
=
5
|
™~
e
DURE]
&)
Qe
—
Q\
-4
R
1
I b

Velocity-m

1
[ 100

{
ml
200
Time-msec
D.hm

K1

Time-meoc

R

Figqure 27.

1oom

QO T
I T
//, 100
)
R 33, 'm
4
R
l:l'f_(ﬂ-'._N_l)
Data

—-—Pl'\‘dit't ion

100

N
200

Time-msoc

Ro13n,

fym

Time-msec

O |

300
Time-msec
R=150m

Comparison of Measured and Predicted Vertical

Alr-slap waveforms at the

0.

o

m Depth

MBT1T-1




The horizontal waveforms

are compared in Figure 28. In general, for the waveforms
measured at ranges from 12.5 m to approximately 50 m, the
magnitude of the initial outward signal was fairly well
predicted. Pulse widths are somewhat greater because the

1-D vertical prediction procedure does not have the capability
to predict the airblast-induced shear wave. At ranges greater
than 50 m, the maonitude of this first outward peak became
much greater than the data. Pulse widths of the prediction
were significantly greater than the data. The second (and much
greater) outward peak seen in the data is the signal referred
to as crater-related. It is not clear at this point whether
motion here is due entirely to crater-related motions or

whether, as in the verticals, the negative phase has an effect.

b) Peaks

Comparison of peak predicted
and measured air slap vertical downward and horizontal out-
ward air slap induced particle velocities for locations above
the water table are shown in Figure 29. Vertical velocities
at the 0.5 m depth were underpredicted by as much as a factor
of 3 closec-in, but as distance from the source increased, the
prediction improves significantly. The reason for this is that

the high air void material was not modeled in the prediction.

83




e

Velocity-mps

Velocity-mps

O

4]

.8 .8
F [
.4 /\\\ 4 Y
] "~ \ /
1 i > 1 ]
T 1 0 I 0 % ‘Jl
100 200 100 :.iio 100 200
Time-msoo Time-msee Time-msoc
R=12.5m R="3.%m = Hom
4 L AL
LEGEND
Data
——=——nrPrediction
2N A\
/ ‘ /
\ ?
\ / \
L)
1 i |
a \ve R
1L . _
1]
H) 100 200 300 100 200 300 100 200 300
Time-msoec Time~-msec Time-msec

Figure

R 100m

o132, 3m

R=150m

28, Comparison of Mecasured and Predicted Horizontal

Alr-Slap Waveforms at

the 0.5

m Depth - MBIT-1




I-II9W - WE > Z > WG"Q !SOT3ITOOTIA de[$S-ITY pPaidIpdid pPueR paInsesi jo uostaedwo)

sio33w-abuey

0001 001 01
—I- T 1T 1T 7 ) 1 T ﬁu LI
A
i
yadaqg wg I.I~ 7]
yadeq WG T === PoId =
yadeqg ws Q I‘
yadaq wg T) ~
yidog ws'1 o ejeq i
yidog Wwg 0 ©
pudba (o] -

10070

1070

"0

0001

00T

0t

—J|_‘__

sdw - A3toorop ders ary paemang [e3IU0Z1AO0H

_____ L

Letrr 4ot

T10°0

[0DOT110A

A1V pavmumo(

su - Artooropa dersg

‘6z 2anb13

85




s O O ﬁ

As range increased along the main gage radial, the silt became
thinner and the gage measured the response of the sand. Pre-
diction of the vertical velocities at the greater depths above
the water table appear to be better predicted than those near the
surface. Horizontal velocities were not as successfully pre-
dicted as the verticals. Generally magnitudes were overpredic-
ted at all depths, and the tendency is for the predictions to
worsen with depth.

The comparison of vertical and
horizontal, air slap particle velocities are shown in Figure 30.
For the vertical motions the predictions generally bound the
data. The measured data at the 9 m depth is generally less
than the data at the two greater depths. This could be the
result of upstream effects arriving at these depths at about
the same as the air slap which add to the magnitude. These
effects are virtually impossible to separate from the air slap.
Another observation made is that the prediction for the 12.5 m
and 25 m depths are shown as a single line. 1In actuality, the
prediction produced two lines, but the separation was so sliught
that only one line was used. The reason for the "closeness"
of these two prediction lines was that the material at this
depth was modeled to be essentially elastic.

Horizontal air slap velocities
for depoths below the water table (Fig. 30) were not predicted
as successfully as the verticals. 1In general, the predictions

for horizontal motion were an order of magnitude lower than the
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vertical prediction. The horizontal data, however, is of the
same order of magnitude as the vertical data.

Attenuation of vertical velocity
with depth is shown in Figure 31 for the 100 m and 33.5 m ranges.
At the 33.5 m range the data and the prediction are fairly close.

The 0.5 m depth gage produced data higher than the prediction

but this is felt to be due to the silt. As depth increased
however the prediction was accurate. There is some scatter in
the data at the 100 m range. It appears however that the
general tendency at this range was to underpredict at most depths.
Comparison of peak predicted and
measured air slap vertical downward and horizontal outward ac-
celerations for locations above the water table are shown in
Figure 32. The same general comments made for the vertical ve-
locities may be made for the vertical accelerations. The reason
for this is the fact that the vertical velocity was used to
determine the vertical acceleration (see section 3.1.4.1).
Horizontal air slap acceleration
above the water table were generally overpredicted. This is
due to the fact that the airblast induced shear wave is not
modeled in the prediction and, therefore, does not "clip" the
magnitude of the prediction as it does in the data. This over-

prediction was evident at the greater depths on this figure also. 1
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Figure 33 shows the vertical

and horizontal air slap accelerations for depths below the
water table. Again much the same comments may be made for
these data as has been made previously because all these pre-
dictions were derived from the calculation of the vertical

velocity.

c) Negative Phase Effects

Calculations utilizing the
pore-air model were run post-test to cvaluate the model and to
also determine if inclusion of the silt laver in the calculation
would produce acceptable predictions in the compressive phase.
To do these calculations the PLID code was used. The driver
for this code was the measured overpressure from MBII-1. Re-
sults of these calculations are shown in Figqures 34 through
41.

Figures 34 through 36 show the
calculations versus the measured data at the 25 m range to a
depth of 3 m. For the near-surface location (Fig. 34) the com-
pressive phase of the air slap is fairly close to the measured
value. The large upward motion is almost i1dentical to the data
(in character). The maanitude is somewhat lower than the data,
but not to the extent the pretest predictions were. As depth
is increased to 1.5 m, the compressive and negative phases are

both somewhat underpredicted.  But the inclusion of the pore air
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model provides an improved prediction of ground motion during
the negative phase over the pretest prediction. The gage at
the 3 m (Fig. 35) depth broke at about 250 msec so the data
previous to this may be questionable. In comparison with the
data, the compressive air slap is greatly overcalculated and
the negative phase arrives in the calculation after the gage
failure.

Figures 37 through 39 show the
comparisons for the 50 m range to the 3 m depth. Near surface
(Fig. 37) the comparison looks good. The compressive air slap
is fairly close in duration and magnitude. The upward signal
is somewhat shorter in duration and lower in magnitude than the
data, but the character is almost identical. Again, the im-
provement over the pretest calculations is significant. As
depth is increased, the calculations are not quite as good as
the near surface (Figs. 38 and 39). At the 1.5 m depth (Fig.
38) compressive peak and pulse width values are still accurately
calculated. Upward peak magnitudes are about the same in the
calculation as they are in the data in this time frame, but the
character of the signal is somewhat different. One of the largest
character differences is that the calculation shows the material
reaching its initial position much sooner than seen in the data.
The calculation at the 3 m depth (Fig. 39) overcalculates the
compressive signal in magnitude but duration is still good. The

pore~-air effect is not calculated for this depth. The upward
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signal seen at approximately 100 msec in the calculation is

due to recovery of the material and reflections from below.

The signal seen in the calculation at approximately 350 msec

is the transmission of the rejoin signal from above. This
calculation supports the earlier comment that the upward motion
at this depth is not directly attributable to the pore-air
mechanism.

The calculations for the 100 m
range are shewn in Figures 40 and 41. At this range the cal-
culations appear to break down. Magnitudes are lower than
the measured values and the character of the waveforms are in-
accurate. The duration of the upward signal in the calculation
was somewhat reduced by the secondary compressive phase in the
air pressure. This large effect was not seen in the data possibly
due to two dimensional effects occurring within this time frame.
As was the case for the 50 m range, the calculations for the

deeper material did not show the pore-air effect. The upward

motion seen in the early time is due to recovery of the material
and reflections from below and in the late time frame the motion

A is the transmission of the rejoin signal from above.

d) Evaluation

The most dominant influence ‘

—

on the air-slap component of ground motion at the Misers Bluff

I1-1 site was the near-surface, soft and comvactible silt layer.

j 100 4
. j
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No site previously tested has had a layer as thick or as soft
as this site and considerable effort was applied to account
for the possible effect of this layer in adjusting predicitons
for the test.

Figure 42 shows the near surface
(+v0.5m depth), vertical, downward accelerations for the Misers
Bluff II-1 in comparison to previous tests. Note that the
acceleration measured on Misers Bluff fall on the high side
but generally within the band of data from previous tests.

The peak downward velocities
are shown in Figure 43. This plot shows that the Misers Bluff
data forms the upper bound to all data indicating a significant
effect of the silt layer. This trend shows up even greater
in Figure 44. It must be noted here, however, that air slap
displacements are often truncated by upward directed upstream
effects reflections and/or refractions prior to completion of
peak downward airblast-induced motion. Figure 45 from MIDDLE
GUST III shows an example of such truncation. 1In any case,
however, the compactible nature of the near-surface silt had a
substantial effect upon the air-slap motions observed on Misers

Bluff II-1, and provide a new upper bound for peak airblast-

induced motions.
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As far as the prediction pro-

cedure is concerned, the PLID code coupled with the pore-air
model is probably the best tool at this point for the vertical
air-slap component for near- surface predictions. The accuracy
of this tool is dependent upon the ability to determine the
material properties of the media in gquestion. These include
compressive properties as well as tensile properties. Tensile
properties are the hardest to quantify especially for the very
low values of these types of soils and therefore provide the
"weakest 1link" for the prediction of this component. The
procedure appears to break down rather quickly with increasing
depth. This may be due to two-dimensional effects not included
in the one-dimensional PLID code calculations. It may also be
due to inadequacy in the pore-air model currently being used.
Two-dimensional calculations utilizing a pore-air model should
be run to evaluate these 2-D effects and the effect of the pore
air model on horizontal motions.

For horizontal air-slap motions

the prediction procedure was based on the AFDM. This represents

a first-order estimate. As was seen in the comparisons in this
section it provided results somewhat greater than the data so

it is at least design conservative. At this point it is felt

that the AFDM procedure should be applied only to the compressive

portion of the vertical air slap because of the uncertainty with

reqgard to the pore-air expansion effect on horizontal motions.
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3.2.5 Crater—Related Component of Ground Motion

For the purposes of this report the crater-
related (or direct—induced) component is motion that is due
to the ground stresses and motions caused by the initial stress
wave that results from energy coupled at the burst point. The
prediction procedure is based upon crater-volume scaling and
does not differentiate between upstream-airblast and crater—
related motions, therefore, upstream-airblast effects are not

predicted independently.

3.2.5.1 Prediction Procedure
The prediction of crater related
motions require first an estimate of the crater volume. The
procedures for predicting the crater volume are given in Re-
ferences 3 and 17. Once the crater volume has been determined,
the following equations may be used to calculate near surface

peak particle velocities and displacements:

-2
velocity: v =C (.01) R
€ v 173
a
04 V4/3
displacement: 4 = —a
R3
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where: v = velocity
R = range of interest

V_ = apparent crater volume

range of interest

C_ = effective wave velocity (

d = displacement

o = attenuation coefficient from Fiqure 46.

The crater related waveform was pre-

dicted in a fashion similar to that shown in Reference 3,

the modifications described below.

time of direct wave arrival

with

Figure 47 shows the waveform with

important parameters marked. The half cycle of the waveform

is calculated from the following eguation:

50 V§/3
tp =& R (variables are as defined previously).
e
t t
P P
V2 +
Q) { 1 ~— 1
R t3\% T %
v, L ’

Figure 47. Crater-Related Waveform
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The waveform is defined mathematically as follows: (Ref. 19)

Region Equation
_ . Il t
tl <t < t2 v = +v2 sin 5 (t —ry )
2 71
t-t,+t
_ It 2 1
t2 <t < t3 vV = -v, cos 3 (—E—:E——)
3 72
t-t . +t
R | § 3T
t3 <t < t3 v = v2 sin 3 —EZ:E——
3
t-t,+t
I 4 "1 2
t, <t <t v =v' (l—)cos—( — )+—
4 5 2 [ Il 2 t5 t4 i
t=t_-t
_ 2 _ 1) 5 71
t5 <t < t6 v = li sin 5 (—gé_ts )l

Where the times are defined as:

tl = time of arrival of direct wave
t, = .1 tp + t
t3 = tp + tl
t4 = .ltp + tl + tp
t. = g(t -t,) + t + t
5 1T 76 4 4 1
t6 = 2 tp

The velocities v, and vé are the peak velocity determined from

the equation given previously and half of the peak velocity

respectively.
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3.2.5.2 Predictions vs Data
a) Waveforms

Waveform comparisons for the
12.5 m, 33.5 m, and the 50 m ranges are shown in Figures 48
through 50 (the compressive portion of the air-slap component
has been removed from the data on these comparisons). The
predictions for the 12.5 m range (Fig. 48) are consistently
low. In the vertical waveform this underprediction was almost
a factor of 4 and in the horizontal waveforms the underprediction
was a little greater than a factor of 2. The character of the
prediction is similar to the data. This is espec.ally true
in the horizontal motions. At the 33.5 m range (Fig. 49) the
vertical waveform is again underpredictea by about a factor of
4. The horizontal waveform on the other hand was overpredicted.
The character of the predicitons are somewhat different than
that seen in the data. At the 50 m ranges (Fig. 50) vertical
motions are still underpredicted and horizontal motions are

overpredicted.

b) DPeaks
In discussing the peak upward
and outward crater-related motions in the data compared with
predictions, it is convenient to work in terms of scaled values.
Ranges and displacements are scaled by the cube root of the

measured crater volume and velocities are scaled by the effec-

tive wave velocity. Depths at which the measurements were made
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are classified in three regions. The first are those depths

less than 0.1Vi/3; secondly the region between .lvi/3 and
O.Své/3; and finally depths greater than O.5Vi/3. The reader

1s reminded that the prediction procedure does not separate
the crater-related from the upstreamairblast effects.

Upward and outward velocities
are shown in Figure 51. Vertical velocities scatter about
the prediction line by about a factor of + 4. This is within
the accuracy published for this prediction in the AFDM. Attenu-
ation of the data appears to be fairly well described by the
predicted rate of R—Z. Horizontal velocities were fairly well
predicted, and were within the factor of 4 accuracy, published
in the AFDM. Again it appears that the data is attenuating at
the rate of R_2. The vertical data show a definite attenuation
with depth whereas the horizontal magnitudes appear independent
of depth. This could reflect the influence of the pore—air ex-
pansion on the near-surface vertical motions. The measurements
from the intermediate depths, which are below the effect of
the pore-air expansion, agree reasonably well with the predic-
tion.

Upward and outward displacements

for 2z < 0.1V§1/3

are shown in Fiqure 52. Vertical displacements
were underpredicted by about a factor of 6. This is within
the scatter of displacement data published in the AFDM. The

. -3
attenuation rate of the data appears to be about the R pre-

dicted. Horizontal displacements were also underpredicted,
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but not as much as the verticals. Aqain the predicted attenu-
ation rate appears to be reasonably accurate.
Upward and outward displace-

ments for 0.1\/(’1’1/3 < Z < 0.5Vi/3

are shown in Figure 53. On
this plot are two prediction curves. The first is the curve for
the near-surface displacement and the second is the curve with
the coefficient determined from Figure 46. The vertical dis-
placements in this region appear to lie more on the near sur-
face displacement curve, although the differences in the two
curves is not large. The predicted attenuation rate appears
to be accurate. The horizontal velocity also lies more on

the near-surface prediction curve than the lower curve with
attenuation rates of the data and prediction about the same.
Displacements for the greater

depths are shown in Fiqgure 54. MAgain the near surface dis-

placement line is shown with the prediction curve for this

region. The vertical data lie generally below the near-surface
line and above the second line. Attenuation of the data is
about what was predicted. Horizontal displacements lie closer

to the near-surface line, but are generally bounded by the two
lines shown. It appears that the attenuation rates of the

data and predictions are about the same.

c) Evaluation
As the reader 1s aware by now,

the identification and prediction of crater related motion is
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a difficult if not impossible proposition. Recent studies

(Ref. 18) have shown that vertical motions, called crater
related in the past, have been identified in part, as motions
caused by the negative phase of the airblast. 1In addition,
separation of direct and upstream airblast-induced from crater-
induced has been difficult and even arbitrary. However, as
discussed earlier, the motions described and compared in this
chapter are those low frequency motions most often directed
upward. However, since theory of origin and some data has
been collected on the negative phase component, an attempt
has been made here to account for its effect on the upward
motions at each of the pertinent sites.

Figure 55 presents comparison
of vertical (upward) motions from tests similar in yield and
charge configuration to the Misers Bluff II-1 Event. The
first observation that can be made on the vertical motion is
that a wide range of particle velocities is present. The
sites showing smallest upward motions are those with the small-
est air void contents near the surface.

The upward displacement from
these experiments are the subject of Figures 56 through 58.
Figure 56 shows the upward displacements for these experiments.
The trend is the same as was cvidenced for the velocities but

even more pronounced.  That is sites with the argest air void
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contents had the largest upward displacements. Figure 57 is
a plot of air void and upward displacement data for these dif-
ferent sites. The displacement data is taken at the 24.4 m
range and depths ranged from 0.5 m to 1.5 m. The air void
data was taken at the depth of the measurement. Again the
trend is that the greater air void contents produce the largest
upward displacement. This same trend is seen in the displacement
time histories shown in Figure 58.

Horizontal velocities (Fig.
59) show a different story. The Misers Bluff data falls with-
in the small spread of data from past shots. Horizontal particle
velocities appear to show very little site dependence for the
surface tangent explosions.

Horizontal displacements are
not so simple (Fig. 60); however, and illustrate significant
site dependence. With the trend following an apparent de-
pendency upon craterability. Since the Misers Bluff crater
falls within the band of crater sizes from previous experi-
ments, the horizontal displacements fall within this band also.

In summary, horizontal crater-
related motions on Misers Bluff II-1 fall within expected trends
and the upward velocities and displaccments form a pbound to
previous data. These upward motions seem to be controlled by
the pore-air expansion phenomenon related to the negative
phase effect of the airblast and the presence of the near sur-

face soft, porous silt layer at the site.
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3.2.6 Oscillatory Component of Ground Motion

The oscillatory component is defined for the
purposes of this report as the motion attributable to the head

wave and surface wave phenomena.

3.2.6.1 Prediction Procedure

The pretest prediction procedure
used for this component was the Higgins method used in Phase
I (Ref. 20). This method, which was based on 100T experiments
provided adequate prediction of magnitudes for the motion and
the '.eriods observed were reasonably close in the vertical mo-
tions. IHorizontal periods were poorly predicted but the magni-
tudes were reasonably accurate.

Considerable work during the conduct of
this research has resulted in a new oscillatory component prediction
procedure which is based on a procedure developed by WES (Ref. 21).
This procedure has been endorsed by the DAWG as the state-of-the-
art technique. Since this WES procedure will be used in the wave-
form synthesis procedure it will be evaluated rather than the pro-
cedure used for the pretest predictions.

The main features of the WES procedure

include:

1) A uniform transition from crater
related motions close-in, to oscillatory ground roll in the far
field:

2) Frequency of far field motions are
determin:d on the basis of the shear wave profile and layer thick-

ness;y
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3) Motion periods close-in are de-

pendent upon depth to water table;

4) Yield scaling (NE=0.5HE) of maximum
particle veloncities in all but the transition region, and in the
transition region velocities are dependent upon depth to rock;

5) Peak velocities for the horizontal

and vertical components are set equal.
In the upstream airblast dominated

region these are given by the equation:

-2
- R (km)
Vmax(mps) = 0.340 (——173)

Mt

in the transition region the equation becomes:

304.8) 1/3

H

Vmax(mps) = 0.229 (

and in the final region the equation is:

‘3/2 4
- R (km)
Vmax(mps) = 0.811 (——173)

Mt

<
I}

Where; peak velocity, meters per second

sl
i

range, kilometers

=
prs
I

vield, megatons NE

H

depth to rock, meters.

The waveforms are calculated from an exponentially damped

sine wave with a variable period. The general waveshape is
fit in intervals to match the first three velocity peaks and
the time occurrance of the peaks. Periods of the waveforms

in the far field (beyond the transition region, where the
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3/2

attenuation rate is R ) are calculated from the equation

(developed by Auld & Murphy):

2H
T = ——
B
where T = period, seconds

H = rock depth, meters

B = depth weighted shear

wave velocity, meters per
second
3.2,6.2 Data vs Predictions

Comparisons of the prediction of
this component and data for some key locations on MBII-1 are
shown in Figures 61 through 64. The airblast-related motion
has been deleted from the data on these figures.

Figure 61 shows this comparison
at the 25 m range. 1In general the prediction has too long
a period of oscillation, in the vertical waveform. Generally,
the magnitude of the prediction is reasonably close to the
data.

Comparisons at the 50 m range are
shown in Figure 62. The vertical waveform was somewhat under-
predicted, out of phase and the periods are too long. The
horizontal waveform on the other hand appears to overpredict

the magnitude und the timing is incorrect.
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At 100 m (Fig. 63), the prediction
improves. Periods of oscillation in both the vertical and
horizontal are improved from the previous two comparisons.
The magnitudes of the waveforms were somewhat overpredicted,
however. At the 150 m range (Fig. 64) the vertical motion is
significantly overpredicted. Frequencies appear to be fairly
accurate at times later than 800 msec. Horizontal motions
are also overpredicted. Frequencies are about right, but the

data timing is shifted somewhat from the prediction.

3.2.6.3 Evaluation |
In general, this procedure is an ‘
improvement over past techniques, and is still under develop- {

ment at WES. The main problem with this procedure is in the {

close-in region. As distance from the source increases the

frequencies and magnitudes improve, and the character of the ‘

waveforms are similar to the data. 1
As mentioned previously, the site 4

layering (and material properties) is the controlling variable

affecting the frequency of outrunning motions. Figure 65 dis-

N plays in graphical form the layering characteristics of pre-

vious tests, showing the "void" filled by the Misers Bluff

! Phase II testing. Table 3 provides the frequency summary of

- these past tests. Some interpretation is required, of course,

to seclect a single representative frequency from each event,
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Table 3:

Test Event

Pre Dice Throw II-1,
I1-2

Distant Plain 6
Misers Bluff II-1
Pre Mine Throw IV-6
Middle Gust III
Middle Gust IV

Mine Ore

Summary of Ground Roll
Frequencies for Misers
Bluff II-1 and Similarly

Configured Experiments

Ground Roll Frequency

20
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however, these frequencies are belleved to be good to + 10%.

Note that the only hard rock site, MINE-SHAFTT and the MINE
ORE tests, provide the upper bound frequency, 15-17 Hz. The
low frequency bound is the PRE DICE THROW II and DISTANT PLAIN
6 sites, those which have the lowest site shear wave velocity
profile.

Finally, Figure 66 is a plot of
vertical and horizontal velocities at the 400' ground range
and 0.5-1.5 meter depth for the HE surface tests. No data
is shown for the hard rock tests, MINE ORE and MINERAL ROCK
because no quality shallow measurements were taken near 120
meters ground range. Measurements from both smaller and
greater ranges, as well as from greater depths form the basis
of the 15-17 hertz frequency attributed to ground roll at this
site.

Several observations may be made
concerning the data shown in the figure. Two of the tests
have relatively weak materials composing the bulk of the
profiles from near-surface to depths greater than 80 m. These
tests, DISTANT PLAIN 6 and PRE DICE THROW II-1, give the
smallest frequency for outrunning (2-3Hz). Misers Bluff II-1
has similar soil properties as DISTANT PLAIN 6 to about the
30 m depth. At this point the Misers Bluff stiffens relative

to the DISTANT PLAIN 6 material because of relatively shallow
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bedrock. The observation that the outrunning frequency is
higher at Misers Bluff than in DISTANT PLAIN (5Hz vs 2Hz) sug-
gests that the material at depths greater than 30 m play a role
in the determination of the frequency of outrunning motions
at ranges on the order of 120 m and beyond. Waveforms mea-
sured in MIDDLE GUST III and IV also support this observation.
While the shallow materials (<6m) at the two sites are consi-
derably different, the shales from 6 m and deeper are guite
similar in properties. The frequency of outrunning motions
also appear nearly equivalent indicating the effect of deep
materials on the outrunning frequencies. The stiffest (and
strongest) of sites, MINE SHAFT, yields the highest frequency
cf the oscillatory component (15Hz to 17Hz)., Thus the spectrum
of frequencies varies from the 2-3 Hz at PRE DICE THROW and
DISTANT PLAIN sites, through the Misers Bluff II site (like
DISTANT PLAIN but with rock at approximately 30 m depth),
through the PRE MINE THROW dry playa site (5-8Hz), to the 15-
17Hz at the MINE SHAFT site.

Since this signal has been identified
as a shear wave the material property most likely to correlate

with thesec observations would be a depth weighted shear-wave

velocity.




3.2.7 Summary Observations of MBII-1 Analysis
The purpose of MBII-1 was to test the state-
of-the-art prediction procedures for the single burst case.
These procedures were extensively discussed on a component-
by-component basis in the previous sections. The net result
of this study is the recommendation of the following prediction

procedures for ground motion due to a single burst:

® The vertical air slap component (for both
positive and negative phases of the airblast) is well predicted

by 1-D finite differences codes such as PLID with a first order

model of pore-air expansion.

® The horizontal air slap component is es-
timated by modifying the compressive portion of the vertical

air-slap signal as recommended in the AFDM,

® Low frequency motions (crater-related,
upstream-induced, and oscillatory components) are reasonably

well determined by the WES prediction procedure.

3.3 MBII-2

3.3.1 Introduction

The multiple burst experiment of Phase II

consisted of six 120T AN/FO charges. The confiquration of the

experiment was shown in T'itaqures 9 and 10.




| W7 |

The approach taken in the development of
a Waveform Synthesis Model was, to use the single burst cvent
to evaluate the theoretical and empirical state-of-the-art
prediction procedures. Data from the single burst experiment
would then be used to prepare superposition predictions for the
multiple burst environment. These superposition prediction
predictions would then be compared with data to determine where
the major multiple burst related nonlinearities occurred. Analysis
of the test data and supporting studies would then be used to
model these nonlinecarities. These analysis offorts would yltimately
be meshed together to vield the Waveform Synthesis Model. The
sinale burst analysis was presented in the previous sections
of this chapter. The multiple burst analysis and evaluation
of superposition will be discussed in the remaining sections

ot this chapter.

3.3.2 Phenomenoloay

Figures 67 and 68 show the 0.5 m depth verti-
cal wavetorms mecasured on the main bisector and charge line
radials inside the charae array of MBI1-2.

In general, the waveforms from the array
center out to the 12.5 m range are characterized by a single
downward air-slap peak. This is followed by a rebound peak
and then crater-related and neaative phase effects. As was
the case in the MBIT-1 data, it is felt that the negative

phase offect 1s dominating this upward motion. The upward
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motion is terminated by a small tertiary compressive phase

in the airblast waveform, which initiates a downward motion.

This downward motion continues until the upper material rejoins
the lower material which abruptly reverses the motion at approxi-
mately 800 msec. This closure is brought about by a wave propaga-
ting upward from the deeper materials. This upward propagating
wave is of sufficient magnitude to force the near-surface material
into another separation (this wave in the deeper materials will

be discussed later in this section). This material then free
falls until a second rejoin occurs.

The motion of the waveforms beyond 12.5 m
is similar to that seen in the first group. The main dif-
ference is the well defined multiple arrivals of the air-slap
components from the different charges in the array. Again
negative phase effects appear to dominate the low frequency
motion.

The matchina horizontal velocites arc shown
in Figures 69 and 70.

Motion is initialized by the air slap. Fol-
lowing the air slap there is a small crater-related pulse and
motion returns to essentially zero. This time frame corresponds
to the time of the airblast negative phasec observed in the ver-
tical motions. At ranges less than 6 m from the array center,

a relative large outward signal is then seen. Motion is then

completed with small magnitude oscillatory motions.
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Beyond 6 m a similar air slap portion is
observed, but in the time frame of the negative phase effect
in the verticals (at approximately 150 msec) there is a strong
outward (from the center) motion. The strong outward motion
may be the result of the direct induced signal reflecting from
the array center. This type of phenomenology would result in
motion away from the center in the proper time frame. The out-
ward signal is seen in both bisector and charge line at the 12.5 m
and 25 m ranges. At the 50 m range the signal (at approximately
200 msec) 1is opposite in direction to the signal at the 12.5 m
and 25 m ranges. This may be due to the attenuation of the re-
flected wave coupled with the fact that the closest charge is
starting to dominate the waveform in the crater-related time domain.
In other words at this range the effects from other charges are
"riding along" on the crater-related signal of the closest charge.
This would account for the direction reversal. Following this
outward motion is the inward motion from small secondary com-
pressive phases occurring in the airblast at approximately 400 msec.
Finally an oscillatory motion completes the waveform.

Figures 71 and 72 show the variation in the
waveforms with depth at a range of 25 m on a charge line. The
phenomenology observed in these waveforms is reasonably straight-

forward. Motions near surface have already been discussed.
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Motions at the greater depths are initialized by airblast in-
duced motions from above as well as upstream effects traveling
in the soil. Following these initial motions, the oscillatory
component begins. This oOscillatory motion 1is interrupted by
an uncharacteristicallyv sharp and large magnitude upward and in-
ward (toward the array center) signal at approximately 800
msec. Following this signal the oscillatory motion continues
and complete the waveform

The signal at 800 msec can be trac~d from
the greater depths up to the surface at most locations inside
the charge array. Due to the widespread presence of this sig-
nal and its large magnitude, a study of its behavior was per-
formed to determine if it was peculiar to this particular
site geology and experiment geometry or if it was a more gen-
eral mutliburst effect which might be expected for a full-scale
site. For purposes of study, two readily identifiable quan-
tities were identified. These quantities were peak-to-peak
particle velocity and the time-of-peak. Graphical definition
of these quantities are shown on Figure 73. Since the presence
of the signal is most dramatic on the waveforms measured at
the 9 m, 12.5 m, and 25 m depths the following discussion will
be limited to these depths.

Fiqure 74 presents the time-of-peak versus
azimuth and range at the 12.5 m depth (this depth was chosen
because it was the best instrumented of the three depths of

interest). This figqure shows that theore is no annarent timinag
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dependence on azimuth and that the signal is traveling toward

the array center.

Time-of-peak versus depth for various ranges

are shown in Figure 75. This figure illustrates that the sig-

nal is propagating upward and that the apparent upward propa-

gation velocity is decreasing as the array center is approached.

This appears to be due to the signal in the lower more com-

petent material "outrunning" the signal in the less competent

shallower material.

the time-

motions.
velocity
At the 9
locities

shown 1in

Figures 76 and 77 illustrate the behavior of
of-peak versus range for vertical and horizontal
At the 25 m depth the apparent inward propagation
is approximately 1250 mps toward the array center.
and 12.5 m depth the apparent inward propagation ve-
are 400 mps to 600 mps. The horizontal velocity data

Figure 77 generally exhibit the behavior shown by the

second group described above.

is:

A summary of the timing behavior of this signal

® there is no azimuthal variation;

@ the signal is propagating upward toward
the surface; and

e the signal is propagating inward toward
the array center.
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The behavior of the peak-to-peak magnitudes
ot this signal for vertical and horizontal velocities are shown
in Figures 78 and 79, respectively. The vertical motion in-
creases in magnitude as the array center and the ground surface
1s approached. This increase is more dramatic at the shallower
depths. The horizontal data show more scatter but also in-
crease as the array center and ground surface is approached.
This increase in magnitude toward the array center may indicate
a convergent effect due to the test geometry.

Another observation concerning the behavior
of this signal is illustrated by Figures 80 and 81. These
waveforms show a relatively strong -1g slope through the signal.
This -lg slope and the waveform are indicative of a material
which has spalled. This ~la slope is felt to imply a layer
separation somewhere below this depth.

There are two major pieces of evidence which
support the theory of layer separation. The first, comes from
the site profile (Fig. 5) for this experiment. At a depth of
approximately 26 m is a p-wave velocity interface. This is
indicative of a change in material and a potential plane of
weakness.  The sccond piece of evidence is shown on Figure 82.
This tiaure shows that the motion below the interface (48.5m)

1s similar in magnitude and character, but opposite in direction

to the motion above the interface.
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The mechanism responsible for this signal is
believed to be the addition of Rayleigh waves from the indi-
vidual changes. The supportive ecvidence for this theory is
the fact that in the preparation of the superposition wave-
forms for these depths, the Ravyleigh wave motions from the
individual charges were near exact in phasing. This was pro-
ducing relatively large late time motions at approximately
600 msec, When the timing of the superposition waveform were
corrected for the differing rock elevations between MRIT-1
and MBTI-2 (Seec Sec. 3. .3.3 for discussion of this correction),
this relatively large magnitude Rayleigh motion was moved
to the B00 msec time frame. The character of the superimposed
motions are not as sharp as the MBII-2, but there is no way
to predict the effect of separation on the waveforms. The
magnitude of the superimpesed signal was somewhat lower than
that secen in the data which may indicate a nonlinearity in
the addition of these low frequency motions, or the effect of ,

the material separation upon the magnitudes. (Theoretical dis-

cussion of convergent Rayleigh Waves may be found in Ref. 22).

3.3.3 Airblast Results
The airblast envirvenment for the multiple burst
cxperiment was predicted with the Low Altitude Multiple Burst
Model (LAMR, Ref. 22) developed at the Air Force Weapons labora-

tory. LAME models the nonlinear charvacteristics of the

atmosphere combining overpressures of multiple nuclear




bursts. Although LAMB was developed for predicting nuclear
events, it was felt to provide a reasonable prediction for

the HE Misers Bluff event, if the rule-of-thumb assumption

is made that HE is twice as effective as NE in producing air-
blast. (This is generally accepted practice below the 2.0 MPa
overpressure level.)

Peak pressures from MBII-1, MBII-2, and LAMB
are shown in Figure 83. The peak pressure in the multiple
burst experiment is a maximum at the array center and decreases
to a minimum at the 25 m range. At ranges greater than 25 m
the peak pressure begins to increase in magnitude again as the
nearest single charge begins to dominate. Outside the charge
array, peak pressures attenuate similar to the single burst
experiment. The LAMB predictions are low near the array center,
ranging from about a factor of 6 at the center to a factor of
2 at a range of 12.5 m. Beyond this range the LAMB prediction
is reasonably good both inside and outside the charge array.
Although LAMB is low near the center, the character of the
prediction is similar to the data and in both the data and LAMB
there scems to be little difference in peak pressure between
the bisector and the charoe line. Reasons for the failure of
LAMB and empirical fixes to LAMB have been discussed extensively

by others (e.q., Refs. 24 and 25).
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Peak overpressure impulse vs range is shown
in Figure 84. The behavior here is somewhat different than
the peak pressures in that there are more distinct differ- !

ences in the charge line and bisector, especially as the charge

1s approached. The bisector, however, is similar to the peak

pressure. It is maximum at the center, decays to a minimum
at about a range of 25 m and increases again as the charge 1is
approached. Generally there is very little difference in the

charge line and the bisector from the array center to the 25 m

O

“nge. Outside the charge array the bisector and charge line
values tend to converge at about the 160 m range. The pre-
diction of impulse from LAMB was considerably better than

the peak vpressure predictions, consistent with the observation

that the pressure wave shape predictions were good, except

M A o e A e o s A

that only the high frequency peak pressures were not accurately

reproduced. Aagain there was slight underprediction near the
center, but the tactor was only about 1.4 (as compared with 6
for the pressure)., At greater distances from the center, the

prediction fell within the data scatter. The difference be-

M A A sl e s

tweon the peaks measured on the charge line and the bisector

a—

within about 70 m of the charge is not mirrored in the predic-

titon.,

3.3.4 Ground Motion
The superposition assumption will be evaluated

in the following sections on a component-by-component basis.
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The superposition waveforms from which the following con-
clusions are based are included in Appendix A. The frequency
domain data comparisons are included in Appendix B. The super-
position waveforms were determined by the addition of the
properly time phased measured single burst effects. The
details involved in the production of these waveforms are
described in Reference 4.
3.3.4.1 AirTSlap Component of Ground
Motion
a) Peaks

Naturally, the airblast wave-
form measured in the multiple burst environment is somewhat
more complicated than the single burst airblast. The multiple
shock passages create multiple peaks as well as complex, late-
time negative phases. The airblast-induced particle velocities
necessarily mirror these complications. To effectively dis-
cuss these complexities, the compressive air slap portion of
the motion will be divided into the particle velocity changes
associated with the first three major compressive phases in
the airblast.

Figure 85 shows the change in
vertical velocity associated with the passage of the first

major compressive phase. Close to the center of the charge
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array, superposition underpredicts by about a factor or 4.
This underprediction is due to the nonlinear interaction of
the overhead airblast. The superposition prediction improves
4s distance from the center is increased. The underprediction
varies from about 2.5 at the 12.5 m range to about 1.2 near
the charge. Outside the charge array, the prediction is
fairly accurate. The underprediction is a mavimum of about
1.3. This improvement of the prediction as distance from the
conter increases should be expected as the phenomenology is be-
coming dominated more and more by the nearest sinale charae. 1In
general the charge line target points were better predicted
than those on the biscctor. This is due to the fact that the
bisector is a plane of symmetric interaction of the airblast
from two charves. These interactions are nonlinear in nature
and therefore, linear superposition of the ground motion effects
causod by the sinale burst airblast should not be expected to
be accurate. The charae line, however, is generally dominated
(at ranges -25m) by the effects of the nearest single charge
and, thercfore, superposition is a fairly accurate representa-
tion. Outside the arvav the motion again is much like sinagle
burst phenomenology as the shocks are divergent and, therefore,
atrblast interactions are not as significant,

Figqure 86 shows the second and
third changes in velocity associated with the second and third

major compressure phases in the airblast. Generally superposi-

titon underpredicts these peaks to a areater degree than the

P
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first peak. The first possible explanation for the relatively
large secondary and tertiary peaks that was explored was, that
since they occur when the material was in a dilated state

(due to the negative phase of the airblast from the closest
charge), small changes in pressure would result in relatively
large changes in velocities. A study of the data showed that
the scatter and attenuation of the first, second and third
charges in pressure vs the respective changes in velocity

were essentially the same. The behavior is now thought to be
related to the changing material properties at the two sites.
MBII-1 was conducted where th2 near-surface highly compressible
silt was of maximum depth at the charge and tapered up to a
depth of less than 0.5 m at the 100 m range. Interior to the
charge array on MBII-2 the silt layer was greater than 0.5 m

in depth. Therefore, superposition predictions which required
data from ranges greater than 100 m reflect the behavior of

the sand rather than the silt. Since the silt is more compres-
sible than the sand, it should show higher velocities as in

the MBII-2 waveforms.

Figure 87 shows the first and
second air slap peaks for the horizontal velocities. Scatter
for the first peaks are fairly large and superposition is gen-
~rally within the scatter both inside and outside the array.

~dary peaks were also generally within the data scatter
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although secondary peaks in superposition were difficult to
isolate, possibly for reasons postulated above for the verti- i

cals (i.e., secondary air slap pecaks in supecrposition waveforms

were measured in the sand rather than the silt).
Upwara velocity peaks are com-

pared in Fiqgure 88. These peaks are due to the negative phase

(airblast) cffect plus upstream and convergent effects. The
pecak value of this portion of the air slap component was gen-

erally predicted within a factor of 2. The tendency of super-

USSP

position appears to be one of underprediction. In terms of
peak velocities, superposition appears to be reasonably accurate.
Upward displacement peaks asso-

ciated with the upward velocity discussed above are also shown

in Figure 88. The tendency is for underprediction. Generally

P

this underprediction is a factor of 3 or less. The fact that
displacements are more poorly predicted than the velocities

1s an indication that the duration of the upward velocity is
somewhat longer in the data than in superposition. The dura-
tion may in fact be the only factor in which the multiple burst

negative phase airblast is cnhanced.

b) Waveforms
wWaveform comparisons of the air-
slap component tor selected locations are shown in Figures 89
and 90.  The vertical waveforms shown in Figure 89 illustrate
what was discussed about the peaks carlier, i.ce., underpredic-

tion close to the array center and underprediction of the
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secondary compressive phases at all ranges. The duration of

the upward velocity pulses are somewhat longer in the data
while peak values are roughly the same. Comparisons of the
horizountal waveforms (Fig. 90) bear out what was said con-
cerning peak values. From the waveform at 188 m it can be
seen that secondary arrivals of the compressive phases also
have a larger effect than is predicted by superposition. It
is also seen that in the time frame of negative phase effects
in the vertical motions, the horizontal motions are not signi-
ficantly affected (this can be seen by comparing Figs. 89 and
90). The horizontal motions appears to be more controlled by

upstream effects than by the negative phase of the airblast.

c) Evaluation

The vertical downward air-slap
velocities were most poorly predicted near the center and su-
perposition as a predictive model improved substantially as
range from the center increased. The tendency of superposition
was to underpredict by a factor of 2.5 to 4 near the center.
This is the result of nonlinear interaction of the overhead
airblast. The upward portion of this signal was predicted
more accuratcly than the downward because the single burst
waveforms experienced dilation or spall beyond 100 m. As
distance from the center increased, superposition under-

predicted by a factor of 2. Although magnitudes of
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velocities were predicted accurately, displacements of this
upward motion were substantially underpredicted by superposition
(as much as a factor of 5 but generally 3 or less).

The magnitude of this under-
prediction could be reduced if the free fall seen in the single
burst data is maintained after the amplitude modification. An
example of this is the superposition prediction at the array
center. The magnitude of the waveform was multiplied by 6.
This produced a -6g downward acceleration where the material
should be in free fall. If this -6g acceleration is cor-
rected to a -1g acceleration, the duration is increased, and
thus the upward displacement. The major problem associated
with this correction is that the criteria for rejoin of the
material (termination of the -1g acceleration) is not straight
forward. Therefore, no general rules can be given for this
correction procedure. Each case must be handled on an indi-
vidual basis and the judgement of the predictor plays a major
role in the procedure.

Horizontal velocities were gen-
erally predicted within the data scatter as far as the com-
pressive phase of the airblast. lHorizontal velocities do not

scem to exhibit a large effect of the negative phase airblast.
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, Superposition did not predict
the effects of the secondary airblast peaks as well as the
initial arrival. The reason for this is believed to be the
result of the variable thickness silt and, therefore, should

not be factored into the prediction procedure.

i ‘ 3.3.4.2 Crater Related Component

As discussed previously, airblast
negative phase effects (pore air expansion) appear to dominate
the vertical velocity waveform in the time frame of crater
related effects. This makes it virtually impossible to study
the crater-related component in the vertical waveforms. How- |

ever, pore-air expansion does not appear to have a large effect

e

4
on horizontal waveforms. Consequently, only horizontal motions f
will be included in the study of crater-related effects. 1

1

a) Peaks
Magnitudes of the horizontal

' crater-related velocity component are shown in Figure 91. Ratios of {
data to superposition are plotted vs range from the center. 1

o As can be seen the tendency was for superposition to under- 1

)

‘ predict, although this underprediction was never more than a 4

factor of 3.
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b) Waveforms

Crater related, timing and
é character were also predicted within reasonable limits as
illustrated in Figure 92 for the 50 m range and 3 m depth.
Circled is the crater related component. Other waveform

comparisons are contained in Appendix A.

c) Evaluation

The crater-related signal, as
was mentioned for MBII-1, is a difficult signal to isolate.
What is called crater-related is most likely a combination of
upstream effects including upstream airblast, crater-induced,
direct-induced, and airblast negative phase effects. The
crater-related component appears to be predicted within a
factor of 3 in magnitude by superposition and the character
of the waveform is similar. Although this error is not con-
sidered to be unsatisfactory with regard to the inherent single
burst crater-related data scatter it is felt that the uncer-
tainty involved in the understanding of this component is
more critical. This uncertainty stems from the fact that this
component is a combination of effects, as mentioned above,
which are the result of different types of phenomenology.

Until the relative effects of these different inputs are un-

derstood there will be large uncertainty. This signal is

discussed further in Section 3.3.3.5.
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3.3.4.3 Oscillatory Component

The isolation of the oscillatory
component was somewhat difficult for the MBII-2 experiment.
The near surface waveforms (0.5-3m) were all dominated by the
airblast effects. This left the waveforms at the greater depths
for a comparison of superposition and data. Unfortunately,
these waveforms are somewhat complex and not easy to dissect.
The oscillatory component is made up of a headwave component
traveling at the compressional wave speed of the layer of
interest and a Rayleigh wave component traveling at approxi-
mately the shear wave speed of the layer. Since the peak
oscillatory component motion is caused by the Rayleigh wave
this is the motion compared in this section. The time frame
of this motion was identified by calculating the time of ar-
rival of a wave traveling at the shear wave speed of the ma-
terial. Shown on Figure 93 is a typical waveform showing the

parameters discussed in this section.

a) Peaks
Figure 94 shows the comparison
of the ratios of peak-to-peak velocities. This figure in-
cludes both horizontal and vertical motions. It appears that
the horizontal motions were better predicted by superposition,
than the verticals were. The horizontals were predicted with-

in a factor of + 2.5 (+ is overprediction, - is underprediction)
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with the majority being within a factor of + 1.5. 1In general,
the horizontal motions were overpredicted rather than under-
predicted. Vertical motions experienced a somewhat larger
variation of approximately + 3, but the majority of points
are within factors of + 2. There appears to be no systematic

trend of either under or overprediction in the vertical motions.

b) Waveforms
The reader is directed to

the waveforms presented in Appendix A. Figure A.l is typical
of all the near surface waveforms in that there are negligible
oscillatory motions. At greater depths (9m-25m) the waveforms
become more oscillatory in nature. Two observations are made
concerning the waveforms at these depths. The first and most
obvious is the signal at approxiamtely 800 msec. The second
is a phasing problem between the superposition and the data.

The cause of the 800 msec signal
was postulated in an earlier section. The phasing problem is
believed to be (to a large extent) due to the nonuniform ele-
vation of the top of bedrock between the two experiments of
Phase II. (The reader is referred to the plot of the bedrock
elevation - Fig. 3.) Work done by Auld and Murphy (Ref.
26 & 27) suggests that fundamental mode frequency (and periods)
of the late time oscillatory motion is governed by the

weighted average shear wave velocity of the soil above the

rock (f) and the depth to bedrock (H) as follows:




f=8/2H. From this equation it is observed that deeper rock
yields lower frequencies. The waveforms in Appendix A show
that the superposition predictions are of higher frequency
than in the data. The average rock elevation in the single
burst experiment (data from which the superposition predic-
tions were produced) was 43 m below the surface while at the
Event 2 site had bedrock at an average elevation of 63 m. If
shear velocities are assumed to be equal at the two sitas;
then the equation above may be solved for a time scaling fac-
tor due to the differing rock elevations. The result of scal-
ing the superposition waveform by this factor is shown in
Figure 95. The timing of the low frequency oscillatory mo-
tions are substantially improved. This time scaling placed

a relatively large amplitude signal in the same time frame as
the 800 msec signal in the data. This signal was produced in
the superposition process because of near exact phasing of
the low frequency motions in the single burst waveforms.

This suggests that the large 800 msec signal is due to the
additive effect of Rayleigh waves. The tensile weakness, and
impedance mismatch at 26 m results in layer separation as a
result of the passage of this large signmal. This failure
would result in the rather dramatic velocity signals seen in

the data above this depth.

c) Evaluation

The oscillatory component of

ground motion is fairly well predicted by superposition. The
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vertical and horizontal motions were generally within factors

mt e m——

of + 3. The phasing problems seen between the data and super-
position are primarily governed by the differing rock elevations.
It is felt that superposition is a good estimate of the multi-
ple burst environment for the oscillatory component magnitudes.
The frequencies of the oscillatory component will be governed

by the depth to rock and shear velocities of the material above

the rock.

3.3.4.4  Multiple Burst Nonlinear Effects

As has been discussed, the largest 1
area of nonlinear behavior was near the center of the charge
array. The component most affected was the vertical air-slap

component (both compressive and negative phases).

The reasons for this nonlinear
behavicr in the compressive phase portion of the air slap is
the shock-on-shock interactions which are the result of the
r ': nonlinear nature of the equation-of-state of the air. As
pointed out before this problem is being worked on by others

and given the correct compressive portion of the airblast the

air-slap ground motion component can be fairly accurately pre-
dicted.

\ The nonlinear behavior of the air-
” slap component in the time domain of the negative phase is
shown in Fiqure 96. The nonlinearity (data vs superposition)

begins at approximately 40 m from the array center and increases

;‘ 194

st ey 4T AT




vertical Velocity - mps

100

10

(From Array Center)

Figure 96. Large Upward Signal - MBII-2 VS Superposition

19

E LEGEND 7
Charge . .

- MBII-2 f (=Charge Line —
= Data B=Bisector _
| Superpo- { S=Charge Line i
8 sition ©=Bisector
|- -
|
\
\ 1
DN ]

N 3 ]
“-éscs QQK s S © .
L-B © S S~ 2 ® . —

.
—~—
= B c E\c-s | \C\ 4
S B \\
L N .
N
N\
AN
N
Ay S
- \ j
- \\
C c q
- 1
- —
| 1 1 | ]
0 40 80 120 160 200 240
Range - m




C e e e a——

toward center. This behavior is due to the pore air expansion
related to the airblast negative  pkise as well as the convergent
nature of the geometry.

The pore-air expansion concept was
discussed in preceeding sections as it applied to the single
burst experiment. The enhancement of negative pressure in
the multiple burst experiment as compared to the negative
pressures measured in the single burst experiment is shown
in Figure 97. The multiple burst negative pressures are "great-
er" than in the single burst, but in most cases superposition
of negative pressures from single burst experiment would yield
approximately the same results as seen in the multiburst ex-
periment. This is mainly due to the fact that there is a
limitation of 1 atmosphere on the negative pressure and there-
fore, nonlinear interaction of the air can produce no more than
this amount of underpressure. Figure 98 shows the timing cor-
relation between the positive and negative phases of the air-
blast along with the arrival time of the large upward signal
in the velocity. This shows that the velocity and the negative
phase arrival times parallel one another and indicates the direct
involvement of the negative phase of the airblast in this up-
ward peak.

PLID calculations with the measured

overpressures and the pore-air model were performed to determine
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if this effect alone produced results comparable with the
data. The comparison of the data and calculations are shown
in Figures 99 through 110.

Figure 99 shows the comparison of
the pore-air model calculations and the MBII-2 data near the
array center at the 0.5 m depth. The character of the calcu-
lated waveform is very similar to that seen in the data and
magnitudes are within a factor of 1.5. The timing and mag-
nitude differences seen are felt to be due to the fact that
the calculation was made at the exact center point, while the
data was 0.5 m off the center.

Figqures 100 and 101 are the compari-
sons of the calculations and data at the 25 m range, 0.5 m
depth on the bisector and charge lines respectively. On the
bisector the initial compressive downward air slap is within
the scatter of the data. Secondary and tertiary compressive
air slap peaks are somewhat undercalculated. The upward motion
is slightly overcalculated while the durations of the calcula-
tion and the data are almost the same. On the charge line the
compressive portion of the air slap is undercalculated while
the upward motion 1is again slightly overcalculated. Duration

of the pore-air signal is calculated to be somewhat shorter

than the data indicates.
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Mji

Figures 102 through 104 show com-
parisons for the 50 m range on a bisector to a depth of 3 m.
This is the first range at which there was useable data with
which to evaluate the calculations to these depths. Figure
102 shows the 0.5 m depth comparisons. The comments made
for previous comparisons appear to apply for this comparison.
Figure 103 shows the comparison made at the 1.5 m depth. Gen-
erally, the character of the calculated waveform is very similar
to the data. The compressive downward air slap is undercal-
culated by a factor of approximately 1.6. Upward motions were
undercalculated by a factor of approximately 1.4. Figure 104
is the comparison at the 3 m depth. For this depth the cal-
culation is overpredicting the downward air slap by a factor
of 1.4. The data then shows a cycle of motion not seen in
the calculation. This motion is the direct waves from the
two closest charges and obviously not included in the 1-D
calculation. The pore air expansion begins at approximately
400 msec in the calculation. The data at this point also
starts a turn upward. At the end of the calculation (500 msec)
both the data and the calculation were approximately equal in
magnitude.

Comparisons for the 50 m range on
the charge line are shown in Fiqures 105 through 107. At the
0.5 m depth the initial air slap is fairly well calculated, but

the succeedinag air slap peaks are undercalculated by as much
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as a factor of 7.5. The upward portion of the signal has
somewhat the same character as the data but the duration is
undercalculated. The 1.5 m depth comparisons (Fig. 106) are
better but the secondary air slap is still undercalculated.
In the upward portion of the signal the data is greater in
magnitude than the calculation, but the calculation is very
similar in character. The 3 m depth comparisons are shown in
Figure 107. The calculation at this depth overestimates the

first compressive air slap and is within the data scatter on

the second peak. The initial upward motion is undercalculated
and not the same character as the data. Between 200 msec and

400 msec the calculated motion is essentially zero. During

this time, the data has one cycle of fairly large magnitude

motion. This is the crater-related motion from the closest

charge. Finally at about 400 msec, the pore-air expansion effect
begins in the calculation. At approximately the same time the
data also begirs an upward motion. At the end of the calcula-

. tion (500 msec) the data is somewhat lower than the calculated

value.

Figures 108 through 110 show the

T i e v g ey W ' Syt L e e iy T, e

comparisons made for the location directly between two charges.

i

At the 0.5 m and 1.5 m depths the air slap portion (due to the

18 compressive phase of the airblast) of the waveform is well
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calculated. The upward portion (due to the negative phase of

the airblast) is well calculated in magnitude, but the charac-
ter of the data is somewhat different than the calculation.
The 3 m depth comparison (Fig. 110) shows that the air slap

is overcalculated in magnitude. The upward motion seen in

the calculation is different than that seen in the data. The
calculated waveform is generally toco large in magnitude and
too short in duration.

From these comparisons it would
appear, that at least in the near surface silt, the ground mo-
tion is well calculated by PLID with the pore-air model. How-
ever, at the greater depths (Fig. 104 and 107) the calculation
began to miss a rather significant signal, not attributable
to one-dimensional effects. It is also interesting to note
that at the location between two charges (Fig. 110) this signal
was not seen. The fact that this signal is a result from two-
dimensional effects is illustrated on Figure 111. As can be
seen; the horizontal motion is experiencing a relatively large
magnitude inward (toward the center) signal in the same time
frame as the upward signal appears in the data. This signal
i1s the direct wave from the nearest charge and is travelling
at the p-wave speed of the sand between the silt and the sat-
uration zonc (see the site profile, Fig. 6). It is also pointed

out that there is a relatively strong -lg slope on the vertical

waveform.  This spall is not the direct result of the pore air

P e e
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effect at this depth. This spall results from the tensile M

failure of the material due to compressive waves striking a 1

free surface and reflecting as tensile waves combined with

the reduction of the overburden stresses due to the lofting

of the upper material by the pore-air expansion mechanism.
Figure 112 compares the peak values

of this direct wave at the 3 m depth and shows that there is

very little attenuation of tnis peak as the array center is '

approached. Also shown on this figure is the superposition

predictions of this same peak. Although the data is limited
the superposition is low at all locations. Superposition is
generally most accurate for both the horizontal and vertical
velocities at the 50 m range and progressively deteriorates
as the array center 1is approached.

This figures shows that there is

essentially no attenuation of this direct-induced motion and

is underpredicted by superposition. It is felt that this

effect 1s the result of the convergent nature of the geometry.
Fiqure 113 shows the airblast and

stress waveforms measured ncar the array center of MBII1-2.

Included on these figqures are the linearly superimposed wave-

i)
forms from MBII-1 experiment. The air pressure in MBII-2 §
was higher (as would be expected) than MBII-1. Lincar super- '
position results in a factor of 5 difference. Including the

216
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reflection factors reduces the difference in the peak airblast
values to a factor of 1.4. The stress waveform at the same
location for linear superposition shows a peak stress that

is a factor of 33 less than the MBII-2 data. If reflection
factors are considered, the factor reduces to 9.4. The con-
clusion drawn from this figure is that the differences in
stress cannot be explained only by the differences in the over-
head airblast. This increase in stress over superposition and
the nonlinear interaction of the air is believed to be attri-
butable to wave convergence. The stress data available to
fully evaluate this idea (i.e., to observe airblast and stress
behavior at several locations as the center is approcached) is
nonexistent for these tests.

These observations are felt to provide evi-
dence that wave convergence does exist and can be an important
effect. This effect coupled with the pore-air effect acting
on the material above can significantly increase the depth

extent of spall.

3.3.5 Results of MBII-2 Analysis

The results of the MBII-2 data analysis may be

summarized as follows:
® Superposition fails in the airblast re-

lated portion of the signal in the near-surface region. This
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is not considered a problem because, as was shown, this com-
ponent can be fairly accurately calculated;

® The pore-air model used in the calcula-
tion of MBII-2 compares favorably with data in the near surface
region;

® Superposition appears to be accurate for
the "late time" low frequency (Rayleigh) motions in the near
surface as well as the deeper materials. The early time low
frequency (direct wave) motion at locations interior to the
array at the 3 m depth, do not appear to attenuate as
the array center is approached. This reduces the accuracy
of the superposition prediction near the array center, and
supports the theory of wave convergence;

® The relationship derived by others con-
cerning the effect of bedrock upon low frequency motions is
verified by the results of Misers Bluff;

® The 800 msec signal is thought to be the re-
sult of near exact phasing of Rayleigh waves at late times and a

weakness plane at the 26 m depth. The amplitudes of this signal

show little attenuation (and in some instances increase) as
the array center is approached which provide additional

support for the theory of wave convergence;




® The convergence
itself in the direct induced motion
the 800 msec signal at the 9m-12.5m

not shown as a dramatic increase in

effect appears to exhibit
at the 3 m depth and in
depths. The behavior is

measured particle velocities

as the array center is approached as would be expected, but

rather, there is no attenuation in peak motions;

The effect of these observations on the Wave-

form Synthesis Model will be discussed in the next chapter.
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4, Recommended Prediction Procedures

The preceding sections of this report have been con-
cerned with the analysis of the data recorded in Misers
Bluff Phase 1I. This included evaluation of various pre-
diction procedures used pretest and posttest. The culmina-
tion of the study and evaluation of these procedures is a

Waveforms Synthesis Model (WSM) for predicting multiple burst

" rtn "t N+ gy

ground motions.

4.1 Air-Slap Component

4.1.1 Single Burst

Near surface vertical single burst air

S

slap motions were well calculated by the PLID 1-D finite
difference model. This is especially true of the compressive
phase. In the airblast negative phase the pore-air expansion
model provides a substantial improvement over the past pro-
cedures. The main problem is in determining the correct
(realistic) material properties that reflect the in-situ pro-
perties of the site.

For the horizontal air-slap signal the AFDM
procedurc is the best available at this time. This procedure
should be used only for the compressive portion of the airblast

as the negative phase appears to be primarily a vertical effect.

This procedure does not account for the airblast induced shear




wave seen in data. This shear wave clips the horizontal

air slap and shortens the duration of the outward pulse.

Thus the prediction should produce somewhat higher magnitudes
and longer pulse durations than what will actually occur.
This will result in design conservative estimates of the

horizontal air slap induced ground motion in the single burst

environment.

4,1.2 Multiple Burst

The vertical near surface multiple burst air
slap motion can be calculated in the same manner using the
multiple burst airblast as the driver.

The horizontal air slap is handled in a
slightly different way. The approach used is basically the
same as in the single burst, but due to the directionality
of the horizontal motions in the multiple burst environment,
each burst must be handled individually and then superimposed
to form the complete waveform. To account for the airblast
nonlinearities a reflection factor is calculated. This factor
is the ratio of the peak overpressure calculated for the ver-
tical motions (from LAMB) to the peak overpressure calculated
by superposition (as described above). This is only a "first
cut" approach at this point and a more refined technique will

be developed in the near future.
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4.2 Crater-Related and Oscillatory Components

4.2.1 Single Burst
The recommended procedure for the prediction i
of these components is the WES procedure discussed in previous

sections. This procedure appears to provide adequate pre-

e et

diction of frequencies but shows a tendency to overpredict
k magnitudes. Another observation about this procedure is

el red’S

that the first cycle of motion (which close to a charge is

e

the crater-related portion of the signal) is down and out.
This is contrary not only to Misers Bluff but to the rest
‘ of the data base. This indicates that a modification to the

procedure may be in corder. The remainder of the signal is

Pt

adequate. f

4,2.2 Multiple Burst §
The recommended procedure is to determine
the low frequency motion due to a single burst and use linear
} superposition to obtain the multiple burst ground motion. Super-
position is an adequate technique for the low frequency motion
outside the charge array and for the oscillatory component
) inside the array. Study of the limited amount of data avail-
able (Section 3.3.4.5) suggests that the crater-related com-

ponent may not attenuate inside the inner half of the charge

PR

array. This nonlinear behavior is treated by the wWaveform

Synthesis Model with an empirical developed algorithm.
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4.3 Waveforms Synthesis Model (WSM)
The WSM is a compilation of computer codes for
applying the procedures discussed above to the prediction of
waveforms from multiple explosions. The WSM contains six

basic elements. They are:

® A statistical package which allows Monte Carlo
treatment of the uncertainties in CEP, height of burst, and
time on target,

@ An air slap induced prediction procedure which
uses the LAMB (Ref. 22) to predict the multiburst air rres-
sure waveforms at points of interest and a one-dimensional
finite difference code (PLID) which includes the pore air
expansion model, to calculate the air slap induced vertical
ground motions.

® The Waterways Experiment Station low freqguency
prediction procedure which yields empirical predictione of the
crater-related and surface wave effects based on a compilation
of high explosive and nuclear data.

@ A routine for calculating the proper time phas-
ing and geometrical relationships of the contribution of
each single burst to the horizontal air slap motions at desig-

nated target points, modifying the magnitudes by reflection

factors, and combining these cffects,




® Algorithms for adjusting the linear combinations
of low frequency motions to account for the nonlinearities.
® An input/output routine to provide plots and

listings of pertinent data.

A generalized flow diagram for the WSM is shown 1in Figure 114.

This program has evolved over the last two years.
Previous versions contained different methods of predicting
both the air slap and low frequency effects. The current
version represents the state-of-the-art procedures discussed
above. The algorithms for treating the nonlinearities re-
present the greatest uncertainty in the procedure although
1t should be emphasized that uncertainties in single burst
predictions are inherent in this procedure.

Figures 115 through 123 show comparisons of the WSM
with some Misers Bluff single burst and multiple burst data.
The measured overpressures from MBII-1 and MBII-2 were used
to generate the WSM waveforms. This was done because our
concern was to determine the accuracy of the WSM in calculation
of ground motion. These figures show that in the vertical
motions the WSM is reasonably accurate. This is true of
both the single and multiple burst environment. The horizon-

tal motions in the single burst environment werec adequate

but were not as accurate as the corresponding vertical motions.
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The accuracy level of the horizontal motions degenerated

further in the multiple burst environment. It appears that
the prediction of horizontal motions in both single and

multiple burst environments require further study and

refinement.
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5. Conclusions and Recommendations

5.1 Conclusions
This analysis of the Misers Bluff Phase II data
focused on an evaluation of ground shock prediction pro-
cedures for both single and multiple burst conditions. The
conclusions listed below, therefore, reflect the validity
of those procedures and for the multiple burst event compare

the results with the Phase T findings.

5.1.1 Event II-1 (Single Burst)

® The near surface vertical air-slap motions
were well predicted by the 1-D finite difference calculational
procedure. Addition of the first order pore-air model signi-
ficantly improved the comparison of the later time upward mo-
tions.

® The pore-air expansion model is quite
sensitive to small changes in the tensile strength, air void
content and layer reflections which are very difficult to

establish in-situ. The 1-D calculational procedure must cor-

rectly model gravity to yield creditable late time calculations.

e llorizontal air-slap motions semi-empirical
predictions are acceptable but omit the airblast induced shear

wave which often results in the peak amplitude and shortens

the horizontal outward pulse.




TR T
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e The low frequency components of motions
were predicted within the scatter of data upon which the em-
pirical predictions were based. However, the WES procedure
does not allow the crater-related pulse to propagate at a
different velocity from the surface wave component. They
both currently propagate at p-wave velocities. This leads
to peaks in the oscillatory component occurring too early at

larger ranges.

® Prediction of the frequency of the sur-
face wave component based on the depth-weighted shear wave
speeds and the depth to rock resulted in good agreenent with

the data.

5.1.2 Event I1-2 (Multiple Rurst)

® Superposition of single burst data pro-
vided acceptable predictions of the multiple burst event at
all measurement stations outside the explosive array and with-
in half the charge spacing away from the charge. These loca-
tions were also well predicted by superposition in Misers Bluff
Phase I.

® The superposition predictions were not
satisfactory for all components near the surface and for the
crater related component at depth in the center half of the array.
llowever, near the surface, the peak downward vertical velocities
were well predicted by the 1-D calculations when the airblast

shock-on-shock interactions were properly treated. The
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peak upward vertical velocities were predicted much better
by superposition than in Phase I, but the displacements were
significantly underpredicted. Utilization of pore air ex-
pansion model in the 1-D calculation improved the displace-
ments and did not significantly alter the upward velocities.
Superposition predicted the upward velocities because the
single burst spall radius was greater than the charge spacing
whereas in Phase I it was less than the charge spacing. Cor-
rection of the superposition prediction to preserve -lg during
free fall also improved the displacement prediction significantly.

e The near surface horizontal motions were
not predicted satisfactorily by superposition. These ro-
tions appear not to be significantly affected by the pore air
expansion phenomenon, but indicate, as do the deeper horizontal
motions, that the geometry of the experiment (wave convergence)
is resulting in larger motions than predicted by superposition.
In Phase 1 superposition did a better job of predicting these
horizontal motions, indicating a possible geoloay or yield
effect.

® The principle nonlinearities causing the

failure of superposition were the nonlinear equation of state

of air, the pore-air expansion phenomenon, the geometry leading




|

to the wave convergence effects (related to the constitutive
equations of the so0il) and the nonlinearities associated with
free fall after spall. Theoretical analysis of the first
two of these are reasonably well in hand, but pretest evalua-
tion of the in-situ soil properties controlling the pore air
expansion represent a problem in practice. The wave conver-
gence phenomenon is a two-dimensional approximation of the
three-dimensional case. Since no three-dimensional theoretical
work has been done, this effect can only be treated in an
approximate manner. Spall can be treated theoretically,
however the empirical predictions used for some components
of the single burst in the Waveform Synthesis Model do not
treat spall, therefore, there is currently no way to explicitly
predict spall and to make subsequent corrections.

® The "800 msec signal" observed MBII-2
is a multiple burst effect related to the convergence of
Rayleigh waves and the specific geology at this site. 1It's
occurrence is not predictable at this time, but it could occur
for other sets of conditions as well.

® The Waveform Synthesis Model has been
significantly improved as a result of the Misers Bluff II-2
experiment and it does a creditable job of predicting that
event. It 1s currently useable for predicting nuclear events,
however some uncertainty remains with respect to wave con-

vergence and spall effects.
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Recommendations
Although this study resulted in substantial in-
crease in understanding of the ground motion phenomenology,
there are still areas of ground motion that need additional
study for both the single and multiple burst case. These
are, in order of priority:

® Study of spall and/or tensile behavior of soil
subjected to surface explosive loading. This phenomena has
becen studied as it applies to metals and rocks but very little
work has been devoted to soils. Spall is playing an important
role in observed ground motion data and research to under-
stand and predict this phenomenology should be pursued.

® Experiments should be conducted to study multiple
burst ground motion in the absence of local airblast. This
would be instructive in evaluating wave convergence effects
of low frequency motions. This study should be complimented
by 2-D and 3-D calculations to evaluate the 2-D approximations

and aid in extrapolating the test results.

® The effect of pore-air expansion on the current
crater-volume scalinag techniques neceds to be evaluated. TIdenti-
fication of those test sites which are susceptible to pore-
~1ir expansion could lead to better understandina of this

cffect and could influence the crater volume scaling relation-

ships.




® The WES empirical prediction procedures do not
explicitly separate upstream-airblast, crater related and
surface-wave effects. As discussed above, the latter of
these should propagate at different wave speeds. Addition
of a stronger theoretical bhasis to the WES procedure would
lead to better waveform prediction and areater confidence
in extrapolating to greater yield.

® Analytical studies to evaluate the rclacive
contribution of upstream-airblast and cratc:-related (direcct-
induced) effects would improve significantly our understanding
of the low fregquency motion components and the origin of
surface waves. After a qualitative understandinag of the
relative effects for a variety of geolouic and l-adine con-
ditions hes been developed, experiments to quantify the re-
sults should be planned.

e A studv of the desiagn implications of the trans-
verse component of horizeontal ground motion should be con-
ducted. This could provide guidance for analysis of the data
and 1n plannina future experiments.

e The horizontal air-slap component of ground
motion can be better described by inclusion of the air slap
induced shear wave in the prediction. Development of a sim-
plified procedure to treat this effect in the semi-empirical

proedictions should be undertaken.
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Superposition vs Data

Waveform Comparisons
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APPENDIX B

Superposition vs Data

Shock Spectra Comparisons

303




T

0=d v
uotitsodaadnsg pue ejeq z-IIdW JO suosTieduwo) vi303dg NOOUSg 14 2anbtgd

zZH - Aouonboxj
0000T 0001 00T 0T 1 Go00T 0001 001 01 1
[T T 7 [T T T T T T LI UL 1670 frrrTr o B LAARRILEE B _::4- T T | LALILILSLAN ) nﬁo.c
1o 1o
1 1
§ uot3ltsodasdng ———— u
. e3eq z-114W .
. andosal 3
4 o1 =
a
0000T 0001 oot 01 1 000071 000T 00T 01 "
TT T 1T 1 __:___ LI | u__q___ 1 1 _j__- { ._”OO.C _u_j—__ LB J.____.‘Aa f _____J_d T —...-.—1_ 10
\ ]
w .
)/. 3
. N =
T0°0 // 1
N\, B
\
/ -5
\ /
\ Vs
~ AN /3
e SN
1°C
N-6-0 3 A=$T0=5T0 m 0ol

A Toopon

OpNoE g

304




I10309STg 9=Y p
uotatsodisdng pue eleq Z-I11dW 3O SUOSTIRAWO) BI3DIAS YDOYS
ZH - Aousnboxg

-z*g 2anbt1a

00001 0001 001 01 T 0000T 0001 001 01 1
__:____ 1 _::___ { __::__ 1 _:_:—4 T HO.C —_.—:___ I —-::__ L _______- 14 ________ T ,—,.C
q 1o
T
1 g-A-¢-
-9 01
uot3tsodaodng ———
eieg N.lHHmE
aNID3aT
01 vl
00001 C00T1 001 01 T 00001 0001 001 U1 1
LLLRIL L B LR R L UL LA ULLEL 10°0 1°0
W ]
VA 7
\ Ve
(/ \Im .H
\ / 1°0
\ /
-, / n
3 1 ol
0T [¢AR¢

ATLIDOTOA OPNOsS

305




T e

uotytsodaadny pue z-11d 3

ZH
00001 vou T VIV Gl 1
T T T T T T T mrTT 10°0
\h 1°0
ID-H-£~9 I
3 ot
00001 0001 00T 0T it
_‘____—__ﬁ _::——_ T ____._—_ ! __:_—_J_ aIHC-O
/7
/ 1
. =
./\(l\.(.- \\ g 170

10=-H-6"y=9

[TTeTE

Ul

QuTT abaeyd 9=y y
0 suostierdwo) ex3oodsg yooyug

g d sanbig

-H. ,lk/l.a.;. ) A¥' .w

- Aouonboay
0000T 00uT 00T 01 1
LLLILR R S B £ 0 N 110 I O B NN 1110 M 08 B 1070
A .
Nw ]
= ]
! 3
\~ =
A 174
v (() .
;
C) 7/ 3
To-A-¢-9 1
uo13Tsodaodng ==——=-=
e3led g-I114NW 3
ANIOI'T = 01
0uoOtL UUOT 00T 01 1
—: PP T ¢ UL L _—::_wj _:_____ 1 AC
1

ALTOOTOA ODNIS |

306




dUTT 8bIey) PuP I10300STH - G (-G z1=¥ »

uoT3Tsodiadns pue e3jeq z-II9dW 3JO suostaedwo) vI30adsg HO0OUS *p g 2anbtg

Zi - \,uc:zv:un
00001 0001 001 01 1 00051 GOUT 00o1 Ot 1
_‘=1_|—I—— L —::—— LI _—:—__ T ——:—~— T HC.C —d:-—_ T T —:~_Jx- T T H.C
\ ]
A 3
AN =R 1
\y \ A
n A
I 7]
N T 01
] To-A=G 0-5"C1
TO-H-6(-6"21 m 1613 150d15dNS = ——— <
4 g1 EETCICHI N § S5 pu— 0oT % -
AN 2 phy
e o
<
0000T GO0t 0o 1 01 1 00GOT UOOT 60T ot 1 z
LA ?—wqd—— 1 —:———_- ¥ ——:——_Jﬁﬂ HC.C _‘ﬁ: LI __:*—‘_ ] _:_—‘——u T __:__—_ T ﬂo? “
s,, =
0
. ———— L er—— -




N A T e O O T R O i O =y L

auT1 9baey) pue 10308STH - (-G ZT7=d ¢
uotrirtsodiadng pue ejed Z-IIdW JC SUOSTIRAWOD ex3dadS ¥OOUS -g-g 2Inbig

Z}} - Aouonboag
00001 0001 001 0T T 0000T 0001 00T ol {
—:::~q JURLE R ER] _::___ T dq::__ I 1070 1°G
‘0 1
(
TO-A-£-67C1 .
uot13T150da3dNg ———e-
T0-H-€-G5°CT eleq ¢-IIdW 5
01 aNdod’ 06T 2
<
00001 0001 00T 01 1 000UT VOO T 001 01 1 d
1:_ T 1 _:___ﬂA T _:____ LI ———:__ LR 10°0 -
<

01

d-H-€-9°CT




SUTT 8baeyd pue 10309STg - -G zT=¥ )
uotr3jtsodiadng pue eieq z-IIdW Jo suostaeduo) eijdoads 3}o0Uys *g9°g 2aInbtd

zly - Aousanbaig

00001 0001 001 01 1 00001 0001 001 01 I
_ —::_—_ T _::_\_‘)—_ —_::__ T _:_:-— T 10°0 T T gﬁd:q T maTT T _:_____ T 10°0
L 7 rsf b
/)f \\.l. f .
\ / 7 \ n
3 vl 3
10 M 4 1o
7
4 4
E E I
T0-H-6-5"TT . T0-A-6-G"C1 .
] voriisodaadng ———— ] B
E . e3ed Z-IIdW = ¥
aNEDE'T £ o
c o
™
<
[
=
00001 0001 001 0T 1 00001 0001 001 01 1 &
g HO.O ____ LB g/.-. T —_:___ T __:__d T T AT.C h
A, 1 .
b 3 .
W m ,
1°0 M 3 10
4
/
1 =R
g-H-6-G"C1 o1 d-A-6-5"C1 ER




SUTT Obaeyd pue 10309STH - GZ-G°ZT PUB G 21~ Z[=d o
uot3Tsodiadng pue eied z-I1I19W 3O suostaedwo)d eI30adg Yooys "L d wanbryg

ZH - Aduonbioay

SIS1S1VAS 0oGT U180 01 [ [SIVIPIFA1 HLOT 60T 01 1
LLARLE NN LLLLR L N SR (11N 0 B0 B B 1120 M B TGS G

\ .
v/ ] ]
- HOTyTIsodaslng =—~—— m
HA-H-5Z2-57C1 I R . 3
cTe et T-eyRd Z-118K m—-— 3 -
30T H-vyRd 7= 1159 — = o .
¥ ; Sans Hid - i S
SINCIFRI z -
-
y.,l. ’
0000T GO0T 00T 01 1 U001 I ST 1 [ N )
fINATT T LRI L A A Ail___ L Y LIRS (LR [T [ LARRRELEN ‘4. - N [

At

A=-H=4"71-%701




!
OUTT 9baeypd pur I103108STH - G (Q-GZ=d ©
uotT3tsodaoving pue e3eq g-1I19W 3o suostaedwol eijooads yooys gy SInbTg
zi] - Aouonboxy
IR i 001 01 L ULLOT OO L DUl 01 [
TTT T T 1 _:_:.. 1 __::4_ T TU° 0 T ﬁ::__ T LR ELLE _:_:ﬁ_ T _.
] f,
] v\
VA
] \
4 1o 1 w
i
m
: M
Nom A=t 1 w
- . S
No-U-¢t0=-42 ] O3 tsoda vt mee— [
p ZSLISNMES § £3178 Guuteia ~
3 R = ‘
o ™ ,
<
OGGOT 0uu T 001 01 1 L1 L0 (01 01 1 = '
34:__ T d_:___ T mmrrT T [T T T 1070 TT T [T T T JLLLER L [T T 7T 1°i s .
\ 4 AN i R
] ]
q - 3
# [
y.
ya
1 g
=0 (=G 3 Hefmt =0T 3
I.U. d\—. I¢.h e ~




Su1T 8bxey) pue 10300814 - g-Gz=y ¢
uoTjtsodiadnsg pue ejeq z-IIdW IO suostaedwo) eajoads yooyg *Hh°d 2aANbTY
z - Aousnbaoay
0000T 0001 00T 01 1 OGLuUT i 0ot 01 T
__:_ qﬁ:‘_ T _::_I_J 1 _:___4 T T0°C 1:_ u _::«_ T _:_:_ rT ~:___ i
\ . |
<\./ \)/
() 7
: v, F:
170 wa /3
AV A
/«/ /
N / h
, E
TO~H-6-G7 w TO-A=G-CT 7
m UOT3ITSOUINING = mm e m
=0T e3eq Z-114dW =
ANA9AT
00001 000T 001 01 T 0000T 0001 ol Ll 1
_ﬂ:-_ LA ____-_ T ______4 L __:__4 T T ____ja_ 1 _:-___ T _::_I- T 1 ﬁ‘:___ T
1, 1070 A
AN ] / ]
' ] p
2
170 =
1
a-1-6-52 3 H=A=1 =G0 3
ma: lw

A

Lptoaran APt

312

S e e AT

TN

B T T v ——"



VNP . o sl - -

SUT1 °bieyd pue 10309STd - G Z[-¢ ZI=H @
uotjtsodiadng pue e3ied Z-IIgW 3O suosTiedwod eI3dads 3O0YS +l-°g 2Inbrdg

zZH - Apusnboay
0000T 0001 00T 0] 1 00001 0001 001 01 1

\ W/ 1070
170
-
1
TO-H-6"¢1-S¢ TO=-N-G7CT=-6C
uorjtsodiodng ==—- N
e3eq Z-Ildh{—= z
ot ¢ { Uz —
aNgodT = ™
ﬂ =
] 00001 000T 00T 0T T 1000t 0001 GoT Y 1 z
1 aﬂﬂ._.ﬂl_'_lﬁ._._d’.a]ﬂljﬂ_dj-jﬂ]lqlﬂl 1070 T T T 4__:: LA LU 00 S N S B 112 00 B B I =
/. “(.(— i / —f, <
\ ' \
/. YA \m /.Sr.\(a
3 \
1°0 i U
R 1
“ M
-H-6"71- 3 8-A-G"ZT1-GC 3
g-H-6"Z1-6C MOM S c R




auTrT 8baeyd pue 10303519 - GZ-G7=Y ©

uot3jTtsodiadns pue eileq g-IIgW 3JO suosTiedwo) evizoads }DO0OUS

0000T

2} - Abuenbaag
0uloT 001

—-::_ I

uo13150d18dNg ===
eled Z-I1IdW
AN3IDIT

00001 000T 00T o1 T

_4.4.:1-—<_ ——:_~_~ T __:__1—— T

1

lllllll i

1

H=-H=4T =00

llllll il

ZH -

1070

01

___:_- LI _____4_ T

Aousnbaag
60001

*I1°d ®@anbtg

o1 1
T INALLAER ] 1070
1°0 %
£
3 <
3 —
\J/ — T m
4 =
10-A-$2~5T . <
3
ot
G001 00T o1 1
TTTrrrTT T —:——_-ﬁ T —:__—qq L] —---— 1
3
/

P o e

-

-— - .

T 0

1°G

314

OpPNOLg

AJLOOOA




dUI] ebaeyp pur I03IDBSTY - G'0-0G=y »
uotitsodiadng pue eieq z-I1dkW JO suostiedwo) ei3dadg ¥dOYS <214 @anbtd
2} - Aouanbouid

00001 0u01 00T 01 1 CIPIC10R 0uet 00T ot 1
L2 L I £ N |10 B B N (218 L 1°0 .

1
TO-H-6"0-06¢ 0T T10=-A-G70-0S
uo3T1s0diadng mee—-
eleq -118k {—=-m— 7
00T N oot ¢
aNgDAa'] -~ [Ts}
-~ —
< ™
0000T 000T 00T 01 1 0000T 000T 00T 01 1 M
_1:___ 1 | LLLLILLBLI T T T _:::- T - _::__. T | ULLAR LR | AL LRI I ~
10670 1°0 <
g-H-6"0-06§
Gl
> T, ATV St




j T . «“— o T T T e e T S e e s v oo e e e i

auTT abaeyd pue 10309STd - €~0G6=H @
uor3iTtsodiadnsg pue ejeq Z-IIH€W JO sSuosTiedwo) ex303dS YOO0US +¢1°+g 2aInbrd
ZH - Aouanboixg
00001 0001 00T ol T 00001 0001 001 01 1
10°0

1°0 1°0
1 1T ’
T1O-A-£-058
uotilTsodisdng —ee—— - :
ejeq g-I116W o z \
01 aNZoa1 T g
)
<
00001 0001 001 01 1 0001 00071 001 0T T it
T T q-ﬂ—:ﬂu T ~=_:_1J 1:_#—_ T .HO.CﬁAd




dUTT 8bIeyd pue 10303STd - §-0G=Yy o
uotjrsodiadng pue ejeq z-II€W 3O suostiedwoD eI3dads OOYS -y g oanbrg

ZH - Aouanboag

0000T 0001 001 01 1 00001 0001 00T 0T T
(LR I AN LLLI ) BN 1L R B L LA R 10°0 ILLAR R WLINE SRS L1100 I BN A L1110 B0 N BN (1210 0 1070

I°0 170
1 1
10-A-6~09
uoT3T1S0d19dNG = veem=—
0T ejeq Z-II9W 0T
aNIOd1
0000T 0001 00T 0T 1 00001 000T
ﬁ:_ _Z_ T _:___ LRI ______ﬁa T T0°0
A
"0
T

01

A3T1O0T10A opnosd




) SuTT 8bIPYD S 0-T°06 PUe “‘GZT ‘SL=Y §
uor3Tsodaadng pue ejeq z-II€lW JO suosTaeduo) eizoadsg qOOUYS  gT*dg aanbrig
Z}|] - Aouonbeig

00001 0001 00T 0T T
LLLILA S B 13 L0 I S S (LR1 R O S B | L1 L R RO 10°0

T
w
o
ol
) .
o
<
m
8 ,.
uotr3tsodiadng —e—— = !
~
eje -1 -
3eqQ z-116NW { ©
- —
aNdoaT [ag) .
;
L
zy - Adouonboig
0000T 000T 001 0T T 00001 0001 00T 01 T
_d-__l—d_ T —___——- T 7 ——_—_- LR —____u— LI _.ﬂl—d\d—_ 1 ——:——_ LI ‘—-—d——— T _.—ddu—- LRI .—Mﬁvlc

f/ 00

Loy g

Li L

AJEDOTOA OpNos

A=G 0-T1"06

01 01




103098Td - ¢ pue G ()-9°98=Y ¢ :
uoritsodasdng pue ejeq Z-IIdil 3O SUOSTIRAWOD ®vIFOIUS MOOUS gy aanbtg
2y - Adusnboig
00001 0001 00T 0T T QU001 101N oul (6X§ 1
{ JLARAIL L B | { LML S 1L LA B B L O 10°0
\
N
! VA
N \
,..s
v\ A .
\ \ \ 1°0
J i
] LAY
b
i
!
1
8-l1-£-9798 uoT3T50da9dNGg =——— g-A-£-9°983 _ r
]
ejeq z-119W{_T— « o
= 01 e-11ad 00T &£ n .
v a3 L
ANFOIT 5 _
< :
— !
00001 0001 00T 01 T 00001 0001 00T 0T T m
o
1T . rrrte T mrrrr 1t T AL L LLLARBLELEEI .
“_._.:___ 1 __:___~ T ____:_4~ ___ LI [0 0 _ _ _._ I 0 rM
/) ]
3 3
v T1°0
/
\l
| 5
. E
Tt
i
g-1~G°*0-9" = “A=Gh =L
S°0-9°98 do1 d-A=SV 0-LY




10309STd 6T PUR S°ZT ‘6-9-9°98= §
uotjtsodiadns pue ejeq z-IIgW 3O suostaedwo) ei3dodg 3¥00Us -, 1-y 2Inb1g

ZH - Aduanbaiayg

0000T 0001 00T 01 T 0000T 0001 00T 0T T
T T T T [y T Tt 100°0  LLLLR IR S |18 I D S L0001 L0 I R 10070
10°0 10°0
1°0 1°0
d-11-5°21-9"98
UoT3ITSOdI9dNG e e — 7
T e3eq Z-116H —— 1 2 o
ARIDT'] z P
<
0000T 0001 00T 01 T 00001 000T 00T 071 1 m
LU R T Y T T T T Hco.o.m
1070
T°

g-A-5°ZT1-9°98 d-li-6-2"98
01 I




dUTT @breyd ¢ 0-S €L PUP 103IDBS1E G°0-6 62TI=Yd ) w
uotrirsodaadng pue ejeq z-IIdiW 3O suosTixedwo)d evajoadg ¥ooys -gr*d =2anbig

Z}l - Aouoanboxg

0000T 000T 00t 0T T

o
w .
&
c
2
=}
, <
<
3
1 o
9 (ud d
] <
uot3tsodiadng =—=— '
. e3jeq Z-II1dN —— TO=-A-G 0-G"¢€T —
: _— o~ L
f aNaona'1 007 N \
ZH - Adusnbaig .
0000T 0001 00T 0T T 00001 00071 00T 01 1 .
—_:_ UL _A’:—_ LI —-_uz_— T 1:___ 1 H.C .
\ \)
)(\ / A £
(\\ //7 o .(M.
T £
<
01 z
i o o A—C(—f
d-H=-G"0-6"671 001 d-A-G"0-6"521 001

rF— v




QUTY @@M@CU G'0-88T7=4 ¢
uotatsodiadng pue eieq z-IIdik JO SUOSTIAedUO) BIFDAAS HOOUS -gT°d 2InbT4

s

z}] ~ Abuonboad
0000T 0001 001 01 ! 00001 0LGT 001 01 1 .
—ﬂu_l—__ LI ——:__A T T J—A-:_u T T _::__ LI HC.C _::d_ LB —____u_ T | __:___ LI A::JA T 1 AC-: '
- -4
4 - o~
- . o~
3 3 ™
3 3 z .
4 170 - 1°0 % .
/ £ .
] < ﬁ
. =
1 1 &
] Z
N et ()= B 3
IH-H-5"0-681 m 01 e A—C * 0B8] 3 .

uoT3150dandng = =——

eaed 7-11dn{

aANAOE]

—— gy . .




SUTT SbIeYD puR 10329STd S'21-0G=Y ©
uoT3iTsodIadng pue ejed z-IIdW JO suosTaedwo) ei3ndds 3d0ys c0z°d 2Inb14
Zll - Aduonboxd

00001 000t 00T 01 T 00001 0001 00T 01 T

1000 100°0

TO 0 10°0
T°0 1O-A=-4"2T~-04 1°0
uo131s0dI8dNg ===
eieqd N|:m2:
1 ananT 1
00001 0001 001 01 T 00001 060T FIR| 01 1
__13 T VT T 1 ﬁZ——Jﬁﬂ 1 |1ﬂ3|-_ 1 AC.C Tr T Jﬂ:jq 15_._ T HC.C
T°0 1°0
E
1 1
N 3
g-11-5"2T-0¢ E A=A=5"7T1-05 E
? do1 R ER

A310010A opnos

323




U - - S——
JUTT dbaeyDd pue 10329STd 62-0S=d u
uoTitsodaadns pue ejeq z-I11dl: JO suosTIedwo) vaI31D0dg H{o0Uuy
Zi -~ Jousnbiogy
0000T 0061 00T 01 1
—ﬂ:jﬁq T _::___ L _::_—— 1 __:-——a ¥ <,~__-C
1
-4
- =
1070 z
— ~
“
o =
uot3tsodandng =—ma e
eleq z-114u .
aNInaT v 3
ke
- 1
0000T 0001 00T 0T T 00061 0O0UT 0071 Gl
myry 7 _::—_q T _::qj 14 _______ T HCC.C —::« UL arTTrT v _::_. T 1 4::41_‘_
4 oo
T°0
] \
H=H{-G7 =0, 3 Y-A~52-04 7
= I
o Yo m A 2TTT

*1Z2°d @anbtyg

324

<

opte

‘;\1;‘\(31.\.\




DISTRIBUTION LIST

SEPARTMENT OF NEFENSL DEPARTMENT OF THE ARMY (Continued)

Assistant to the Secretary of Detfense U.S. Ammy Engineer Center
Atamic tnerqy ATTN:  Technical Librar

ATTN:  Erecutive Assistant

.S. Army Engr Waterways Exper Station

Jetense Advanced Rsoh Proj Agency ATTN:  WESSA, W. flathau

ATin: T ATTN:  WESSD, J. Jackson

ATTN: J. Zelasko

Jeterse intelligence Agency ATTN: Library

ATTN: RDS-3A

e b AT I T ICIRRIAR A Y s~

.S. Army Material & Mechanics Rsch Ctr
cetense Nudlear Ayoncy ATTN: Technical Library
AT TN SPSS, L Galloway
Sy ATTNG SPSS, oL Ul drich .S. Army Materiel Dev & Reudiness (md
ooy ATTNGD TIT ATTN: DRXAM-T|

Jetense Technical Information Center .S, Army Nuclear & Chemical Aqgency
Iooov ATTH: D ATTN: J. Simms
ATTN:  Library

Fretd Jomeand
Jetense Nuclear Agency DEPARTMENT OF THE NAYYy

ATTRD O EUTMD T T

ATIN:  FUOPR Naval Construction Lattalion (enter

ATTN:  Code 151, 0. (rawtord

Field Command ATTH:  Code L ORA
Jefoense Nuclear Agency ATIN:  Code 153, . Perrest

ATTN:  FCPRL

Naval Facilities Enaineering Command
Joint Strat Tgt Planning Staff ATTN:  Code D9M22
ATTN:  NRI-STINTQ Library
ATIN:  XPFS Naval Postgraduate School
ATTN:  Code 0142 Library
Undersecretary of Def for Rsch & Engrg ATIN: L. Lindsay
ATTN: Strategic & Space Systems (0S)
Naval Research Laboratory
DEPARTMENT OF THE ARMY ATTN:  (ode 2627
BMD Advanced Techrology Center Naval Surface Weapons Center
v wartment of the Army ATIN: Code F31
ATTN:  ATC-T ATTN:  Code X211

BMD Systems Command Naval Surface Weapons Center
lepartment of the Ammy ATTN: Tech Library & Info Sves Re
ATIN:  BMDSC-HW
Office of Naval Research
Chief ot Engineers ATTN: Code 71%
Department of the Army
ATTN:  DAEN-ASI-L
ATTN:  DAEN-RDM
ATTH:  DAEN-MPE-T, D. Revnolds Air Force Institute of Technoloaw
ATTN:  DAEN-RUL ATTN: Library

harry Diamond Laboratories Air Force Systems Command
Department of the Army ATTN:  DLwM
ATTN:  DELHD-T-TL
ATTN:  DELHD-N-P Assistant Chief of Staff
Intelligence
. Army Ballistic Research lLabs Department of the Air torce
ATTN:  DRDAR-TSB-4 ATTN: IN
ATTN:  DRDAR-GLE, . hkeefer
Assistant Secretary of the A7 r Force
. Army Cold Region Res fngr Lab Research, Development & |pgistics
ATTND  Library ATTH:  SAFALRDER for Strat & Shace S

. Army Construction Engrq Res tab
ATTN: Library




DEPARTMENT OF THE AIR FORCE (Continued)

Air Force Weapons Laboratory
Air Force Systems Command
ATTN: NTE, M. Plamondon

ATTN:  SUL

ATTN: NT, D. Payton
ATTN: NTED-I

ATTN: NTED-A

ATTN: DEY

ATTN: NTES-S

ATTN: NTES-G

ATTN: NTEO

Ballistic Missile Office

Air force Systems Command
ATTN: MNNXH, D. Gage
ATTN: MNNX, W. Crabtree

Deputy Chief of Staff
Research, Development, & Acq
Department of the Air Force

ATTN: AFRDQA

ATIN:  AFRDQSM

ATTN:  AFRDPN

ATTND APRDQT, N. Alexandrow

srategre Adr Command
ot the Ajr Force
GRI-STINFO Library

AT IR

s e gy benter
votet et s tne Ay Porge
TN Gl Slhrieh

DU LNERnY CONTRACTORS
Lterenie Ctvertiore hational Laboratory
ATTND DL lenn

Hational Scientific lLaboratory
reller
R. Sanford

mdiyg fational aboratories
ATTN: AL Chabal
ATTH: ORG 1250, W. Brown
SEPARTMENT OF DEFENSE CONTRACTORS

Acures Corp

ATYN: 0. Stockton
ATTN: KL Triebes
ATiie (. Wolf

Aerospace Lorp
ATTHL O HD Mirels
TTN: Technical Information Services

"

Aababian Associates
ATTN: M Agoabian

Sclied Theary, inco

ATTN: 0L tTyulio
et Nl
L, o
e 1
. RIS I ER MY i
N LY

California Research & Technology, Inc
ATTN: M. Rosenblatt
ATTN: Library

University of Denver
Space Science Lab
ATTN: J. Wisotski

Eric H. Wang

Civil Engineering Rsch Fac

University of New Mexico
ATTN: P. Lodde
ATTN: . Lamb
ATTN: J. Kovarna

General Electric Company—TEMPO
ATTN: DASIAC

H-Tech Labs, Inc
ATTN: B. Hartenbaum

Higgins, Auld & Associates
ATTN: N. Higgins
ATTN: H. Auld
ATTN: J. Bratton

[IT Research Institute
ATIN: Documents Library

J. H. Wiggins Co, Inc
ATTN: J. Collins

Kaman AviDyne
ATTN: R. Ruetenik

Merritt CASES, Inc
ATIN: Library

Mission Research Corp
ATTN: G. McCartor
ATTN: C. Longmire

Nathan M. Newmark Consult Eng Svcs
ATTN: N. Newmark
ATTN:  W. Hall

Pacific-Sierra Research Corp
ATTN: H. Brode

Pacifica Technology
ATTN: Tech Library

Physics International Co
ATTN: F. Sauer
ATTN: Technical Library
ATTN: J. Thomsen

R & D Associates
ATTN: Technical Information Center

ATTN: J. Carpenter
ATTN: J. Lewis
ATTN: C. MacDonald
ATTN: A. Kuhl
ATTN: R. Port
ATTN: P. Haas

Science Applications, Inc
ATTN: D. Hove

e et

H
i




DEPARTMENT OF DEFENSE CONTRACTORS (Continued)

Science Applications, Inc
ATTN: H. Wilson
ATIN: Technical Library
ATTN: R. Schlaug

Science Applications, Inc

ATTN: B. Chambers III
SRl International

ATTN: G. Abrahamson

ATTN: D. Johnson

ATTN: J. Colton

ATTN: Library

Systems, Science & Software, Inc
ATTN:  C. Needham

Systems, Science & Software, Inc
ATTN: J. Murphy

Systems, Science, & Software, Inc
ATTN: C. Hastings

327

DEPARTMENT OF DEFENSE CONTRACTORS (Continued)

Systems, Science & Software, Inc

ATTN: K. Pyatt
ATTN: J. Barthel
ATTN: Library

Terra Tek, Inc
ATTN: Library
ATTN: A. Abou-Sayed

TRW Defense & Space Sys Group
ATIN:  Tech Info Center
ATTN: T. Mazzola
ATTN: N. Lipner

TRW Defense & Space Sys Group
ATTN: G. Hulcher

Weidlinger Assoc, Consulting Engineers
ATTN: 1. Sandler

Weidlinger Assoc, Consulting Engineers
ATTN: J. Isenberg




