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Modeling Surface Motion and Spall at the Nevada Test Site

by

Fred N. App and Wendee M. Brunish

Los Alamos National Laboratory

Abstract

Spallation of the ground surface accompanies all underground nuclear explosions of

significant yield. We use computer modelling to investigate the physical processes that

- govern spallation and the amplitude and wavelength of motion at the free surface under a
variety of conditions. Four events are selected: MERLIN which was conducted in desert

alluvium; HEARTS which was conducted in tuff beneath the water table in Yucca Flat;
TOWANDA which was conducted beneath the water table on Pahute Mesa; and

HOUSTON which was conducted above the water table in very dense rock on Pahute

Mesa. These span the range of test environments for Los Alamos underground nuclear

tests. As a result of these investigations, we are able to offer a plausible explanation for the

less than negative 1 g "spall" accelerations so often observed on low yield events conducted
in alluvium. We believe it is associated with near surface shear failure of the alluvium as

the incident wave is reflected at the free surface. For "HEARTS class" events, the

phenomena of "delayed spall" at surface ground zero (SGZ) and the transition to more "N

shaped" velocity waveforms away from SGZ appear to be strong functions of the thickness
of the alluvium and the WP properties. Peak motions away from SGZ are less sensitive to

details of the geology than are those near SGZ. There are three distinct "pulses" that

determine the amplitude and period of motion at SGZ: 1) the elastic precursor, 2) the

remnant of the plastic wave and 3) a pulse generated by an elastic "rebound" at depth.

Spallation on Pahute Mesa appears to be less complicated than in Yucca Flat due to the lack
of alluvium at the surface. For TOWANDA and HOUSTON, we determine that the WP

saturation and strength of the rocks out to a few cavity radii are primarily responsible for
the observed amplitude differences in surface motions between those two events. At

TOWANDA, a near surface low velocity layer appears to have considerable influence on
spall depth. The calculations indicate that for the events not conducted in alluvium, the

kinetic energy azsociated with spall, and potentially available as a secondary source of

seismic waves, is about one-fourth that available for seismic waves radiating out from the
point source explosion.



I. IN'FRODUCTION

The facm_ influencingsurfacemotionandspallattendingundergroundnuclearexplosions

hasbeenth_subjectofnumerousstudiesandpapersovertheyears.Rinehart(1900)dealt

withthemechanicsofthespallprocessand thecreationofslabs(inthecaseofrock)and

"flakes"(inincompetentmaterialsuchasalluvium)duringthespallprocess.The workof

Eislerand Chilton(1964),Chilton,Eislerand Heubach (1966)snd Eisler,Chiltonand

Sauer (1966) progressed through investigations of spall in tuff, halite and alluvium. It was

determined that processes in alluvium were of a different nature than those in the halite andQ

tuff. Pert'ct (1971) studied and reported on ali aspects of stress wave related

phenomenology for the MERLIN alluvium event, including surface motion and spall. This
work is of particular interest to us since MERLIN is one of the subject events of our cre'rant

work. Glenn (1976) used the SOC one-dimensional finite difference stress wave code in

analyzing spall in one-dimension (spherical symmetry). He looked at the influence of
material properties on surface motion and spall.

More recent work that is of special interest to us is that of Patton (1990) and Stump and
Weaver (1991). These works are directed toward development of a spall source model for

the Arms Control and Treaty Verification programs. Stump and Weaver propose a spall

source model that couples free-field attenuation with free surface reflection. Patton has

analyzed over 30 Pahute Mesa events for characterization of the spall source and has

developed an algorithm for estimating the mass and energy associated with spall. An event

he was able to analyze in detail, owing to the availability of high quality data in the spall

region, was TOWANDA which also is one of the subject events of our study.

Our interest lies not only with arms control verification but also with the containment of

underground nuclear tests. The relevance of surface motion to containment has never been

firmly established, bm the feeling of many in the containment community is that conditions

that lead to exceptionally strong ground motion are to be avoided. We fcel that the best,

and perhaps the only way, to establish relevancy is through the use of stress wave

calculations that model ali the physical processes from inception of the explosion through

spall and spall closure.

In this paper we present the results of calculations in support of both the Los Alamos

Nuclear Containment Program and the Arms Control and Treaty Verification Program. lt is

not within the scope of the current phase of the study to fold results in with the work of

Stump and Weaver (199I), Patton (1990) or others, but that certainly is our intent in the

very near future. The emphasis of this paper is in evaluating our ability to model the

important aspects of spall, to develop additional understanding of the underlying physical



processes involved and to look at the influence of various shot configurations and geologic

circumstances on surface motion and spall. For both containment and verification

applications, an obvious advantage to using a modelling approach is that the analysis can be
extended to situations that are not covered by experience and are not amenable to

experiment. The obvious difficulty is in assuring that we are capturing tb", relevant
physical processes with response models that necessarily are a gross simplification and

approximation of the true nature of things.

II.. APPROACH

MERLIN, HEARTS, TOWANDA and HOUSTON are representative of Los Alamos tests

conducted in a) dry alluvium, b) moderate density tuff overlain by alluvium, c) moderate

density tuff with no alluvial cover and d) dense tuff and lava with no alluvial cover,

respectively. These span the range of environments for Los Alamos underground nuclear
tests. For each of the four tests, subsurface ground motion measurements are available to

provide a picture of how the explosion generated stress wave evolves as it propagates

toward and reflects from the ground surface. To complete the picture, there are free surface

motion measurements to greater than one depth-of-burial (DOB) horizontal range from

surface ground zero (SGZ).

By forward, iterative computer modelling and waveform matching of the subsurface

motion data, we are able to infer many of the in-situ response properties of the rocks at

each of the four event sites. This approach is indicated because of the extreme difficulty

encountered in obtaining such properties from laboratory tests on core, particularly for

materials lacking cohesiveness and/or containing large inclusions such as alluvium or for

rock masses containing numerous macro-scale fractures such as Pahute Mesa tuffs and

lavas. For MERLIN and HEARTS, we build on our previous modelling effo_s (Brunish

and App, 1989; App, Brunish and Edwards, 1989; App and Brunish, 1991). The

HOUSTON/TOWANDA work is new and is not as complete.

In this study, the emphasis is on surface motion and spall and we address only those

aspects of the calcuk_tions directly relevant to this issue. Our approach is to use the best

calculation (i.e., the mt st realistic inferred response properties and best waveform matches)

for each of the four events as a "Baseline Case" and use it in analyzing the physical

processes involved in spall. Then we perform a limited set of parameter/sensitivity studies

varying event and site parameters such as yield, DOB, mechanical properties and layering

to demonstrate the influence of such changes on surface motion and spall. In this paper,

we report on the Baseline Case for each of the four events but limit the reporting on

parameter studies to just MERLIN and HEARTS. We piace emphasis on the physical



processes inferred from the studies and limit discussion on the details of the response

models employed and how we developed them. Some of the model development was
covered in our earlier reports.

For stress wave calculations, we use a Los Alamos modified version of the Sandia National

Laboratory TOODY finite difference stress wave code (Swegle, 1978). Ali calculations are

run in a two-dimensional mode with cylindrical symmetry about a vertical axis. By

locating the energy source on the axis of symmetry we achieve the necessary spherical
divergence for stress wave propagation. In most cases, two-dimensions limits us to

representing the geology at each site as having horizontal layering with no lateral changes in

properties, although bedding dip or lateral variations can be modelled ff one can tolerate the

distortions caused by the cylindrical geometry. For the purposes of this study, the

assumption of horizontal layering is not a serious limitation. We employ a recta_gular

computational mesh with rectangular zones a few meters on a side in the region near the

axis of symmetry and from the working point (WP) to the surface, grading to larger size

zones away from the regions of interest. The mesh is preset with hyd:'ostatic overburden

pressure and the acceleration of gravity is set to 9.8 m/s2. Air above the ground surface is
not included in the calculations but there is no computational limitation precluding this. The

ground surface is modelled as a free boundary. A calculation is initiated by depositing the

appropriate amount of energy into a few zones followed by frequent rezoning to

disentangle the mesh during rock vaporization and cavity expansion. For this study, an

appropriate treatment for tensile failure is important. For each computational zone and for

each step in time, the stress tensor is rotated into its principle stress components and tested

against a tensile failure criteria (tensile strength). If the criteria is met, that particular

component of stress is relaxed to zero and the tensile strength for the zone is set to zero.

The mesh does not physically separate during tensile failure, rather failed zones expand and

become rarefiedat zero stress. For the selection of calculations present_ here, we use zero

as the tensile strength for ali geologic materials. This is on the basis of general field
observations of naturally occurring fractures in tufts and lavas or, in the case of alluvium,
the observed lack of cohesiveness. Additional details on the constitutive models used in

our version of the TOODY code are available in App and Bnmish (1991).

/

/
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III. RESULTS

MERLIN - A Low Yield Event Conducted m Alluvium.

Figure 1 shows the subsurface and surface motion station locations for MERLIN. The

10 kt event was conducted above the water table in desert alluvium at a depth of 296 m and
a scaled-depth-of-burial (SDOB) of 137 m/ktl/3. In our previous MERLIN work (Brunish

and App, 1989), we established that the alluvium at the MERLIN site can be loaded up to

1.2 MPa stress before significant pore crush occurs, thus leading to the development of a
distinctive elastic precursor in the propagating stress wave. We also established that the

material is exceptionally weak in shear with an unconfined strength of nearly zero. In the

MERLIN Baseline Case, the properties of the alluvium are the same at ali depths with the

following exceptions: 1) the surface layer dewn to 28 m is modelled as a uniform, low

velocity (weathered) layer that is even weaicer inshear than the already very weak deeper
material and 2) below 28 m the velocity gradually increases with depth in a manner

consistent with the measurements. The motion data was collected and Vn'st analyzed by

Sandia National Laboratory (Perrct, 1971). Figure 2 shows the calculated and measured

vertical particle velocity waveforms to a depth of 92 m. The measurements are hand

digitized from figures in the MERLIN report (Perret, 1971). The calculated risetimes and

peak amplitudes agree well with the measurements. Later phases are not in as close

agreement. The calculated stress wave for MERLIN at these same locations (Figure 3) is a

very broad, low amplitude pulse. 5pall, as defined by *,.hezero stress condition, is erratic

and of short duration. The stress wave for an event conducted in competent rock at the

same yield and DOB would have a much shorter risetime, higher amplitude and a longer
spall duration than shown here.

Figure 4 shows free surface vertical and horizontal particle velocity waveforms at Station

$2, which is near SGZ, and Station $8, which is !_ated 454 m away from SGZ and is

well outside the MERLIN spall region. At $2, the calculated waveform is not quite as

broad as the measurement but the main features such as the initial rise, the peak amplitude,
spall duration and recompaction (slapdown) are captured. At Station $8, the calculation

reproduces the initial upward motion reasonably well and there is no spallation. There is

poorer agreement between the measured and calculated horizontal components. The
calculation leads the measurement by almost 100 ms indicating the presence of lateral

variations in sound speed at the MERLIN site (tha* are not modelled). Also, from a

tangential measurement at $8 (not shown), there ,s a suggestion that three-dimensional
effects have become significant by about 800 ms.
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An interesting aspect of low yield events conducted in alluvium is the less than 1 g

downward "spalr' acceleration observed at the free surface. Perret (1971) in his anal:,sis of
the MERLIN data sometimes referred to it as "pseudospallation". Significantly, the

calculations also exhibit some "pseudospallation", but to a lesser extent than measured.

Inasmuch as the calculations are replicating much of the observed behavior, they can be

used to analyze the physical processes involved in spall and "pseudospalr' in alluvium.

Figure 5 is a series of time "snapshots" of zero pressure contours that show spallation

(hatched areas) as it develops in the calculation. During the early stages of spall (420 and

480 ms), partings are erratic and discontinuous. In the calculation, the incident stress wave
is elastic; but when it is reflected at the free surface as a rarefaction, the near surface

alluvium becomes less confined and begins failing in shear (recall the almost zero

unconfined strength), which in turn inhibits tensile failure. Figure 6 illustrates this

process. Shown are the calculated vertical acceleration, particle velocity and stress at an ,

edit point located 8 m beneath Station $6 at 152 m surface range. The measured and
calculated motion at the surface aiso are shown. At 8 m depth and during the time interval

from 340 ms to 500 ms, the alluvium unloads but does not spaU. Instead the material

enters a shear failure mode which broadens the wave and delays spall. Unlike the

measurement, calculated spall finally does occur at 500 ms. Figure 7 is similar to Figure, 6

but for Station $8 at 454 m range. Here, the material never does spall in the calculation but

there still is present what could be interpreted as a "pseudospalr' closure. Again, the near

surface material fails in shear as it unloads during the surface reflection. A point to be

made is that the reflected stress profile is not the mirror image of the incident wave,

contrary to what usually is assumed in classical spall analyses. Therefore, the depth and

duration of spall cannot be predicted on the basis of an incident wave's period and

amplitude alone. Also, as suggested in Figure 7, a measurement at the surface can show

many of the characteristics of spaU such as a spall closure phase, without the near surface

alluvium actually being separated from the material beneath it. Shear failure during

reflection of the low amplitude, broad incident wave, perhaps in combination with some

very minor, discontinuous and short lived tensile failure, is what we believe is responsible

for "pseudospallation" in alluvium.

Recognizing that the calculation appears to overestimate spall, it still is of interest to note

the energy partitioning between spalled and unspalled material. In relating it to MERLIN,

perhaps we can consider it as energy partitioning between understressed, nearly spalled
material and "normal" (near overburden) stress material. At the peak of spall at 580 ms, the

total kinetic energy within the calculated spall region is 3.6 GJ (-0.9 tonnes). This

represents about 0.009 percent of the total explosive energy of the MERLIN device. On

the other hand, the total kinetic energT' in the elastic field outside the damaged regions, and
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presumably in the form of seismic waves, is about 35 GJ (-8.4 tonnes - 0.08 percent of the

MERLIN yield).Forseismicsourceregionconsiderations,theenergypotentiallyavailable

forgenerationofseismicsignalsduringspallclosureisaboutone-tenthofthatpotentially

availableforseismicwavesradiatingfromthepointsourceexplosion.

We have some words of caution regarding the energy in the elastic field. A slight

equilibriumimbalanceinthecomputationalmeshcausessomeconversionbetweenpotential

energy(i.e.,overburdenstress)and internaland kineticenergy,confusingthepicture

somewhat astohow much ofthekineticenergyactuallyisassociatedwithoutward

propagating elastic waves. The error associated with this increases exponentially with time

and is small if we edit for elastic field energy relatively early in the p,-oblem. We decided to
choose a peak value of "elastic" kinetic energy which occurs about midway through a

typical calculation, recognizing that there may still be a small amount of material in the

problem that has yet to fail. This derived value for elastic kinetic energy probably is an

upper bound. We also are making the assumption that all energy that does not go into rock

vaporization, melt, crush, inelastic shear deformation or tensile failure is available for

seismic wave generation, and is the only energy so available. Having said ali this, we note

that the calculated value of .08 percent of energy potentially available for seismic wave

generatioft is in good agreement with Perret's (1971) estimate of 0.04 percent that he

derived by integrating the MERLIN shot level station waveforms for energy, and assuming

spherical symmetry. We plan further work specifically to look into possible sources of

error in our elastic energy edits and to test our assumptions regarding energy actually
associated with seismic wave propagation. The above cautions apply to ali elan,tic field

energy edits discussed in this paper.

MERLIN Parameter Studies

Case A - Higher Strength Alluvium. In our analysis of MERLIN, we emphasized the

effect of material strength on spall phenomenology. Here we somewhat arbitrarilyincrease

the strength of the alluvium by 50 percent. To achieve this, we a) increase the crush

threshold pressure from 1.2 to 1.8 MPa, b) increase the pressure at which pore crush is

complete from 30 Mpa to 45 Mpa and c) increase the shear strength at any given confining
pressure by 50 percent.

Figure 8 shows the calculated and measured particle velocity waveforms to a depth of

92 m. Comparing this to Figure 2, we observe that peak amplitudes are about 50 percent

higher and spall is stronger to a depth of 32 m. Figure 9 shows vertical and horizontal

particle velocity waveforms at the free surface (to be compared with Figure 4). There is less

"pseudospallation" and a stronger negative 1 g component in the calculation with increased

strengthalluvium.

12
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Figur_ I0 shows spall contours for the higher strength case at the same times as Figure 5

(Baseline Case). Spall is more d_finite and of greater extent for Case A. The maximum

kinetic energy within the s'pall region is 8.7 GJ (-2.1 tonnes). This is about 2.4 times the

spallenergyoftheBaselineCaseandrepresentsabout.02percentofthetotalexplosive

energyoftheMERLIN device.The totalkineticenergyintheelasticfield(rememberthe

caution)isabout62GJ (-14.8tonnes-0.15percentoftheMERLIN yield),sointhiscase

theenergypotentiallyavailableforgenerationofseismicsignalsfromspallclosureisabout

one-seventhofthatavailableforseismicwavesradiatingfromthepointsourceexplosion.

CaseA showsthatsurfacemotion,spalland "pseudospall"arcverysensitivetorelatively

smallchangesinstrengthofthealluvium.Also,the_sultssuggestthattoattainbetter
agreementwiththedata,strengthsevenlowerthanusedintheBaselineCaseshouldbc

usedinthemodelling.

CaseB -De_pexWP (400m) -sameSI)OB (Yield=24.7kt).Here,theobjectiveistolook

atscaleeffectsand determinethephysicalmechanisms(orcomputationalinadequacies)

responsibleforanydeviationsfromourstandardscalingassumptions.The waveformsarc

timedclay_fromtheBaselineCasebyabout60 ms becauseoftheincreasedrangestothe

editingstations.The onlystationsatthesamescaledrangeastheBaselineCasearcthose
atthesurfacenearSGZ.

Figure11showsthecalculatedandmeasuredparticlevelocitywaveformstoa depthof

92m. ComparingtoFigure2,we observethatthewaveformsarcsimilartothoseofthe

BaselineCase. At thesurface,theonsetof spallrelativetothefirstarrivalisdelayed

compared totheBaselinebutonce starteditisslightlystrongerand more definite.

Figure12 shouldbe comparedtoFigure4. Increasingboththedepthand yieldinthis

mannerbroadensthesignalatthesurface.

Figure13shows spallcontoursforthehigheryieldcaseattimesshiftedby 60 ms from

thoseofFigure5 (BaselineCase).The onsetofspallisdelayedcomparedtotheBaseline

(nospallbdore540 ms) butoncestarteditismore definiteandoccupiesa largervolume.

The frostspalloccurssubsurface.At 680 ms, thetimeequivalentto620 ms inFigure5,

thespallzoneisbeginningtoclosebutdotsnotfullycloseuntilabout800 ms,longafter

theBaselineCase.The maximum kineticenergywithinthespallregionis8.4GJ (-2.0

tonnes).Thisis2.3timesthespallenergyoftheBaselineCase,almostexactlythesame as

theyieldratio.The totalkineticenergyintheelasticfieldisabout115GJ (--27.5tonnes).

The ratioofenergyintheelasticfieldtoexplosiveyieldishigher(0.11percent)inthiscase
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than for the Baseline (.08 percent), a somewhat surprising result that may be physical

(deeper in the section) or may be due to the less-than-perfect energy editing procedure

discussed above. If it is a real effect, it may have implications for _leseismic observations.

Case C- Deeper WP (400 m) - MERLIN yield (SDOB=185.7). Here the objective is to

look at the effect of overburial on surface motion and spall. Again, bear in mind that ali

waveforms are time delayed by about 60 ms because of the greater depth of burial.

Figure 14 shows the calculated and measured particle velocity waveforms to a depth of

92 m. Figure 15 shows the surface motions. The only points to be made here are that the

wave shapes are changed very little from the Baseline Case; only the amplitudes and onset

and duration of spall are different and the differences are as expected.

Figure 16 shows spall contours for Case C, at times shifted by 60 ms from those of

Figure 5 (Baseline Case) but at the same times as Figure 13 (Case B). Spall is shallower
but of greater lateral extent than for the Baseline Case. It is shallower near SGZ because of

the greater SDOB; it has greater lateral extent probably because of the higher angle of

incidence at any given surface point away from SGZ. The maximum kinetic energy within
the spall region is 3.5 GJ (-0.8 tonnes), very nearly the same as for the same yield at a

shallower depth. The total kinetic energy in the elastic field is about 57 GJ (~13.6 tonnes),

about 60 percent greater than for the Baseline Case and consistent with the observation

made above for Case B that there may be a depth effect on coupling into the elastic field.
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HEARTS - An Intermediate Yield Event Conducted in Tuff Beneath the Water Table with

Alluvium at the Surface.

Figure 17 shows the subsurface and surface motion station locations for HEARTS plus the

stratigraphic section as it was broken out for the modelling. This nominal yield event was

conducted beneath the water table in moderately dense tuff at adepth of 640 m. The
stratigraphic sequence is comprised of an interlayering of tufts ranging from weak and

friable to strongly welded, ali overlain by a 298 m thick section of alluvium. Table I
describes in more detail the stratigraphy as it was used in the modelling along with values

of bulk density, gas f'tlled porosity and qualitative descriptions of the compressibilities and

shear strengths. The motion data was collected by Los Alamos. Figure 18 shows the
measured vertical particle velocity waveforms positioned by range from the WP. Lines 1

and 2 follow the first arrival and the peak of a "later phase". The reader will note that line 2

appears to be offset to the right of the points on the waveforms. The line is formed by

projecting the point on the waveform vertically down to intersect the range at which the

measurement is taken. The propagation velocity of the later phase is about 1000 m/s, close

to the mean bulk sound speed of the alluvium. The significance of this "later phase" is

discussed below. The tuff/alluvium interface is at 342 ra range, 12 m below Station 4.
Note the rapid change in character of the waveform that occurs between Stations 4 and 3.

Figure 19 shows a similar plot (less Station 3) but with the waveforms from the Baseline

Case calculation superposed on the measurements. There is good qualitative agreement
between calculations and measurements. Both show the severe attenuation of the wave as

it propagates through the deeper alluvium. Equally significant, the "later phase" is present

in the calculation. The precise amplitude and period of the waveform at Station 4 is very

sensi_ve to its distance above the interface, and the interface is known to slope between 10
and 15 degrees at this site. The fact that the calculated risetime is too short at that station is

not a concern; a better match could be achieved simply by changing slightly the location of
the interface (or the edit point). The noted attenuation is due to void crush and the fact that

we achieve the requisite broadening in the calculation at the upper stations is a good

indication that the crush response model we use for alluvium is basically sound. The main

discrepancy between the calculation and measurements is in the rarefaction (reverse slope)

part of the wave. The calculated broadening of the wave is not quite sufficient to delay
spall enough to match the data. However, we believe we are capturing enough of the

important physical mechanisms to allow us to proceed in analyzing surface mouon and
spall for HEARTS.

Events conducted beneath the water table in Yucca Flat generally have a "delayed" onset of

spall near SGZ. Figures 20 and 21 compare the peak free surface accelerations and particle
velocities at SGZ for HEARTS, TORTUGAS, CAPROCK and BASEBALL. Ali were
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Table I

Modelled Stratigraphyat U4n - HEARTS

Unit Depths(m) Description (rho=bulk density in Mgl_,
GFP=gas porosity in percent)

Qal 0-298 Tuffaceous alluvium - poorly indurated; rho=1.78;
GFP=16; highly compressible, Upper 45 m modelled as
low velocity weathered layer extremely weak in shear -
rest of alluvium only slightly stronger.

Tma/ 298-377 Ammonia Tanks Member of Timber Mountain Tuff plus
Tmru upper portion of Rainier Mesa Member of Timber

Mountain Tuff - ash flow tufts - non-welded; rho-1,95;
GFP=5.7; moderately compressible; moderate shear
strength.

Tmrm 377-450 Middle untt of the Rainier Mesa Member - ash flow tuff
(1&2) . moderately (upper part) to densely (lower part)

welded; rho,=2.07;GFP,11 (upper); rho-2.22; GFP-4
(lower); very stiff in compression; high shear strength.

Tmrl 450-480 Lower part of Rainier Mesa Member - ash flow tuff -
partially to moderately welded; rho-1.86; ,GFP=2;
moderately compressible; weak in shear.

Tp 480-655 Paintbrush Tuff - reworked tuff - slight to moderate
induration - zeolitized - water table at 505 m;
rho=1,85; GFP=2 above water table; rho=1.88;
GFP=0.5 below water table; relatively stiff due to low
GFP; mock)rat(shear strength.

Tt 655-1070 Tunnel Beds Tuff - reworked tuff -slightly indurated -
zeolitized; rho=1.96; GFP=0; stiff in compression dus
to satbration; moderate shear strength (stronger than
Tp).

Pz 1070-Base Paleozoic rocks; rho=2.78, GFP=0, very stiff in
compression, very high shear strength.
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conductedbeneaththewatertable,allhad "similar"scaled-depths-of-burialand allwere

locatedwithinthesame geologicstructuralblock.What isdifferentaboutthem isthe

thickness of alluvium present at their respective sites and to a lesser extent, their relative

depths beneath the water table. Some specifics are noted in Figure 21. Three of the
waveforms filE: RTS, TORTUGAS and CAPROCK) show three distinct arrivals prior to

spall. BASEBALL shows just two. Refening to Figure 20, the first and highest amplitude

arrival is the elastic precursor. The second arrival is the elastic remnant of the inelastic (or

plastic) wave, i.e., it is what is left over after the plastic wave decays to a point where the

material is no longer deforming inelastically. In this paper, we shall refer to it as the

"plastic remnant". For HEARTS, the third arrival corresponds to the arrival of the "later

phase" identified as line 2 in Figure 1g. For this selection of events, the time separation
between arrivals increases with inca'cased thickness of alluvial cover. For BASEBALL, it

is possible that the second and third arrivals are coincident as suggested by the slightly

more rounded peak of the velocity waveform. If these pulses arc spread out as they are at
HEARTS, the incident wavelength at the free surface is greater which can lead to deeper

spall. If they are close together as they arc at CAPROCK, they reinforce one another

leading to high free surface velocity. Note that unlike MERLIN, which was conducted

within the alluvium, spall acceleration is negative 1 g in ali four cases.

IntheHEARTS calculation,the"laterphase"(thirdarrival)isgeneratedby an elastic

reboundofmaterialfromthesideandbeneaththecavityandfocusedinwardand upward

alongtheverticalaxisofsymmetry.Henceforthwe willrefertothis"laterphase"asthe

reboundpulse.Figure22isa velocityvectorplottakenat600 ms. Each vectorlengthis

proportional to the particle velocity at that point. The arrows provide the sense of direction
of flow. At 600 ms, the rebound pulse is arriving at Station 3 (Figure 18). At depth, the
amplitude of this pulse is minute compared to the amplitude of the initial shock wave, but

because it propagates as an elastic wave it suffers little attenuation and has significant
amplitude relative to the other phases upon arriving at the surface. The sweeping motion is
preferentially upward because of the lower overburden pressure and reduced impedance
(sound speed, density) in that direction. Ali the factors that contribute to the rebound are
not fully understood. In a companion study of DNA tunnel events (Brunish and App,
1991), we have indications that variations in the elastic moduli (longitudinal and shear
velocities) with depth may be important.

Figure 23 shows the free surface particle velocities measured for HEARTS, positioned

within the picture by range from SGZ. Figure 24 shows a subset of these free surface

waveforms superposed with the calculated waveforms. There is a change in the character

of the surface motion with increasing distance from SGZ. At SGZ the three distinct phases

discussed above appear both in the calculation and measurements. With increasing distance

from SGZ the surface waveform becomes more "N" shaped, a signature typically observed
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near SGZ at sites without overlying alluvium, such as Pahute Mesa. An "N" shape results

when spall immediately follows the elastic precursor. At GM4 the calculated waveform

exhibits a double peak that agrees in timing but not amplitude with the measurement.
Examination of the plastic remnant at a subsurface edit point 163 m below GM4 shows that

it is poorly developed, thus it is relatively ineffective in delaying spall at the surface. Spall

begins early at GM4 (relative to GM1) and then is interrupted by the arrival of the rebound

pulse, resulting in the double peaked waveform. A similar examination at 163 m depth

below GM7 (not included in Figure 28 but located between GM6 and GMS) revealed that

there is no discernible plastic remnant at that location; therefore spall begins immediately

after surface reflection of the elastic precursor and the surface waveform is "N" shaped.

The calculated ftrst spall closures occur too early at Stations GM5 through GM8 but they

do show the same trend of successively later spall closure with increasing distance from

SGZ that is observed in the data. At these stations it appears that the calculation is

misrepresenting the strength and timing of the rebound pulse. At the farthest station

(GM12) the duration of spall and time of closure are very near the measured values.

Figure 25 is a two-dimensional representation showing the evolution of spall for HEARTS.

At 600 ms the surface is in spall between 300 and 700 m surface range from SGZ. Spall

lh'St started between 4130and 550 m range at 550 ms (not shown) and grew inward and

outward from them. This pattern of evolution is consistent with the measurements; spall

ftrst occurred at GM5, 476 m from SGZ. In the calculation, the spall briefly reaches a

maximum depth of about 220 m directly beneath SGZ at 710 ms. This too is in good

agreement with the measurement which indicates a very brief (---90ms) period of spaU at the

220 m depth (Station 3), starting at 600 ms. Because of the selection of snapshot times,

Figure 25 does not show the deepest spallation. However there is even more to it than this.

Beneath SGZ, a very large rarefaction region (less than 1 MPa compressive stress)

develops to the base of the alluvium (298 m) at about 700 ms and persists until 1.2 sec. In

Figure 25 this is shown as a lightly stippled region. The alluvium very nearly spalls to a

depth of 298 m, almost one-half DOB. It is obvious from the velocity field plot

(Figure 22) that the rebound pulse contributes significantly to the depth of the rarefaction.

Actual spall is inhibited by the same mechanism that inhibited spall on MERLIN; i.e., the

weak alluvium continues to fail in shear following surface reflection. The maximum spall

associated kinetic energy is at 1.1 sec. and amounts to about 0.086 percent of the energy

of the explosion. The total energy radiated as elastic waves from the point source

explosion is 0.320 percent, so the energy potentially available from the spall zone as a

second source for seismic waves is about one-fourth that potentially available from the
explosion itself.
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HEARTS Parameter Studies.

Case A - Deeper Water Table (Unsaturated WP). In the Baseline Case we modeled the

WP rock with 0.5% gas filled porosity (GFP). We did this simply to achieve agreement

with the measured amplitudes deep in the s_ction. This was addressed in the earlier

HEARTS report (App, Brunish and Edwards, 1989). Here we increase the GFP to 2%,

the apparent gas porosity of rocks just above the water table at the HEARTS site. Ali other

parameters are unchanged, including the shear strength of the rock which normally would
increase with a reduction in water content and saturation.

Figure 26 shows the calculated vs measured waveforms in the alluvial section. Comparing

this to Figure 19, we see that the rebound pulse either is missing or not distinct enough to

identify. However there still is a delayed spall at SGZ due to the plastic remnant. Along

the surface (Figure 27) we observe the same transition from delayed spall to an "N shape"
that was observed in the "baseline" calculation. Figure 28 shows the velocity field at

600 ms. There is not the same degree of rebound-associated upward motion that we

observe in the Baseline Case (Figure 22), suggesting that the rarefaction generated at a

water table has a strong influence on the timing and magnitude of the rebound.

Figure 29 shows the evolution of spaU, to be compared with Figure 25. Again the region

of very low, but still compressive, stress is stippled. The span patterns are similar but the

stippled regions are much different. The maximum kinetic energy associated with spall is

0.046 percent, 46 percent less than the Baseline Case, so despite the similar appearance of

the spall patterns, spaU was much less energetic in Case A. The energy radiated as elastic

energy from the explosion is 39 percent less than the Baseline Case. The high sensitivity

of both spall kinetic energy and elastic kinetic energy to a change in rock compressibility is
consistent with the MERLIN Case A result, i

Case B - Less Alluvium. Earlier, in describing the SGZ motions for HEARTS,

TORTUGAS, CAPROCK and BASEBALL (Figures 20 and 21), w_ noted the apparent
influence of the thickness of the alluvium on the time of arrival of two distinct pulses

following the elastic precursor. This calculation attempts to simulate the effect by reducing
the thickness of the alluvium above the HEARTS WP to 125 m (from 298 m). The

Ammonia Tanks (Tma) and the Rainier Mesa (Tmr) Tuff units also axe moved up and the

Paintbrush Tuff (Tp) is thickened by 173 m to make up for _he thinner alluvium.

Mechanical and physical prope_es of the stratigraphic units are unchanged.

Figure 30 shows the subsurface calculated vs measured waveforms, iThe measurements
are included only as points of reference; the calculated waveforms are!at the same ranges
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Figure 26. Comparison of calculated (solid) vs measured (dashed)
vertical particle velocity waveforms from surface to 280 m depth,
positioned by range from the WP. HEARTS Case A.
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Figure 27. Comparison of calculated (solid) vs measured (dashed)
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m range, positioned by range from SGZ. HEARTS Case A.
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but in different materials than for the Baseline Case. Only Station 1 is within alluvium.

Because the amplitude of the stress wave is less at the tuff/alluvium interface (because of

the greater range from the WP), it undergoes less failure and thus suffers less broadening
within the alluvium than in the Baseline Case. On the other hand, the time of arrival and

amplitude of the rebound pulse is not altered because it is a product of the WP

environment, which in this case is unchanged. The net effect is that there is less time

separation between the elastic precursor and the plastic peak (approximately halved) and

moretimeseparationbetweentheplasticpeakandthereboundpulse.Thisresultsinearlier

spallfollowedby a temporaryclosurewhen thereboundpulsearrives.CAPROCK, with

analluvialthicknessof134m, isthenearestanalogtoCaseB. ForCAPROCK, thetime

separationbetweentheelasticprecursorandthepeakoftheplasticremnantishalfthatof

HEARTS, thesame asforthecalculation.However forCAPROCK thereboundpulse

alsoisnearertheelasticprecursor,unlikethecalculation.Theseresultsareconsistentwith

ourmodellingsincewe didnotchangetheWP environment.An obviousnextstepisto

runacasewitha WP environmentmore likeCAPROCK's. As an aside,CAPROCK had

oneofthehighestSGZ freesurfacevelocitieseverrecordedinYuccaFlat(aclosesecond

behindATRISCO). We believenow thatthehighsurfacemotionatCAPROCK isdueto

mutual reinforcement among the three phases.

Along thesurface(Figure3I)we observethesametransitionfromdelayedspalltoan "N

shape"thatwas observedintheBaselineCase. Figure32 shows thevelocityfieldat

600 ms. There isthesame swirlingpatternand apparentfocusingalongtheaxisof

symmetryasintheBaselineCasedespitetheconsiderabledifferencesinstratigraphyabove

490 m depth.Thisisfurtherevidencethatthereboundiscontrolledprimarilyby theWP
environment.

Figure 33 shows the evolution of spall, to be compared with Figure 25. The main

difference between the Case B and the Baseline Case is the earlier spall at SGZ for Case B.

The maximum kinetic energy associated with spall is 0.063 percent, 26 percent less than

for the Baseline Case. The energy radiated as elastic energy ,.from the explosion is 12
percent more than for the Baseline.

Case C - No Dense Layers (No Tmrm). The middle unit of the Tmr (Tmrm) is 80 m thick

and strongly welded, providing a large impedance contrast to the other rocks in the area.

The purpose here is to investigate the influence of that unit on surface motion and spaU. In
most parts of Yucca Flat the Tmrm is less well developed or absent. For Case C we
replaced that unit by thickening the Tmrl, a non-welded unit that is weak and friable. All

other properties and layering are the same as for the Baseline Case.
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Figure 30. Comparison of calculated (solid) vs measured (dashed)
vertical particle velocity waveforms from surface to 280 m depth,
positioned by range from the WP. HEARTS Case B.
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Figure 34 shows the calculated vs measured waveforms in the alluvial section. In
considering the amount of energy propagated to the surface there is a tradeoff between
energy reflected back from a dense, strongunit (Tmrm) when that unit is present and the
additionalenergyexpended in crushandshearfailure in a weakermaterialwhen the su'ong
unit is not present. In this case, the weaker material has the greatereffect. Amplitudes in
the atluvium arelower and the wave is slightly broaderthan for the Baseline Case. Along
the surface (Figure 3S), the peak velocities near SGZ are lower than for the Baseline Case
but at largeranges they arc the same. The attenuationthroughthe Tmrl is much less along
the raypathto the more distant stations because of the greaterdistances (i.e., lower stress
levels) involved. There is very little difference in the characterof the velocity field for the
two cases (Figures36 and 22).

Figure 37 shows the evolution of spall, to be compared with Figure25. At 1100 ms, when
spall appears to be most fully developed, it is deeperbeneath SGZ for Case C than for the
Baseline, probablybecause of the longer period and therefore longer wavelength of the
incident wave. Interestingly, and for reasons not entirely clear to us, the large volume of
material in a "near spall" condition that developed in the Baseline Case did not develop
here. The maximum kinetic energyassociated with spall is 0.104 percent, 22 percent more
than in the Baseline Case. The energy radiated as elastic energy from the explosion is
nearly the same as the Baseline Case.
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TOWANDA and HOUSTON - Pahute Mesa- No Alluvial Covm'.

The TOWANDA (U19ab) site geology and instrumentation are shown in Figure 38. The

layeringshown inthefigurereflectsthebreakoutsastheywere modelled,which arc

controlledasmuch by changesinlithologyasstratigraphy.Thiseventwas conducted

beneaththewatertableatadepthof660m. The stratigraphicsequenceattheU 19absiteis

comprisedofaninterlayeringoflavas,weldedtuftsand non-weldedtufts.'lhcWP isin
non-weldedtuff.At thesurface,theuppermost15m islow densityAmmonia TanksTuff

(Tma).Below that,extendingtoa depthof310 m, islhcRainierMesa Tuff(Tmr)which

generallyismuch thickeronPahutcMesa thaninYucca Flat.Itisa dense,moderatelyto

stronglyweldedashflowtuffthatisofspecialinterestinthisstudybecauseitlieswithin

theregionof spallforbothTOWANDA and HOUSTON. An extensivearrayof

measurementswereatlemptcdintwo satelliteholesaswellasintheemplacementhole.

SandiaNationalLaboratoryfieldedsome dccpstressandmotiongagesandLos Alamos

fielde_lbothd_p andshallowaccelerometersinoneoflhcsatelliteholesaswellasinlhc

emplacementhole.Alldeepgagestcrminamdearly,i.e.,beforereachingthelh'stparticle

velocitypeak. The d¢cl_Stgagestationtosurvivelongenoughtoreachpeakparticle

velocitywas MH-B locatedinlhcemplacementholeat440 m. "lhcd_pestsatellitehole

gagetomach lhcvelocitypeakwas locatedat305m depth(SAT-2G),lessthanone-half
DOB. From 305 m toSGZ lhercarceightstations,allofwhichdidsurvive.Onlythose

locationswithgagesthatsurvivedlongenoughtobcusefultoouranalysisarcshown in

thefigure.As faraswe know,thesenearsurfacemeasurementsprovideamerc detailed

pictureofsubsurfacespaUon PahutcMesa thanforanyolhcrevent.TableIIdescribesin

more detaillhcstratigraphyatlhcTOWANDA siteasitwas usedinlhcmodellingalong

with valuesof bulk density,gas filledporosityand qualitativedescriptionsof lhc

comprcssibiliticsandshearstrengths.

Figure39 showsthesitegeologyandthesubsurfaceand surfacemotionstationlocations

forHOUSTON (U19az).Thiseventwas conductedintuffabovelhcwamr tableata depth

of595 m, and a scalcd-dcplh-of-burialsimilartothatforTOWANDA. The WP was in

denselywcl_d tuff.The nearsurfacematerialsarccomprisedofa 25m thickmoderately

weldedcaprockunderlainby40m ofnon-weldedashflowtuff,bothbelongingtotheTma

s_atigraphicunit. Below theTma, extendingtoa dcplhof255 m, isthemoderatelyto

denselywelded Tmr. UnlikeMERLIN, HEARTS and TOWANDA, allsubsurface

accclcromctcrstationswcrcintheemplacementhole;therewcrc no satcUitclinsu'umcnt

holesforHOUSTON. The insn'umcntswcrcfieldedbyLos Alamos.The gagesatallfive

depthssurvive_lgroundshockand recordedmotionwellpastthefirstparticlevelocity

peak. Infact,fouroflhcfive(A,C,E andF)survivedtomaximum recordingtimeof
sevenseconds.How welllhcmotionfrom suchmeasurementsrepresentsthefrccfield
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Figure 38, TOWANDA ground motion station locations and
stratigraphic section as it was modelled in the Baseline Case.
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Circles represent three component surface accelerometer stations.
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Table Ii

Modelled Stratigraphy at U19ab- TOWANDA

Unit Depths (m) Description (rho=bulk density in Mg/_,
GFP=gas porosity in percent)

"rmal/ 0-35 15 m of Ammonia Tanks Tuff; 20 m of upper Rainier
Tmru Mesa Tuff- ash flow tufts - non-welded to moderately

welded; rho=1.67; GFP=17; moderately compressible;
moderate shear strength; very low sound speed.

Tmru/ 35-260 29 m of Upper Rainier Mesa Tuff, 196 m of Lower
Tmrl Rainier Mesa Tuff - ash flow tuff - partially to

moderately welded; rho=2.2; GFP-6.8; stiff in
compression; very high shear strength.

Tmrl 260-310 Lower Rainier Mesa Tuff - ash flow tuff - vitrophyric;
rho=2.3; GFP=0.8; very stiff in compression; high
shear strength; high sound speed.

Tmrl/ 310-360 24 m of Lower Rainier Mesa Tuff; 26 m of Pool Unit -
Tnp ash flow and reworked tuff - non-welded; rho=l.B;

GFP-22.7; moderately compressible; low shear
strength.

Tpcu 360-380 "t'iva Canyon Tuff - ash flow tuff - vitrophyric; rho=2.2;
GFP=5; stiff in compression; very high shear strength.

Tphr 380-390 Non-welded tuff - vitric; rho-l.4B; GFP=27; moderate
compressibility; low shear strength.

Tppr/ 390-490 Upper 79 m vitric, in places frothy lava - lower 21 m
Trau vitric, non-welded tuff; rho=l.9; GFP=16.9; Stiff in

compression; moderate shear strength.

"rrau 490-535 Non-welded tuff - zeolitic; rho-2.15; GFP=7.2;
moderate compressibility; moderate shear strength.

Traul 535-615 Non-welded tuff - zeolitic; rho=2.15; GFP=7.2; stiff;
Tram relatively high shear strength; water table at 615 m.

Tram 615-Base Non-welded tuff - zeolitic; rho=2.41; GFP=0; stiff
because saturated; relatively high shear strength.
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Table III

_ Modelled Stratigraphy at U19az- HOUSTON

Unit Depths (m) Description (rho=bulk density in Mg/n_,
GFP=gas porosity in percent)

Tma/ 0 - 65 Upper 40 m is Ammonia Tanks Tuff - non-welded to
Tmr partially-welded to bedded; lower 25 m is Rainier Mesa

Tuff - bedded; rho=l.6; GFP-24; highly compressible;
low shear strength.

Tmr 65-255 Rainier Mesa Tuff - partially to densely welded;
rho-2.16; GFP=8.5; stiff in compression; high shear
strength.

Tnp 255-285 Pool Unit - non-welded tuff; rho=l.6; GFP=21;
moderately compressible; low shear strength.

Tpc 285-305 "riva Canyon Tuff - moderately to densely welded to
vitrophyric; rho=2.18; GFP-5.8; very stiff in
compression; very high shear strength.

Tphr 305-335 Bedded Tuff; rho=l.6; GFP-21; moderately
compressible; low shear strength.

Tppr 335-555 Lava; increases with depth from rho-1.78 at top to 2.28
at base; GFP-23 at top to 1.6 at base; stiff at top to very
stiff at base; moderate shear strength at top to high shear
strength at base.

Tppr 555-720 Densely welded tuff; rho=2.39; GFP=I.3; very stiff in
compression;high shear strength. Water table at 720
m.

Tprp 720-Base Rhyolite of Silent Canyon and older units; rho=2.41;
GFP-0; very stiff in compression; high shear strength.
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motionhasnotbeenfirmlyestablished.Basedon thefewcomparisonsmade between

emplacementandsatelliteholemeasurementsattheNTS,includingTOWANDA, andalso

on (unreported)computersimulations,wc believethegeneralshapeandbreadthofthe

waveformsarerepresentativeofthefreefield;howevertheearlypartoftheriseprobably

lagsthefrccfieldduetocompactionofstemmingmaterials.TableRIdescribesinmore

detailthestratigraphyasitwasusedinthemodellingalongwithvaluesofbulkdensity,gas

filledporosityandqualitativedescriptionsofthecompressibilitiesandshearstrengths.

An importantpointisthatthestratigraphyatthetwosimsissimilardown toandincluding

theTnp,Tpe,Tphrsequence.Belowthatthetwosettingsarcquitedissimilar."lhcdeeper

unitsatHOUSTON am denselavasanddense,stronglyweldedluffs.AtTOWANDA the
lavasarcofrelativelylowdensityandthetuffsarenon-welded.

Figure40showstheaccelcrometermeasurementsfromtheTOWANDA satelliteholefrom

305 m to the surface. Superposed on the plot are straight line segments drawn connecting

1) first detectable motion and 2) the peak acceleration of a downward propagating
rarefaction. Similarto the construction of Figure 18, line 2 connects the intersection points
of picked times and station ranges. Between Stations 2G and 2H, the apparent elastic wave
propagation velocity is about 4000 m/s. This interval is comprised of a very high density
(-2.3 Mg/m3) portion of the Tmr, including a vitrophyre. Between Stations 2H and 2K,
lhc velocity is relatively constant at 2100 m/s. This comprises a major portion of the Tmr,
and them areno vitrophyricsections present. Between 2K and 2L, sRll within the Tmr, the
velocity drops to about 1800 m/s. In the uppermost interval, between 2L and the surface,
the apparent velocity is only 650 m/s. The interval includes the remaining 15 m of Tmr
plus the Tma. This velocity structure is the key to the picture of subsurface spaU that
develops for TOWANDA.

Atthefourdeepeststationstheshapeandthewidthofthefirstpositiveaccelerationphase

are very similar, suggestingthat the wave is elastic or nearly elastic. Above that point there
is interference from the rarefaction so one cannot be certain. The apparent propagation
velocity of the rarefaction(line 2) between 2K and 2H appears to be a bit higher than the
elastic propagation velocity inferred from the first arrivals over the same interval. The
rarefactionidentified by line 2 is not generatedat the free surface but rather ata subsurface
impedance discontinuity. By projecting the rarefaction back to an origin point and using
apparent velocities from the first arrivals (line 1) we estimate that the impedance change
occurs at a depth of about 35 m. Density logs and geophone surveys at the site are not very
consistent in locating an impedance discontinuity at this depth, nor is there a change in
stratigraphyas currentlyinterpreted, but a large impedance change surely must exist. The
substantial (80 percent) amplitude increase observed at Station 2M is caused by this
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impedance break, not the free surface. There is a very broad, gradualdecay toward the
negative 1 g spall acceleration in all of the waveforms. However they do not all actually
reach negative 1 g. Furthermore, the deeper _,_easurementsterminatedearly so we cannot
use a spall closure signature as evidence of whether they did or did not spall. It is not
entirely clear what the true "depth of spalr' is for TOWANDA. Patton(1990) estimates a
depth of 280 m from his analysis. The overall effect of the near surfacelow velocity layer
is to broaden theeffective wavelength of therarefactionand deepen spall.

Figure 41 is a plot similar to Figure 40 but for the HOUSTON event. Again the
waveforms are only from stationsin the Tmr on up. The amplitudeand time scales arethe
same in both figures. For HOUSTON, the waveforms are much more impulsive with
higherpeak amplitudes and shorterperiods. The surface generatedrarefactionappearsto
be at least partlyresponsible for the positive excursion at 0.36 sec at BF-F. From the first
arrivals,there is no indication of a substantialnear surface velocity change at HOUSTON.
Spall appearsto be muchshallower for HOUSTON than for TOWANDA. The rock spalls
at 50 m depth but there is no indicationof spall at 200 m depth.

Figures42and43aretheintegrations(particlevelocities)oftheaccelerometerwaveforms

ofFigures40and41.Thetimeandparticlevelocityamplitudescalesarethesame.The

amplitudesareconsiderablyhigherforTOWANDA becauseofthebroaderacceleration

pulse.Figure44comparesSGZ motionsforbotheventsto3 sec,pastspallclosure.The

groundmotionwassubstantiallygreateratTOWANDA despitethatevent'sgreaterSDOB,

howeversuchdifferencesarenotparticularlyunusualforPahuteMesa.Itisourgoalto
understandthedifferences.

Figure45showsacomparisonofasubsetoftheFigure42TOWANDA waveformswitha

calculationthatincludesavelocitydiscontinuityat35m. Thesurfacearrivalistooearlyin

thecalculationsotheseparationbetweenrarefactionsfromthe35m discontinuityandthe

freesurfaceisnotasdistinctasinthemeasurements.Inthisinstance,some interfering

numericalnoisealsoisgeneratedatthesubsurfaceinterfacethatpropagatesdownwiththe

rarefaction.Alongthefreesurface('Figure46)thecalculationsdo notcapturethefirst

arrivaltimes, spaUclosure times or the attenuationof amplitude with range. The calculated
fast arrivalslead the measurementsby as much as 200 ms at the farther-outstations. There
is a geologic/topographicexplanation for this. The TOWANDA emplacement hole is sited
in a depression surroundedon all sides by hills. The Tma is interpreted by geologists to be
thinnestbeneath SGZ, rapidly thickeningaway from SGZ. This lateral change in thickness
probably is responsible for mostof the differencesbetween calculations and measurements
along the free surface. There has been no attempt to model the lateralvariation although in
this particular instance it is possible to do a firstorderapprox'nnationof the effect using our
two-dimensional, axisymmetric modelling. With a few minor adjustments in the near

5O



8._0 ! I I I I "' l ! ' ! I

o• j iill I "" _

700 --.., ",, -.,.
Gldl-SC-,Z " - ,. "

650 .• s J ....,-, SAT-2M "- ._,.

w 600 SAT-2L s'." • .... .... -..
Zf_ "4" S • _ "" "" ',,. _'_ q,b

550 _AT-2K _ J • ,, - • " " .- .. " "- ..

500 SAT-2J • s, s .... -..... ...... -...
it• • _" _ *,, .,, .

450 SAT-21 ,*• " " " ... " " -.
S •

400 SAT-2H • - .... ....

SAT-2G •* " "..... -
...... i'-- I I

35oo o. _oo o 2oo o.4o0 o. _oo ' '0.600 0.700 0.B00 _._eO... 1 u00• 0. 300
T,ME (soc) "" -

Figure 42. Measured vertical particle velocity waveforms from the
surface to 305 m depth, positioned by range from the WP. TOWANDA event.

75O

7O0

650 / " " ....

600 GMI-SGZ • r - • .."

uJ 550 BF-F ,,_

500 - - -

450 _ " •
I %,,.

400 BF-E ." " " "-

35O

I_OOo o._oo o._oo o;oo ' o._oo ;oo '• o.,oo o. o._oo o..oo o._oo .,oo
_u[ (soc)

Figure 43. Measuredvertical particlevelocity waveformsfrom surface to
200 m depth, positioned by range from the WP. HOUSTON event.

°

51



2O
t8
16

w,,14

i '°
- 8

$
4

0
,-.2

-6 o.5o _.oo 1.50 2.oo 2. _o _. ooTiu[ (s[coNos)

S

S

4 "row_

lJ

2

1

, -4
-5

-e O. _0 _.00 _.50 2.00 2.50 3.00
T iU[ (S[CONDS)

1.80

1.60
1.40

1.20

; _.oo

0.80O.SO

0.4D
3 0.20

0

-0.20 0._0 _.00 _.SO 2.OO =.SO 5.00T.4[ is[com)sl

Figure 44. Comparison of TOWANDA (lighter line) and
HOUSTON (heavier line) SGZ vertical free surface
acceleration, velocity and displscement waveforms to 3 sec.

2 " "



• " ' " T0u("(src) .... _oo
Figure 45. Comparison of calculated (solid) vs measured (dashed)
vertical particle velocity waveforms from surface to 305 m depth,
positioned by range from the WP. TOWANDA Baseline Case.

2200 . , • . _ , v ' _ " • m

2OO0

1800

Q-, _.
1000

1400 _d8 GM12 __._,._
mmmmRmmmwaii iii li i I _ __Jib_

_, 1200

J

.0

o o. _o0 o._so 0.3¢o 0.4oo o.soo o.soo o.?0o o.eoo o.eoo I.oo0
T,a((soc)

Figure 46. Comparison of calculated (solid) vs measured (clashed)
vertical free surface particle velocity waveforms from SGZ to 1635
m range, positioned by range from SGZ. TOWANDA Baseline Cause.

53



surfacelayering,we believewe havea BaselineCaseforfutureTOWANDA spall

parameter studies.

Figure47showsthedevelopmentofspallintheTOWANDA calculation.Directlybeneath

SGZ, spallreachesthebaseoftheTmr (310m) by 600 ms. Spallisconfinedtothe

(unrealistically)thinTma away fromSGZ whichcausesthereducedamplitudesand

prematurespallclosuresnotedinconnectionwithFigure46.ThedeepspallbeneathSGZ

isconsistentwiththemeasurements.Figure48 showsthevelocityfieldat600 ms.
ComparedtoHEARTS, themotionsappeartobemorelocallycontrolledandbelowabout

350m aredirecteddownward.Thereisno indicationofareboundpulsepropagating

towardthesurfaceeitherinthemeasurementsorcalculation.The maximum spall

associated kinetic energy is 0.160 percent. The total energy radiated as elastic waves from
the point source explosion is 0.596 percent, so the energy potentially available from the
spall zone as a secondary source for seismic waves is about one-quarter that available from
the point source explosion itself. Both the calculated energy available for seismic wave
propagation and the spall energy are quite a bit lower than those estimated by Patton (1990)
for Pahute Mesa events in general, but interestingly he concluded that about one quarter of
the availableenergy outside the non-linear region goes into spall, similar to our conclusion.

Withregardtotheanalysisofsurfacemotion,theHOUSTON calculationshavebeen

largelyunfruitfultothispointinthestudy.We haveno calculationinwhichwe have

sufficientconfidencetoconsiderita BaselineCaseforparameterstudies.Figure49
comparessubsurfaceparticlevelocitiesfromourbestcalculationsofarwiththesubsurface

measurements.Figure50comparesfreesurfacewaveforms.Althoughwe doquitewellin

matchingthefreesurfacemotionsforasfarasthecalculationwascarriedintime,we

suspectthatourmodellingofsubsurfacespallisincorrect.Ofconcernisthedisagreement
atStationBF-Ebetweenmeasuredandcalculatedwaveformsafter270ms.

Elements of the measured waveforms that we are replicating are initial risetimes andftrst-
peak amplitudes, which are quite different (more impulsive) than those for TOWANDA.
This probablyis responsible far the good early agreement at the free surface where spall is
initiated before the liner phases can have an effect. The more impulsive nature of the
HOUSTON dam was discussed above and we are capturing that in the calculation. The
differences between the HOUSTON and TOWANDA motions stem from differences in

relativelocationsoftheWP'stothewatertableandtherockpropertieswithinafewcavity
radii.BecauseHOUSTON isabovethewatertable,shockcouplingofenergyintotherock

isrelativelyweak.Away fromtheWP thehighstrengthoftherockretardsbroadeningof

thewave.Theseeffectscombinetocreatetherelativelylowamplitude,narrowpulse

observedforHOUSTON. BecauseTOWANDA isbeneaththewatertable,thereisstrong
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shock coupling. However, the rocks above the water table out to a few cavity radii are

generally more compressible and weaker in shear, causing a broadening of the wave.

These effects combine to form the broad, hlgh amplitude pulse observed for TOWANDA.

What is observed in the upper part of the section and at the surface is largely determined by

what happened deep.

No parameter studies arc being reported for either TOWANDA or HOUSTON, but such
studies arc in progress for TOWANDA.

IV. SUMMARY AND CONCLUSIONS

While the study is incomplete, we fcel that we have added to the body of understanding

regarding surface motion and spall from underground nuclear tests. Following, we

summarize what we consider to be the more important and interesting findings.

ForMERLIN we haveofferedaplausibleexplanationforthelessthannegative1g "spall"

accelerationssooftenobservedon lowyieldeventsconductedinalluvium.Wc believeitis

associatedwitha shearfailurephenomenon astheincidentwave isreflectedatthefTce

surface.Surfacemotionandspallarcsensitivetorelativelysmallchangesinthecrushand

shearstrengthofthealluvium.The energyassociatedwithspall,andpotentiallyavailable

asa secondarysourceforseismicwaves,appearstobedirectlyproportionaltotheyield

and isinsensitivetodepthofburial,despitedifferencesinthedistributionofthespalled

mass.The energypotentiallyavailableforseismicwave generationfromspallclosurein

alluviumisaboutone-tenthofthatavailabledirectlyfromthepointsourceexplosion.

ForHEARTS (andpresumablyforothereventsconductedbeneaththewatertableinYucca

Flat)we haveestablishedaplausiblemechanismleadingtodelayedspallandamplification

ofthepeakfreesurfacevelocitynearSGZ. We identifythreephasesimportanttosurface

motion,twoofwhichwerewellknown beforethestudyandone thatwas not.Theseare

theelasticprecursor,theremnantoftheplasticwave and areboundpulsethatoriginates

deepinthesection.The relativecontributionoftheplasticremnantisa strongfunctionof

rangetothetuff/alluviuminterface.The amplitudeand timingofthereboundpulseis
sensitivetotheWP propertiesand/orthedistancefromWP tothewatertable.The initial

freesurfacemotionsaway fromSGZ (-IDOB ormore)arcnetinfluencedby thelattertwo

phases and may, therefore, be more reliable indicators of the yield of the device than arc the

SGZ motions (which are so sensitive to details of the geology). For a "HEARTS class"

event,thepeakenergyassociatedwith@all,andpotentiallyavailableforthegenerationof

(secondary)seismicwaves,isaboutone-fourththeseismicenergyavailabledirectlyfrom

thepointsourceexplosion.
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The fact that the third pulse is associated with rebound has implications for underground
test containment since rebound, and the resulting formation of a residual stress field, is

central in the containment analysis of NTS underground tests. There is a potential for

analyzing cavity growth and rebound from surface observations, a rather surprising and

exciting possibility. We have not determined that unusually high free-surface velocities am
"bad" for containment. More analyses of the calculations is required, but now that we

better understand the underlying physical mechanisms that result in such high surface

motions, we feel we are on f'u'merground to make such analyses.

On Pahute Mesa, spallation appears to be less complicated than in Yucca Flat. For the two
cases we have looked at, the mechanics of spall would appear to follow the standard

treatments often employed in spall analyses. In general, the reflection from the free surface

probably does not result in additional shear failure of the near surface materials so elastic

superposition of stresses probably applies. We demonstrated calculationally that WP
saturation and strength of the rocks out to a few cavity radii are primarily responsible for
the observed differences in surface motions between TOWANDA and HOUSTON. This is

not a particularly surprising result, but we are pleased that we can replicate this observation

using rather straightforward modelling techniques. We have seen that a near surface, low

impedance layer has a significant influence on the pattern of spall, although we currently
lack the parameter studies to be more definitive on this. We could make the argument from

the dynamics that such a near surface low velocity layer as exists at TOWANDA is

somewhat analogous to a shallower SDOB. As is the case for the higher yield events in

Yucca Flat, the energy associated with spall is about one-fourth that available for seismic

waves from the point source explosion.

Table IV summarizes the energy partitioning for the cases covered in this paper.
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Table W

Energy Partitioning Summary

Event/ PeakEnergy Peak Energy Ratio of Peak

Case in Spall in Elastic Field Spal]/Elastic
(% of Total) (% of Total) Energy

MERLIN 0.009 0.087 0.103
Baseline

MERLIN 0.021 0.151 0.139
CaseA

MERLIN 0.008 0.114 0.073

Case B

MERLIN 0.008 0.140 0.061
Case C

HEARTS 0.085 0.320 0.266

Baseline

HEARTS 0.046 0.196 0.234

Case A

HEARTS 0.063 0.359 0.176
Case B

HEARTS 0.104 0.334 0.310

Case C

TOWANDA 0.159 0.595 0.267
Baseline

" 6O



V. ACKNOWLEDGMENTS

This work was performed under the auspices of the U. S. Department of Energy. Support

for some of the work was provided by the DOE Office of Arms Control through the

Los Alamos Source Region Program. The authors would like to thank Jack W. House,
Nuclear Test Containment Program Manager for his continuing support of our work.

Also, special thanks to Jake Perea, Bob Fitzhugh, Alex Salazar, George Chandler, Jim

Turner and other members of the Los Alamos Field Instrumentation Group (J-8) for their

high level of cooperation and positive efforts over the years in obtaining the ground motion

datasovitalto thisinvestigationandotherslikeit.

VI. REFERENCES

App, F. N., Brunish, W. M. and Edwards, C. L., "Modelling of the HEARTS Event",

Proceedings of the Fifth Symposium on Contaimnent of Underground Nuclear

Explosions", CONF-8909163-Vol. 2, Mission Research Corporation, Santa Barbara, CA,

19-21 Sept. 1989.

App, F. N. and Brunish, W. M., "Stress Wave Calculations of Four Selected

Underground Nuclear Tests: MERLIN, HEARTS, PRESIDIO and MISTY ECHO",

Los Alamos Informal Report EES-NTS-91-03, Jan. 1991.

Brunish, W. M. and App, F. N., "Modelling of the MERLIN Event", Proceedings of the

Fifth Symposium on Containment of Underground Nuclear Explosions", CONF-8909163-

Vol. 2, Mission Research Corporation, Santa Barbara, CA, 19-21 Sept. 1989.

Brunish, W. M. and App, F. N., "Modelling and Comparison of Two Tunnel Events at the

Nevada Test Site", Los Alamos National Laboratory Report - In Preparation, 1991.

Chilton, F., Eisler, J. D. and Heubach, H. G., "Dynamics of Spalling of the Earth's

Surface Caused by Underground Explosions", J. Geophys. Res., 71,24,5911-5919,
Dec. 1966.

Eisler, J. D. and Chilton, F., "SpaUing of the Earth's Surface by Underground Nuclear

Explosions", J. Geophys. Res., 69,24,5285-5293, Dec. 1964.

Eisler, J. D., Chilton, F. and Sauer, F. M., "Multiple Subsurface Spalling by

Underground Nuclear Explosions", J. Geophys. Res., 71,16,3923-3927, Aug. 1966.



Glenn, H. D., "Spall Study in One Dimension", Lawrence Livermore National Laboratory

Report UCID-17144, Apr. 1976.

Patton, H. J., "Characterization of Spall from Observed Strong Ground Motion on Pahute
Mesa", Bull. Seis. Soc. Am., 80,5,1326-1345, Oct. 1990.

Perret, W. R., "Free Field and Surface Motion from a Nuclear Explosion in Alluvium:

MERLIN Event", Sandia National Laboratory Report SC-RR-69-334, Nov. 1971.

Rinehart, J. S., "How to Prexiict the Effects of Spalling", Eng. and Min. J., 161,8,98-101,

Aug. 1960.

Stump,B.W. andWeaver,T.A.,"PhysicalModelsofSpaU Zone Ground Motionsand

theDeterminationofSpatiall_cay Rates",Los Alamos NationalLaboratoryReport-in

Preparation,1991.

Swegle,J.W., "TOODY IV - A Computer Program forTwo-Dimensional Wave

Propagation",SandiaNationalLaboratoryReportSC-RR-66-2673,Mar.1968.



II OI q3 '




