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RESEARCH ON GAS TRANSPORT IN CH1NNEYS-
A Progress Report 

Joseph R Hearst 

ABSTRACT 

The results of the AGRINI and TIERRA experiments have led us to study 
three general topics: collapse phenomenology, CO. content Measurement, and 
gas transport In chimneys. Our results so far are fragmentary, but we have 
been able to come to some tentative conclusions: 1} A layer of strong 
material between depths of 24 and 3? m, and perhaps some relatively strong 
material deeper, may have caused tine AGRINI crater shape. This layer was 
absent at the nearby LABAN and CROWDIE events. We were unable to locate the 
layer with a surface penetrometer or surface seismic methods, but U may be 
possible to measure strength vs depth 1_n situ by examining the penetration 
depth of a projectile. 2) We can probably Improve our knowledge of the In 
situ CO- content by calibrating a commercial carbon/oxygen logging system 
for NTS conditions. 3) It 1s possible to measure the response of the gas 1n 
a chimney to changes 1n atmospheric pressure. There can be significantly 
different gas transport 1n chimneys with the same pressure response, 
depending on the porosity and the distribution of the porosity. It 1s 
possible to perform an Inexpensive experiment to study the gas transport In 
an existing chimney. 

INTRODUCTION 

AGRINI was a low-yield event detonated at a depth of 320 m In hole U?ev 
on Barch 31, 1984. A very deep Iappro* 70-m). narrow, bottle-shaped crater 
was formed about 1.75 h after detonation (Hudson et al; 1985). Figure 1 
shows a schematic of the crater. 

Radioactive gas was detected by a gas-sampling system Immediately after 
collapse (Smith, 1985). The bottom of the sampling hose Is thought to have 
been at a depth of betueen 170 and 2?0 m. Prompt sampling hoses have 
usually broken fairly high in the hole upon collapse. Bas Is ordinarily 
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puaped fro* these hoses after subsidence, but a significant aaount of 
radioactivity has rarely been observed In the gas. It has never before been 
observed as soon after collapse and as high In the chianey as It was at 
AGRINI. The gas was 73X C0 ?. 1% hydrogen, and 20X air, at a pressure of 
IS.? psla. The uncertainty In pressure Is thought to be about 1 psia. 
Analyses Indicate that the gas was not In communication with the cavity 
throughout the 20-day sampling time. 

About 9 h after detonation, unexpected radioactivity was detected at the 
surface, apparently coming from the crater. During the following 26 b, 
about 1700 CI (predominantly Isotopes of xenon) were determined to be 
released (Oswald, 1984). There 1s considerable uncertainty in these times. 
Atmospheric pressure at the surface was comparable to that observed 
downhole. In fact, surface pressure (Fig. 2, Souls, 1984) was greater than 
(but within the uncertainty of] reported subsurface pressure. Consequently, 
there 1s no evidence that high gas pressure drove the activity to the 
surface. 

Hudson ct al. (1985) have shown that the emplacement hole and Its 
steranlng did not contribute to the release. Radiation levels above the deep 
soft plug at 225 ra remained at background through the termination of 
recording at collapse. In addition, there was no negative pressure that 
would indicate loss of stemming before collapse. Therefore, we may conclude 
that if we are to seek an explanation of the release, we must look somewhere 
other than the emplacement hole. 

Besides the release, there are two obvious differences between the 
AGRINI observations and those on "normal,' satisfactorily contained events. 
Wever before has there been such a deep collapse crater. And never before 
has radioactive gas been observed so high In the chimney so soon after 
collapse. 

Since gas was observed with a hose whose opening tias at a depth between 
170 and 220 P. and the crater was almost 70 m deep, the gas had to travel a 
maximum of 100 to 150 ns to escape. It sesms logical to look to this 
combination of circumstances for an explanation of the ftGRlHl release. It 
Is unlikely that te u1ll ever be able to predict a similar situation, but by 
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Investigating the individual elements of the combination, vt say be able to 
understand the transport of gas through a chimney. 

So our Investigation should center on three qtiesDons: 
7. What caused the unique crater shape? 
2. Khy did the gas get as M g h as 17D m deep 1n the chimney so soon 

after collapse? 
3. How did trie gas get from about 170 n deep 1n the chimney to the 

surface? 

These questions led us to study three general topics: 

1. Collapse phenomenology: 
There Is evidence that some of the alluvium above AGRIN1 was 
unusually strong. We should study collapse phenomenology to learn 
whether this strong alluvium could have caused the unusual crater 
shape. 

?. COj content measurement: 
The observed CO. content at AGR1N1 was within experience, tie 
measure C(L content from cuttings, usually taken at ten foot 
Intervals. There Is good evidence that although each measurement 
may be quite accurate, the cuttings may not represent a grid 
average of the C0 2 content of the medium. More representative 
measurements of CO. content might have shown that In fact the 
CO, at AGRIWI was higher than reported, and therefore could have 
teen a significant factor In transport of activity to the surface. 

3. 6as transport In chimneys: 
It Is possible that the shallow gas In the AGH1H1 chimney was 
caused by unusual gas transport during collapse. He need to better 
understand gas transport during collapse. It Is also quite 
possible that transport after collapse was more rapid than usual. 
The chimney rubble may have been more permeable than In ordinary 
Yucca fiat chimneys, or there may have been blocks of rubble, whose 
edges provided easier transport paths than usual. He need to 
Investigate gas transport properties of chimneys. 
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In particular, we are studying the differences between AGSUH1 and too 
nearby •noraal,* successfully contained events with similar reported C0 2 

content, yield, and scaled depth of burial: CROHDIE In U2fe, 450 s fro* 
U2ev. which had a fairly noraal crater, 81 • In dlaneter and 13 B deep; and 
LABAN In U2ff. 3 km front U2ev. which had a steep-sided •cookie-cutter11 

crater, 4? m 1n diameter and 38 » deep- This should help us understated 
which characteristics of AGRIW1 were normal and which were anomalous. The 
remainder of this report will describe the studies we have started, and 
their results to date. 

COLLAPSE PHENOMENOLOGY 

Hudson et al. (1985) point out that the medium property most relevant to 
crater shape Is probably shear strength. To determine the strengh of the 
near-surface alluvium at AGRINI, a shallow exploratory hole, UE2ev, was 
drilled with an auger 113 m SVJ of U2ev, to a tiepth of 36 m. An examination 
of samples from the hole Indicated a partially to well-Indurated calclte-
cemented sandy conglomerate zone extending from 24 to 32 in 1n depth. 

A two-dimensional Lagranglan TENSOR calculation of AGRINI (Hudson et al. 
1985) was carried out using the observed near-surface properties, and U s 
results were compared with those of an Identical calculation using "normal" 
near-surface alluvium properties. In the normal calculation, the shear 
strength of the alluvium between depths of 0 and 50 m was zero at zero mean 
stress and 0.52 MPa at 0.35 HPa mean stress, and Increased to a maximum of 
1.1 ftPa. The tensile strength was zero. In the AJRIMI calculation, two 
materials were used above 50 m. In the Indurated zone between 24 and 32 m, 
shear strength Increased from 0.5 MPa at zero mean, stress to 11 HPa at 10 
KPa mean stress, and then Increased to a maximum of 31 HPa. Tensile 
strength was 0.36 MPa. In the rest of the region above 50 is, shear strength 
Increased from zero at zero mean stress to 10 HPa at 10 HPa mean stress, and 
then to a maximum of 21 HPa. Tensile strength was zero In this region. 
Both sets of properties represent the lower bound of measured strength data. 

In the normal calculation, there was shear failure to the surface during 
the outgoing wave, and tensile failure upon spall. In the AGRINI 
calculation, there was no shear failure above 50 m, the hlgb-shear-strength 
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region, and no tensile failure between 3? and SO m, the Mgh-tenstle-
strength region, the calculated and Measured free-surface velocities 
compared well. These results suggest that If the actual strengths are 
similar to those used In the calculation, then the near-surface saterlal HBS 
strong enough to sustain little damage from the stress wave. Consequently, 
the AGRIM crater shape was at least partly due tv the relatively high-
strength, near-surface alluvium. 

Since it appeared that the near-surface strong layer might be Important 
to crater shape, we drilled similar exploratory holes near LABAN and CROWDIE 
(Wagoner, 1985). At IA6AN lU2ff) there were rare beds of calctte-cemented 
sediment. At CBOWtHE (02fe) there were several tt>1n zones of caldte-
cemented sediment. There was no evidence of material with greater strength 
at the straight-sided IABAN crater site than at the normal CROWDIE crater 
site. In fact. If anything there was more calclte-cemented material at 
CftOWDJE than at LABAN. Consequently we could not associate the presence or 
absence of cemented layers with crater shape at these sites. 

Because the strong layer seems to be of considerable importance, It 
dould be very useful to be able to locate such a layer from the surface 
before drilling an exploratory hole. Two methods for locating the layer 
were tried. Reflection seismology was attempted at AGRINI (Hauk, 1986). 
The shallow depth required very close station spacing, and consequently the 
surface wave was so strong that reflections from the strong layer could not 
be observed. Therefore the layer could not be located. It may. however, be 
possible to Improve the technique with further attempts. 

A truck-mounted penetrometer (Blouln and Noel. 1985) was tried at one 
site In Area 3 and eight sites 1n northern f̂ucca Flat. The force on the tip 
of the penetrometer cone and the force along the side of the cone aTe 
measured as functions of depth. A schematic of the tip 1s shoun In Fig. 3. 
The penetrometer Is forced Into the ground by a steel rod until the truck, 
weighing about 18,000 kg, begins to lift off the ground, or until the rod 
buckles (not desirable), Plots of tip stress vs depth for several Yucca 
flat sues are shovn 1n F1g. 4. In Area 3 the penetrator uas able to 
penetrate more than 28 m before the truck began to lift. There was only one 
northern Yucca Flat site, U2ff, at which the penetrator advanced rcore than 
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18 B before the truck began to 11ft. At several sites penetration was less 
than 10 m. At U2ev. •axtaum penetration was about 15 m. which Is above the 
Indurated layer. Furthermore, we were unable to find any characteristic 
differences between the U2ev site and other sites tn Northern Yucca Flat at 
the shallow depths that could be studied. 

The AGRIN1 calculation used a much thicker strong layer than that 
observed In the field, and TMgpen (1984) points out that a thick strong 
layer Is required for an arch to form above a subsurface chimney. 
Consequently, It would oe highly desirable to be able to measure shear 
strength, or even unconflned compressive strength, vs depth 1n place. 

T^o methods were tried for such a measurement, The first used of the 
force on the tip of the truct-mounterf penetrator and was not successful 
(Hearst and Hcfclnnls, 1985). The other used penetratlo oV a projectile, 
and appears quite promising. Figure 5 shows depth of penetration of a 
flot-nosed 80-g projectile at a velocity of 530 m/s vs unconflned 
compressive strength In tuff. He are now developing a more sophisticated 
system for testing Improved versions of this method at the surface: 1f the 
method continues to appear successful we will adapt At for dounhole use. 

Eventually it will be necessary to make a more complete calculatlonal 
model of collapse phenomena. A beginning has been made. Thlgpen and Rambo 
|198j) have used a finite-element method to show that creep 1s a possible 
titerhanlsm for cavity collapse. This method may eventually lead to a rcore 
detailed understanding of collapse. He are also beginning uork to simulate 
cavity and chimney collapse with a centrifuge; experiments will probably not 
tafce pUce before ft 87. 

CARBON DIOXIDE CONTEMT 

Table 1 shows the weight fraction of CO , ootatned from three 
different sources, for the working point (HP) regions of our three evenls. 
The first column ts C« 2 as given for the HP interval in the Site 
Characteristics Summary, for A&RINI this value was obtained from cuttings; 
for LABAM and CR0H0IE it was obtained from sldeaall samples. In all three 
cases, the average was a numerical average of all of the sample data In the 

- e -



MP interval. The second coluan is the same average of a second set of 
sartples: for A6RIKI new splits of the cuttings, for LABAS and CR0MDIE, 
samples from the cuttings. The third col win comes from postshot gas 
analysis, assuming that the measured total mass of C 0 2 was evolved from 
1200 tonnes of rock per klloton of yield. 

The agreement between the first two columns Is within their standard 
deviations, and so 1s satisfactory. But consider Fig. 6, a plot of COj 
derived from both sldewall samples and cuttings from U2ff. The region used 
In Table 1 Is Indicated by arrows; there is goad agreement between sldeuall 
sample and cutting data In that region. Had the MP been 30 tn higher, 
however, H would have been tn a region of great disagreement between 
sldeuall sample and cutting data. If we had been evaluating that region 
today, since we no longer take sldewall samples, we would have used the 
results from cuttings: 0.035 +0.18. Had sldewall samples been used 
Instead, the result would have been 0.06 • 0.031—an unacceptable value of 
CO ' (Furthermore. In this region there are Individual CO, values as 
high as 0.1.J Mad the MP been another 15 m higher, the result fro™ cuttings 
would have been 0.041 ± 0.012, and that from sldewall samples would have 
been 0.011 •. 0.008- In that case the old method would have Indicated 
satisfactory CO, content, whereas the current method would have shown U 
to be marginal. Disagreements this large between averages of sldeuall 
samples and cutting values of CO are common at U2fe and U2ff. 

The CCL values from gas sampling fall within the standard deviations 
of the sample data In two of the three events; the result 1s very different 
for LABAM. The choice of rock mass, 1200 tonnes per klloton, represents an 

Table T. Heasured weight fraction of CO, 

C0j from Second value of CO? from 
Event Site. Char. Summ. COp from samples gas sampling 

AGR1NI 0.025 + 0.017 0.02? * O.0U 0.023 
LABAW 0.033 + 0.007 0.040 ± O.0D& 0.016 
CROWDIE 0.004 + 0.003 0.009 + 0.006 0.007 
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average obtained from gas stapling on five recent events (Stlth, 1986.) Had 
we used a different value, the event for vnleb agreeoent was bad would have 
changed, but the fact of disagreement would not. 

The combination of significant disagreement between Individual CO, 
values at nany horizons, as exemplified In fig. 6, disagreement between 
average values, and disagreement between values from r.;tfc sampling and gas 
sampling leads us to believe that a more reliable, or swre representative, 
measurement of C0_ content Is very desirable. Recent evidence (Axelrod, 
1966) even questions the reliability of the laboratory CO. measurements on 
Individual samples. We are working on two methods of treasuring CO. 
content vs depth. 

The carbon/oxygen log 1s a standard commercial method for measuring 
carbon In ruck (Hearst and Nelson, 1985, p. 274.) It contains a neutron 
generator and a gamma-ray detector. Its primary output, the carbon/oxygen 
(C/0) ratio Is the ratio of the gamma ray count rates In two windows, one 
bracketing the energy of ganma ra.»s resulting from Inelastic neutron 
scattering from carbon, the otler the energy of gamma rays produced by 
Inelastic neutron scattering from oxygen. Several corrections are applied 
to the count rates from each window before the C/0 ratio Is formed. As 1s 
usual with commercial lagging equipment, the system available to us 1s 
designed for sroall-dlameter water-filled holes, whereas we ordinarily use 
large-diameter a1r-fnied holes. 

tie have begun a program to calibrate a commercial logging system for UTS 
situations. M- have faund that the C/0 ratio Is sensitive not only to the 
carbon content of the rock, but also to the water content and the gap 
between the- instrument and the wall of the hole. Prel1mlnary results 
Indicate that both of these effect: are fairly linear, and 1t 1s likely that 
we will be able to correct for them, figure 7 shows a plot of the C/0 ratio 
vs weight fraction CO, 1n a test facility with no gap and with a 6.3-cm 
gap. As the figure shows. If the gap Is known, CO. can be measured to 
better than 0.02. 

He are working with Los Alamos National Laboratory to make a detailed 
study of the effect of water content, gap, and the chemical composition of 
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the rock on the Measured C/0 ratio. We are also trying to Sec W e on the 
best way to aodlfy the equipment to »1ni«1?e the effect of the gap, and to 
•easyre the gap so that we can nice a good correction. We are in ths 
process of building a new test facility, anrl H should be completed during 
FY 86. 

For several years we have been working «'<ili s professor at the 
University of Washington to use Infrared reflection spectroscopy to measure 
CC ? content 1n samples on-line, fh's would permit us to obtain and 
measure the C0„ content of masy samples automatically 1n the field, and 
thus obtain more representative results. The project has not been 
proceeding rapidly, and the C/0 log appears more promising: 1t Is unlikely 
that we will con-.lnue the project beyond ?Y 86. 

GAS TRANSPORT IN CHIMNEYS 

Our Interest la gas transport Is caused not only by the results of 
AGRINI, hut also by those of T1EURA and KhPELLI. In the case of the latter 
even':';, leaks occurod o»er long periods, several to many days after 
execution. Ue are considering several questions: 

How Is gas transported during collapse? How did 1t get so high In the 
AGRINI chimney so soon aft", collapse? Hov 1s gas transported after 
collapse? How do chimney properties affect transport? How do medium 
properties affect transport? How can we measure the relevant properties? 

It Is believed that the dominant method of gas transport during coll?>>e 
Is the displacement of gas by rubble. There 1s, however, no direct 
observation of this displacement, nor is there lUely to be. He are 
planning small-scale laboratory experiments at S-CUBED to give us some 
qualitative understanding of the displacement phenomenon, but at present ue 
have no results. 

It appears that the AGRINI leak occurred during an episode of 
atmospheric low pressure (Hudson et al. 19B5). Figure 2 shcus the 
situation. The uncertainty In the subsurface pressure does not permit us to 
state whether the subsurface pressure was In fact greater than atmospheric 
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pressure. There Is evidence (Raschke, 19B5) that the TIERRA leak rate was 
correlated with low pressure. Consequently, we are studying the effect of 
changes In atmospheric pressure on the transulsslon of gas through cMeneys. 

In a homogeneous Isotropic »ed1um, the hydraulic dlffuslvlty a can be 
determined by comparing the pressure history at the surface to that at some 
depth In the wed1 urn (Hanson. 1904. 1986}, such that 

ft - kP /u*. dP/dt - a (3 aP/3z a), 

where a Is the dlffusWHy. P 1s the mean pressure, k Is the 
permeability, u 1s the viscosity of the gas, and ? Is the medium 
porosity. Figure B (Nllson and Peterson, 1966) shows the effect for an 
Idealized case. 

The postshot gas sampling hole has been used as a source of the 
subsurface pressure measurements for several NTS chimneys, figure 9 shous 
the pressure measured at U2ev compared with that measured at the surface. 
To determine the dlffusWHy, one performs a serler of one-dimens1onal 
forward calculations, using the surface pressure history and varying the 
d1ffus1v1ty, until one obtains the best match to the subsurface pressure 
history. Figure 10 shows the final calculated subsurface pressure history 
compared with the measured history. 

Results so far have not been consistent with observed leaks, as 1s shoun 
In Table 2. 

Table 2, Measured chimney d1ffus1v1t1es. 

Hole Dlffuslvlty (mVhr) 

U2ev 228B. 
U2ff '.B8. 
U2fe 9370 
U19ac 3599. 
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These results aay be caused by problem with the postshot Etole. The 
signal at U?ff appears to Indicate that the postshot hole Is blocked. In the 
case of U2fe, the casing of the postshot hole Is very short, and there say 
either be fractures to the surface, far ffrea the chimney, or a leak around 
the casing. More data are needed before we can understand the situation. 

It is possible to make similar analyses assuming layered media and 
treating the chimney as a medium different from Its surroundings, but the 
results of the analyses are not greatly different from those using a 
one-d1roens1onal analysis. We are continuing to develop analytical nsethods 
and Improve OUT measurements. 

The Interpretation of the experiment In terms of dlffuslvtty applies 
only for homogenous Isotropic media. In fact, however, we are not 
Interested In transmission of pressure, but rather In the transmission of 
radioactive gas. S-CUBED Is studying the effect of 'atmospheric pumping19 on 
gas transmission In various media. Nllson and Peterson (19B6) have compared 
two situations—crude approximations to TIERRA-- 1n which an experiment like 
that described above would give the same result. 

In the first situation, a void of about the same volume as the TIERRA 
cavity was connected to the surface through a 200-tn column of overburden 
material having a permeability of 350 D and a porosity of 0.1. This 
corresponds to a dlffuslvlty of about 60,000 ma/hr (a value measured at 
U19ac preshot.) A sinusoidal pressure wave with a period of 100 h and a 
peak-to peak amplitude of 1/30 atm was Imposed at the surface. As the 
surface pressure decreased, the cavity gas rose 1n the chimney, but because 
of the large pore volume In the chimney, the gas was stored In the pores and 
never reached the surface. At the end of a half cycle, the surface pressure 
Increased, and the gas returned to the cavity. 

In the second situation, the chimney was replaced by a lero-poroslty 
medium In which the path to the surface consisted of a fracture network. 
Each fracture had an aperture of 1.7 mm, and the fractures were separated by 
1-m-thlck blocks, so the effective porosity was 0.017. The preisure 
response was identical to the first situation, but there was far less pore 
volume in the chimney. Consequently, as the surface pressure decreased, the 
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gas rose rapidly and reached the surface before the end of the first half 
cycle. 

These two situations represent extreme cases, pure porous permeable 
medium and pure fractures. In real chimneys there Is likely to be a 
combination. S-CUBED has performed a series of laboratory experiments 
Indicating that In fact a combination of situations will result 1n an 
Intermediate type of transmission of gas. Gas travels part of the way to 
the surface In the fractures during the first cycle, and then some Is stored 
in In the porous medium adjacent to the fractures. Then on the next cycle 
some of this stored gas continues towards the surface. This ratcheting 
mechanism continues until gas reaches the surface. The experiments are 
continuing. 

We plan to Investigate gas transmission In the field by Injecting a very 
small amount of SF, Into postshot gas sampling holes and measuring the 
concentration at the surface as a function of time. Concentrations of 
10 " l a can be measured routinely. We will simultaneously compare surface 
and subsurface pressure. Thus, we will attempt to link pressure response 
and gas transport. 

CONCLUSIONS 

Our results so far are fragmentary: 
1. The strong layer, coupled with relatively strong material deeper, may 

have caused the observed AGRINI crater shape. 
2. The strong layer ts essentially absent at LABAN and CH0WD1E. 
3. The strong layer at AGRINI could not be found by surface penetration 

or seismic reflection. 
4. He have shown that It may be possible to measure strength vs depth by 

means of penetration of a projectile. 
5- Calculations show that creep behavior Js Important In collapse 

Initiation. 
6. The commercial carbon/oxygen log appears to be good enough that, uUr> 

corrections. It can Improve our measurements of C0 ? in place. 
7. It Is possible to measure the response of the gas In a chimney to 

changes 1n atmospheric pressure. 
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8. There can be significantly different gas transport In chlaneys trttfo 
the same pressure response, depending on the porosity and the distribution 
of the porosity. 

9. It Is possible to do an Inexpensive experiment to study the gas 
transport In an existing chlwiey. 
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penet rometer . 
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figure 4B. Tip resistance vs depth in Area 3 sandpile. 
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Figure 4b. Tip resistance vs depth at (J2ev 
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Fiaure 4c. Tip resistance vs depth at U2«". 
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Fig. 5_ Deptfi of projectile penetration w unconfined compressions! strength. 
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Figure 6. C0 2 content from Hunt sldewall samples and cuttings at UZff, 
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Figure 7. Results of prelimindry calibration of a conmercial Carbon/Oxygen log. 
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Figure 8. Idealization of response of pressure at the bottom of a 
column with various values of d i f fus iv i ty to changes in pressure 
at the top. 
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Figure 9. Surface (solid) and downhole (dashed) pressures recorded at 
the postshot gas-sampling hole U2ev-PS-Ia. 
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