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Figure 6.--Changes in calculated hydraulic conductivity of trench 12
cover in response to changes in hydraulic-conductivity
and air-filled porosity values of the waste.
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Table 2 gives the estimates of each property used to calculate hydrau-
lic conductivity of the waste in each trench studied. Values of air-filled
porosity of waste determined by measuring the drop in pressure caused by re-
moval of a known volume of gas (Lu and Matuszek, 1978) are included for
comparison.

Table 2.--Values of trench-waste and trench-cover properties used to
calculate hydraulic conductivity from air-pressure measurements

Effective air-filled
porosity of waste 2

Calculated
Thickness Depth to trench Calculated from Lu and
Trench of cover ! water from Matuszek
number (ft) (ft) pumpout data (1978)
3 10 323-25 0.17 0.23
4 10 322-23 0.19 —
5 8 325-29 0.23 0.28
8 11 28 - 0.20
9 11 27 - 0.26
11 11 27 0.27 0.29
12 11 28 0.23 0.20
14 9 24 0.37 -

Hydraulic data for all trenches:
Hydraulic conductivity of waste: 2,500 ft/d
Effective air-filled porosity of cover: 0.01

Kinematic viscosity of trench water (summer): 1.58 x 10-4 ft2/s
(winter): 1.46 x 10-4 ft2/s

Dynamic viscosity of air (summer): 3.62 x 10-7 (lb—s)/ft2
(winter): 3.74 x 10-7 (1b-s)/ft?

Values from table 1.

Based on values from pumpout data. Air-filled porosity values
for trenches 8 and 9 were assumed to be similar to those for
trenches 11 and 12. A value of 0.25 was used to calculate
hydraulic conductivity of waste in these trenches.

3 Water levels lowered in October 1977.
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Errors in Converting Air Permeability to Hydraulic Conductivity

Weeks (1978, p. 4) has described in detail the sources of error in cal-
culating hydraulic conductivity from air permeability in granular soils; these
sources are summarized below:

1. If many pores are filled with water seasonally, the calculated intrinsic
permeability (hence hydraulic conductivity) may be too small.

2. 1f pores are small, as in clay, intergranular permeability to gas at
low pressures is greater than to water because of the Klinkenberg effect
(Klinkenberg, 1941).

3. If an appreciable change in moisture content occurs periodically, absorp-
tion of water by clay of particular cation chemistry may result in swell-
ing and plugging of pores spaces (Johnston and Beeson, 1945).

At the burial site, observations and calculated permeability values
suggest that water infiltrates mainly along cracks. Macroscopic fractures
that conduct water into the trenches probably drain in a matter of hours
(Prudic and Randall, 1979, p. 865), and these openings would be too large for
the Klinkenberg effect to be important.

Laboratory analyses of several unweathered till samples by X-ray
diffraction (LaFleur, 1979, table 1) show that illite is the dominant clay
mineral and that the percentage of a mixed-layered clay, such as montmoril-
lonite, in till is low, suggesting that the till should swell or shrink but
little during either wet or dry periods. However, the development of cracks
in the trench covers during dry periods indicates that shrinking does occur
and undoubtedly complicates the relationship between air permeability and
water permeability. This relationship may also be affected by the transport
of sediment into fractures by runoff, which could cause them to clog rapidly.

RESULTS OF FIELD EXPERIMENTS

Field measurements were made during July-August 1977, October-
November 1977, February 1978, April 1978, and July 1978. FEstimates of
hydraulic conductivity of the trench covers monitored are given in table 3;
typical measurements from each period are plotted in figures 8-12. Computer-
simulated pressures matched measured values fairly closely, which indicates
that the computer program provides a reasonable approximation of field
conditions.

An independent but similar study was made by the Radiological Sciences
Laboratory of the New York State Department of Health in 1977-78. The
purpose of that study was to determine the amount of gas that could migrate
through the trench cover from buried wastes (Lu and Matuszek, 1978). Gas
pressure in a trench was monitored while gas or trench water was pumped from
another well, and the void volume, methane-production rates, and an expression
for gas flow through the total area of the trench cover were calculated by a
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computer model. This expression was converted to air permeability and then

to hydraulic conductivity by adjusting for trench area, estimated cover thick-
ness, dynamic viscosity of air, and the kinematic viscosity of water (table 3).
These values compare reasonably well with values calculated from air- and gas-
pressure measurements, as described in this report.

In general, estimated hydraulic conductivities are greatest in summer and
lowest in winter and early spring (table 3); this pattern may be caused by a
reduction in the size or number of fractures in the cover during the winter or
by the sealing of fractures by a thin saturated-soil layer at the surface.
During normal winters, the ground freezes to depths of about 2 feet, and
perhaps to 4 feet under severe conditions. If the upper part of the covers
were saturated or frozen, there should theoretically be no response in trench
pressure to changes in atmospheric pressure. However, measurements taken in
February 1978 suggest that the covers were not entirely saturated or frozen;
thus, some fractures apparently remain open in the cover during winter.
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PRESSURE, IN INCHES OF MERCURY (+28.0)

Figure 9.--Comparison of air pressures measured October 25, 1977, in trenches
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Table 3.--Hydraulic-conductivity values calculated from air-permeability
values of selected trenches.

[A11l values are in feet per day]

Adapted from measurements and calculations

Calculated from measurements made in this study by Lu and Matuszek (1978)!
July-August October- February April July October February April July
Trench November

number 1977 1977 1978 1978 1978 1977 1978 1978 1978
3 0.25-0.50 0.41 0.12 - - 0.68 0.15 - 0.34

4 1.0-2.3 — — 0.22-0.37 3.7-3.9 - - - —

5 1.8 0.69-0.88 0.70 - - 1.09 0.49 0.15 6.78

8 0.41 - - _ - - 0.83 0.27 9.14

9 0.20-0.22 - - - —— - - 0.39 -

10 - - - - - - - 0.46 -
11 - 0.17-0.33 - 0.25 - - 0.32 0.34 9.79
12 0.26-0.35 0.23-0.30 0.12 - 11.6-12.7 — - 0.83 9.14

14 >10 5.5 0.29 4.6 - - — —— -

1 Discussed in section "Results of field experiments,'" p. 21.




Hydraulic-Conductivity Differences Among Trenches

In 1977, estimated trench-cover hydraulic conductivity was relatively
low at trenches 3, &, 9, 11, and 12; it was higher at trenches 4 and 5, and
was highest at trench 14. The higher values for trenches 4 and 5 are consistent
with the continued rise in water levels in these trenches since 1971 (Matuszek
and others, 1976, p. 363; Prudic and Randall, 1979, p. 862; Kelleher, 1979, p.
849), and the high value in trench 14 is consistent with the rise that has
continued since that trench was completed in May 1975. (Trenches 5 and 14
were completed differently from the other trenches; normally the material
excavated during the construction of a trench was piled onto the previous
trench, but because trenches 5 and 14 were the last to be completed in each
burial area, they did not receive this added material.)

Although the estimated hydraulic conductivity of the trench 3 cover was
as low as estimates for the newer trenches in the south end, trench 3 had a
history of rising water levels similar to those of trenches 4 and 5 (Matuszek
and others, 1976, p. 363; Prudic and Randall, 1979, p. 862; Kelleher, 1979, p.
849). The rise in trench 3 is noteworthy because it did not begin until
the water level in trench 4 had exceeded it, whereupon it began to rise but
at a slower rate. The water level in trench 3 has remained lower than in
trench 4 (see fig. 6 in Prudic and Randall, 1979); it is possible that the
two trenches are hydraulically connected. Kelleher (1979, p. 843) states
that on at least three occasions during excavation of the north trenches
3-5, a trench wall collapsed and exposed the waste of an adjacent trench, and,
during excavation of trench 4, W. J. Kelleher (1979, oral commun.) noted an
exposure of waste from trench 3. This, too, suggests a hydraulic connection
between trenches 3 and 4. Why the estimated cover hydraulic conductivity
is lower than trench 4 is uncertain. Similar results were obtained by Lu
and Matuszek (1978).

Relation of Cracks in Covers to Changes in Hydraulic Conductivity

The summer of 1978 was the dryest summer since 1975 and was almost
certainly the dryest since 1971 (Prudic, 1979). Air permeability, hence
estimated hydraulic conductivity, of the covers over trenches 4 and 12 was
much higher in 1978 than in 1977, probably because of the 2-month dry period
from the end of May through July 1978. Large cracks were observed over both
the north and south trenches and were mapped in July 1978 (Dana and others,
1978). Often a steel tape could be shoved 1 to 3 feet down a crack before
refusal, and the cracks were commonly 1 to 3 inches wide at the surface.

The cracks are probably caused by shrinkage of the till cover during dry
periods. Once they breach the cover or intersect fractures propagating
upward by compaction and settlement of the waste, the movement of air and
water is greatly accelerated, as suggested by the greater movement of air
through the cover over trench 12 in July 1978 than in August 1977.

The study by Lu and Matuszek (1978) showed that the covers over trenches
5, 8, and 11 had increases in permeability in July 1978 that were similar to
that of trench 12. This increase was followed by a water-level rise of more
than 2 feet in trenches 11 and 14 and more than 5 feet in trenches 12 and 13
from September 1978 to April 1979. It was surprising that trenches 8-10
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showed no significant rise even though data obtained by Lu and Matuszek
(1978) show the cover of trench 8 to have been as permeable as those of
trenches 11 and 12 in July 1978. (See table 3.) One explanation is that
the cracks were quickly sealed by some unknown process. It is also pos—
sible, although improbable, that water infiltrates into trench 8 then
moves out through a permeable lens. Trench 8 was the only trench to show
a decrease in water level after completion (see Prudic and Randall, 1979,
fig. 6), which could be interpreted as drainout of surface runoff trapped
during the final stages of trench construction. About 4 feet of compacted
cover was added to trenches 1-5 in August and September 1978; thus, no com—
parison can be made between the high estimates of cover hydraulic conduc-
tivity measured by air in trenches 4 and 5 during July 1978 and subsequent
water—level behavior.

Calculation of Hydraulic Conductivity
from Water-Level Rise in Trenches

Data and observations suggest that the predominant source of recharge
to the trenches is infiltration of precipitation through the cover (Matuszek
and others, 1976; Kelleher, 1979; Prudic and Randall, 1979; and Prudic, 1979a).
Therefore, the increase in water levels in a trench may be used to estimate
the net volume of water that infiltrated through the cover during any given
time period. The rate of infiltration through the cover may be calculated
by dividing the volume of recharge to each trench by the total duration of
intervals of significant precipitation during the selected time period.
Trench~cover hydraulic conductivity may then be calculated from Darcy's Law:

K = Q/IA
where K = hydraulic conductivity of cover, ft/day;
Q = rate of infiltration, ft3/day;
A = trench area, ft2; and
I = vertical hydraulic gradient through cover, ft/ft.

In calculating the rate of infiltration, Q, for each trench studied,
the following assumptions were made:

1. The increase in volume of water in the trench during each computa-
tion period was entirely from precipitation during that period--
that is, the net flux of ground water into the trenches was
negligible, and there was no change in storage within the unsaturated
waste. Also, there was no hydraulic connection between trenches,
contrary to the hypothesis in the preceding section concerning
trenches 3 and 4. '

2. The rate of discharge through the trench floor and walls during the
selected time period was calculated from Darcy's equation using a
uniform hydraulic conductivity of 0.0001 feet per day for the till
(average hydraulic conductivity from slug tests and laboratory tests),
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In addition, water moving through a fracture can move into the fine-grained
clay interfracture blocks by capillary suction or be absorbed by the clays.
Thus the hydraulic conductivity values of a fractured unsaturated medium
calculated from water movement should be less than that calculated by air
pressure measurements.

In calculating the hydraulic conductivity of the covers, the estimate
of infiltration could be appreciably in error because (1) the specific
yield of a trench may not be uniform throughout the thickness of the waste;
(2) the area of the trench may not correspond to design dimensions of
trenches for which pumping yields were not obtainable, and (3) the time
during which infiltration occurs may not be accurately estimated. The
amount of precipitation short of causing runoff into cracks varies with
its intensity and with the length of previous rain-free periods; also,
runoff that fills cracks may continue to drain downward through the lower
part of the cover for some time after precipitation and runoff have ceased.
However, none of the sources of error seems capable of distorting calculated
hydraulic conductivity by more than a factor of about 2.

For example, a change in the interval to include only those periods
during which precipitation was more than 0.4 inches would cause, at most, a
25-percent net increase in the hydraulic conductivity value for the selected
period. As a matter of interest, the increase in volume of water caused by
a period of precipitation calculated for several trenches was compared to
the total volume of precipitaion on the trench area. In trenches 3, 4, 5,
and 14, the volume of water added to the trench was, at most, only 6 percent
of the precipitation during any selected time period, whereas the lowest
percentage was less than 1 percent (April 1978).

The estimated volume of water in a trench used to calculate the hydrau-
lic conductivity of a cover could be in error if pumping water from the
trench caused compaction of the waste and a corresponding reduction in the
void volume in the trench. However, neither the data collected during
successive pumping of water from trenches 3 and 5, nor estimates of void
volume by air measurements (Lu and Matuszek, 1978 and table 2) during and
after the pumping of trenches 3 and 5 or from subsequent water-level trends
(Prudic, 1979a, p. 4), support this possibility. Even if the voids were
reduced 20 percent through compaction (far more than would be expected), the
net effect would be to reduce the estimated cover hydraulic conductivity
by no more than that amount.

In laboratory tests of samples containing similar percentages of
clay-sized particles, air permeabilities commonly exceeded fresh-water
permeabilities by 10 to 1,000 times (Katz and others, 1959, p. 43; Johnston
and Beeson, 1945, p. 5, and Reeve, 1953, p. 327). These differences have
been attributed to the percentage of clay-sized particles, the presence
of swelling clay, and the blockage of pores by clay particles.
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SUMMARY AND CONCLUSIONS

Hydraulic conductivity of trench covers was calculated from measure-
ments of the response of trench-gas pressure to fluctuations in atmospheric
pressure. In 1977, the values were generally lower for trenches 8-13 than
for trenches 3-5 and 14, which is consistent with the persistent rise of
water levels through 1977 in the latter group of trenches. However, calcu-
lations of hydraulic conductivity of the covers from rates of water-level
rise during the same time suggest a much lower hydraulic conductivity for all
trench covers and a much greater difference between the two groups. Measure-
ments of air pressure in trenches 11 and 12 in July 1978 indicate a large
increase in hydraulic conductivity after 7 weeks of dry weather, which is
consistent with the onset of persistent water-level rises in these trenches
in mid-1978. Several lines of evidence suggest that movement of gas and
water through the trench covers occurs largely along cracks rather than
through intergranular pore spaces.

For those trenches in which sufficient seasonal data were collected,
hydraulic conductivities calculated from air permeabilities of the covers
were lower in the winter and early spring than in the summer and fall,
probably because the clay-rich till swells enough to close most cracks during
the winter or because the cracks are covered over with a thin layer of mud and
ice during the winter and early spring. The fact that hydraulic-conductivity
values calculated from air permeability are 100 to 1,000 times larger than
those derived from infiltration rates may perhaps be explained by a sudden
change in cover condition during precipitaion. For example, the high rates
of infiltration through cracks could be reduced by swelling of the crack
walls or by clogging of cracks by sediment washed in from the trench surface
by runoff during periods of rainfall.

The high permeability of the cover over trench 8, as determined from
air-pressure measurements in July 1978, seems inconsistent with the lack
of significant water-level rise in this trench through mid-1979. One ex-
planation is that, although the hydraulic conductivity was high initially,
the cracks were quickly resealed by some unknown process. Another is that
water level in trench 8 is controlled by outward seepage of water along a
permeable lens; however, there is little independent evidence to support
this speculation.

Although the hydraulic conductivity values calculated from air per-
meability are only relative and should not be taken as absolute values,
the method seems promising for monitoring changes in the covers that may
increase the flux of precipitation into the waste. It could also be used
to monitor differences between trenches with different types of covers, or
it could be used to estimate the movement of radioactive gases produced
by the waste through the cover (Lu and Matuszek, 1978).
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