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INTRODUCTION

Laboratory permeability tests on soils containing gravel that were performed using designation E-
14 in the Earth Manual [1]* ("'Permeability and Settlement of Soil Containing Gravel’’) showed what
appeared to be inconsistent results when coefficients of hydraulic conductivity were determined
at flow rates approaching the hydraulic conductivity limit of the test system. Although this behavior
was noted before, the specific reasons for the inconsistency were not investigated or documented.

The primary problem with the test data appears in the form of decreasing calculated coefficients
of hydraulic conductivity as the hydraulic gradient is increased. Although this appears unreasonable,
it occurs because the test system operates at a flow rate where a linear flow rate versus hydraulic
head relationship does not exist because of the test equipment configuration. To illustrate this
behavior, a brief evaluation of the flow rate of the test equipment was performed, and the results
were compared with results from an actual permeability test. This information was useful in iden-
tifying inadequacies in the existing test apparatus, and it provides the basis for guidelines used
to evaluate the results of permeability tests.

CONCLUSIONS

The flow rate of the test apparatus defines the maximum coefficients of hydraulic conductivity
that can be measured for any soil. Because the flow rate of the test equipment does not increase
proportionally with increasing hydraulic gradient (hydraulic head), it is not possible to obtain con-
sistent coefficients of hydraulic conductivity with increasing hydraulic gradients when the soil
permeability exceeds the flow rate of the test system under the highest hydraulic gradient tested.
Therefore, the flow rate of the test system under various hydraulic gradients can be used to (1)

establish the validity of test data and (2) serve as an indicator if meaningful data will be provided
by continuing the test.

The flow rate of the existing permeability test apparatus (using straight tees) allows measurement
of coefficients of hydraulic conductivity up to approximately 30,000 ft/yr (3 X 102 cm/s). The
test equipment, including the constant head supply tank, water supply system, and the permea-
meter cylinder, would have to be completely redesigned to accommodate flow rates for measuring
significantly larger coefficients of hydraulic conductivity.

* Numbers in brackets refer to entries in the bibliography.



DISCUSSION

Flow rate characteristics of the test apparatus were determined to identify (1) flow rates of the
various components of the test apparatus and (2) the impact of flow rate on the coefficients of
hydraulic conductivity calculated from the measured flow rates.

The 20-inch-diameter permeability equipment used in this study is shown on figure 1. The flow
rate of the system was evaluated progressively, beginning with only the constant head water
supply tank and a length of flexible tubing, and ending with the entire test system, including all
tubing, fittings, and equipment involved in measuring the flow rate of a soil (using a spacing ring
instead of a soil specimen). The components of the system were progressively tested in the
configurations listed below:

1. Head tank plus 53%: inches of flexible tubing ('2-inch i.d.)

2. Plus tee No. 1

3. Plus 36 inches of flexible tubing (Y2-inch i.d.)

4. Plus tee No. 2 and two pieces of flexible tubing, each 47 inches long (Y2-inch i.d.)
5. Plus permeameter cylinder

6. Plus pea gravel porous base

7. Plus top porous stone plus loading plate
(Includes components 1 through 6 and 7)

8. Plus top porous gravel plus loading plate
(Includes components 1 through 6 and 8)

The maximum hydraulic flow rate though the system was desired. Therefore, a pea gravel base
was used instead of a porous stone base because gravel has greater conductivity.

The flow rate of the test system was measured progressively. Test data were recorded, and the
flow rate was determined in milliliters per second.

The flow rate of the test system was measured at hydraulic heads of 0.75, 1.50, 2.25, and 3.0
feet; which correspond with hydraulic gradients of 1, 2, 3, and 4, assuming a 9-inch-high soil
specimen is actually tested in the system.



The flow rate versus hydraulic gradient plots for configurations 1, 2, 3, 4, 5, 7, and 8 are shown
on figure 2.

Results

The flow rate versus hydraulic gradient test data show a significant decrease in flow rate when
the first tee is inserted into the system (configuration 2, fig. 2). Results also show additional
decreases in the flow rate when the second tee, tubing, permeameter cylinder, porous media,
and loading plate are added to the system. However, the impact of each of these items on the

flow rate of the test system is very small compared with the decrease associated with the first
tee.

When the head tank, plumbing components, and permeameter cylinders of all other test apparatus
were inspected, it was discovered that these systems used a different type of tee from the one
used in the apparatus being evaluated. The test apparatus being evaluated used plastic insert
(tapered) tees that had an orifice of approximately % inch diameter (this tee is referred to as a
reduction tee). However, the other apparatus used Y2-inch-i.d. copper pipe tees with short sections

of pipe soldered to each branch (this tee is referred to as a straight tee). The two types of tees
are shown on figure 3.

The impact of the straight tee on the flow rate was determined by replacing the reduction tees
in the original system with straight tees and again progressively measuring the flow rate of the
system. The results of these tests (fig. 4) also show a reduction in flow rate upon addition of the
first tee (configuration 2), but the magnitude of the reduction is significantly less. Additional de-
creases occur with the addition of the remaining tee, tubing, permeameter cylinder, porous media,
and loading plates. Although each of these additional decreases is greater than the corresponding
loss in the system with the reduction tee (because of higher flow rates and a correspondingly
higher friction loss), the decrease in flow rate for a complete system (configurations 7 or 8) using
the straight tees is significantly less than that for a complete system using reduction tees. The
decreases in flow rates are shown on figure 5, for a partial system (configuration 2), and figure
6, for a complete system (configuration 8), and are summarized in table 1.

The flow rate of the test system decreased approximately 80 percent when the reduction tee
was added to the head tank and flexible tubing. However, the flow rate of the test system de-
creased only about 20 percent when the straight tee was added to the system. Although adding
components further decreased the flow rate of the system, the flow rate of the complete system



Table 1. — Flow rates, mL/s, for configurations 1, 2, and 8, using reduction tees and straight tees.

Hydraulic gradient

1 2 3 4
Head tank plus tubing (configuration 1) 107.5 164.2 205.0 239.5
Head tank and tubing plus tee No. 1 (reduction) 24.4 33.7 43 .4 51.7
(configuration 2) (22.7)* (20.5) (21.2) (21.6)
Head tank plus complete system (reduction tee) 17.5 27.5 34.6 39.6
(configuration 8) (16.3) (16.8) (16.9) (16.5)
Head tank and tubing plus tee No. 1 (straight) 90.6 131.56 163.8 190.1
(configuration 2) (84.3) (80.1) (79.9) (79.4)
Head tank plus complete system (straight tee) 50.0 76.0 101.4 121.4
(configuration 8) (46.5) (46.3) (49.4) (50.5)

* Numbers in parentheses indicate percent of configuration 1 flow.

using the straight tee was approximately 50 percent of initial capacity, much more than the ap-
proximately 17 percent for the complete system using the reduction tee.

The impact of the flow rate of the test system on calculated coefficients of hydraulic conductivity
can be illustrated using actual test results.

A permeability test was performed on soil from Clark Canyon Dam using the same head tank,
plumbing (with reduction tees), and permeameter cylinder used in the evaluation. A specimen from
sample No. 20A-46 was placed in the cylinder on a porous gravel base and loaded using a porous
stone attached to a loading plate. The results of this soil test are shown on figure 7 in the plot
designated ‘test flow’’; the plot of the equipment flow rate is designated ““equipment flow.”” The
line designated “‘theoretical flow"’ represents the flow rate required for a coefficient of hydraulic
conductivity, at hydraulic gradients of 2 and 4, equivalent to that measured under the hydraulic
gradient of 1.

Figure 7 clearly shows that the results obtained for the Clark Canyon Dam sample were influenced
by the flow rate capacity of the test equipment. The results also show decreasing calculated
coefficients of hydraulic conductivity with increasing hydraulic gradients. For these results, it is
appropriate to report only the coefficient of hydraulic conductivity, 9,290 ft/yr obtained under the
hydraulic gradient of 1, because under hydraulic gradients of 2 and 4, the measured coefficients
of hydraulic conductivity were 7,020 and 4,920 ft/yr, respectively.



The decrease in the calculated coefficient of hydraulic conductivity with increasing hydraulic gra-

dient results from the nonlinear flow rate of the test system caused by friction losses. Since the

flow rate of the test system does not increase proportionally with the hydraulic gradient, the

coefficient of hydraulic conductivity of the soil, as calculated using Darcy’s law, decreases as

shown below:

g = kia
where:
g = flow rate (volume per time),
k = coefficient of hydraulic conductivity (length per time),
i = hydraulic gradient, and
a = cross-sectional area through which flow occurs (length squared).
. h
i= —
/
where:
h = hydraulic head loss (length), and

length of seepage path (length).

Thus, equation (1) may be rewritten:

Therefore:

I . . :
where P is constant for a particular test configuration.

(1)

(2)

(3)

Since k is proportional to g/h, and g/h exhibits a decreasing slope with increasing h, calculated
values of k decrease with increasing h. To provide guidelines for evaluating hydraulic conductivity
coefficients determined using this equipment and to demonstrate the magnitude of restriction
caused by the reduction fee, flow rates for the total test system (configuration 8 for both cases)
are shown on figure 8. The calculated coefficient of hydraulic conductivity (expressed in ft/yr) for



the system is shown in parentheses next to each maximum flow rate at each gradient. These
results are summarized in table 2.

Table 2. — Equivalent coefficients of hydraulic conductivity.

Hydraulic gradient, Reduction tee, Straight tee,
h/l ft/yr ft/yr
1.0 10,210 29,170
20 8,020 22,165
4.0 5,690 17,390

Using reduction tees in the water supply plumbing yielded a system flow rate that was approxi-
mately one-third that of the system with straight tees.

The flow rate of the system can be used as a guide to determine whether or not the hydraulic
gradient should be increased after testing is completed under a hydraulic gradient of 1. If the
coefficient of hydraulic conductivity measured under a hydraulic gradient of 1 approaches or equals
that calculated for the equipment flow rate, there is no reason to continue testing using higher
hydraulic gradients.

The flow rate of test equipment should be determined for each complete test system for all
hydraulic gradients under which a specimen will be tested. This flow rate calibration should be
performed whenever a component of the test system is changed, semiannually, or each time the
permeability test is performed. It should guide the test operator in performing the test for proper
duration and test conditions, as described in the previous paragraph.

Test Equipment Capacity

The maximum coefficient of hydraulic conductivity that can be measured using straight tees ap-
proaches 30,000 ft/yr (3.0 X 102 cm/s). This serves as the limit of measurable hydraulic con-
ductivity with this equipment. To measure coefficients of hydraulic conductivity above 30,000 ft/

yr, the water supply and test cylinder equipment would have to be redesigned.

BIBLIOGRAPHY

[1] Earth Manual, 2d ed., reprint, Bureau of Reclamation, pp. 505-508, U.S. Government Printing Office,
Washington, D.C., 1980.
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Figure 4. — Flow rate of 20-inch-diameter permeability test equipment (straight tees).

LEGEND

0

X

*

+

—

n

w

Configuration

Configuration

Configuration

Confiquration

Configuration

Configuration

Configuration




Ll

FLOW RATE (mlL./sec)

250

200

150

128

58

HYDRAULIC GRADIENT

7
,//////, B
-
T
/ —
¥
~
A
7
xd
/
/ .
4 I R b
,* ...... 1
.9 1 1.5 2 .- . -

LEGEND

0

CONFIGURATION 1

CONFIGURATION 2

» —

CONFIGURATION 2

Figure 5. — Comparison of decreases in flow rates of partial systems (configuration 2) using reduction tees and straight tees.

‘R’

Isl



cl

FLOW RATE (mL/sec)

250
200 ///////II/AV//////////
150 V//;7
//‘V
100 —
—
—
—
—
L
51%] //
b —— —
‘/// L — 4 —
i —
& _
%)
%] -] | 1.5 2 2.9 3 3.5

HYDRAULIC GRADIENT

LEGEND

0]

CONFIGURATION 1

X —— —_— —

CONFIGURATION 8 ‘R’

¥*
CONFIGURATION 8 'S’

Figure 6. — Comparison of decreases in flow rate of complete systems (configuration 8) using reduction tees and straight tees.



€l
FLOW RATE (mL/sec)

LEGEND

80 o
(10 2122/} THEORETICAL FLOW
x — —_— ——
84 ///,/’ EQUIPMENT FLOW
*
1////// TEST FLOW
60 —
Se 1//////
40 ///////A (5,620
(10,210) 4~ |
- —_— e -
30 (8,140) — _ 0
o ¥ — ] (4,920)
// //!/ ——] ,
—
L —
///’ (9,290)
18 P
/
1%]
%] .5 1 1.5 2 2.5 3 3.5 4

HYDRAULIC GRADIENT

NOTE: Numbers in parentheses are calculated coefficients of hydraulic conductivity in feet per year.

Figure 7. — Comparison of equipment flow rates with soil test results.



FLOW RHIE (mL/sec)

14’

LEGEND

140 o
CONFIGURATION 8 ‘R”

(17,390) X — — —

120 CONFIGURATION 8 ‘S°
/
S
—
198 (21,970))(.
/
//
80 =
(22,165) ¥~
/
e
60
/
(29,170) x~
// (7,500 """
(8,020 ;_/—~—~""’
o9 yd (10,210)
—
/ /
Z /

% .5 1 1.5 2 2.9 3 3.5 4
HYDRAULIC GRADIENT

NOTE: Numbers in parentheses are calculated coefficients of hydraulic conductivity in feet per year.

Figure 8. — Comparison of flow rates of complete systems (configuration 8) using reduction tees and straight tees.



Mission of the Bureau of Reclamation

The Bureau of Reclamation of the U.S. Department of the Interior is
responsible for the development and conservation of the Nation’s
water resources in the Western United States.

The Bureau’s original purpose “‘to provide for the reclamation of arid
and semiarid lands in the West” today covers a wide range of interre-
lated functions. These include providing municipal and industrial water
supplies; hydroelectric power generation; irrigation water for agricul-
ture; water quality improvement,; flood control; river navigation, river
regulation and control, fish and wildlife enhancement, outdoor recrea-
tion; and research on water-related design, construction, materials,
atmospheric management, and wind and solar power.

Bureau programs most frequently are the result of close cooperation
with the U.S. Congress, other Federal agencies, States, local govern-
ments, academic institutions, water-user organizations, and other
concerned groups.
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