by Herman Bouwerb

ABSTRACT

The Bouwer and Rice siug test was developed to
measure aquifer hydraulic conductivity around boreholes
(production, monitoring, or test wells). The wells can be
partia!'v penetrating and partially screened, perforated, or
other+ ‘se open. The slug test can be based on quickly with-
drawing 2 volume of water from the well and measuring the
subsequ- - rate of rise of the water level in the well, or by
adding . ¢ of water and measuring the subsequent rate
of fall of tne water level in the well. While originally
developed for unconfined aquifers, the method can also be
used for confined or stratified aquifers if the top of the
screen or perforated section is some distance below the
upper confining layer. Anomalies (‘‘double straight line
effect’’) sometimes observed in the measured rate of rise of
the water level in the well are attributed to drainage of 2
gravel pack or developed zone zround the well following
lowering of the water level. The effect of this drainage can
be eliminated by ignorinz the early data points and using
the second straight line portion in the data plot for
calculation of hydraulic conductivity. The method is
applicable to any diameter and depth of the borehole,
provided that the dimensions of the system are covered
by the ranges for which the geometry factor R has been
worked out. The smaller the diameter of the hole, however,
the more vulnerable the results will be to aquifer heteroge-
neities and to inaccuracies in estimating effective well
diameters. Computer programs for rapid processing of the
field data have been developed.

s

2Contribution of the U.S. Department of Agriculture,
Agricultural Research Service.

bLaboratory Director, U.S. Water Conservaton
Laboratory, Phoenix, Arizona 85040.

Received December 1986, revised August 1988,
accepted September 1988.

Discussion open until November 1, 1989.

304

“% The Bouwer and Rice Slug Test — An Update’

INTRODUCTION

The slug test developed by Bouwer and Rice
(1976) permits the measurement of saturated
hydraulic conductivity (K) of aquifer materials
with a single well. The method consists of quickly
lowering or raising the water level in a well or ~nre-
hole from equilibrium and measuring its subsequent
rate of rise or fall, respectively. The method was
designed to measure K of the aquifer around the
screen or otherwise open portion of the well for
fully or partially penetrating wells in unconfined
aquifers. Because of its simplicity, the Bouwer and
Rice slug test has become a frequently used tool in
ground-water investigations. This paper addresses
some of the experiences obtained with the method,
including the validity of falling level tests, use of
the method in confined aquifers, effect of draining
gravel packs on the rise of the water level, effect of
hole diameter, and computer processing of field
data.

METHODOLOGY
Geometry and symbols of a slug-tested well
are shown in Figure 1. The rate of flow of ground
water into the well when the water-level in the well
is a distance y lower than the static ground-water
table around the well is calculated with the Thiem
equation as

Q= 27KLe (1)

y
In(Re/rw)

where Q = volume rate of flow into well;

K = hydraulic conductivity of aquifer around well;
L. = length of screened, perforated, or otherwise
open section of well; y = vertical difference between
water level inside well and static water table outside
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/ ’1. Geometry and symbols for slug test on partially
etrating, partially screened well in unconfined aquifer
with gravel pack and/or developed zone around screen.

well; Re = effective radial distance over which y is
dissipated; and r,, = radial distance of undisturbed
portion of aquifer from centerline.

Values of Re were determined with an
electrical resistance network analog for different
values of ry, Le, Lw, and H (see Figure 1 for mean-
ing of geomertry symbols). The value of ry, is the
radius of the screened or open section of the well
plus the thickness of a sand or gravel pack and/or
of the developed zone around the well. Thus, ry is
the radial distance from the center of the well to
normal K of the aquifer. Because the thickness of
the developed zone is almost never known, the
tendency is to ignore it and take only gravel or
sand packs into account.

The rate of rise dy/dt of the water level in the
well after the water level has been quickly lowered
some distance is

y__Q

a dar - rd 2)

where r. is the radius of the casing or other section
of the well where the rise of the warter level is

measured. If the water level rises in the screened or
open section of the well with a gravei pack around
it, the thickness and porosity of the gravel envelope
aould be taken into account when calculating the
equivalent vaiue of r for the rising water level.
This calculation is based on the total free-water
surface area in the well and sand or gravel pack,
calculated as nrd + 7 (ry?® — ré)n, where n is the
porosity, and r,, - rc is the thickness of the
envelope. The equivalent radius of a circle giving
this total area is then calculated as .
[(1-n)rd + nry?]”. For example, if the radius of
the screen or perforated casing is 20 cm and there
is 8 cm gravel pack with a porosity of 30 percent,
r. should be taken as 25.9 cm, while ry, is 28 cm.
Solving equation (2) for Q, equating the

resulting expression to equation (1), integrating,
and solving for K yields

rd In(Re/tw) l n&
2L, t v

(3)

where y, = y at time zero;and y, =y at time t.

The results of the analog analyses to evaluate
R for various system geometries were expressed
in terms of the dimensionless ratio In(Re/ry). The
data could be fitted into two equations, one for
the case where Ly, < H, and one where L, = H.
The resulting equations were, respectively,

Rc 1.1 A+ BIn[(H_ L\V)/rw] "l
In—= + (4)
rw ln ( Lwl/rw) Le /rw
R 1.1 C )
and In—== [ + ] (5)
Tw In(Lw/rw) Le/tw

where A, B, and C are dimensionless numbers
plotted in Figure 2 as a function of Le/ry.
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Fig. 2. Dimensionless parameters A, B, and C as a function
of Le/rw for calculation of In{Re/rwi.
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Fig. 3. Graph of log y¢ versus t for siug test on well in Salt
River Bed, 27th Avenue, Phoenix, Arizona. -

Because y and t are the only variables in
equation (3), a plot of In y, versus t must show a
straight line. Thus, instead of calculating K on the
basis of two measurements of y and t (yo att =
0 and y, at t), a number of y and t measurements
can be taken and [In(y,/y.)] /t determined as the
slope of the best-fitting line through the y versus
t points on semilogarithmic paper (Figure 3). The
straight line through the data points can also be
used to select two values of y, namely, y, and yr,
along with the time interval t between them for
substitution into equation (3). Because drawdown
of the ground-water table around the well becomes
increasingly significant as the test progresses, the
points as in Figure 3 begin to deviate from the
straight line for large t and small y. Thus, only the
straight line portion of the data points should be
used to evaluate [In(y, /yt)]' /t for calculation of K
with equation (3).
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The slug test can be used on production wells,
test wells. observation wells, and monitoring wells.
Objectives for the measurements include charac-
terization of aquifer hydraulic conductivity for
modeling, ground-water recharge studies, and
ground-water pollution studies. The method 1s
particularly useful in ground-water contamination
studies because the slug test can be carried out on
the same wells used for ground-water quality
monitoring. Also, combining the resulting values of
hydraulic conductivity with the porosity of the
aquifer and slopes of the ground-water table or
piezometric surface permits the prediction of pore-
water velocities and, hence, the rate of movement
of pollution plumes and transport of contaminants.
Tne slug test can also be useful in determining
vertical distribution of hydraulic conductivities in
an aquifer system and other spatial variability of
hydraulic conductivity in studies of macrodisper-
sion and movement of contaminants.

Over the years, a number of questions and
comments about the slug test have been received.
These questions and comments are addressed in the
following sections.

DOUBLE STRAIGHT LINE EFFECT
Users of the slug test have observed that when

plotting log y. versus t as in Figure 3, they some-
times get a double straight line as shown schemat-
ically in Figure 4. The first part (AB) is straight
and steep, whereas the next part (BC) is straight
and less steep. Then, at point C, the points begin
their expected deviation from the straight line as

LOG ;.

o t
Fig. 4. Schematic of double straight line effect.
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Fig. 5. Slug test for borehole with ground-water level below
{A), and above (B) top of screen or perforated section.

the drawdown around the hole becomes significant
relative to v,. The first straight line portion in
Figure 4 is probably due to a highly permeable
zone around the well (gravel pack or developed
zone), which quickly sends water into the well
immediately after the water level in the well has
been lowered (Figure 5A). Then, when the water

vel in the permeable zone around the well has
“drained to the water level in the well itself, the
flow into the well slows down and the points begin
to form a second, less steep, straight line (BC in
Figure 4). This second straight line is more indica-
tive of the flow from the undisturbed aquifer into
the well. Hence, segment BC should be used in cal-
culating K of the aquifer with equation (3). In the
original 1976 article, gravel envelopes or developed
zones were assumed to drain at the same rate as the
water level in the borehole when it is lowered for
the slug test, i.e., essentially instantaneously. How-
ever, some gravel packs or developed zones
apparently are not permeable enough to give such
instantaneous drainage.

If the ground-water table is above the screened
or open section of the borehole, and the water
level in the hole is not lowered so far that it drops
below the top of the open section (Figure 5B), the
gravel envelope or developed zone around the open
section cannot drain. The inflow into the hole then
is immediately controlled by the aquifer, and the
double straight line effect should not occur. If it
il occurs, it could indicate leakage around the
jsing or grouting above the gravel pack.

Where the double straight line is due to a
gravel pack around the well, the effective well

radius ry, should be taken as the radial distance
from the center of the well to the outer surface ot
the gravel pack. Where the double straight line is
due to a naturally developed zone around the well,
rw is harder to evaluate and an “intelligent” esti-

- mate must be made. It may also be possible to esti-

mate r,, from the value of y at point B in Figure 4.
Considering the volume of water in the well
between v 5 and yp in Figure 4 to be due to the
drainage of the gravel pack or developed zone, and
knowing or estimating the drainable porosity of
the gravel pack or developed zone, the radial
extent of this zone can be calculated for evaluation
of ry,. Capillary fringe effects do not have to be
considered, since the capillary fringe was also
present in the pack or in the developed zone before
the water level was lowered. Because the rising
water level in the hole during the slug test will also
fill up the drained pore space of the gravel pack or
developed zone, the value of r¢ in the equation for
calculation of K should be adjusted to take this
effect into account, as discussed earlier in this
article.

Conceivably, a well could have a gravel pack
surrounded by a less permeable developed zone
before the original aquifer material is reached. This
could lead to a triple straight line effect, with an
intermediate straight line portion at point B, ora
curved transition zone at B if the hydraulic con-
ductivity of the developed zone gradually decreases
until K of the original aquifer material is reached.
By the same token, portion AB in Figure 4 could
also be curved if the hydraulic conductivity of the
gravel pack or developed zone immediately around
the well decreases with radial distance from the
well.

FALLING WATER LEVEL TEST

The slug test was developed for a rising water
level in the borehole, as obtained by quick removal
of a certain volume or slug of water. This can be
achieved by bailing, (quick) pumping, or by
immersing a section of pipe filled with sand or
other ballast and closed with caps on both ends, or
other submersible object, in the borehole, letting
the water level in the borehole return to equilib-
rium, and quickly removing the submerged object.
The question is often raised: can the method also
be used when a volume of water is quickly added
to the hole and the subsequent rate of fall of the
water level in the hole is measured for calculation
of K? The answer is yes, provided that the equilib-
rium water level is above the screened or open
section of the borehole (Figures 1 and 5B). In this
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Fig. 6. Schematic of addition of water (hatched section) to
borehole with equilibrium water level beiow top of screen
or perforated section, with outflow of water into vadose
zone (horizontal arrows).

case, the outflow from the well due to the falling
water level occurs only through the screened or
open section of the well, and the flow system in
the aquifer is a true reverse of the flow system for
the rising water level after a slug of water has been
removed (ignoring, of course, eventual rises and
drawdowns of the ground-water table immediately
around the borehole if the aquifer is unconfined).
Thus, equations (3), (4), and (5) are also applicable
to the addition of a slug of water and measuring
the subsequent rate of fall of the water level in the
borehole for calculation of K of the aquifer around
the hole. |

If the equilibrium water level in the borehole
is below the top of the screen or open section
(Figure 6), and water is added (hatched section in
Figure 6), the subsequent flow of water into the
aquifer due to the falling water level not only takes
place through the screen or perforations below the
original water table, but also through the vadose
zone above the original water table (arrows in
Figure 6). This increases the rate of fall of the
water level in the borehole beyond that caused by
inflow into the aquifer and leads to an overestima-
tion of K. The greater the ratio of y/L (Figure 6) in
this case, the more the slug test will overestimate K
if the measurement is based on adding water to the
hole and measuring the subsequent rate of fall of
the water level.
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APPLICATION OF SLUG TEST TO
CONFINED AQUIFERS

Theoretically, the slug test (Bouwer and Rice,
1976) applies to aquifers where the upper bound-
ary is a plane source (rising water-level test) or sink
(falling water-level test), as in an unconfined
aquifer. However, because most of the head
difference y between the static water table and the
water level in the well is dissipated in the vicinity
of the well around the screen or perforated section,
the method should also be applicable to situations
where the upper boundary of the aquifer is an
impermeable or semipermeable plane, i.e., an
impermeable or semipermeable upper confining
layer. Thus the slug test should also give reasonable
values for K in confined, semiconfined, or stratified
aquifers. Theoretically, the larger the distance
between the top of the screened or open section of
the well and the upper confining layer (like Ly - Le
in Figure 1), the more accurate the resulting values
of K will be. In actuality, however, source
boundaries of ground water flowing into the well
in response to lowering the water level are hard to
define because of elastic deformation of aquifer
material and confining and interbedded fine-
textured layers, and because of leakage through
semiconfining layers.

EFFECT OF WELL DIAMETER

Theoretically, the Bouwer and Rice slug test
applies to any diameter of the borehole. Practically,
the hole dimensions should be selected so that the
geometry parameters are covered by Figure 2. The
larger ry, and L. (Figure 1), the larger the portion
of the aquifer on which K is determined. For
layered aquifers, smaller values of L. may some-
times be preferable because they give more resolu-
tion and more information about the vertical dis-
tribution of K when the slug test is carried out at
different depths. Very small hole diameters (for
example 2 in. or 5 cm) should still give accurate
values for K, but the values apply to only a small
region around the well and, hence, are more sensi-
tive to spatial variability. Also, inaccuracies in the
estimates of the thickness of gravel envelopes and
developed zones have a greater effect on the calcu-
lated values of K where r is small than where r. is
large.

PROCESSING OF y VERSUS t
- MEASUREMENTS
To calculate 1/t In(y,/yy) for the appropriate
straight line portion of curves as in Figure 3 or 4,
two values of y on the straight line and their
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corresponding values of t are read from the graph.
The natural logarithm of the ratio y,/y, is then
taken and divided by the difference between the
Lwo values of t. For example, Figure 3 shows that
/ ’t y 1s0.28 m and 0.001 m, t is O and 24 seconds,
respectively. This yields
1/t In(yq/y.) = 1/24 In(0.28/0.001) = 0.23 m/sec.
If 1/tIn(y,/y¢) is calculated from the siope of the
curve, the number of log cycles on the vertical scale
between the two points is divided by the time
increment and multiplied by 2.3 to convert to
natural Jogarithm. For example, Figure 3 shows
that the straight line from y, = 0.28 m to
ye =0.001 m covers 2.4 log cycles. The time
increment between the two points is again 24
seconds, yielding 1/t In(y,/y;) = 2.3 X 2.4/24=0.23
m/sec, which is the same as calculated earlier.
Because of different coordinate scales in plots of
log y versus t, the value of 1/t In(y,/y,) cannot be
taken as the actual slope of the straight line
portion!

ESTIMATING RATE OF RISE OR FALL OF
WATER LEVEL IN WELL
If the water level in a slug-r=sted well rises or
falls at a relatively slow rate, simple water-level
measuring devices and a stop watch may be all that
m.nceded to do the test. Fast-moving water levels,
ywever, require the use of a pressure transducer
and a fast-acting x-y plotter. To get some idea
about the rate of water-level movement that can be
expected in a slug-tested well and what equipment
to use, equation (3) can be solved for t and
In(yo/y,) can be taken as In 10 to calculate the
time tyoy required for the water level in the well to
rise or fall 90% of the initial lowering or raising,
respectively, of the water level in the well. This
vields the equation
2
e s 6)

e Tw

Tog = 1.15

where K must be taken as the estimated or expected
value of K of the aquifer. Equation (6) yields

values of t that are 22 times greater than the t
values calculated by the tooy equation in the
original article (Bouwer and Rice, 1976), where
In(yo/y:) was erroneously taken as In 0.9, thus
yielding the time required for only 10% of the
water-level rise or fall to occur.

COMPUTER PROGRAMS

Where the Bouwer and Rice slug test is
routinely used, time for calculating K with equa-
tion (3) is saved by developing a computer program
in which values of L./ry, are stored for direct cal-
culation of In(Re/ry ) and K from the field data.
Such programs have been developed by several
users (see, for example, Pandit and Miner, 1986;
and Kemblowski and Klein, 1988). Also, 2 number
of users have designed forms for easy and system-
atic recording of field data.
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