Well Test Analysis
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Polar Coordinates

Two-dimensional flow in a confined aquifer has previously been derived as Equation

4.42, which is Point in a plane
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‘This equation is expressed in Cartesian coordinates, which are based on an x-y grid. In
an isotropic and homogeneous aquifer with radial symmetry, we can transform Equation onam Polar axis
4.42 with the following relationship which comes from the Pythagorean theorem:
r=ViEty 61
‘The result is Equation 4.42 in radial coordinates
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where

is hydraulic head (L; m or ft)

is storativity (dimensionless)
is transmissivity (L?/T; m?/d or ft*/d)
is time (T; d)

is radial distance from the pumping well (L; m or ft)
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Polar Coordinates

‘The two-dimensional equation for confined flow, if there is recharge to the aquifer, is
given by Equation 4.44, which is:
S v S
ax* af T Tat
Equation 4.44 can likewise be transformed into radial coordinates becoming
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where w s the rate of vertical leakage (L/T; m/d or ft/d)

Computing Drawdown from a
Pumping Well: Theis
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Example: Theis Eqgn.

Using well function notation, the Thels equation s also expressed as

2 e
By = = W) (5.12)

"EXAMPLE PROBLEN

1. The
mata distance

A well is kacal
acquifr is 201
of 7.0:m from €

& conductivity
rate of 725 m’,

From the table of W) and u, if u

Q
4nT

MSmifd % 794

by~
i%m % M mid

57m




Leaky, Confined Aquifer

Exguation 5.3 is the twe
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Test of Assumption #4

Assumption 4, that the water table does not decline during pumping, is difficult to attain

unless the echarge to the water-table aquifer. However, it can be considered
o be valid when either of the following conditions is true (Neuman & Witherspoon 1969):
s
e 1riwx{ (5.15A)
o
= 106K (5.158)
Where

t is time since pumping began (T: d}

5" is storativity of aquitard (dimensionless)

B is thickness of aquitard (L; ft or m)

b is thickness of confined aquifer (L; ft or m)

b"  is saturated thickness of water-table aquifer (L; ft or m)

K is vertical hydraulic conductivity of aquitard (L/T; ft/d or m/d)

K”  is hydraulic conductivity of water-table aquifer (L/T; ft/d or m/d)
K is hydraulic conductivity of confined aquifer (L/T; ft/d or m/d)




Test of Assumption #7

Assumption 7, that no water is released from the aquitard, is valid under either of two
conditions. Hantush (1960b) showed that the effects of water released from the aquitard
are negligible if

£ 0.036b'S /K’ (5.16)
Neuman and Witherspoon (1969) also showed that the assumption is valid when
7 < 0.04b[(KS,/K'S')]'/? (5.17)
where
s, is the specific storage of the confined aquifer (1/L; 1/ft or 1/m)
', s the specific storage of the aquitard (1/L; 1/ft or 1/m)

Although the basic assumptions of Section 5.2 include an infinitesimal well diameter,
the following solution is valid for any well diameter, provided that

> (30r2S/T) [1 — (10r,/b)?] (5.18)
and
ru/ (TV/K)2 <01
where

is the radius of the pumping well (L ft or m)

S is storativity of the confined aquifer (dimensionless)

T is transmissivity of the confined aquifer (L*/T; f/d or m?/d)

Hantush-Jacob Formula

The solution to Equation 5.14 as given by Hantush (1956, 1960b) and Hantush and
Jacob (1954) is known as the Hantush-Jacob formula and is

o~ h = 4(31 W(1/B) 5200
Py 21)
Tt
B = (TW/K)'/* (5.22)
where
Q is the pumping rate (L*/T; f*/d or m*/d)
o=l is the drawdown in the confined aquifer (L; ft or m)
T is the transmissivity of the confined aquifer (L*/T; f€/d or m?/d)
W(, 1/B) is the leaky artesian well function (Values of this function are tabulated in
Appendix3)
v i the distance from the pumping well o the observation well (L; ft or m)
s of the confined aquifer
' is time since pumping began (T; d)
¥ s beakage fac o m)
¥ is thickness of the ag
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Leaky, Confined Aquifer Example 1

To test if the assamption that the contribution from storage in the aquitard is negligible,
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1 the rachius of te well can be coeside

ed negligible, use Kquations 5,18 and .19
1= (30rLS/T
1 > (305 (015 m) * [10035/35

1d > (52 % 107 d)1 - 0.08)

1d = 57%1074d

|
|
Uracreeme acpstr | o
v ¢ -
Loy cordeung Lo BENE
b f
Aguihr | !
' '
" Combirung laver )

A FIGURE 5.3
i el i e s Gvasisin By 8 semiermaabie confining layer,

Leaky, Confined Aquifer Example 1

8}, we must first find w and
2 find

s we wish in know these parameters fo sev.
s Equation 5.21,

ot
ren/[(38 m/d % L1 e

r " HE Wi, rilh

150m




Leaky, Confined Aquifer Example 1

If the well is pumped long encugh, all the water will be coming from leakage across
the confining layer and none from elastic storage in the confined aquifer (Ha
1954). This occurs when

B¥'S
P {5.25)
g
In this case the drawdown can be found from (Hantush & Jacob 1954
k- h L). - Kolr/B) {5.26)
2nT

r ¥y is the zero-order modified Bessel function of the second kind, A partial listing of

Bessel functions is found in Appendix 5.
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Leaky, Confined Aquifer Example 2

A confined aquifer is overlain by an aquitard and a water-table aquifer. The layers have the fol.
lowing characteristics.

Confined aquifer: b = 43m, K = 11 m/d, § = 0.00053, T = 47 m*/d
Aquitard: b’ = 7.2 m, K’ =55 X 10°m/d, §' = 0.00012
Source bed: b” = 17 m, K” = 87 m/d, §” = 0.055

If a well is pumped at a rate of 15 m®/d for 1.76 d, what would the drawdown be at a distance of
2m?

that the head in will remain constant is

valid. 'I:hx~ is done wlt‘hﬁ E‘;ua!mn 5.15B:
b'K” > 100K
17m X 87m/d >100 X43m X 1.1m/d
1497 m?/d > 473 m?/d

Therefore, this assumption is true.
We then use Equation 5.16 to see if the contribution of water from elastic storage in the
aquifer needs to be considered.

£ > 0036t'S/K’
176d > (0.036 X 7.2 m X 0.00012)/(55 X 10~ m/d)
176d *566d

‘The conditional statement is not true; therefore we must consider the effects of storage

Leaky, Confined Aquifer Example 2

A confined aquifer is overlain by an aquitard and a water-table aquifer. The layers have the fol.
lowing characteristics.

43m, K=11m/d,S = 000053, T = 47 m*/d
X 10°m/d, §' = 0.00012
7 m/d, §” = 0.055

Confined aguifer:
Aquitard: b’ m, K’
Source bed: b” = 17m, K’

If a well is pumped at a rate of 15 m®/d for 1.76 d, what would the drawdown be at a distance of
2m?

We need to know if we should use the early-time equation, where water is coming from
the elastic storage in the aquitard, or the equilibrium equation for confined aquifers. We will start
with the early-time test, Equation 5.27.

t <b'§’/10K’
176d <7.2m X 0.00012 /10 X 55 X 10"*m/d
176d <157d

The conditional statement is true; therefore we must use the early-time equation, 5.28.

hy —
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Leaky, Confined Aquifer Example 2

A confined aquifer is overlain by an aquitard and a water-table aquifer. The layers have the fol.
lowing characteristics.

Confined aguifer: b= 43 m, K = 11 m/d, § = 0.00053, T = 47 m*/d
Aquitard: b’ = 7.2 m, K’ X 10°m/d, $' = 0.00012
Source bed: b” = 17 m, K” = 87 m/d, §” = 0.055

If a well is pumped at a rate of 15 m®/d for 1.76 d, what would the drawdown be at a distance of
2m?

The first step is to find the value of H(u, B):

= [(22m)* X 0.00053]/[4 X 47 m?/d X 1.76 d]
=775%10"

=L (552
B=5(575)

Tb"\12
b= (K)
=[47m*/d X 72m /55 X 104 m/d]"/*
=25x10°




Leaky, Confined Aquifer Example 2

A confined aquifer is overlain by an aquitard and a water-table aquifer. The layers have the fol.
lowing characteristics.

Confined aquifer: b = 43m, K = 11 m/d, § = 0.00053, T = 47 m*/d
Aquitard: b’ = 7.2 m, K’ = 55 X 10°m/d, §' = 0.00012
Source bed: b” = 17m, K’ = 87m/d, §” = 0.055

If a well is pumped at a rate of 15 m®/d for 1.76 d, what would the drawdown be at a distance of
2m?

T}
B (22m 74 248 0 10%) ¢ (0U00012,/0.00053)
= 122 3% 107 % 04T

< 11 % 107
e valises of 1 andl B as ealeulated, the valse of H (i, ) found from Appendix 4 bs 43, This
tituted Into Equation 5.28.
Q
hy=h Hin,
s anr 10 B)

= [153m*/d/{d x 31416 X 47 n

Llm

Summary Drawdown Responses
for Confined Aquifers
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A FIGURE 5.4
Plots of log of e 4 demwedown a3 & function of log time for an aqui warious

ol overlying conlining layer. Source: M. 5. Hantush, Journal of Geaptysical Research
&5 (1960 3713-25. Uted with permaisiion.

Unconfined Aquifers

5.4.3 Flow in an Unconfined Aquifer
The flow of v firied aquifer toward a pumping well is described by the fol.
& Witherspocn 1969):

where

al distance from the ¢

ion above the base of the aquifer (L; ft or m)

specific storage (1/L; 1/ft or 1/m)

K, is radial hydraulic conductivity {L/T; ft/d or m/

K, is vertical hyd

ulic conductivity (L/T; ft/day or m/d)

]




Unconfined Aquifers:
Assumptions

ity drainage of interconnected pores
wdown is negligible compared with the saturated aquifer thickness.

deld is at
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have to be—anist
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Unconfined Aquifers:
Neuman’s Solution

aquier, s tabulated in
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Aquifer Parameters from Time-
Drawdown Data

General Assumptions

- The pumping well is screened only in the aquifer being tested.
. All observation wells are screened only in the aguifer being tested.

3. The pumping well and the observation wells are screencd throughout the entire
thickness of the aquifer,

1
2.

10



Confined Aquifer Parameters from
Time-Drawdown Data

Steady Radial Flow Assumptions

1. The aquifer is confined top and botbom.

2. The well is pumped at a con

3 E brium has been nead
with time.

t rate,
ed; that is, th

& no further change in drawdown

Confined Aquifer Parameters from
Time-Drawdown Data: Thiem Eqn.

1d the die

e
a distance r. We can inite

o e

Jistance r, from the pumping we
i3 w thase b

salved to yield

By = Iy 1:_3 |nf:=] 543

543 can be rearvarged to yheld the Tk 1 for confined aquifens

where

is pumping rate (17

s head at distance r,

well (L ftorm)

is head at distance ell (L; ft or m)

Confined Aquifer Parameters from
Time-Drawdown Data: Thiem Eqgn.

Awell in a confined aquifer is pumped at a rate of 220 gal /min. Measurement of drawdown in
two observation wells shows that after 1270 min of pumping, no further drawdown is occuring
‘Well 1 is 26 ft from the pumping well and has a head of 2934 ft above the top of the aquifer. Well
215 73 ft from the pumping well and has a head of 32.56 ft above the top of the aquifer. Use the
‘Thiem equation to find the aquifer transmissivity.

‘We must first convert the pumping rate of 220 gal /min to an equivalent rate in cubic feet per
day. We make this conversion, even though steady-state conditions were reached, before a full
day (1440 min) of pumping occurred

gal 1§ min

20 X g gl ¥ 1440 == = 42400 £6/d

Now we substitute the given values into Equation 5.4

0 A
2l — ) " (v,)

42,400 f6/d. n ( 736t )

T 2m(3256 1t — 2934 1t)  \ 261t
2400

= 535 In(281) fé/d

=2170f¢*/d
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Unconfined Aquifer Parameters
from Time-Drawdown Data

inby ah

1. Th

(545

Unconfined Aquifer Parameters from
Time-Drawdown Data: Thiem Eqgn.

Non-equilibrium Flow Conditions:
Radial Flow Confined Aquifer
(Theis Method)

Equatio

5500




Theis Curve
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Curve Matching

Time (minuses)

0.1 L 1,000 10,000
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A AIGURE 5.8
Mstch of fieki-dats plot to Theis type curve.
Awell in a confined aquifer was pumped at a rate of 220 gal//min for 500 min. The aquifer is 48
thick, T data from an ot well located 524 ft away are given in Table 5.1
ind T, K, and 5.
“The field data are plotted on logarithmic paper (Figure 5.7). The field-data graph is thes
placed upon the type curve graph (Figure 5.5). The following match po ained:
Wi} = 1
u =1 BT
Tim attr
hg=h = 2dft pamgien;

[ —

i FIGURE 5.7
ekl s plct on logariehemic papes fox Thin curve-masching techricyss.
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Curve Matching Example

Awell in a confined aquifer was pumped at a rate of 220 gal//min for 500 min. The aquifer is 48
thick, T data from an ot well located B24 ft away are given in Table

“The field data are plotted an logarithmic paper (Figure 5.7). The field-data graph is thes

d pan the type curve graph (Figure 5.5). The following match point is obtained:
Wi} = 1
Vu =1
hy—h = 248
=41

& Bousg s e
Blaich o Fokd shatn o Theh bype curvn.

Curve Matching Example
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Cooper-Jacob Method
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Cooper-Jacob Method Example

pe-Jacob meths
(Figgare 5.5, A straight line s fit bo the
and the

The value of fy i

23 3 42400 #i%/d -
TR
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Distance Jacob Method

(5.58)

5= 28T 659
o

where

T

@

Al J

!
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Drawdown infeet

Distance (eet

A FIGURE 5,10
Variation of the Jacob method of soluton of pumping-test data for  fully confined aquifer
s potied 95 funciion of

Distance Jacob Method Example

0, 40, 150, 30, w400 vy

Distance (5% Drsdiwn

oy s B0 Fid e

=460k

Drawdown infeet

A FIGURE 5.10
Variation of solation of

Drawdown is plotted 25 2 function of distance to observation wel on semllogarithmic paper.
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Leaky Aquifer, No Storage

o

=41

5

15

Leaky Confined Aquifer: Example

Leaky Confined Aquifer: Example

Waltoes (1
sty fine

i} gave drawdown da
sand that was 14 f ¢

a stratum of

for an aguifer test in a well confired by
(Table 5.2). Denwdown was measured in an cksers
« pa well, which was pumped a1 25 gal fmin. Us
¢ HantushrJacob formulas, find the vahues of T, 5, and K
plot of drawdown as a function of time must be made. This is st
¢ time-drawdown data are matched 8o an +/B

& Walton's grap

i Figare 5,12

ve. The match-p 2
Wiw, H) = 10
e = 10, u = 0w
ho—h 190
¢t = 3amin
o8 = 01

Mext we must convert gallons per mi
days.

e to cuble foet per day an b5 do time in

® 177480 gal % 164D min/d = 4800 ft*/d

aoe3d
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Leaky Confined Aquifer: Example

4 3 200 1¢/d % 0.10 x 0z d
. ETEE L
000020

T (r/B)

200 f'd x 140t % 032
CIEEL

0015 /e

Hantush Inflection Point Method

N

N, -
I Time (min) Deawdown (18}
| 5 07

| 28 330
AlH| 4 3%
| w0 s

| 75 i

: P 547

| 43 5%
69 11

s 627

12 Gl

1185 62

wiction of time on semilogarithmic paper for
of aralyss

Hantush Inflection Point Method

The following relations hold teue fo
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From the match-point value of Hiy, B) and iy, the value of T is found from:
T= 2 H{u, B
amll, — iy B

computed value of T:

5 -1'J'?r

r

Leaky Confined with Storage

and § may be found from the match-point values of £, 1/w, the measured value of r, and the

Leaky Confined with Storage

H(up)

A FIGURE 5.14

Type curves for a well in an aquifer confined by a leaky layer that releases water from storage.
Source: Data from M. . Hantush, Journal of Geophysical Research 65 (1960): 3713-25; type curves
from W. C. Walton, Groundwater Resource Evaluation (New York: McGraw-Hil, 1970).

Leaky Confined with Storage

The value of B can be used to compute the product K'S’s

2gi
o _ T S
B = 175 (5.75)

B* = TAK') (5.76)
Combining Equations 5.75 and 5.76,
16R2TD’
s - TS -
If one of the values, either K’ or &, is known, the value of the other can be found.

18



Unconfined Aquifer

The flow equation for unconfined aquifers is
__Q -
= i — ) W(up, ug, )] (5.78)

where Wiy, u, T) is the well function for the water-table aquifer and

5% (for early drawdown data) (679
ATugt
§, = =3 (for later drawdown data) 680

Unconfined Aquifer

|

| |

o] | |

whowt ow? et et oo owt et
Thay

A FIGURE 5.15
Type curves for drawdawn data from fully penetrating wells in an unconfined aquifor,
Seurce: 5. . Neuman, Water Rescurees Researeh 11 (1975):329-42. Used with permissian

Unconfined Aquifer

where

# i the drawdown (L; ft or m)

(LT A6l or m® )

Q@ s the pumping

B/ d or i/ d)

ty (L

T s the transmi

is the radial distance from the pumpir

s is the storativity (dimensionless)

8, is the specific yield (dimensionbess)

t

K, conductivity (L/T; ft/d or

K, tivity (LT: f/d o m/d)

al saturated thickness of the squifer (L: ft or m)
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value of I comes from the type curve. The value of T is found using these values
and Equation 5.78. The storativity is found from Equation 5.79.

The latest drawdown data are then superposed on the Type-B curve for the I' value
of the previously matched Type-A curve. A new set of match points is determined.
The value of T calculated from Equation 5.78 should be approximately equal to that
computed from the Type-A curve. Equation 5.80 can be used to compute the specific
yield.

. The value of the hori: ‘hydraulic

Ky =1Th (5.82)

The value of the vertical hydraulic conductivity can also be computed using the I'
value of the matched type curve. Rearrangement of Equation 5.81 yields the
following formula:

L

d can be ined from

w

L

(5.83)

TPk,
7

Unconfined Aquifer Example

Awell pumping at 1000 gal/min fully penetrates an unconfined aquifer with an initial saturated
thickness of 100 ft. Time-drawdown data for a well located 200 ft away are plotted on log paper
(Figure 5.16). Find T, S, 5, K;, and K.

The value of the pumping rate is

Q = 1000 gal/min X 1/7.48 ft*/gal X 1440 min/d = 1.9 X 10° f/d
‘The early-time drawdown data fit best on the Type-A curve for I' = 0.1. The selected match point
is Wita, ) = 0.1, 1/, = 1.0, hy-h = 0.041 ft, and ¢ = 0.9 min. The value of i, is 1.0 and ¢ = 625
X 10 d. From Equation 5.78,
T

Q
s LU

_ 19 X 10° f/d x 01

4X 7 X 00411t

= 37x10°6¢/d

‘The storativity value is found from Equation 5.79.

4Tuyt
7

4% 37 X 10*f¥/d X 625 X 10-*d X 1.0
(200 ft)?

= 0.0023

Unconfined Aquifer Example

20



Well screened in part of aquifer

1. 1f two observation wells equidistant from the pumping well are screened in differ-
ent parts of the aquifer, the time-drawdown curves may be different.

-Q

e sur
o
e

o per-well scroens, it is

jown than a claser well,

similar in shape
"

ghathick,

oo
have a greater drawd

e bourdary, a f
r am aquifer of nonuniform

Slug Tests

v < FIGURE 5.18

Wl Inta which a volume, ¥ of water

& suddenly injected for a sug test of a

confined aquifer. Source: H, H, Cooper,
| 0. Bredehoett, & I, 5. Papodopulos,

Waner level immediately
+ aher injection

Water Resources Research 3 (1967
263-9. Used with permission.

in aquifer

o P Time (s} Himb
¥ -
b o] a3
| 1 - i oM
- H sereen oo e
: acgaber [, - | wall of apen hole”
I

|
PE
I~
i
I

B

Slug Tests

Aplot of the ratio of the measured head to the head after injection (H/Hy) is made asa
function of time. The ratio H/Hy is on the arithmetic scale, and time is on the logarithmic
scale of semilogarithmic paper. The ratio H/Hy is equal to a defined function:

H/Hy = F(n, 1) (589
where
" (5.56)
wd
" 1557)
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Slug Tests

The field-data eurve is placed over the type curves with the arithmetic axis coincident.
That is, the value of HiH, = 1 for the ficld data lies on the horizontal axis of 1.0 on the type
curve. The data are matched to the type curve {j1), which has the same curvatuse. The ver-
tical Hime-ais, ¢y, which overlays the vertical axis for Tt/rl = 1.0, is selected, The transmis-
sivity is found from

(5.88)

The value of storal

X ty can be found from
Since .= (1} /r2)s,

value of the p-curve for the field data.

5= (rhuliri (5.89)
Fer small values of 1, however, the curves are often very similar; therefore, in matching the
Bield data, the question of which . value to use is often encountered, The use of this method
; y should be approached with caution. Likewise, the value of T that is
Cetermined is re ive of the ion only in the i vicinity of the test hole,

Slug Tests: Type Curves

g et 1 vl o e e, S 5. 5. Popuipudn, | 0. b,
. Water Rescurces Resarch # (19737 1087-5%. U with permtion.

Slug Tests: Example

with & radius of 7.6 cm is installed through a confining layer. A screen with a radins of

5.1 cm is installed in a farmation with a thickness of 5 m. A shug of water is injectod, ralsing the

water level 0.42 m. The decline of the head is given in Table 5.3, Find the values of T, K, and §
A plot of HjH, as a function of ¢ is made on semilogaritheic paper (Figusre 5,20, Ttis ¢

on the type carve (Figare 5.19) At the axis for TUF = 1.0, the value t, s 135,

_ 1
4

T

10 % (76 em)? . i
13s
= ddcmifs .
- T i
= 4.4 cni® f5/500 cm
B8 % 107" em/s d i

The p-curve is 10~ With r, = 7.6 cm and r, = 5.1 em, we find il d
et
107 % (7.6 el /(5.1 em)’

= 22x107°

5=y

=
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Specific Capacity Data

similar approach to the analysis of specific-capacity data with
71 wells in the karstic Edwards Aquifer of Texas. He found
g relationship with a correlation coefficient of 0.891:

7 s
o.ha(—[‘ =) (5.106)

where
T is transmissivity (m*/d)
Q  is pumping rate (m/d)

hgk i drawdown (m)

Empirical Relationship but Specific Capacity Data Routinely Collected

Intersecting Wells: Superposition

Grownd surface  Nonpumping water hevel - « FIGURE 5.29

— Comgasite pumping cane for
wells tapping the same
. Each well s pumnping
flerent rate; ths the
pumnping level of each Is
different.

Sources/Sinks: Superposition

» FIGURE 5.30 Perernial

\dealized cross section of a well inan  Dischangrg wells, Q) U surace
v bounded on one side by a L

stream. Source: J. G. Ferris ef o, U5,

Geological Survey Water-Supply Paper

1536-F, 1962,

N Mengumging
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Aquifer thickness b should be very |t
compared 1o resultant drawdown near real wel

HYDRALLIC COUNTERPART OF REAL SYSTEM
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Sources/Sinks: Superposition

< FIGURE 5.31

Idealized cross section of a
wedl in an aquiles bounded
on one side by an
Impermeabie boundary,
Sewrce: |. G. Ferris ot al,
U5, Geslogical Survey

ply Paper 1536.£,

Q
Discharging well -\

Land|surface,

mpermeable oo
nlining marer

REAL SYSTEM
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of image we o real well

a ™ @ Discharging
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NOTE: Aquifer thickness b should be very large
compared to resultant drawdown rear real well

MYDRAULIC COUNTERPART OF REAL SYSTEM

Impact of Sources/Sinks

1 4 FIGURE 5.32
- rech
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