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Example 3.1.2

A confined aquifer with a horizontal bed has a varying thickness as shown in Figure 3.1.2. The aquifer
is inhomogeneous with K = 12 + 0.006x, where x = 0 at section (1), and the piezometric heads at sections

(1) and (2) are 14.2 m and 18.8 m, respectively measured above the upper confining layer. Assuming the
flow in the aquifer is essentially horizontal, determine the flow rate per unit width.

Darcy’s law for a constant thickness aquifer is given by Equation 3.1.4,

h
0=-KAZ
(2)
(1)
A K =12 + 0.006x i
| Y
|-< 3,600 m >




Since the aquifer thickness is variable in this problem, we must also write the cross-sectional area and
b, — by )x
the hydraulic gradient as a function of the distance x. Assuming a unit width, A=b, + -(-i—'-)—- , where
b, =30m, b, =75 m, and L = 3,600 m, then we have %

75-30)x

A=30+( =30+0.0125x

L}

Substituting the expressions for A and K into Darcy’s equation yields the expression for Q in follow-
ing form:

0=—(12+0.006x)(30 + °~°125")%

Rearranging this equation and integrating from section (1) to section (2) yields

188

3600
'[ I dx = j ——l'dh
¢ (12+0.006x)(30+0.0125x) 2, B




This equation is integrated using partial fraction decomposition to obtain

3600[ 0.2 0.416 ] 188

i de= | ——dh
(I, (12+0.006x) (30+0.0125x) 14].2 Q

[33.333 In (12+0.006x)33.28 In (30 +0.0125x)] = = —éh]',;’:,'f_f

~26.54 - (~30.36) = —-é—(18.8—l4.2)

Q =-1.20 (m*/day/m)

The minus sign implies that the flow is from section (2) to (1).



Darcy Velocity

Validity of Darcy’s law

N 2D
Y7
Darcy's law Is valid for N, <1



Permeability

Intrinsic Permeability k=—2": m?or (ym)

(Lcentipoise)1cm®/s)/(1cm?)

1darcy = 0.987(zm)’
Y latm./cm ()
Vv
Hydraulic Conductivit K=- . m/da
ydraulic Conauctivity dh/dI \4
Transmissivity T =Kb: m?/day

b = saturated thickness of aquifer -



Percentage of coarser sand
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Determination of permeability

Empirical relationships

k=cd® or k=ffd°

¢ = dimensionless coefficient

d = characteristicgrain diameter
f. = grain or poreshapefactor
f = porosityfactor
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Laboratory methods:

Constant head and Falling head permeameters
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(Volume/time)x L
Ah

Constant head permeameter:. K =

Falling head permeameter: K = I L In ﬂ
r. ) L time h,
Example 3.3.3

A 20-cm long field sample of silty, fine sand with a diameter of 10 ¢m is tested using a falling-head
permeameter. The falling-head tube has a diameter of 3.0 ¢m and the initial head is 8.0 cm. Over a period
of 8 hr, the head in the tube falls to 1.0 ¢cm. Estimate the hydraulic conductivity of the sample.

Equation 3.3.6 15 used to compute the hydraulic conductivity in a falling-head permeameter test:

L. W& _ (1.5 em)” (20 cm) mﬂ,ﬂcm

= 3 =1.3%107* em/s = 0.112 m/day
1 hy (5.0cm) (8x3600sec) 1.0cm
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Tracer tests
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Auger hole tests

Ground surface

/

Water table
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K — C dy
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C 1S a dimensionless constant
dy/dt = rate of rise in cm/s

Pumping tests (Chapter 4)
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Anisotropic aquifers

g, = K1i21 0, = Kzizz Oy = Kxi(z1 T Zz) =(; +0,
- Kz, +K,z,

e

K, (i=dh/dl)
Z, +2,
K - Kz, +K,z,---+ K.z,
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J, = Kl(dhllzl) dhl :%qz

1

7 7
dh +dh, =| =+ + =2
1 2 (Kl K2]qz

for homogeneou s system

qZ:KZ(dhﬁdhz) o dh1+dh2=[zl+zzjqz

Z,+ 7, K,
K Z,+Z,
/K +27,/K,
< Z,+2Z,+1,

L 2, K +2,/K,--+2 K.



Example 3.4.1

An unconfined aquifer consists of three horizontal layers, each individually isotropic. The top layer has
a thickness of 10 m and a hydraulic conductivity of 11.6 m/day. The middle layer has a thickness of 4.4
m and a hydraulic conductivity of 4.5 m/day. The bottom layer has a thickness of 6.2 m and a hydraulic
conductivity of 2.2 m/day. Compute the equivalent horizontal and vertical hydraulic conductivities.

Equation 3.4.5 is used to compute the equivalent horizontal hydraulic conductivity:
_ Kz + K52 + K32,
21 +2;+25
(11.6 m/day)(10 m)+(4.5 m/day)(4.4 m)+ (2.2 m/day)(6.2 m)
(10m+4.4m+6.2m)

K

X

=17.25 m/day

The equivalent vertical hydraulic conductivity is computed using Equation 3.4.12:

1+ +2Z;
A <
1+22 4. 53
Kl K’.’ K’.’a

I0m+44m+6.2m
—_I_Om N 4.4 m " 6.2 m =4.42 m/day

11.6 m/day 4.5m/day 2.2 m/day

K. =

Note that the equivalent hydraulic conductivities above are computed based on the assumption that
each layer is individually isotropic, that is, K, = K. in each layer. o |



Groundwater flow rates

Assume a productive alluvial aquifer with K = 75 m/day and a hydraulic gradient = -10
m/1000 m = -0.01. From Darcy’s law,

v=-K % =75(0.01) = 0.75m/day

Q = Av =(50)(1000)(0.75) = 37500m*/day
=0.43m°/s

Stream Ground surface

\\ *\f / - :
Water table
Alluvium 50m

R ——

~ 1000 m >
Impermeable strata
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Groundwater flow directions: Flow nets

_dh
ds
qg=K dn dm
ds h
q=Kdh (ds=dm)
dh = D ~«—Equipotential
n line

Flow line
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Flow nets for anisotropic hydraulic conductivity
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Estimating groundwater flow direction from three
well observations
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Example 3.6.1

Three observation wells are installed to determine the direction of groundwater movement
and the hydraulic gradient in a regional aquifer. The distance between the wells and the
total head at each well are shown in Figure.

Well 1
(32.55 m)

Well 2
(32.41 m)

0 25 50
I I I

Scale, meters

Well 3
(32.66 m)
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Step 1: Identify the well with (32.55 m)
the intermediate water level-
Well in this case.

Step 2: Along the straight line
between the wells with the
highest head and the lowest
head, identify the location of the
same head of the well from Step
I. Note that this is accomplished
by locating the elevation of

Direction of

32.55 m between Well 2 and ground water

Well 3 in the graphical solution. ~ ™°"e™e™

Step 3: Draw a straight line o/ @ Bp -

between the intermediate well L1 | | O well 3
from Step 1 and the point Scale, meters (32.66 m)
identified in Step 2. (b)

This is a segment of the equipotential line along which the total head is the same as that in the
intermediate well (i.e., equipotential line of 32.55 m head in this case).

Step 4: Draw a line perpendicular to the equipotential line passing through the well with the
lowest head. The hydraulic gradient is the slope of that perpendicular line. Also, the direction of
the line indicates the direction of ground water movement. The graphical procedure above is

Illustrated in the Figure. The hydraulic gradient is then computed as ._3255m-3241m

=0.0012
115.93m 28




General Flow Equations

OL
l‘ %
Elevation
1
otk

-
-

Darcy flux

S, =specific storage

| pv.dA= _d | pdv W =Q/(dxdydz)
CS dt CV

= flow Into or out of control volume

d oh
- ij pdV = pSs — (dxdydz )+ pW (dxdydz )
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j oV.dA = p(q +2—qdzjdxdy qdxdy = pdxdydz Zq
Z

CS

j AV dA = pdxdydz X+ pdxdydz X9+ pdxdydz O
OX oy OZ

oq oq oq
xd dz—+ xd dz—+ xdydz —
pdxdy o pdxdy o pdxdy .

= —( OS, P (dxdydz) + pW (dXdde)j

Sg@h+6q+8q+8q+wzo
ot oOX oy oz
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oh oh oh
0, =Ko G, =K, = g, =-K, =

" OX ' oy G/
E(Kxa—hj+E K oh +£(K 8—hj S¢ a—h+W
OX ox) oy\ ’'oy) oz 0z ot

2 2 2
ar21+ar21 Gh S 8h V—V for K=KX:Ky:KZ
ox>  oy® oz° Kat K

2 2 2
0 ?+6 ? oh_W for steady state
ox> oy* oz° K
o°h o°h S oh

+ =—— (S=Sb, T=KDb
5X2 5y2 T ot ( ° ) 26




For radial flow

For steady state
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