Unit Conversion

English Conversion Dimensional

Parameter Unit Unit Factor Formula
Force pound (Ib) newton (N} 11b=4448N ML
Mass slug kilogram (kg) 1slug =1 4 kg M
Length foot (ft) maeter (m) 1ft=03M8m L
Time second ()  second ls=1% T
Density slug/fe" kg/m’ 1slug/ft* = 5154 kg/m* M
Specific wei I/ 1" N/m* 11b/f* = 157.1 N/m® MUT
Pressure Ib/ i N/m* 11b/f = 47,88 N/m* MAT®
Dynamic viscosity [b-s/ft* : 1 Ib-5/ft* = 47.85 N-s/m” MAT
Bulk modulus Ib/ft* 11b/ft = 47.88 N/m* MAT®

Porosity

3.2.1 Definition of Porosity

The porosity of earth materials is the percentage of the rock or soil that is void of material.
It is defined mathematically by the equation

_ 1007,

i = Vv

(3.8)
where

1 is the porosity (percentage)

Vy, is the volume of void space in a unit volume of earth material (L% em® or m?)

V' is the unit volume of earth material, including both voids and solids {L?; cm® or m?)

Porosity Measurement

The total porosity can be computed from the relationship
n=100[1 — (ps/pa)] (6.9
where
n s the total porosity as a percentage
py s the bulk density of the aquifer material (M/L%; g/cm® or kg/m®)
pg s the particle density of the aquifer material (M/L% g/cm’ or kg/m®)

The bulk density of the aquifer material is the mass of the sample after oven drying divid-
ed by the original sample volume (the sample can change volume upon oven drying). The
particle density is the oven-dried mass divided by the volume of the mineral matter in the
sample as determined by a water displacement test. For most rock and soil the particle
density is about 2.65 g/cm® (2650 kg/m®), which is the density of quartz.




Packing and Sorting

Grain Size Categories

Name Size range (mm) Example
Boulder >305 Basketball
Cobbles 76-305 Grapefruit
Coarse gravel 19-76 Lemon
Fine gravel 4.75-19 Pea
Coarse sand 2-475 ‘Water softener salt
Medium sand 0.42-2 Table salt
Fine sand 0.075-0.42 Powdered sugar
Fines <0075 Talcwm powder

Grain Size Distribution: silty sand

——]




Grain Size Distribution: fine sand

ity Ranges for Sediments

Well-sorted sand or gravel 25-50%
Sand and gravel, mixed 20-35%
Glacial till 10-20%
Silt 35-50%
Clay 33-60%

Based on Meinzer (1923a); Dovis {1969); Cobenr
(1965); and MacCary and Lambert {1962).

Reduction in Porosity
during Diagenesis

\
85,

'
g%
) '1:"3.".:

B
A FIGURE 3.6

A. A clastic sediment with intergranular porosity. B. Reduction of porosity in the clastic
sediment due to deposition of cementing material in the pore spaces. C. Further reduction
in porosity due to compaction and cementation.




Fracture Porosity
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3.3 Specific Yield
Specific yield (5,) is the ratio of the volume of water that drains from a saturated rock owing
to the attraction of gravity to the total volume of the rock (Meinzer 1923b) (Figure 3.8).
Water molecules cling to surfaces because of surface tension of the water (Figure 3.9).
If gravity excrts a stress on a film of water surrounding a mineral grain, some of the film
will pull away and drip downward. The remaining film will be thinner, with a greater sur-
face tension so that, eventually, the stress of gravity will be exactly balanced by the surface
tension, Pendular water is the moisture clinging to the soil particles because of surface
tension. At the moisture content of the specific yield, gravity drainage will cease.

» FIGURE 3.8

A, A volume of rock saturated with water,

B. After geavity drainage, 1 wnit valume of the
reck has been dewatered with a
comespanding lowering of the level of
saturation. Specific yield is the ratio of the
volume of water that drained from the rock,
owing to gravity, to the total rock volume.

Surface Tension

- FIGURE 3.9
Pendular water clinging to spheres owing to surface tension. Gravity
attraction is pulling the water downward,




Specific Yield

Material Maximum Minimum Average
Clay 5 0 2
Sandy clay 12 3 7
Silt 19 3 18
Fine sand 8 10 21
Medium sand 32 15 2%
Coarse sand 35 20 7
Gravelly sand 35 20 5
Fine gravel 35 pal 5
Medium gravel 26 13 23
Coarse gravel 2% 12 n

Source: fohnsan (1967).

Specific Yield versus Grain Size

= FIGURE 3.10 30 -
Specific yield of sediments from the L
Humboldt River Valley of Nevada as a 25 *
function of the median grain size.
Source: Data from B Coher, U5, .
Geological Survey Water-Supply Paper - 20 . . .
1975, 1965, i .
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Specific Yield versus Grain Size
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Darcy s Law

My tlnk he di o the di in
lic

y propostianal b

The flaw is alsa cbviously p Liotaof e pige A When

combined with the propos
Diarcy's law:
Q @az
& PCURE 312
Horiscrsal e Mt wih sard b dermorutsste Durcy axpariment. (Darcy's orkgind
Pt win sy vetaty orented )
“This snay be expresed in moee general ferms as
o= -kA o

whsere il is known as the hydraulic gradbent, The quantity db represents the change in

3.4.2 Hydraulic Conductivity
We can rewrite Equation 3.13 as
dh
q Krﬂ (3.14)

where g = Q/A. The factor q is called the specific discharge and has the dimensions of
length/time (L/T). It is also sometimes called the Darcian velocity. It is not a true velocity
as the cross-sectional area, A, is partially blocked with soil material,

l‘lgum 3.13 shows some of Darcy’s original data with specific discharge plotted
against hy lic gradient for two dif] sands, Note that the data fall on straight lires,
;miu:aimg proportionality; K is the slope of the straight line with dimensions of L/T.

We can also rearrange Equation 3.13 to demonstrate that the coefficient K has the di-
mensions of L/T. This coefficient has been termed the hydraulic conductivity. In other
works, it may be referred to as the coefficient of permeability:

.
K_J"lﬁ aL) (3.15)

Discharge has the dimensions volume,/ time (1 3!'!], area [I ’], .'md gradient (Iﬂ} Sub-
stituting these dimensions into Equation 3.15, the d
- ZEm

)LL)

= (L/T)

Darcy’s Data

« FIGURE 3.13

Original data from Darcy's
1856 experiments that
show a linear relationship
between specific discharge

T o150 and hydraulic gradient for
E two different sands. Source:
E Harnberger, Roffensperger,
s Wiberg and Eshlernan,
& Elements of Physical
& 100 Hydrology. © 1958, The
é Jotns Hopking University
= Press. Used with Permizsion.
E_ 50

0 J

[ 5 10 15

Hydraulic gradient, ~ahvidl




Hydraulic Conductivity (K) —
depends on medium and fluid

Hubbert (1956) pointed out that Darcy’s proportionality constant, K, is a function of
properties of both the porous medium and the fluid passing through it. It is intuitively ob-
vious that a viscous fluid {one that is thick), such as crude oil, will move at a slower rate
than water, which is thinner and has a lower viscosity, The discharge is directly propor-
tional to the specific weight, -, of the fluid. The specific weight is the force exerted by
gravity on a unit volume of the fluid. This represents the driving force of the fluid. Dis-
charge is also inversely proportional to the dynamic ity of the fluid, p, which is a
measure of the resistance of the fluid to the shearing that is necessary for fluid fow.

If experiments are performed with glass spheres of uniform diameter, the discharge is
also proportional to the square of the diameter of the glass beads, d.

These proportionality relationships can be expressed as

Qud
Qey

1
el
ey

Intrinsic Permeability (K; or k) —
medium only

Darcy’s law can also be expressed as

_ CdyA dh
poodl

The new proportionality constant, C, is called the shape factor. Both C and d® are proper-
ties of the porous media, whereas y and . are properties of the fluid. We can introduce a new
constant, K, which is representative of the properties of the porous medium alone. It is
termed the intrinsic permeability. This is basically a function of the size of the openings
through which the fluid moves. The larger the square of the mean pare diameter, d, the lower

flow resistance, The cross-sectional area of a pore is also a function of the shape of the
Opening. A constant can be used to describe the overall effect of the shape of the pore spaces.
Using this dimensionless constant, C, the intrinsic permeability is given by the expression

Q= (3.16)

K, =cCd* (3.17)

Relationship between K and K;

The dimensions of K; are ([,2), or area. The relationship between hydraulic conductivity
and intrinsic permeability is

K=K (l) (3.18)
B
or
K=K <@> (3.19)
"

where g is the acceleration of gravity and p is the density.




Units for K;

Units for K; can be in square feet, square meters, or square centimeters. In the petrole-
um industry, the darcy is used as a unit of intrinsic permeability. (The petroleum engineer
is similarly d with the ¢ and of fluids through porous
media.) The darcy is defined as

1cP X 1em®/s

1em?

1darcy = “Tomjion
where

cP is centipoise (a unit of viscosity)

atm is atmosphere (a unit of pressure)
This expression can be converted to square centimeters, since

1cP = 0.01 dyns/cm*
and
1atm = 1.0132 X 10° dyn/cm?*

Substituting into the definition of the darcy, it may be seen that

1 darcy = 9.87 X 10~ em? ~ 10 % em?

Variation in K; is 9 or more orders
of magnitude

Table 3.7 Ranges ofi|ntrinsic Permeabil
Hydraulic Conductivities for,Unconsolidated Sediments

Intrinsic Hydraulic
P bility  Conductivity
Material (darcys) {cm/s)
Clay 107%-10"* 107°-107°
Silt, sandy silts,
clayey sands, till 107%-10"1 10%-107*
Silty sands, fine sands 107%-1 107%-107?
Well-sorted sands,
glacial outwash 1-10° 1072-1p7"
Well-sorted gravel 10-10° 107%-1

Be Sure of the Units!

Table 3.6

1gal/day/f* = 0.0408 m/day
1 gal/day/f = 0134 ft/day
1gal/day/f? = 472 % 10~ cm/s

1ft/day = 0.305m/day
1ft/day = 7.48 gal/day/ft*
11t/ day = 353 %107 em/s
lem/s = 864 m/day

lem/s = 2835 ft/day
lem/s = 21,200 gal/day/ff*
1m/day = 245 gal/day/f*
1m/day 3.28 ft/day

1 m/day 0.00116 cm/'s




Size, Sorting and K

1. As the median grain size increases, so does permeability, due to larger pore
openings.

2 Permeability will decrease for a given median diameter as the
of partiche size incre The increase in standard deviation indicates a maore
poorly sorted sample, so that the finer material can fill the voids between larger
fragments, (Figure 3.2B)

3. Coarser samples show a greater decrease in permeability with an increase in
standard deviation than do fine samples.

4. Unimodal (one dominant size) samples have a greater permeability than bimodal
(two dominant sizes) samples. This is again a result of poorer sorting of the sedi-
ment sizes, as the bimodal distribution indicates.

Estimating K from Grain Size

‘The hydraulic conductivity of sandy sediments can be estimated from the grain-size
distribution curve by the Hazen method (Hazen 1911). The method is applicable to sands
where the effective grain size (do) is between approximately 0.1 and 3.0 mm. The Hazen
approximation is

K = Cldy) (3.20)
where
K is hydraulic conductivity (cm/s)
dy s the effective grain size (cm)

C is a coefficient based on the following table:

Very fine sand, poorly sorted 40-80
Fine sand with appreciable fines 40-80

Medium sand, well sorted 80-120
Coarse sand, poorly sorted 80-120

Coarse sand, well sorted, clean 120-150




Hazen Method vs Observation

Uppee Aguifer Lower Aguifer
Range

de

de

o

The hydraulic conductivities of the sediments at each
the Haz ot sing a coefficlent of 100, The hy
asured by means
e o

ments at each monitori
on the well (see Section 5
second.

Range (cmis)

10
42x 1077

—B1x107?

26 %10
L7 %1077 - 24 % 10

Hvorsley test

Geometric Mean Example

ivity valses and compare it

-4

€ L18 % 1077 emy/s

436 107 cmy's

Arithmetic mean: (218 % 1077)/5

Computing K from K;

of a consolidated rock is 2.7 % 107 darcy. What i the hy con-

from Appendix 14:

= 0999099 g/

b 00l =2
-

The acceleration of gravity is given as

£ = 8en

As 1 darcy = 987 % 107% e, the intrinsic permesability is 2.66 % 107" em™

099905 g fem” %

— A g
K=K 266 % 107 e %
w) o 0011404

& = 228 5 1p-slem’ X e/t x cand
o B/som

= 2.3 % 107 em/s

10



= | Constant Head Permeameter

Measuring K (high values)
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Constant Head Example

Aconstant-head permeameter has a sample of medium-grained sand 15 cm in length and 25 em®
in cross-sectional area. With a head of 5.0 em, a total of 100 mL of water is collected in 12 min.
Find the hydraulic conductivity.

VL

Ath

100 em® x 15 em

T 25emt % 12 min % 60 s/min % 5om

=17 % 107" em/s or 14 m/d

Falling Head Permeameter (lower
values of K)

» FIGURE 3.17 o)
Falling-head permeameter apparatus. d

B e o . ~

 Porous plate —

The rate at which water will drain from the falling-head tube into the sample chamber
is the change in head with time muliplied by the cross-sectional area, A, of the falling-
head tube.

& (3.24)

If A, is the cross-sectional area of the sample chamber, we can determine the volume of
water draining from the sample chamber from Equation 3.12:

(3.25)

11



Falling Head Permeameter

Under the principle of continuity, the volume of water entering the sample chamber
must equal the volume draining from it (i.e., §iy = Gous)-

dh KA
A P (3.26)
Equation 3.26 can be rearranged to yield:
dn _ Al
n = 4 Ld! (3.27)

The boundry conditions on this problem are that k = hy at t = 0. If we integrate
dh/h on the left side of Equation 3.27 from h, to h and dt the right side from 0 to t, we
can obtain:

Inh- Inh, (3.28)

Equation 3.28 can be rearranged to isolate the hydraulic conductivity, K, on the left
side and to eleminate the minus signs. In addition the cross-sectional areas are proportional
to the square of the diameters of the falling head tube, d,, and the samble chamber, d... The
resulting simplified equation is:

(3.29)

Falling Head Example

> FIGURE 3.17 [}
Falling-head permeameter apparatus. d

R L
g hesd e

where =

-head permeameter containing a silty, fine sand has a falling-head tube diameter of 2.0
am, a sample diameter of 1040 cm, and a flow length of 15 cm. The initial head is 5.0 con. It falls to
050 cm over a period of 528 min. Find the hydraulic conductivity.

24 emi 15cm
1P em® 528 min % 608"

=44 % 107" cm/s or 38 % 107 m/d

Fluid Pressure at the Water Table

» FIGURE 3.18 Ground surface
Distribution of fluld pressures in the
ground with respect 1o the water
tabile,

12



Groundwater Flow and the Water
Table: Observations

1. In the absence of ground-water flow, the water table will be flat.

2. Asloping water table indicates the ground water is flowing.

3. Ground-water discharge zones are in topographical low spots.

4. The water table has the same general shape as the surface topography.

5. Ground water generally flows away from topographical high spots and toward
topographic lows.

Recharge and Discharge

4 FIGURE 3.19

A, Diagram of a flat-lying water tabde in an squiter
where there is downward movement of water throwgh
the unsaturated zone but no Lateral ground-water
movement. B, Diagram of the water table in a region
wihere water is maving dewnward through the
unsaturated zone to the water table and moving as
grownd-water flow through the zone of saturation
toward a discharge zone along the stream. Net
discharge from the aquifer ks occurring as baseflow
from the stream.

Unconfined Aquifer

A FIGURE 3.20
Unconfined, or water-table, aquifer.

13



Confined Aquifer

Confined aquifers created by deposition of alternating layers of permeable sand and gravel and
impermeable silts and clays deposited in intermontane basins.

Confined Aquifer: Limited
Recharge, capable of abnormal
pressure

onfined aquifer created by upwarping of beds by intrusions.
A FIGURE 3.21
Confined aquifers created when aquifers are overlain by confining beds.

Potentiometric Surface

Water table well

Artesian well

Flowing well

= Fotentiometric
surface

A FIGURE 3.22

Artesian and flowing well in confined aquefer.

14



Perched Aquifer

A FIGURE 3.23
Perched aquifer formed above the main water table on a low-permeabiity layer In the
unsaturated rone.

Potentiometric Surface and Surface
Water Bodies

. 0783 322
782 776 _’/
779 8
775 O~ 315
775
25
*309
o773 ]
°774 302e
770—] 288 o291
768 769
A B
A FIGURE 3.24

Maps showing construction of water-table maps in areas with surface-water bodies. A. A
water-table lake with two gaining streams draining into it and one gaining stream draining
from it. B. A perched lake that, through outseepage, is recharging the water table.

Transmissivity

3.9 Aquifer Characteristics
We have thus far considered the intrinsic permeability of earth materials and their hy-
draulic conductivity when transmitting water. A useful concept in many studies is aquifer
transmissivity, which is a measure of the amount of water that can be transmitted hori-
zontally through a unit width by the full saturated thickness of the aquifer under a hy-
draulic gradient of 1.
The transmissivity is the product of the hydraulic conductivity and the saturated
thickness of the aquifer:
T =bK (3.30)
where
T is transmissivity (L2/T; f®/d or m®/d)
b is saturated thickness of the aquifer (L; ft or m)
K is hydraulic conductivity (L/I; ft/d or m/d)

For a multilayer aquifer, the total transmissivity is the sum of the transmissivity of
each of the layers:

T=3T 331)

15



Decline in Head (Pressure) without
draining the pores

A FIGURE 3.25
Diagram shewing lowering of the

faapaapapipa - Sm e surface in a conflined
otentiomenic suriace acquifer with the resultant water level

ining layer . .
Confining still above the aquiter materals. In this
i~ X i , the aquifer remains

saturated.

e o=
. = - N
Confinicg layer Cane of depression

Specific Storage

The specific storage (5,) is the amount of water per unit volume of a saturated forma-
tion that is stored or expelled from storage owing to compressibility of the mineral skele-
ton and the pore 7 unit change in head. This is also called the elastic storage
coefficient. The concept can be applied to both aquifers and confining units.

The specific storage n by the following expression (Jacob 1940, 1950; Cooper 1966).

5 = paglen + np) 13.32)

where

Pe is the density of the water (M/L%; slug/#* or kg/m’)

is the acceleration of gravity (L/T% ft/s or m/s”)

2

o is the compressibility of the aquifer skeleton [1/(M/ALT%); 1/(Ib/ i) or 1/(N/m%)]
1 is the porosity (L*/1%)

B is the compressibility of the water (1/(MAT); 1/(Ib/16%) or 17N /m?))

Specific storage has dimensions of 1/L. The value of specific storage is very small, gener-
ally 0,0001 £t~ or bess, i

In a confined aquifer, the head may decline—yet the potentiometric surface remains
above the unit (Figure 3.25). Although water is released from storage, the aquifer remains
#aturated. The storativity (S) of a confined aquifer is the product of the specific storage (5,)
and the aquiter thickness (i)

§ = bs, (333}

Storativity

All the water released is accounted for by the compressibility of the mineral skeleton
and the pore water. The water comes from the entire thickness of the aquifer. The value of
the storativity of confined aquifers is on the order of 0.005 or less.

In an unconfined unit, the level of saturation rises or falls with changes in the amount of
water in storage. As the water level falls, water drains from the pore spaces. This storage or re-
lease is due to the specific yield (S,) of the unit. Water is also stored or expelled depending on
the specific storage of the unit. For an unconfined unit, the storativity is found by the formula

§=S5,+bS, (39

where b is the saturated thickness of the aquifer.

The value of S, is several orders of magnitude greater than bS, for an unconfined
aquifer, and the storativity is usually taken to be equal to the specific yield. For a fine-
grained unit, the specific yield may be very small, approaching the same order of magni-
tude as bS;. Storativity of unconfined aquifers ranges from 0.02 to 0.30.

16



Water released or added to storage

The volume of water drained from an aquifer as the head Is lowered may be for
From the foo

(335
Vo e of water drained (L; it or
S s the storativity (dimensionless)
A i the surface area overlying the drained aquifer (L%
Al s the average dex (L ft o m)
op 51

ivity of (005, what change in the amount of

27878 % 107 i’ % 530 4t

Effective Stress
or=0,+tP

ar is total stross

P is pressuse

ffective stress will also change.

If theee bs a chary
day = da, + 0.3

in confined aquifers, there can be significant changes in pressure with very listle
chamge in the actual thi !

sotal stress. 1 & change
{n eiicctive saress that is of ppsibe if sign.

P = —d, 13,38

1, the effective stress that

y conse t

Aquifer Compressibility

Aquifer compressibility is defined as

1339

where

o is aquifer compressibility [1/(MA2); f7/1b or m*/N]
db is change in aquifer thickness (L: ft or m)
b is original aquifer thickness (L ft or m)

s change in effective stress (M/LT% 1b/6 or N/m?)

The negative sign indicates that the aquifer gets smaller with an increase in effective
stress.
Since dP = —da,, Equation 3.39 can also be written as

13.40)

17



Aquifer Compressibility - Example

Aconfined aqubfes with s
i howered by 25

krwss of 45 m consolidates (compacts) 0.20 m when the head

Fart A: What i the vertical compressibi

af the agus

The given parameter values are dP = 25 m, b = 45.m, and db = 0.30 m. A pressure he
3 m of water can uld pressare by muliplying the p . -
by of waker times the gravitational constant.

5 m % 1000 kg/m® * 9.8 m/s" = 245,000 N/m*

, {020 m)/{45 m)

v, caleulate the starativity of the

tiors 3.32 and 3.33;

o + nil]

and f = 46 % 10

4.8 m[1000 kg/'m” x 9.8 m/s(18 % 107" =7

A8 m9B00 N/ m) 1806 % 10°* m?/N)

Heterogeneous Sediments

« FIGURE 3.26

A, Heterogeneaus fosmation consisting of & sedinme
that thickens in a wedge. B. Heterogeneous formation
consisting of three layers of sediments of difesing
hydraulic conductivity. €. Heterogeneous forr
conaiating of sediments with different hydraulic
conducthities lying next to each othes,

Anisotropic Sediments




= PR 329
Phesrtaprnao b

1 coristing o thies Laper

The average harizontal sty (paralie] b layering) is found from th

341}

where

/dorm/,

i aulic conductivity

mth layer (L/T; ft/d or

Kyavg is the average

Kun s the horizontal hydraulic conductivity of t

b, is the thickness of the yer (L: ft or m)

b is the total £ thickniess (L: it or m)

ity (perpendicular to layering) is gi

The overall vertical hydraulic conductis

Ko
by is the thickness of the mth layer (L ft or m)

al oy

Flow Direction from Head
Measurements

 FIGURE 3,30

M Graphical
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