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* Storativity (5

* - Specificyield ability of
an aquifer to store water

* Change in volume of

stored water due to

change in piezometric
head.

* Volume of water released
(taken up) from aquifer
per unit decline (rise) in
piezometric head.

In unconfined aquifer, main
source of water is drainage of
®!  water from pores
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POROSITY, SPECIFIC YIELD AND SPECIFIC
RETENTION

* Porosity: maximum amount of water that a rock can contain when saturated.
* Portion of the GW: draining under influence of gravity: SPECIFIC YIELD - S,

* Portion of the GW: retained as a film on rock surfaces and in very small
openings: SPECIFIC RETENTION - S

50 T T T " T T T T T T T T
40 /Porosity =
= - —
uv 30 % y
2 K
9 i * Specific yield 1
2 20| F. ¥
e ’0 <« Specific retention =
10 -
k. 2
0
w 1 - m (@) o o
22|13 =s|8l1218|18|F|T|T|e]8|3
< = o ® e | = < ® £ =3 S 2 =
o | < » » Ele » ® | @ = c » v | 2
S| o » » 3 | o o | = |3 El E ® o |2
a1 l8d ]| & » @ ® S Q | a 'D Q|*
v | 2 o ® Y 8 ® = = ) »
= 3 2 = b= e 2 s =
o~ alsl|s 13 s |||

1/16 1/8 1/4 1/2 1 2 4 8 16 32 64 128 256
Maximum 10% grain size, millimeters
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SELECTED VALUES OF POROSITY, SPECIFIC YIELD
AND SPECICIC RETENTION
(values in percent by volume)

Material Porosity Specific yield  Specific retention
Soil 55 40 15
Clay 50 2 48
Sand 25 22 3
Gravel 20 19 1
Limestone 20 18 2
Sandstone 11 6 S

10/7/2025



STORATIVITY (COEFFICIENT OF STORAGE) AND SPECIFIC STORAGE

If water is removed from a confined aquifer:
-  Hydraulic head decreases - water level in wells falls
- Fluid pressure decreases in the aquifer.

- Porosity decreases as the granular skeleton contracts (aquifer
collapses slightly)

- The volume of water increases

Water is released from storage via:
1. decrease in fluid pressure

2. increase in pressure from
overburden

10/7/2025



AQUIFER (CONFINED) STORAGE

» Storativity (S) - ability of an
aquifer to store water

| Ah=1m } Unit deciine of
y piezomgtric surface

e Change in volume of stored j
water due to change in
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SPECIFIC STORATIVITY, S,

The specific storage of a saturated
aquifer is defined as the volume of water
released from the storage per unit
volume of the aquifet per unit decline
in hydraulic head.



SPECIFIC STORATIVITY, S,
CONFINED AQUIFER

- Terzaghi, 1925 - effective stress o - the portion of the total stress that is

borne by the granular skeleton
Karl Von Terzaghi

F, l Forces (A) — (B)
F,=Fs+ F
A O “}t-'. N t ef h
(RFEOC F, - Total force above surface (A) - (B)
F¢ - effective force(A) - (B)

RO
e

F,, - hydrostatic force (A) - (B)

Oy = O¢f+ D
In terms of the changes in these parameters

do, = does +dp

10/7/2025



SPECIFIC STORATIVITY, S

The change in total stress ...... very small — 0
do, - 0
doy = dogg+dp - do,s+dp=0

Change in hydrostatic pressure ---- change in effective stress:

dp = —do.f

an increase in pressure causes the grains to spread apart somewhat

pressure

Increase ﬂu> . . . .

Decrease fluid
pressure

10/7/2025



SPECIFIC STORATIVITY, S

A. Compressibility of water

~1 4y,
bu =3 o = 4V, =-B,.V,dp
- " = v,=ny
For saturated aquifer (porosity) — n = A w = NV
i
V., dp p=pgh - dp=pgdh

v, = —Bw.Vwdp = = By, (nV,)(p g dh)

dv, = Bynpg

For specific storage and unit decline V, =1 adh = -1

e

av,=—-p,mV)(pgdh)= p,npg

Then
dv, = Bynpg

dV,, = volume of water produced by the expansion of water caused by decreasing hydrostatic pressure p

10/7/2025
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SPECIFIC STORATIVITY, S

B. Compressibility of aquifer

az_i th ) —thz thdGef
Vt dO'ef dVS -0
V,=V, + Vg dv,= dv, + dbs Solid part

of porous
media

av,, = -dv, for confined aquifer

The negative sign is added since the volumetric reduction dV, is negative, but the amount of
water produced dV,, is possitive

dVW = CZVt dGef dGef = —pgdh
dV, =aV,do,s=-aV;pg dh
7

Unit volume of aquifer Vy=1 \ Unit decline in hydraulic head dh =-1

dvVy =apg

10/7/2025



SPECIFIC STORATIVITY, S

av, =@pg) av,
.\/

The water released from the storage due to a decrease in h is produced by the
two mechanism 1) expansion of the water caused by decreasing p
2) compaction of the aquifer caused by increasing o

Ss=apg + Bynpg
Ss =pg (¢ + np,) (L1

where o - coef. of compressibilty of aquifer,
B,, - coef. of compressibilty of water
n- porosity
p — density of water
g — gravity acceleration

And storativity :

b - aquifer thickness

S=Ssb

10/7/2025
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HOMOGENITY AND ISOTROPY
HETEROGENEITY AND ANISOTROPY

 Homogeneous aquifer

— Properties are the same at
every point

* Heterogeneous aquifer

— Properties are different at
every point

* Isotropic aquifer
— Properties are same in
every direction

* Anisotropic aquifer
— Properties are different in
different directions

 (Often results from stratification
during sedimentation

horizontal > Kvertical

10/7/2025

K(xy) IN TWO DIMENSIONS

Nﬂ
‘:;—l
=

& o]
;z
PR
v
v

1. Homogeneous, isotropic 2. Homogeneous, anisotropic

Ka =Ksp K =Ko Kia =K Kia #Kia

K.a =K5 Ks =K,5 Koa =K Kis #Kop
K.g Kia

A Ka B . A K.g

v
~
>

=
(+<]
— @
v

KzA
KzB

v

3. Heterogeneous, isotropic 4. Heterogeneous, anisotropic

KxA ;thB KxA =KZA KxA ¢KxB KxA ¢KZA
K.a #Kyp Kys =Kyp Kon #Kzp Ky #Kp

X
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HYDRAULIC HEAD

total head = elevation head + pressure head

(pressure head: varying density fluids — important in contamination

or salinity)

HYDRAULIC HEAD
h=2z+ hp

v

density
P dependent

h

Datum = GH

. 0]

14
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HYDRAULIC GRADIENT

-

X4

Vh = (hy-h))/(x,-x)

15
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KINDS AND FORMS OF FLOW (GROUNDWATER)

Unsteady flow .... Q = Q(t), v=v(t)

Steady flow ..... Q (x,y, z) = const.
uniform flow ... A=const. v=const.

non - uniform flow  4xconst. v#const.

*with free level - flow limited by solid walls, free level on surface,
motion caused by own weight of liquid

e pressure - flow limited by solid walls from all sides, motion caused by
difference of pressures (hydraulic heads)

Solution of flow:

e space flow (3D numeric models)

e planar flow (2D - simplified solution)
e one dimensional (1D )

Flow regime :
= Jaminar
= turbulent

16
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HEAD LOSS IN POROUS MEDIA

Piezometric head h =4z
/4

Energy is lost in the flow through the porous medium due
to friction

Energy equation %+—+z _%_'__4_22

Neglect velocity terms  #; = ( z] —+22J hy —hy = Ah
Y /4

Flow is always from higher head to lower head

17
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HEAD LOSS IN POROUS MEDIA

Piezometric head

Energy is lost in the flow through the porous
medium

due to friction

Energy equation

Neglect velocity terms

Flow is always from higher head to lower head

18
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TERMS TO REMEMBER

Pressure head: water pressure at a given point, which can be
measured by a piezometer

Elevation head: height above GH (z=0)

Total head: the sum of pressure and elevation head

Potential energy: product of the total head and the
gravitational constant

Hydraulic gradient: change in the total head per unit distance
Hydraulic conductivity: water flux density per unit volume of
water and per unit hydraulic gradient

Macroscopic velocity: the speed of water flow through the
cross-sectional area of solid matrix and interstices

19



LAMINAR AND TURBULENT FLOW

e Jaminar - particles of liquid move at parallel paths
e turbulent — motion of particles of liquid: irregular and
inordinate, fluctuations of velocity vector in time and

space, mixing inside flow
e Criterion - Reynolds number

A sieve analysis (or gradation test) is a
practice or procedure used (commonly
used in civil engineering) to assess the
particle size distribution (also called
gradation) of a granular material by
allowing the material to pass through a
series of sieves of progressively smaller

mesh size and weighing the amount of
Re f= vdyo material that is stopped by each sieve as a
v fraction of the whole mass...
v - velocity e |
fine-grained | course-grained >
d,, = effective grain size diameter / Ry o e o 5
2 e fine | medium| course | fine | medium|course | fine [ medium| course §
£ R
CRITICAL REYNOLDS NUMBER 8 P s e e
£ 80 // // // Grave s; i) o
for groundwater flow Re;. = 1 < :; e s [medium sand /" __}”
‘g / ] ~Clayey Gravel with Sand
e fine Sand e
The Reynolds number can be used as a T 24 e 7
criterion to distinguish between laminar Lo // ness dit ) // //
and turbulent flow: e e “
0.002 0.006 0.02 0.06 0.2 0.63 2 6.0 20 63
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% Passing

0.000M

0.0001

H
0.0

D20

t
A D50 0.1

0
[bso] [pso

Particle Diameter (mm)

.

100
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DARCY'S LAW

Water flow through an aquifer.

Darcy's law (conservation of momentum) was
determined experimentally by Darcy, it can be
derived from the Navier-Stokes equations

Analogous to Fourier's law, Ohm's law, or Fick's
law

Darcy's law (conservation of momentum) and the
continuity equation (conservation of mass) are
used to derive the groundwater flow equation

22
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LINEAR TRANSPORT LAWS

. ._‘

Fourier’s Law - Heat is transferred froma ., 5 Fourier
region of higher temperature to a region of  1768-1830
lower temperature

Ohm's law - Electricity is transferred from a
region of higher voltage to a region of lower
voltage

Georg Simon Ohm
1789-1854

Fick's law — Mass is transferred from a
region of higher concentration to a region of
lower concentration

Adolf Eugen Fick
1829-1901

_,“.‘

Darcy’s law - 77?7

Henry Darcy
1803 - 1858

23



10/7/2025

Henry Darcy 1856

Experimental equipment

Darcy’s Experimental Data
KUMERD DEMT PRESSION MOYVESYE DIFFEREXCE | A EF:HT

de DUNEE. | MOTEN |~ ———— ilad 11111?,-“.. ORSERVATIONS,
irmmlnr-t prrminute. (BOR LE FILTRE |SOCE LEFILTEE] PRESSIONS. mﬂlims.
1 i T | 4 ] 6 ] ]
| L m. m. m.
o 5 aa% [pee Gusl p—a0 | 15%8 | 4 Ab [acefiee gecifarions dana e .
| 2 14 18,3 P41283 P O 12 88 1,42 Id.
E 4 10 18,0 P4+ 0,80] P=278 12,58 1.43 It
| 4 10 17,4 P=-42.87 | P 4040 12.41 1,40 Faililas.
i 3 = 18.1 P4-1280 | P4-0,44 12,35 ¥,47 Assex Taibles,
| fi 16 14,4 P-4 R8G| P—10,53 D.6g 1,04 Presquws nolkes.
! (] 15 121 P4-12.84| P4 -i il B.44 1,43 Tris-lorles,

& 14 .8 P G| P O G, 1.4 Trés-Taibdps,
s a0 7.9 P412,81] P+5.03 n,78 4.37 Trésfories.

10 2 H.'EE" P -+ 51".-"H P a :j-r-iﬂ iui-‘ﬂ Presaque nnlbe.

11 a0’ 4,5 P4 2081 P O 208 1,51 id.

i2 2y {18 | P412.86| P4-9.88 2,98 1,39 Asgrz fortes,

in & deje explepag la conse de
ces opzillalions.

L.

e m—
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DARCY’S EXPERIMENT
* Flow through sand

filters

* Discharge (Q)
r 1 proportional to
P,y - — Area, A4
| — Head drop, A;-4,
yy — Inverse of length, L
P,/y roK.A—hI_hZ
/ ;
hl
Q
/ h, Ah=h,—h,
z, Sand
column
Datum q:V:Q:—KMl
plane A L
/ Vo |
Y vy ¥ I
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 GROUNDWATER FLOW

— Direction controlled by hydraulic gradient
— Rate controlled by gradient and hydraulic conductivity

* Hydraulic gradient (change in head)
— flow occurs from high to low head
— flow is down the hydraulic gradient

— dh/dz, oh/0x, Vh etc.

26
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DARCY VELOCITY v is a fictitious velocity since it assumes that flow
occurs across the entire cross-section of the sediment sample. Flow
actually takes place only through interconnected pore channels
(voids), at the seepage velocity v,

Effective porosity, n for
ACTUAL GROUNDWATER VELOCITY (seepage velocity) - v,

A, voids

A = total area

27
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DARCY'S LAW

v=K*i
- V : Flow velocity

- K: Hydraulic conductivity

(The rate at which a soil allows water to move through
it )

- 1: Hydraulic gradient;i=Ah / L
(Change in hydraulic head per unit of horizontal
distance )

28
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Ayse

VELOCITY THROUGH POROUS MEDIUM

Pipe Porous Medium

Void Space

“Porosity” = 0.5 Porosity = 0.5

Vg = < (real velocity)

AysE

29
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DARCY & SEEPAGE VELOCITY

* From the Continuity eq.:

Q=Av,=Ay5V,=Ays Vg
— where:
Q= flow rate
A = total cross-sectional area of
material
A,= area of voids
vV, = seepage velocity
v, = Darcy velocity

A

Aysk

Vr = Vp —  Up= MNerlp

30



VALIDITY OF DARCY'S LAW

Re =100 Re; (0 +1) - Darcy eq.is valid
_Vh A

= —KI
(0 <« Experiment v =
Re =10

shows this kdea = 1/K

I = av

~
_~ %~ Darcy Law

predicts this Re; (1 +10) Darcy eq. is also
valid

" Re; (10 +100) -Nondarcian flow (Darcy eq. is not valid)
tan(o)= (1/K) q(v)

I =av+ b.v™

wherem=1,6 +-2,0

Re;>100 turbulent flow (Darcy eq. is not valid)

[ = b v?

10/7/2025
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