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Pumping Test

Principles of Pumping Test

The principle of a pumping test involves applying a stress to an aquifer by
extracting groundwater from a pumping well and measuring the aquifer
response to that stress by monitoring drawdown as a function of time.
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Figure shows pumping well with observation wells in unconfined aquifer

These measurements are then incorporated into an appropriate well flow equation to
calculate the hydraulic parameters of the aquifer.
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The Importance of Pumping Tests

Pumping tests are carried out to determine:

1 How much groundwater can be extracted from a well based on long-term
yield, and well efficiency?

2 The hydraulic properties of an aquifer or aquifers.

3 Spatial effects of pumping on the aquifer.

4 Determine the suitable depth of pump.

5 Information on water quality and its variability with time.

Design Considerations
There are several things should be considered before starting a pumping test:
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1 Literature review for any previous reports, tests and documents that may
include data or information regarding geologic and hydrogeologic systems or
any test for the proposed area.

2 Site reconnaissance -gdgoll g Maiwl- to identify wells status and geologic
features.

3 Pumping tests should be carried out within the range of proposed or
designed rate (for new wells, it should be based on the results of Step
Drawdown Test).

4 Avoid influences such as the pumping of nearby wells shortly before the
test.

5 Determine the nearby wells that will be used during the test if it's likely they
will be affected, this well depends on Radius of Influence. The following
equation can be used to determine the radius of influence (RO):

Ry = || 225xT%L|
1 llll.l .5. |
where, Ry is the radius of influence (m)
T is the aquifer transmissivity (m2/day)
t is time (day)
S is the storativity

This equation can be applied for a pumping well in a confined aquifer.

6 Measure groundwater levels in both the pumping test well and nearby wells
before 24 hours of start pumping.

7 Make sure that the water discharged during the test does not interfere with
shallow aquifer tests.

8 Determine the reference point of water level measurement in the well.

9 Determine number, location and depth of observation wells (if any).

First- Steady Radial Flow to Wells

1- Confined Aquifers
If afully penetrating small-diameter well penetrating a confined aquifer is
pumped for avery long period of time until the water level reached a
steady state, i.e. the water level and the cone of depression became stable,
and then by applying Darcy equation it is possible to calcul ate the well
discharge:
Q=Av=2JI+DK dh

dr
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Where:
A= Cross-sectional area of flow (L?)
V= Darcy velocity (L/T)
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r=radia distance from main well to any point in the aquifer (L),

D= thickness of the aguifer (L).
K= hydraulic conductivity (L/T).
h=head (L)
since:
T =Dk
Then
Q=21N1rTdh
dr

By amanging and mtegrating: ¢r'r =(2 JIT/Q) ch

1
[evn=211T/Qy Joh

Inrry =2 T /Q (he-by)

Q=2JT [he-hi]

This 15 called Tlhiem's equation
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In order to apply this equation a small diameter fully penetrating well is
pumped and the drawdowns are measured in two observation wells
(s1,s2) at two different distances (r1,r2) .The equation can be written as:
Ilisl—52)

3=1 '
: b 2 1) (1}

This is the simple form of Thiem’s Law for confined aquifers
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Thiem Equation can be used to estimate the transmissivity
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sw = drawdown in the pumped (main) well.
To calculate the radius of influence (R) sl is assumed = 0, since it is located
at the end of the cone of depression, hence the equation becomes:

Q=2JT (s4)
In (Rt}

the equation can be written as:

111[ —
_;rT

2-Unconfined Aquifers

In unconfined aquifers the saturated thickness (D) is variable; therefore it
Isnot possibleto apply it in the flow equation. As an alternative we use
the head (h), which represents the elevation of the water level above the
base of the aquifer.
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Hence () becomes:
Q=2Irhk(chicr)

by reamanging: Sridr= (21T k! Q)héh
In

and mtegratme: I crr =2 J1k/ 0} f.hf!t
I

Q=Jk{I ;- 1)/ nftn)

Replacing h by s, the equation becomes:

Q= JdKk(G 1-531) (2)
In(r;ry)

Thisisthe simple form of Thiem’s Law for unconfined aquifers

If the well suffers from large drawdown compared to the saturated
thickness of the aquifer (ho), then transmissivity (T) becomes nearly equal
to: T=kho
Therefore equation 2 becomes;
f = Q (I 14/1q)

2 71 [s1-(5"1/2 ho)]- [sa-(5"2 /2 )]

An approximate steady state flow condition in an unconfined aquifer will only be
reached after long pumping time.
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Weéll in a Unconfined Aquifer with Uniform Vertical Recharge
Figure below shows awell penetrating an unconfined aquifer that is

recharged uniformly at rate W. The flow rate Q toward the well increases
as the well increase as the well is approached, reaching a maximum of Qw
at the well.
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The discharge of the well is supplied by the vertical recharge and the
aguifer storage. Thus

Q= mr W+ 2nrhk{dh/dr) (1)
Integrating, and noting that h=hg at 1=m, vield the equation for the drawdown
curve:
Il =W vE1:*L'|3.'!|-_l,',]_.,.h g (2}
2K Ak v
By comparing this Thiem equation the effect of vertical recharge

becomes apparent.
It follows that when r=ro Q=0, so that equation 1 becomes:

Q= W

Thusthe total flow of the well equals the recharge within the circle
defined by the radius of influence, which means that the radius of
influenceis controlled by the well pumping and the recharge rate only.
Thisresultsin a steady- state drawdown.

Relationship between Discharge and Drawdown in Steady-State Flow



Groundwater Dr. Rafid

Water level drawdown in wells depends on the rate of discharge. It is
possible to make a relationship between the drawdown values of
groundwater levels and the discharge of wells penetrating either confined
or unconfined aquifers.

Specific Capacity (discharge / drawdown Qs): is defined as the amount of
well discharge per one meter drop in the groundwater level.
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2= In uwnconfined aquifers
Q/5,=11 K5y / IRy )

When plotting discharge vs. drawdown we obtain a curve of two parts:
1- Initial partisastraight line

2- A parabola starts when the drawdown reaches critical point where
minor increase in the discharge rate causes large drop in the
groundwater level.

o ik TN 300 =1
-!;-Iq'\--l,’;.lﬂ:n:' .\_-l" -I_H-inl-ﬂ-l-l;-'l-e;;-l -Ln,-‘lﬂ-‘l_'r'h:\-lﬂiil__-l-'-lﬂrn!-l-' _._I_r-il_,-h-‘- Ihrﬂl;:-!ﬂ.t—:

G an : | WoT i) b=, i i =ty | R : 3 T
L:!uuﬁn.d.._-_l-\_l:_.'.._-l_l ___Ll'_'_l.J_'i.l = I 1 "—‘_-J=17"L -\_i:_.'.._'u_ -;_L;J_u_u_i__*_h.d._.,__r_

U ':;}nlnﬁ-"lé"" L-'" -.'e'.,:-'ﬂ*_.'

The relation between specific discharge and drawdown is linear:
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Specific discharge (),

J

L

If we consudler that the radms of miluence of a well penetrating a
confined aquifer 15 3000meter and the mam well radios 15 0.2 ov then the
equation of specific discharge for confined aquifers become:

Q /' su=T/1.6

On the other hand. if we consider that the mdins of influence of a well
penetrating an unconfmed agquifer 15 300meter and the mam well radius is
.15 m; then the equation of specific discharge for mmconfmed aquifers
become:

Q/s,=Ti2

Example 1/ A 30cm diameter well penetrates vertically through an aguifer to an
impermeable stratum located 18.0 m below the static water table. After along period
of pumping at arate of 1.2 m3/min, the drawdown in test holes 11m and 35 m from
the pumped well is found to be 3.05 and 1.62m respective. What is the hydraulic
conductivity of the aguifer? Express in meters per day. What is its transmissivity?
Express in cubic meters per day per meter. What is the drawdown in the pumped
well?
Pumped wall

4 Ohsarvatory well (heervatory wall

________________ | |

— f E =" LBy

(x4

D =1Em

i

F =11 A
s d5m :
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Given

D=18.0m;

Q=1.2 m’/min = 0.02m’/s;
1 =11m;

r,=35m;

5, =3.05m;
5,=162;d=03m

Confined Aquifer

Solution:

2aT(s1—-32)
g=— __f_ i
In{r2/rl)

2k x18(3.05-1.62)

0.02= 35
]n-[ 33 )

11 )

A k= 0.02x2.303=x0.503

=14x10"*m/s =12.1m/day
161.73

(1) T=kD=121x18=2178 1113.-"da}*.-"111
(111) Drawdown in the pumped well

22T (s — .5'1}

0.0158(5 —3.05)=0.02 x2.303x1.865
5§=8.49m (drawdown)

Example 2/ The following observations were recorded during a pumping out test on a
tube well penetrating fully in afree aquifer:

Well diameter = 25cm

Discharge from the well = 300 m3/hr

E.L of original water surface before pumping started = 122.0 m

E.L of water in well at constant pumping =117.1 m

E.L of water in the observation well =121.3 m
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E.L of impervious layer = 92.0 m

Radial distance of observation well from the tube well =50 m
Determine (a) the field permeability coefficient and

(b) radius of zero draw down.

Solution
Fortest welld =25em =0.25m
025

=222 _0.125m
2
3
1

0=300"/" =300"-x—_— —=0.083m/

h h ~ 60x60s 5
H_ o =1220m
By =117.1m

Im pervious elevation =92.0m
= H=1220-920=30m ; h=117.1-92.0=251m
For observation well

Level of water=121.3 m

h =1213-92.0=293m
n=50m
S5=H-h=300-293=0.7m

Fadial distance, B 0 = 0,083 w'd
TR
[ = wl
: i =il | r=0_325m
| . ¢
] ] i /
} i
| | -+ e
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T —L — 1
i —— i —
i -H---"‘-\- I ___.--'f
g ! \ i ,f’;
K= 3y fp=2e3m | Wi
i T
| 1
[} 0 =TT Iy
. ! =2 27.0m
[ompervicus layer -
rl ! -

Free aquifer = unconfined aquifer

(a) Field permeability coefficient (k) is given as:
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(b) Radius of zero drawdown = Radius of influence (R)

0- m(;f;: )
f?‘l:| — |
.y

7:6.95x107(302 —25.12)

-
é’n:|~. 0.125 i

0.083 =

En:|€ 0 is i )
L0125, INR-1n0.125=7.1
LnR=7.1+1n0.125 = 5.02
By convert Intolog : (In x= 2.303 log X)
2.303log R=5.02
Log R=2.179 R= 102
R=1.51m

Hencetheradius of zero drawdown, R =151 m
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Second :Unsteady- State Radial Flow
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Groundwater isthe water that occursin a saturated zone of variable thickness and depth
below the earth’s surface

The field of science that is concerned with the study of the occurrence, distribution and
movement of water below the surface of the earth is caled Groundwater Hydrology.
Geohydrology and Hydrogeol ogy have similar connotations;

although hydrogeology differs only with its emphasis on geology.

The job of a groundwater hydrologist is the management of groundwater system. His
investigation area of interest may be

local, regional or even across countries. Example of areas in which groundwater studies are
carried out include

(1 evaluation and exploitation of groundwater resources
(1 dewatering for construction

(1 inflow into a mine shaft or pit

[1 seepage beneath or through a dam

(1 subsurface return flow from irrigation

[1 seepage from canals and reservoirs

(1 recharge from rainfall.

AQUIFERS

Aquifer isaword produced from two Latin words: Aqua, which means water and ferre, which
means to bear. Therefore, the term Aquifer can literally be understood as Waterbearing
formation.

Aquifer can formally be defined as a saturated permeable geological unit that is permeable
enough to yield economic quantities of water to wells. In other words, it is defined as a saturated
geological unit that can transmit significant quantities of water under hydraulic head. The most
important underground water-bearing materials are unconsolidated sand and gravels. But,
permeable sedimentary rocks such as sandstone and limestone, and heavily fractured or
weathered volcanic and crystalline rocks can also be taken as aquifer (water-bearing) materias.

Aquitard isageological unit that is permeable enough to transmit water in significant quantities
for large area and long period. However, its permeability is not sufficient to justify the
construction of production wells to be place in it. In other words, Aquitard is a geologic
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formation that can transmit water at a relatively lower rate compared to aquifer. Example
includes formations that are predominantly clays, loams and shales.

Aquicludeis an impermeable geological unit, which does not transmit water at al. Although this
formation is capable of absorbing water slowly. It means that this geological formation can store
water, but cannot transmit it easily. In other words, Aquiclude is a saturated geological unit that
is incapable of transmitting significant quantities of water under ordinary hydraulic head.
Example: metamorphic rocks.

Aquifugeisageologica formation that can neither absorbs nor transmits water (as granite)

AQUIFER CLASSIFICATION
Aquifers may be classed as confined, unconfined

A confined aquifer is confined above and below by an impervious (may contain water but can’t
transmit it) layer under pressure greater than the atmospheric. Therefore, in a well penetrating
such an aquifer, the water level rises above the bottom of the top confining bed. The water in a
confined aquifer is called confined or artesian water. Artesian water flows freely without
pumping and the well producing such water is called an artesian or a free flowing well.

N mpervious B=6
SR A uifer KoK
Impervious k=

Unconfined Aquifer (Phreatic, Water table) An unconfined aquifer is one in which awater table
(phreatic surface) serves as its upper boundary. A phresatic aguifer is directly recharged from the
ground surface aboveit.

‘ater able K*
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Rainfall Rainfall
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Leaky aquifer A leaky aquifer is aso known as semi-confined aquifer as either both the upper
and the lower boundaries are aquitards or one of them is aquiclude and the remaining is aquitard.
The water is free to move through aguitards either upward or downward.

Recharge and Discharge

Groundwater rechar ge represents the portion of rainfall which reaches an aguifer. Groundwater
therefore owes its existence directly or indirectly to precipitation. Artificial recharge occurs from
excess irrigation seepage from canas and water purposely applied to augment groundwater
supplies. Seawater can enter underground along the coasts where the hydraulic gradients slopein
an inland direction.

Discharge of groundwater occurs when water emerges from underground. Most natural
discharge occurs as flows into the surface water bodies e.g. streams, lakes and oceans. Discharge
to the ground surface appears as springs. Groundwater discharge also occurs by evaporation from
within the soil and by transpiration from vegetation, that has access to the water table. However,
pumpage from wells constitutes the major artificial discharge of groundwater.
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Basic Concepts and Definitions
|- Physical Properties of Aquifers
Ailal) (g gl Al 5dl) Gl g)
1- Porosity (n): The porosity of arock isits property of containing pores or
voids. It is defined as the ratio of volume of voids Vv to total volume of
medium (rock) VT; i.e.:
n=(Vv/VT) 100
2- Specific Yield (Sy): It isdefined as the ratio of total drainable water
volume (Vw) to the bulk volume of medium (VT); i.e.
Sy =(Vw/ VT) *100
3- Specific Retention (Sr): It isdefined asthe ratio of total retained water
volume (Vr) to the bulk volume of medium (VT); i.e.:
Sr = (Vr / VT)*100
4- Storage Coefficient (S): The ability of an aquifer to store groundwater. It
is defined as the volume of water that an agquifer releases or takes into
storage per unit surface area of the aquifer per unit changein head, i.e.:
S= Vwi/(dh *A)
Where Vw=volume of water released or taken into storage by the aquifer,
dh= change in the piezometric surface and A= cross sectional area.
It can also be defined as the ratio of abstracted volume of water from the
aquifer (Vw) to the dewatered volume of aquifer (Va):
S=(Vw/Va)*100
Values of S ranges between 10 — 102 for confined aquifers.
For unconfined aquifersit ranges between 0.3-0.01, which is considered
equal to the specific yield Sy.
5- Hydraulic Conductivity (K): It expresses the ability of rocksto let the

water through under any hydraulic gradient. It can be defined as rate of flow
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of water that can passes through a unit cross section of the aquifer under unit
hydraulic gradient. It has the unit of velocity (L/t) for example m/day.

6- Transmissivity (T) 4ulgaill Jalas

Transmissivity (T) isthe product of the average hydraulic conductivity K
and the saturated thickness of the aquifer (D) i.e.

T=KD

It is defined also as the rate of flow under a unit hydraulic gradient through a
cross-section of unit width over the whole saturated thickness of the aquifer:
T = Qlwi

Where Q= Discharge rate,

w= width of the aquifer

i= hydraulic gradient.

Transmissivity has the dimensions of Length?/ Time and is, for example,
expressed in m?/d or cm?/s.

2-Basic Definitions

1- Satic water level <ol ¢l (5 pivso

Thelevel at which groundwater stands in the well during the pump shut
down. It is explained by the distance from the surface to the water level in
the well (m)

2- Dynamic water level <l aiall el (s gisuo

Thelevel at which groundwater stands during the pump operation (m).
3-Drawdown £ s¢//(s)

The drop in the groundwater level, it equals the difference between the static
and dynamic water levels measured at any time after pumping start (m).

4-Rate of discharge Jiee iy puai id/ (Q)

The volume of water abstracted during a unit of time. Q has a dimension of
volume/ timei.e. m3/day or |/min.

5- Cone of depression £ s (alisiy/
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A cone of occursin an aquifer when ground water is pumped from awell.

In an unconfined (water table) aquifer, thisis an actual depression of the water levels. In
confined (artesian) aquifers, the cone of depression is areduction in the pressure head
surrounding the pumped well.

Original Water Table
Cone of Depression

G roundwater

6- Radius of influence (R) <iwai _sbi il

Theradial distance from the center of awell to the point where thereis no
lowering of the water table or potentiometric surface (the edge of the cone of

depression) (m).
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Anisotropy and heter ogeneity

Groundwater hydraulic equations are based on some assumptions. If the hydraulic conductivity,
K, is independent of direction at any a point in a geologic formation, the formation is called
isotropic at that point. If the hydraulic conductivity, K, is dependent on direction at a point in a
geologic formation, the formation is anisotropic. Let, in any Xyz coordinate system, Kx, Ky and
Kz represent hydraulic conductivity valuesin the X, y and z directions, respectively. If Kx = Ky
= Kzat any point, the formation is isotropic, whereas, for anisotropic condition to occur, Kx # Ky
# Kz. In addition, if the hydraulic conductivity is independent of spatial variation (position)
within a geologic formation, the formation is termed as homogeneous. And if the hydraulic
conductivity is dependent on spatial variation within a geologic formation, the formation is
heterogeneous formation. In homogeneous geologic formation, the hydraulic conductivity,
K(x,y,z)=C=constant, whereas in heterogeneous geologic formation, the hydraulic conductivity,
K(x,y,z)#C. We can say that aquifers and aquitards are homogenies and isotropic if we assume
that the hydraulic conductivity is same throughout a geologic formation and in all directions. If
hydraulic conductivity in the horizontal direction Kh is greater than the hydraulic conductivity in
the vertical direction Kv, this phenomenon is called anisotropy. In fact, lithology of geological
formation varies significantly horizontally and vertically. For homogeneous, anisotropic
formation,x(x,y) = K1 at every point and Ky(x,y) = K2 at every point, but K1 # K2.

Homogeneityfisotropy Homogeneity/anisotropy
Kbk ] ’,
L e = [ N T &
=~'\- §g bk P\.-.-n | N E
Hy K mH, K tH
E !‘ K
K o
Fririe | Poini§ R AN,
Heterogeneity/anisotropy Heterogeneity/isotropy
H ':I
skl l
LT a | " e ; P |
Poim] b—= K P} — K,
H. K l_dd L “.'" {I'.
H .
-u:-.- K 4K .-.-E.-. ™
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Steady state and unsteady state flow

There are two types of well-hydraulic equations and these are steady state flow and unsteady
state flow equations. The definitions of these flow conditions are given as follows.

Steady state is independent of time. In this flow state, the velocity may differ from point to

point, but it will not change with time at any given point in the flow field. As a result, the steady
state condition, water level does not change with time. For example, the water level in the
pumping well and surrounding piezometers does not vary with time. The steady state flow
takes place if pumping aquifer is recharged by outside water resource, rainfall (unconfined
aquifer), leakage through the aquitard (Leaky aquifer) from upward or downward and directly
from open water sources. As a result, we can say that steady state flow is attained if the
changes in the water level in wells and piezometers are very small with time that they can be
ignored.

Unsteady state occurs from the time of the star of pumping until steady state flow is reached.
The flow can be assumed as unsteady state as long as water level changes in the well and pie-
zometers are measurable and cannot ignored.

Hydraulic resistance (HR)

Hydraulic resistance measures the resistance of vertical flow (upward or downward) through
aquitard. In other words, it characterizes the amount of leakage through aquitard.The hydrau-
lic resistance can be defined as:

HR=DvKv

Here, Kv is hydraulic conductivity of aquitard in vertical direction, and Dv is thickness of aqg-
uitard. It is obvious that, for impervious medium, K=0. Therefore, HR goes to infinity. As a
result, this parameter can measure the resistance of aquitard (semi-previous) formation to up-
ward or downward leakage in leaky aquifers. Hydraulic resistance has dimension of time (Time).

L eakage factor

L eakage factor measures spatial variation of leakage through an aquitard in aleaky aquifer. It is
defined as:

L=VT HR

Lower values of L show high leakage rate through the aquitard, whereas, high values of L show
low leakage rate. Leakage factor has dimension of Length.
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Compressibility (a and B)

It is required to define compressibility of water and porous media separately. Compressibility of
porous media describes the change in volume caused in an aquifer under a given stress and is
given as:

oy
e '|.-".!.

ilem

Here, VT is the total volume of a given mass of material and doe, is the change in effective
stress.

The compressibility of water is defined as:

i’l’rw
= S
ap

The negative sign is required because of pressure, p, and to make fa positive number. An
increase in pressure, dp, leads to a decrease in the volume Vw of a given mass of water. For
incompressible water, since specific mass =p=p0= constant, then p=0.

Specific storage

Specific storage is defined as the volume of water that unit volume of aquifer release from
storage under a unit decline in hydraulic head. It is well-known that decrease in hydraulic head,
h, lead to decreasein fluid pressure and increase in effective stress oe. The decrease in hydraulic
head causes two results: 1) increase in effective stress 2) decrease in pressure.

The first one is controlled by aquifer compressibility, a, and the second one is controlled by fluid
compressibility, B. As aresult, Specific storageis given as:

Ss=p.g(a+np)

And storage coefficient can be written as:

S=SsD

Here, D is saturated thickness, and Ssis specific storage coefficient. Transmissivity, T, and
storage coefficient, S, (storativity) were developed for the analysis of well hydraulicsin con-
fined aquifer.

Water table

Water table refers to the boundary between saturated zone and unsaturated zone. In other words,
it isthe upper surface of saturated zone. On this surface, the fluid pressure in pores of porous
mediais atmospheric (p=0). Thisimplies that w=0, hence h=1+z, hydraulic head at any point on
the water table must be equal to elevation of the water table. Therefore,

h=z
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Negative pressure

Y=0 at any point on the water table (boundary)

W>( at any point under water table (saturated zone)

Y<0 at any point above water table (unsaturated zone)

Since water in the unsaturated zone is kept in the soil under surface-tension forces, the pressure
head, v is taken as tension head or suction head when y<0. As mentioned before, hydraulic head
isalgebraic sum of elevation, z and pressure head w. Above the water table, where v is taken as
tension head or suction head, it is not appropriate to measure hydraulic head with piezometers.
But it can be measured with tensiometer (4_ill & (2 sh )l 28l ild e,

Saturated, Unsaturated, and Tension-Saturated Zone

Saturated zone:

1) The saturated zone occurs under water tables (y>0)

2) The soil pores are filled fully with water. The moisture content, 0 is equal to porosity, n (6=n)
3) Thefluid pressureis greater than atmospheric pressure and the pressure head, y is greater
than zero (y>0).

4) The hydraulic head must be measured with a piezometer.
5) The hydraulic conductivity is a constant. It is not a function of pressure head .

Unsaturated zone
1) It occurs above the water table and above the capillary fringe.

2) The soil pores are only partially filled with water. The moisture content is less than the porosity, n.

3) Thefluid pressureis less than atmospheric pressure. Thisimplies that the pressure head is less
than zero.

4) The hydraulic head, h must be measured with a tensiometer.

5) The hydraulic conductivity, K and moisture content, 6 are both functions of the pressure head, .

In Summary
For saturated flow: y>0, 6=n, K=Ko
For unsaturated flow: y<0, 6=0(y), and K=K (y).

10
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Hydrologic budget

A) Processesin the hydrologic cycle: 1) Precipitation 2) Evaporation: a physical/chemical
response 3) Transpiration: needs plants Plants act as pumps: remove water from the soil, release
water vapor into the atimosphere. 4) Runoff: - Iscommonly known as stream or channel flow
- Has 3 components. overland flow, interflow and underflow  (Doesn't just include surface
flow).
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a) overland flow = flow input from land surface drainage across the land surface (not
channelized)

Side note: The terms “overland flow”, “depression storage” and “surface water” are all different.
Don’t confuse them!

Overland flow is moving water

Depression storage is water that accumulatesin low spots and is essentially stationary. A
common name for

depression storage? A puddle!

Surface water iswater that is stored in ponds, lakes, rivers and streams. Thisis a broader term,
that includes runoff.

11
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b) interflow:

Quantity is usually minor

Describes lateral flow through the unsaturated (soil) zone (Note: unsaturated zone is also called
the vadose zone)

The process by which surface water enters the subsurfaceis called infiltration; almost
all of the water is the subsurface is placed there by infiltration. The only

exception is magmatic water, which is added from depth due to de-gassing of
magma.

c) baseflow = groundwater input

Describes lateral flow in the saturated zone (below the water table) that contributes

to stream flow.

Note: Underflow is different. Underflow is deep groundwater flow, and is not directly
connected to surface flow or surface conditions.

So: In summary, total stream flow (runoff) is the sum of 3 components:
Runoff = overland flow + interflow + baseflow

B) Water storage within the hydrologic cycle:

- Most water is stored as saline water in the oceans (97%)

- Freshwater: is < 3% of total

- Within the freshwater component:

- Glacia storage = 2.14%

- Groundwater storage = 0.61%

- Surface water storage = 0.009%

- Soil moisture = 0.005%

- Atmospheric moisture = 0.001%

- Other ways of looking at this:

- 98% of available freshwater is groundwater, <2% is surface water
- Groundwater is almost 68 times more abundant than surface water
- Explains the bias of this course toward groundwater.

C) The Hydrologic Equation:

- The generd equation: |s essentially a problem of conservation of mass:

Inflow = outflow +/- storage OR: Inflow - Outflow = change in storage

Inflow = precipitation, surface inflow, loss from a body of surface water, subsurface inflow,
overland flow, groundwater discharge into a body of surface water.

Outflow = evaporation, transpiration, surface outflow, soil evaporation, loss of water through a
stream bed, loss of water to a body of surface water, |0ss to vegetation, percolation to the water
table,pumpage, removal to awater supply.

Change in storage = increase or decrease in subsurface storage, increase or decrease in surface
storage.

- Fetter has written a more specific equation to represent the hydrologic cycle from the
perspective of an aquifer:

P=R+ T+ E +/- U +/- Storage terms

where: P = precipitation R = runoff

T = transpiration, E = evaporation & U = underflow

12
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Groundwater Flow Laws
Darcy'sLaw
Darcy law states that the rate of flow through a porous medium is
proportional to the loss of head and inversely proportional to the length of
the flow path, or
v =Q/A or
v=-Ki=K (Ah/AL) = K (h2-h1/L)
where:
v = Darcy velocity , Specific discharge, Filter velocity (L/T),
A= cross sectional areanormal to flow direction (L3).
K= Hydraulic conductivity (Coefficient of permeability) (L/T),
Ah=head loss (L),
L= distance between two points along the flow path (L),
i = dh/dI=h,-h;= Hydraulic gradient is simply the slope of the water table
or potentiometric surface. It is the change in hydraulic head over the change

in distance between the two monitoring wells.

Validity of Darcy'sLaw

Darcy law isvalid only for laminar flow, but not for turbulent flow. In case
of doubt, one can use the Reynold's number (NR) as a criterion to distinguish
between laminar and turbulent flow. NR is expressed as:

NR=( o vD/u)

Where:

NR= Reynold's No.,

P = thefluid density,

v= the specific discharge,

13
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D= the average length of the aquifer material, expressed usually as d10.
u =thefluid viscosity.

Darcy law isvalid for NR=1- 10.

General Groundwater Flow Equations
A- Rectangular Coordinates:
1- Unsteady saturated flow
In unsteady state flow velocity and head change with time. This figure
shows a unit volume of porous medium known as element control volume,

rate of inflow into the unit equals:

Gy
_ N
e
jh W :—I-
LI.T.{I '::lu
Ay
QXi:-TxW(ah/aX)i C]XOZ-TXW(ah/aX>I

Tx Transmissivity in the x direction, (0 h/ d x )0 and (0 h/ 9 x )I hydraulic
gradientsin the inflow and outflow points.

The rate of flow through the square as found by the Continuity equation, as:
(gxi -gx0) + (qyi -qy0) =Sw (o h/dt)

T, (chiex ); -(ch/cx )y + Ty (hicy); -(Fhicy) o= § (chict)

W W

if wisextremely small and the aquifer isisotropic, then the equation
becomes:

(8x2 32h)+(d2h/dy2)=SIT (dh/at)

14
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This equation is known as Laplace equation for unsteady two

dimensional flow. For three dimensionsit iswritten as:
(W &xT)HEhey) +(EheZ - ) = (§8T) (chict)
2- Steady State Flow

In steady state flow head does not change with timei.e. 0 h/ 9 t=0,

therefore the above equation becomes:
-"'12 - 2 -"-2 F 2 "'12 § = 2
(¢"h/ ex )+ hey™) +(6¢h/eZ =) = 0
B- Radial Coordinates

Groundwater flow towards wellsis radial. Assuming homogenous and

isotropic aquifer Lapal ce equation for unsteady state radial flow is:
(&*h/er?) + (Lir)( éhér) = (S/T)( &l &)
Laplace equation for steady state radial flow is:

(&W/eér’ )+ (Ur)( éwér) = 0

15
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Second :Unsteady- State Radial Flow
Ha i) Sladd) ol ) oLl
Theis's Method

Theis (1935) was the first to develop a formula for unsteady-state flow
that introduces the time factor and the storativity. He noted that when a
well penetrating an extensive confined aquifer is pumped at a constant
rate,the influence of the discharge extends outward with time (Figure).
The rate of decline of head, multiplied by the storativity and summed
over the area of influence, equals the discharge. The unsteady-state (or
Thels) equation, which was derived from the analogy between the flow of
groundwater and the conduction of heat, iswritten as:
1

s=Q | " d,=0Q W) (1)
47T -u u 4nT

Where

s= the drawdown in m measured in a piezometer at adistancer (m) from
the well,

Q= the constant well discharge in m?/d

T= the transmissivity of the aquifer in m?/d

W(u) isthe Theiswell function, it is equal to:

5 e i 3 4
W =-05772-lnu+u-u+u- u!l+.. . (1a)

221 331 44

And u is the dimensionless time factor and is equal to
u=rS/4Tt (2

Where S= the dimensionless storativity of the aquifer
t= the time in days since pumping started.

The values of W(u) were calculated by substituting varies values of u
in equation(1a), and both were then plotted against each other on alog-
log paper. The curve obtained was called Theis type curve.
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Theis method permits the determination of the aquifer properties T

and S by means of pumping tests wells. He listed a number of

assumptions which should be taken into account prior to applying his

method. They are as follows:

1) The aquifer is confined;

2) The aquifer has a seemingly infinite areal extent;

3) The aquifer is homogeneous, isotropic, and of uniform thickness;

4) Prior to pumping, the piezometric surface is horizontal,

5) The aquifer is pumped at a constant discharge rate;

6) The well penetrates the entire thickness of the aguifer and thus receives

water horizonta flow;

7) The water removed from storage is discharged instantaneously with

decline of head;

8) The diameter of the well issmall, i.e. the storage in the well can be
neglected.

Application of Theis Method

In order to apply Theis’s method a curve matching technique, between
field dataand Theis type curve, is used.

The step-by-step procedure for determining confined aquifer parameters
from time-drawdown data by the Theis Type-Curve method is as follows:
Step 1. Construct Theis Type Curve by plotting W(u) and u on the log-
log graph paper as shown in previous Fig.. Alternatively, obtain a copy of
this curve from the literature.

Step 2: Plot field-data curve using observed values of drawdown (S)
versus r/t on thelog-log graph paper having the same scale as the Type
Curve.

Step 3: Superimpose the transparent field-data curve on the Type-Curve
sheet, keeping coordinate axes of the two graphs parallel to each other.
Adjust the field-data curve until abest fit of field data points to the Type
Curve.

Step 4: Select an arbitrary ‘match point’ on the Type Curve and note
down the corresponding coordinates (s and r’/t) from the field-data curve,
and W(u) and u from the Type Curve. Note that the selection of (1,1)
match point on the Type Curve simplifies the calculation.

Step 5: Finally, substitute the values of these coordinates and the value of

Qin Egn.
T = iﬁf{u}
A7z

to caculate T. Thereafter, substitute the values of the known variablesin
Egn
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W(u) can be found from the following table:
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Wiu) Jor different values of u

o B 7 & 5 4 3 3 i i
Q00012 | DOOD03E | Q00013 BT 000114 {0034 0.013 {042 (214 M1

{36 31 037 (.45 (56 0.7 161 122 Laz 28 1
1§32 103 215 13 148 168 106 135 404 Xind
414 416 434 444 473 40z 5 554 633 X
44 53 f.dd 484 702 7.5 153 T4 843 X
874 B &6 &40 a9.i4 b33 038 i %4 1024 1695 ¥in®
11.04 1514 11.29 1145 11.63% 11.85 1214 1253 1324 Xi0?
13 1346 136 1375 1393 1415 14 24 1485 1534 X’
1365 1576 15.9 1605 1623 Lo.40 15,74 1715 1754 Xie®
1795 1207 182 1835 1854 L8.76 1905 1945 015 xin®
2025 2037 0.5 20,66 2084 21.06 21.35 20176 2145 X1t
2255 2247 228l 229G 2314 25 3 2343 2405 X T Xt
34 B 24497 2511 25 20 2544 15 65 2595 2636 1T .05 X1t
L 728 741 2756 205 a3 2826 2868 234 Xig
2046 2958 2271 2987 3005 .27 3056 0.7 31.66 X1t
1176 i1 BE 3200 3217 3235 3258 3186 3327 13.06 X

Example : A 30cm diameter well penetrates vertically through an aquifer
has thickness 18m depth and static water table level is 15 m from the
ground surface. S=0.01, Q= 1.2 m¥min, T= 218 m*d/m. Find the water
drawdown calculated from ground surface in the end of the first, second
and third year respectively.

Solution:

Qy= 1.2 m3/min

1,=0.15 m

S$=0.01,r,=0.15m, T= 218 m*d/m, Q= 1.2 m* min, D =18 m
u=r’S/ 4Tt
end of 1% year u1=(0.15)**0.01/4*218*365 = 7*10™*°
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end of 2™ year u2=ul/2 = 3.5*10™"°
end of 3 year u3=ul/3=2.35*10"°
from the table:

W(ul) = 205, W(u2) = 21.2 , W(u3) =21.6
s=—L Wiu)

Q=1.2*60*24=1728 m*/d

s1=129m + 15m (fromthe surface) =27.9 m
s2=13.35m + 15 m (fromthe surface) = 28.35 m
s3=13.6 m + 15 m (fromthe surface) =28.6 m

fodall JLEA) eay Jad Lge Ll o) ciled aY)

1- Make sure that the water level in the steady-state. Thisis done by
taking several water level readings at different times and then
calculating the relative error (°), by using the following equation:
o = (h1-h2/hl) * 100
Where hl= the higher reading (m),and h2 the smaller reading (m).

If o is equal to 5% or less, then we can consider theflow isin
steady condition. If not then we must wait until it becomes constant.
2 -Measure the static water level.

3- Measure the total depth of the well.

4 - Measure the diameter of the well and the distance between the main
welland observation wells, if available.

5 — Prepare the stopwatch and the data sheet to register the data.

A Bl el dAda ok

: .I|:1 A O T | L l..-..-i% =
el Tl Lo B jedlas Ar Do | =
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Pumping Test Data

Well Owner Area

Well No Well Diameter

Distance to Observation Well Total Depth of Well
Casing Length Casing Tvpe

Initial depth to water level Final depth to water Level
Start time Stop fime

Observer Date

T ime Water level Drawdown

{mim) Meter below reference point { m}
Diizcharge rate
(m’ /day)

1

=

10 3 Gk E ol

10

12

14

16

)]

75
25

30

40

50

L

70

bl

ol

100

120

150

180

210

240

270

EJ

i6d

Ud Jicl B2

Necessary equipment for the pumping test: gedall gaadl 4 g pal) il nall
1 — One main (pumped) well and one or two observation wells (or
piezometers),

2— A pump

3-One or two stop watches,

4-A tape Meter,

.5 - A device for measuring the depth to the water level,

6- A device for measuring the rate of discharge of the well.
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Office Work of pumping test

The time-drawdown plots obtained from the pumping tests are plotted on
semi-logarithmic and /or log-lag papers. Each plot serves certain urposes:
1. Semi-logarithmic paper:

When using semi-log papers the pumping test data fall aong straight
lines. They benefit the following purposes:

a Determining the characteristics of the aguifers (T and S) using straight-
line methods.

b- Indicating the well-diameter effect.

C -Determining the well loss.

D — Indicating the possibility of application of Darcy law.

2. Logarithmic paper: Log-log paper

When using log-log papers the pumping test data form curves. They
benefit the following purposes:

a Determine the aquifer characteristics (T & S) of the water-bearing
layer by curve matching techniques.

b- Estimating the nature of the homogeneity of aquifer.

c- If theinitial readings fill on astraight line, the well has alarge
diameter well.

d- If the final readingsfill on astraight line, the aquifer is fractured.

e- Determining the aquifer type from the shape of the curve.

s lin |

‘C

k] |

unconfined aquifer, delayed yield leaky aquifer

confmed aquifer

Log-log and semi-log plots of 1he theoretseal ime-dravwdown relationships of unconsolidated
aquifiers: 5 ]
Parts A and AT Conlinsd aguifer  Parts B and B! Unconfined aquifer Pans Cand C Leaky aquifer



Hydrogeologic Boundaries

4 ol o3 9 )ugdl A gaad)

They are geological or hydrogeological formations that bound groundwater
aquifer from one direction or more and influence the groundwater flow in
the aquifer. They are divided into:

1- Barrier Boundary 4sildl asaall

2- Recharge Boundary 4aal 5 sasll

3- Multiple boundaries 3aaaiall 3 aall

1- Barrier Boundaries

These are geological impermeable formations that surround the
groundwater aquifer from one side or more and obstruct the movement of
ground water from or into the aquifer. If we assume the existence of an
impermeable barrier in the form of a straight line on one side of a
confined aquifer, the drop in the piezometric surface due to pumping will
be greater near the barrier compared to the one predicted by the Theis
equation in the infinite aquifers (see Figure).
A a ddle) I gagis ST ol aals cula (e dalal) A8kl Jasai 336 e sl CplSE 00 8
aal (B afie b (S5 Jlo M e da dga g lia i 13) | Alall oS30 Jals 11 e 8l oLl
On Al L) & S gl (e bl (5 e gl (5 giaall (A da gl (85 smna Aila dlids il sa
2xieY) ol Alal cilihall L Gals Aslae e alie) 43 5l (S 3 da gagl) (ga die qilall aal)
(e

To predict the drop of groundwater level in such a system we use the
Method Of Images. To achieve this, imagine awell drilled at a distance
(x) behind the barrier which equals the distance between the real well and
the barrier and discharging at the same rate (Q) and for the same period of
time. As aresult a cone of depression will form on the other side of the
barrier in addition to the cone of depression formed by the real well.
Therefore the two cones will intersect at the boundary, and the resultant
cone of depression will be deeper near the boundary compared to that
formed in the infinite extent conditions.
(Method Of Images) 4blaill 48 jlall axaing aUaill 1aa Jie 8 A sal) elall (5 gina Ja sugy sl
o3 o il Wany ) Al udi g bt (x) s2al (he Aile o 5 sine i geais Glld Gty
il s Aiall il Cy paaill Jana Gl (55l 58 5 Q Jdmay el AT il o) S IS 5 3 asl)
by sia () ALaYL il aall o AV ulall e palasil g e () sSias o5 (a s Agia ) 5yl
i 3 ol g i) G JAINS Chaay Gl Ay (IS el aal) e gy s3) Eaall i) mlas)
13 san (3l guall gl JSEN of laal 5 ey 4ild 3D allaill 8 da sagll 35S e Linan 136 dina
.l alaill 8 A aaal) dailall 3 saall ASa (i 8 A daile



The drawdown in an aquifer bounded by a barrier boundary is:
s (s ts)
S=Q [Wwr+ W] / 4T
Where: ur=r2S/ 4Tt
ui=rzS/4Tt
r= distance between real well and observation well;

ri= distance between image well and observation well;
t= time since pumping started.

for al points on the boundary r, = r; and the drawdown is doubl ed.
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Figure shows pumping well near barrier boundary



2-Recharge Boundaries

When an aquifer is surrounded from one side by a permanent recharge
boundary such as rivers and streams and the like, it is possible to estimate
the drawdown in the groundwater level in a well drilled in this aquifer
near the boundary of an assumed constant head using the method of
images. If we imagine a river cutting through the entire thickness of an
aguifer, the drawdown in a well fully penetrating this aquifer can be
predicted if we imagine a well on the other side of the boundary. The
image well recharges the aquifer at a constant rate Q equal to the constant
discharge of the real well. Both the real well and the image well are
located on a line normal to the boundary and are equidistant from the
boundary. If we now sum the cone of depression from the real well and
the cone of impression from the image well, we obtain an imaginary zero
drawdown in the infinite system at the real constant-head boundary of the
real bounded system.
Al K 40l @D Al Loy Jglaadl s LIS Al 45t 3 sans Lol sa aal (e Al Adudal) Lol Ladic
ARl il slall 3 gas (e ol ARdall 03 35y giaall il 3 4 gl olaal) (s sisa b Ja gag
On el Mgy Aalaall Ailall Akl 8 Lo saglly sill ol ARadall JalS (3 i | jed Llas 136 ALl 46, Ll
e adiy garall aall e AgEall yull laes ) Adloall s e ) i ULAS 13) 4das (Say Lgail s 2o
aiall ) (e godall (5 sl aa ey o Agaall ol e (A g3l aall (e
A sall elall (5 s (B (alidi) g e 0585 (Adall il i o iy (Q) Ll (il A0LAYI
AT IS dali da g jad) a4l 2 gan dga g ane Alla B Audal) 5 gany anhann T g Al 13
Dl 8 aliail) o g e by Ja g yae S5 dali ALAD) A3l i B elall (5 sise (1 Jilially
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The water levelsin wells drilled in the aquifers bounded by recharge
boundaries drop in the beginning of pumping from the real well and when
the effect of the image cone of the recharging well reaches the pumping
well the rate of drawdown changes. The drawdown rate continues to drop
until it reaches equilibrium state when the discharge equals the recharge.

In this case we can calculate the drawdown using the following equation:

s (s -s)
s= Q[Wwr- Wwi] / 4T
Where: ur=r2S/ 4Tt
ui=r2S/4Tt



For arecharge boundary, for al points on the boundary r, = r; and the
drawdown is zero.
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Figure shows pumping well near recharge boundary

3- Multiple Boundaries

Aquifers might be bounded from two sides or more by hydrogeological
boundaries. One example is the case of confined aquifers that are
surrounded by two aquicludes and might be also bounded by athird
boundary cutting the other two boundaries. There are cases where four
boundaries cut each other at certain angles (see figure below).

The drawdown in the bounded aguifer can be found by applying the
theory of image wells, taking into account the effects of image wells on
the on the hydrogeological boundaries.

Ailal) Al Alls D ALl (g5 n slomn g oma 3538 SISl Cpaila e Jalad o dilal) cililall (Kay
CroAY) Gpaal) adady CAE aa Ll (g Aalae Akl 038 (5 ¢S5 38 5 (iMe e (e (g B ) geanal)
3 gan sany Adalaall Aglall ddudal) 8 Jo gagll Sl (Says . Adima Ll g 30 Aadaliile 3 gom Aoy )l Al llia
3l e dalall L) el il Sl W) 8 3AY) ae dllall yull 4 ylas Gulat dua gl i g yam

Ao gl 5 Hnel)

Number of image wells (Ni) can be determined from the angle made by
the boundaries intersection (We) as follows:
Ni=360 -1
W



We = 4 sl i g el 3 saall alalsi Lgaiay A 4351 5

A C
{
| Eia ¥
L ] -¢- | =
= =T ] 2
e vy
———— ]I- — -
s T s R -
Jreal dischorging well {
O hmage dischorging wel
@ image rechonging vwiedl
D
L= Q

=

.,n_..|._u,.
& O & Q ]
Figueo 6.2 Image well sysiems for bowond ed aquafers (Dictz mothod)

A) Ume strasphi rechargs boundery

B} Two sirm ght recharge Baundaries it faghl angles

) Two srni gh paradiel rechargs boundaries

Dy L-shaped rechange boendary

Using Theim’s equation to solve Groundwater Wellsand Rivers, and
Well Operations problems

Theim’s equation:

:-:—y—:lu -
AxT F

Examplel / Calculate the steady state drawdown at the pumping well which fully
penetrates a confined aquifer if the pumping well is 100 m from ariver whichisin
full hydraulic connection with the aquifer as shown in the Figure below:

Thefollowings are useful data that can
be used in calculating:

Diameter of pumping well =0.2 m
Pumping rate = 4000 m3/day > 100 m
Transmissivity = 450 m2/day (\_} e
Type of utilized aquifer = confined
Distance between river and pumping
well =100 m.

Pumping
Well

River




Answer:
To estimate the effect of the river, introduce a recharge well as shown in the figure below:

4000 Ay | "i'.:.'.ﬁﬁh
- ||
P e T 1K i 100 m
@ ' —— ‘
"Umping [ b i

- - & Chias el
LR . .
Rl e

s=Q*In(r1/r2)/(2nT)
butrl=R , r2=rw=0.2/2=0.10m
sl= Q*In(R/0.10)/(2x* 450)
Drawdown duetoimagewell: r1=R r2=200m
s2= Q*In(R/200)/(27*450)
Total drawdown at awell : s=s1- 2
s= Q*In(R/0.10)/(2r*450) - Q* In(R/200)/(21*450)
s= 4000*In (200/0.10)/(2n*450)=10.75 m

Total drawdown at awell= 10.75m

Example 2/ What would be the drawdown in a piezometer 150 m from
the well and 50 m from the river in the previous example?

Answer:
Total drawdown at A:
Total drawdown at A= drawdown from real well - drawdown from imaginery well

sa= Q(In (ral150)-In (ralN42500))/2nT



$4=4000(In(206.16/150))/2n*450

$=045m
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H.W1: Repeat example 2 by using Theis Method and the table with
S=0.01and t= 2 years. (answer:0.49 m)

H.W2: Repeat example 1 if the pumping well is 50 m from ariver and
T=470 m?/d. (answer: total s=9.36 m)
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Jacob Methods

(1) tvs.s (2) s vs.r (3) t'r" vs.s

1- Thefirst method: indicates the relationship between time and the
drawdown (direct relationship), yieldsvaluesof T & Susing the late time
drawdown data.

T&S i a5 Lgin s (A2 b 4= )) Lmliacyl 5 e il A8
oAl il b

2 -The second method gives the relationship between the drawdown and
the distance (inverse relationship). At least 3 wells must be used and can
be used to calculate T & Sin addition to radius of influence and well loss.
( 3=) Y Cenae slasi ) e oy ((Ganle Gi2)) Al y caliad) s B

Sl ik ) e ) e sty TES S Lo (K
3-The third method similar to thefirst and relates the drawdown with
time divided by the square of the distance.

i) e e Lo puibe (a3 pn o el BB 55 Ly ) A

Jacob methods were based on Theis’s formula and thus have the same
assumptions, plus:

1 - Thevaueof uisvery smal (u<0.01)

2—Timeislong.

1- First method of Jacob

According to Theis’s formula:

Wi = -0.5772-Inu+u u’/2.21 +uw’/3.31 -u'/4.41 +....

From u = r2S/4Tt, it will be seen that u decreases as the time of pumping
t increases and the distance from the well r decreases. Accordingly, for
drawdown observations made in the near vicinity of the well after a
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sufficiently long pumping time, the terms beyond (In u) in the series
become so small that they can be neglected. So for small values of u (u <

0.01), the drawdown can be approxi mated by:
alad) ¢Sy [N U Aduded) A A ) 3y g ad ) oSl 22

.]

; - °s
W(u) =—0.5772—Ln 12
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. 2g
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The' slope of the straight line, i.e. the drawdown difference A s as per log
cycle of time (log t/to = 1), isequal t02.30Q/4 7 T,

be plotted on semi-log paper. Subsequently, a straight line can be drawn through the

g in metres

1.00 — — —
| . °
| o
=4

| /P/ﬁ/g |
|| | | |
Q50 T £ | | [
/ hs=0.375 m ‘

| ¥ |
to=0.25 min JA/—DIOQ cyele ——— 3

| ] .
=0.28 gqys | o L~ |
14400/‘/ . .
o L 1\4 R iy J ] 5
10-] 2 4 & a9 2 4 & B0 2 4 & 810 2
£ ir min

A CSla 3l Bkt 24S iy JKE

2- Second M ethod of Jacob

Cooper-Jacob Method (Distance-Drawdown)

Similarly, it can be shown that, for afixed timet, aplot of Asversusr on

semi-log paper forms a straight line and the following equations can be
derived:
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S=225Tt
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The estimates of T and S from log(time)-drawdown and log(distance)-
drawdown plots are independent of one another and so are recommended
.as a check for consigency in data derived from pump tests.

Ideally 4 or 5 observation wells are needed for the distance-drawdown
graph and it is recommended that T and Sare computed for several
different times.
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Example: t = 0.35 daysand Q = 1100 m%¥/d
T =0.366 x 1100/ 3.8 = 106 m%/d
S=225x106x0.35/ (126 x 126) =5.3x 107

Deter mining the well loss
l) 388 alagy

Wl loss is the difference between the head in the aquifer immediately
outside the well to the head inside the casing during pumping.
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Toevaluate well loss a step-drawdown pumping test is required. This
consists of pumping awell initially at alow rate until the drawdown
within the well essentially stabilize. The discharge is then increased
through a successive series of steps as shown by the time-drawdown data
in Figure a below. Incremental drawdowns As for each step are
determined from approximately equal time intervals. The individual
drawdown curves should be extrapol ated with a slope proportional to the
discharge in order to measure the incrementa drawdowns,

From Figure b the well loss coefficient C is given by the slope of the line
and the formation loss coefficient B by the intercept Q=0

v AQ, = 500 m*/day ] Asy = 1.0m | |

AQ, = 500 m?/day 7r£|57 =1.6m

H_'_"___

AQ,; = 1000 m3/day | As;=6.3m

Drawdown, meters
oo
l

|

___4...'

I

|

|

|

AQ, =500 m¥/day |As

16— T —

AQg =250 m*/day dsg =46 m
20L l l | | 2 e
20 50 100 200 500 1000 2000

Time, min

(a)
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Well discharge, Q, meters®/day
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L,= BQ X100
BQ+CQ*

L, istheratio of laminar head losses to the total head losses (this
parameter can be considered also as well efficiency).

Bas g JSU iy uall) AaS aS (S ) specific capacity s sil) Al

Example For Q =2700 m3/d and s=33.3 mthe B = 0.012 m/m3/d
If C=4x10% thenCQ?=18.2m
Lp = 32.4/(32.4+18.2) = 65%

Example : From a step-drawdown test we have determined the value of Sc
= 320 m3/d/m of drawdown. And the static water level (SWL) inthe
boreholeliesat 5 m below ground level, and we want at least 2 m of
water in the hole above the pump during operation for safety reasons. if
the client ingstson ayield of 2000 m3/d. Find the water drawdown in
the borehole below ground level.
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Therefore, steady drawdown level will beat around 5+ 6.25=11.25m
below ground level.

= 06.25m

3-Third Method of Jacob

If all the drawdown data of al piezometers are used, the values of s
versus t/r2 can be plotted on semi-log paper. Subsequently, astraight line
can be drawn through the plotted points.
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Example: Thes= 0 on the horizontal axisin (t/r?)o = 2.45 x 10* min/m2
or (2.45/1440) x 104 d/m2. On the vertical axis, we measure the
drawdown difference per log cycle of t/r2 as As = 0.33 m. The discharge
rate Q = 788 m3/d. Introducing these values into Equation 1 gives:

_230Q 230 x 788 5
=T = ax314x033 - ¥7md
and into Equation 2:

245

— —_— — -4 —
S = 2.25KD(t/r?), = 2.25 x 437 x 1440 * 10 1.7 x 10
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L eaky aquifers (Semi-confined aquifers)

In nature, leaky aquifers occur far more frequently than the perfectly
confined aguifers discussed in the previous chapter. Confining layers
overlying or underlying an aquifer are seldom completely impermeable;
instead, most of them leak to some extent. When awell in aleaky aquifer
IS pumped, water is withdrawn not only from the aguifer, but also from
the overlying and underlying layers. In deep sedimentary basins, it is
common for a leaky aquifer to be just one part of a multi-layered aguifer
system as was shown in Figure below. The system in this figure consists
of two aquifers, separated by an aquitard. The lower aguifer rests on an
aguiclude.

Aquiclude iasSl sl alaea () Cus Lalai 5 seane Ciliahs 3 a5 5on daglal)
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A well fully penetrates the lower aquifer and is screened over the total
thickness of the aquifer. The well is not screened in the upper unconfined
aquifer. Before the start of pumping, the system is at rest, i.e. the
piezometric surface of the lower aquifer coincides with the watertable in
the upper aquifer. When the well is pumped, the hydraulic head in the
lower aquifer will drop, thereby creating a hydraulic gradient not only in
the aguifer itself, but also in the aguitard. The flow induced by the
pumping is assumed to be vertical in the aquitard and horizontal in the
aquifer. The water that the pumped aquifer contributes to the well
discharge comes from storage within that aquifer and leakage through it
from the overlying unpumped aquifer.
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As pumping continues, more of the water comes from |leakage from

the unpumped aguifer and relatively less from aquitard storage. After a
certain time, the well discharge comes into equilibrium with the leakage
through the aquitard and a steady-state flow is attained. Under such



conditions, the aquitard serves merely as a water-transmitting medium,
and the water contributed from its storage can be neglected.
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Hantush | nflection- Point M ethod
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The assumptions and conditions underlying this method are similar to
Theis‘s assumption except that:

-The aguifer is leaky;

-The flow is unsteady, however the steady state drawdown must be
known.

T, =_“:'- TR
S = VR

]
o8

— MT

I

Hantush (1956) devel oped the inflection point method. To determine the

inflection point P the steady state drawdown sm, should be known, either

from direct observations or from extrapolation. The curve of s versust on
semi-log paper has an inflection point P where the following relations

hold.
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Type curves of leaky artesian aquifer in which no water is released from sterage in the
confining layer. Sowrce: W. C. Waiton, Winois State Water Survey Bulletin 49, 1962.

Tvpe curves for leakv confined (artesian) aquifer

19 (1921 ple cup Ajaa/ i) Aiblas ) ga) Ghgiia mlla gaga.d (Bl allal) 1 4kiada
ANy A A Il Al jall 5 (1936 ale gaba ) B Adau giall Al jall g 1933 ale L Ailai¥) A Al
B i g S Aah g A G B A el daalally Apalal) Aaylly (331 1938 ale

Jli g 4y ¥ Bastial) ¥ gl (8 L) 8IS daalas (A (s A dpale Ay o Juan 91942 ale duaigl)
Balgd o Juand 1 jal B Uigy daalay (3l ol <1947 ple (50 Aaia (B piiualall 4350 Lgda
fad (B Bialina Ay sk 4 g 4Gy jhll 038 caalia ga 43 gal) oluall Aial) duigl B o) ) giSal)
Asallal) jalaall

Mand S. Fantush



Variation in Drawdown vs. Time

Drawdown (ft)

[ I [ I
10 100 1000 10000

Time (min)

Figure Comparison of drawdown vs. time curves for
confined aquifers. Ideal (Theis), leaky, and barrier cases.
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Large values of L indicate alow leakage rate through the aquitard,
whereas small values of L mean a high leakage rate. The leakage factor
has the dimension of Length, expressed, for example, in meters.

The following table gives types of leakage according to L values:

Type of Leakage L values (m)
High L <1000
Moderate 1000 < L < 5000
Low 5000 <L < 10000
Negligible L > 10000
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Anvex 4.1 Values of the functions €%, e™, Ky(x) and e¥K,(x) {(after Hantush 1956)

x e g Ko ix) ek ,ix) X et g™ KJx) K (%) X ¢ e Kalx) K x)
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nar [Kil}| n98% 4626 4677 nod| 1.042 0960 3312 3.450 o7l 1074 b.931 1. 766 7960
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Syllabus of Groundwater Hydrology

Textbook
1- Kruseman G.P.& DeRidder, N. A., 1990. Analysis and Evaluation of Pumping
Test Data. International Institute for Land Reclamation and Improvement,
Wageningen, The Netherlands.
2-Sen, Z., 1995. Applied Hydrogeology for Scientists and Engineers. Lewis
Publications, Boca Raton.
References 3-Todd, D. K., 2005 Groundwater Hydrology. John Wiley & Sons. New Y ork.
4- Raghunath, H. M.,1982. Groundwater. Wiley Eastern Ltd., New Delhi.
Osud) Axala Sy L sl Hnel) 2002 e wbe 5 daas sbac-]
Aga gl -l 5l A galdl sbaall | 2 2002 bl S jallae 2
week | Date Topics Covered Notes
Basic Concepts of Groundwater Hydrology
-Introduction of Groundwater
- What is the groundwater?
1
- Classification and types of groundwater
-Basic definitions: (aquifers, Aquitard, Aquiclude, AquifugeUnsaturated zone
and saturated zone.)
-Hydrologic budget and groundwater sources.
2
-Concepts of groundwater pollution
Aquifers
-Aquifers classification: ( confined, unconfined and leaky)
- Aquifer Parameters: (porosity, recharge and discharge, hydraulic conuctivity,
3 transmissivity, storativity, specific yield)
- Anisotropy and heterogeneity




Groundwater flow
- Steady state and unsteady state flow
- Driving forces of groundwater flow

4 - -principles laws of groundwater flow ( Darcy's law)
5 Quiz with resolve problems and discussion
Groundwater Resour ces Development
- Exploration
-Evaluation
6 -Exploitation
Geological, Hydrological and Geophysical Methods for Groundwater
Exploration.
Wells
- Wéell Drilling Methods :
- Methods of Drilling Shallow Wells. Hand-Dug wells, Bored wells, Driven wells,
7 injected well.
- Methods for Drilling Deep wells:Cable tool method, Rotary method, Reverse
Circulation Rotary Method.
Exam of Midterm
8
Well Completion
-Placement of casing
9 -Cementing of casing
-Placement of well screen
-Gravel packing.
Requirememt for Water Well Design
- Limitations of dimensions and diameters of casing piping
10
-Intake area: design of well screen, gravel pack design.
uiz with resolve problems and discussion
11 P
Groundwater & Pumping Tests
12 -Steady State Radial Flow to Wells: In Confined Aquifers and Unconfined

Aquifers




-Unsteady State Radial Flow: Theis's Method and its application,

13 Jacob's Methods (Jacob I, Jacob 11, Jacob 111)
-Large Diameter Wells: Vaumetric Method (Sen 1983),
14 -Discharge calculation from early drawdown data (Sen 1986).
-Leaky Aquifers: Inflection Point Method (Hantush,1956).
- Recovery Tests.
15 Quiz with resolve problems and discussion




