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Groundwater Wells



Scope

• Subsurface water = all waters that occur 
below the earth’s surface 

• Groundwater = water in the saturated zone
• Civil engineering focus:

– Its movement and distribution and 
– Either its extraction or injection mostly for supply  



Subsurface Water Classification



Groundwater Classification:
By Manner of Formation



Water Bearing Formations



Aquifers & Other Formations
• Aquifers = can yield significant quantity of water due to their 

interconnected openings or pores for water flow (e.g., alluvial 
deposits, volcanic rocks, limestone, and sandstone)

• Types of Aquifers
– Unconfined: upper surface of water is exposed to atmospheric 

pressure - water table
– Confined: water in under greater-than-atmospheric pressure due to 

impermeable confinement – pressure or artesian 
• Aquiclude = saturated but relatively impermeable material yielding 

little water to wells (e.g., clays) 
• Aquifuge = relatively impermeable formation  neither containing 

nor transmitting  water  (e.g., solid granite) 
• Aquitards = saturated but poorly permeable stratum that may store 

and transmit water to adjacent aquifers (e.g., sandy clay)



Shallow Groundwater – Surface Interaction



Layered Aquifer Features



Main Physical Properties

• Porosity (i.e., voids, pores, interstices), “n”
• Hydraulic Permeability (i.e., ability of a 

material or formation to transmit water), “K”



Types of Porosity
(primary and secondary)
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Fig. 2.2.1 – Examples of rock pores and the relation of rock texture to porosity



Material Porosity Ranges, n
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Table 2.2.1 – Representative Values of Porosity



Specific Yield & Specific Retention:
In Unconfined Aquifers

• η = Sy + Sr



Specific Storage, Ss:
In Confined Aquifers (Examples 5.13 and 5..14

• Ss = ρ g (α + η β) (Eq. 5.17)
Where,
– Ss – specific storage
– α = aquifer compressibility
– β = water compressibility
– η = porosity

• S = Ss b = storage coefficient in a confined 
aquifer, where,
– b = aquifer thickness



Storage Coefficients



Lab Porosity Measurement

• η = Vvoids/Vtotal (i.e., a sample of rock, 
sediment, solid)



Fluid Potential & Hydraulic head

• Ø = g h fluid potential, 
– where Ø is fluid potential at any point or energy per unit of 

mass and h is energy head per unit weight of fluid at that 
point

• h (or H) = Z + Ψ + V2/2g = hydraulic or “energy” head 
where 
– Z is elevation of a point with reference to a datum
– Ψ = p/γ with p being the pressure above atmospheric at 

the point
– V = average fluid velocity (“nil” in alluvial materials, such as 

sedimentary rock)



Darcy’s Law
• 𝑄𝑄 = K A (h1 - h2)/ L, h1 > h2 or flow goes from 1 to 2 
• v = K (h1 - h2)/ L = (K) (Δh1-2/L) or Darcy’s velocity or 

specific discharge
• vv = (K/η) (Δh1-2/L) = seepage or interstitial velocity, 

Where, 
– K = hydraulic conductivity
– A = area of flow
– L = length 
– h1 – h2 = + head drop
– Δh/L = + energy or hydraulic gradient
– η = porosity



Hydraulic Head



Darcy’s Law (cont.)
• 𝑄𝑄 = K A (h1 - h2)/ L, h1 > h2 but can also be expressed 

as 
– v = - K (h2 – h1)/ L = - (K) (Δh2-1/L) or Darcy’s velocity or 

specific discharge and
– vv = - (K/η) (Δh2-1/L) = seepage or interstitial velocity, 
where, 
– K = hydraulic conductivity
– A = area of flow
– L = length 
– h2 – h1 =  - head drop
– Δh2-1/L = - energy or hydraulic gradient
– η = porosity



Validity of Darcy’s Law

• Validity of Darcy’s Law
– NR = (ρ υ D)/µ  ≤ 1-10, where D = d10



Example of Darcy’s Law Applicability
(Mays, 2012)



Hydraulic Conductivity

• Coefficient of permeability or hydraulic 
conductivity, K = constant of proportionality 
between the rate of flow and the energy gradient 
in Darcy’s Law (or permeability of the medium, 
formation or stratum) (in m/d, m/s, ft/s, etc.)

• K = k (γ/µ), where 
– k = intrinsic permeability (in darcies, 1 darcy = 1.062 x 

10-11 ft2) 
– γ = specific weight of fluid (i.e., water) and 
– µ = dynamic viscosity of fluid (i.e.., water, 1.12 cP or 

1.12 x 10-2 P or g/(cm-s)



Darcy’s Experimental Set-Up
[Les Fontaines de la Ville de Dijon, France, Henry Darcy (1855)]



Darcy’s Experimental Data
October 29 and 30 & November 2 (1855)



Darcy’s  Application: 
Hydraulic Conductivity Measurement



Hydraulic Conductivity Ranges, K



Hydraulic Conductivity Ranges

Presenter
Presentation Notes
Figure 3.2.1 - Representative Values of Hydraulic Conductivity



Permeameter (Lab K-determination):
(constant and falling head tests)
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Figure 3.3.1 – Permeameters, Relationships and Examples 3.3.1, 3.3.2, and 3.3.3



Example of Darcy’s Law Applicability to Lab 
Permeameter Testing

(Mays 2012)



Field K-Determination
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Figure 3.3.2 – Tracer Tests and Application (Example 3.3.2)



Example of Field-K Estimation
(Mays, 2012)



Case of Confined Pervious Formation 
Between Two Canals (Example 5.1) 



Vertical Flow through a Confined 
Aquifer (Example 5.5)



Case of a Confined Aquifer
(Example 5.3)



Variation of Hydraulic Conductivity

• K varies in space (i.e., x, y, z)
• If K is constant in space, more of an ideal 

approximation, the medium, soil or rock, is said to be 
“homogeneous”. If not, is “heterogeneous”. 

• If K is constant in direction, more of an ideal 
approximation, the medium, soil or rock, is said to be 
“isotropic”. If not, is “anisotropic”.

• See respectively Equations 5.9 and 5.10 to estimate an 
average K 
– when flow is parallel to the soil/rock stratification 
– when flow is perpendicular to the soil/rock stratification



K-estimate for Stratified Soil/Rock 
Settings

• Flow Parallel to Stratification – Eq. 5.9:
– Ḵ = 1/b [K1b1 + k2b2 +…Kibi), 
 i = 1, n

• Flow Perpendicular to Stratification – Eq. 5.10:
– Ḵ = b /[b1/K1 + b2/K2 +…bi/Ki), 
 i = 1, n



Estimation of Variable Hydraulic 
Conductivity

(Examples 5.6 and 5.7)



Transmissivity: T = K x b

• T = Ḵ b (L2T-1)
     where, 
     T  = ability of an aquifer to transmit water      

  through its entire thickness
     Ḵ = average hydraulic conductivity
     b = thickness of the aquifer

Important Note: T applies is most commonly used 
for “confined aquifers”, because the b can be better 
estimated



Confined Flow Between Water Bodies
(Examples 6.1 and 6.2)



Flow to a Fully Penetrating Well In Confined 
Aquifer: Steady-State Flow

(Thiem Equation, Eq. 6.4; Examples 6.3 and 6.4)



Thiem Equation, Equation 6.4
Examples 6.3 and 6.4 (p. 173)

• For Steady-State flow (i.e., Q = constant) from 
pumping at a single well in confined aquifers:

• Q = [2 π b K (H – h)] / ln (R/r),  (Eq. 6.3, p. 172)

 and generalizing for any two radii locations

• Q = [2 π b K (h1 – h2)] / ln (r1/r2), (Eq. 6.4, p. 172)





Figure for Example 6.4



Flow to a Well in Unconfined Aquifer:
Steady-State Flow

(Dupuit’s Equation; Example 6.5) 



Dupuit’s Equation, Equation 6.6:
Example 6.5, p. 176

• For Steady-State flow (i.e., Q = constant) from 
pumping at a single well in unconfined aquifers:

• Q = [π K (H2 – h2)] / ln (R/r) 

 and generalizing for any two radii locations

• Q = [π K (h1
2 – h2

2)] / ln (r1/r2)



K = Hydraulic      
Conductivity

Q = Flow Out of Well
hj = Head of 

Observation well j
ri = Radial Distance 

from pumping well i



Figure for Example 6.5



Steady-State Flow Well 
Hydraulics

Bedient, P. B., W. C. Huber and B. E. Vieux, Hydrology and 
Floodplain Analysis, 6th Edition, Prentice-Hall. Upper 
Saddle River, NJ
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Groundwater Travel Time

• Radial velocity, vr = dr/dt
• Using seepage velocity based on Darcy’s Law for 

an average porosity η and integrating between 
any radial R and r distances 

• Solving for Equation 6.6 (p. 177): 
 ttravel = [(π D η)/Q] (R2 – r2)

• Example 6.6 (p.178), for the conditions of the pumping of 
Example 6.4 (p. 173), yields the following travel time from the 
observation well at 60 m to the pumped well if the average 
porosity is 0.3:
 ttravel = 678 x 103 s or 7.8 days   



Groundwater Flow Equation
(1D, 2D, 3D - dimensions)

[Steady or Non-steady (also Unsteady) Flow Regimes]



› Cable tool
 A bit is raised and dropped over and 

over
 Simple and cheap for shallow wells
 Up to 600m

› Rotary (hollow stem auger)
 Uses a hollow bit
 Can exceed 150m

› Jetting – High pressure hydraulic drilling
 Very fast construction, often used for 

observation.

Bedient, P. B., W. C. Huber and B. E. Vieux, Hydrology and 
Floodplain Analysis, 6th Edition, Prentice-Hall. Upper Saddle 
River, NJ, 
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› Push tool
 Uses hammer or weight
 Simple and cheap for shallow 

wells
 Up to 100 ft

› Cone penetrometer
 Pushes with weight of truck
 Insitu testing
 Can insert small well
 Can exceed 150 ft

Bedient, P. B., W. C. Huber and B. E. Vieux, Hydrology and 
Floodplain Analysis, 6th Edition, Prentice-Hall. Upper Saddle 
River, NJ 
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Theme 5: End of Summary Highlights

Refer to Textbook for Detailed 
Assigned Study Material, Example and 

Practice Problems  
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