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2. Groundwater Flow in Porous Media 
 

2.1 Solids & Water-bearing Solids Classifications 

We have subsurface openings/voids large enough to yield water in usable quantities to wells and springs and 

 make groundwater one of the most widely available natural resources (voids can be naturally formed or by human 

  interference i.e underground supply pipes leaking, slowly corroding/breaking down subsurface soils) 
  

  

  

  

  

- Most solids are composed of solids and voids 

- Water-bearing solids = consolidated rocks (bedrock) or unconsolidated deposits (soil) 

- Consolidated rocks = limestone, dolomite, shale, siltstone, sandstone & conglomerate 

- Unconsolidated deposits = clay, silt, sand & gravel (in order of increasing grain size) 
 Most unconsolidated deposits consist of material derived from the disintegration of consolidated rocks 

 

 

 

 

 

  

- Different kinds of voids in solids = primary and secondary openings (in terms of formation time) 

- Voids formed at the same time as the rock = primary openings, i.e pores in sand and gravel & in other unconsolidated deposits 

- Voids formed after the rock was formed = secondary openings, i.e fractures in granite & in consolidated sedimentary rocks 
 Voids in limestone are formed as groundwater slowly dissolves the rock (important type of secondary opening) 

 

➢ Fluid flow across water-bearing rocks water isnt constant across the cross-section 

 Rock particles block/inhibit fluid flow or, 

 Fluid can flow rapidly through fractures/big openings 

➢ Porous material has a more uniform flow   
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2.4 Aquifer Types 

• Aquifer = A geologic unit that stores and transmits water 

• Three types of aquifers based on the nature of confining beds  

 - Confined Aquifer (including artesian)  

 - Unconfined Aquifer  

 - Leaky (or semi-confined) Aquifer 

• Good aquifer = High porosity allowing high volume of water, High permeability – water can be easily 
 extracted & Sand and gravel, sandstone, limestone, fractured rock 
 

Confined Aquifer 

- Bounded above and below by an impermeable layer 
- Has 2 confining layers and the GW is under pressure (due to head in recharge area) 

  
  
  
  
  
  
  
  
  
  
  
  
 
 

➢ Artesian Aquifer 
 Piezometric line above ground surface (Elevation + Pressure head = Piezometric Head) 
  w/ parts of the system artesian, springs can form there 
  (i.e if we drill into artesian aquifer water rises above surface due to pressure) 
  
  
  
  
  
  
  
  
 

Unconfined Aquifer Leaky Aquifer (or semi-confined aquifer) 

- Surface pressure = atmosphere 
- Water table is its upper boundary 
- GW head rises to water table in well 

 

 

- One confining bed is a low permeability 
material that impedes water movement and 
will not yield appreciable water to wells, such 
as sandy clay formations 
 i.e is not completely sealed & leaks 
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3.4 Flownet Interpretation Summary 

▪ Discharge  

- Discharge per unit width (Q) 

 

 

 
 Q = Discharge [m3/s/m]  Note: Seepage loss = Q*L where L = Dam length gives seepage [m3/s] 

 K = Hydraulic conductivity [m/s] 

 h = Drop in total head across flow (total head loss) (also known as ΔHL) 

 Nf = No. of flow tubes 

 Ne = No. of potential drops (notation also Nd) (no. of segments) 

 

- E.g. 

 

 

 

 

 

 

 

  

 
▪ Pore Pressure 

- To find pore pressure (u) at a point: 

 1) Identify total head value of all constant total head lines relative to datum 

 2) Solve 𝑢 = (𝐻 − 𝑧) ∗ 𝛾𝑤  
  H = Total Head (read off equipotential line, or by interpolation) [m] 

  z = elevation head from datum [m] 

  w = unit weight of water = 9.81 [kN/m3] 
- E.g. 
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▪ Pressure Distribution 

hp(A) = Pressure head at point A under dam = (𝐻1 −
𝛥𝐻𝐿

𝑁𝑒
∗ 𝑁𝑒(𝐴)) − 𝑍 

 H1 = Total head upstream [m] 

 ΔHL = Total Head loss [m]  (Note: head loss per equipotential Δh = 
𝛥𝐻

𝑁𝑒
) 

 Ne = No. of drops (where Ne(A) = No. of drops to point A) 

 Z = Elevation head [m] 

 

➢ Total head = pressure head + elevation head, i.e HA = (𝐻1 −
𝛥𝐻𝐿

𝑁𝑒
∗ 𝑁𝑒(𝐴)) 

➢ Pore water pressure uA = hp(A)*γw = (HA-ZA)*γw 

 
▪ Uplift Pressure (Pw) 

Uplift at A under Dam, Pw = hp(A)*γw 
 hp(A) = Pressure head at point A under dam 
 γw = Specific weight of water = 9.81 kN/m3 

 
 
 
 
 
 
 
 
 
 
 

▪ Unpleasant signs of malfunctioning (Static liquefaction, heaving, boiling, and piping): 

- Phenomena occurs when imax ≥ icr 

 imax = 
𝛥𝐻/𝑁𝑒

𝐿𝑚𝑖𝑛
        where head loss per equipotential Δh = 

𝛥𝐻

𝑁𝑒
 

 

➢ For piping: 

- If iexit > icrit, soil grains at the exit are washed away. This phenomenon progresses upstream forming 

 a free passage of water (i.e a pipe). 

 FOSat toe = 
𝒊𝒄

𝒊𝒆𝒙𝒊𝒕
 > 5 is safe    for      𝑖𝑒𝑥𝑖𝑡 =

𝛥𝐻/𝑁𝑒

𝛥𝐿
        &          𝑖𝑐𝑟 =

𝛾−𝛾𝑤

𝛾𝑤
=

𝐺𝑠−1

1+𝑒
       

➢ For Uplift:  

- If Fup > Fweight, the dam will experience excessive uplift forces causing failure 

 FOS = 
𝐹𝑤𝑒𝑖𝑔ℎ𝑡

𝐹𝑢𝑝
    for 𝐹𝑤𝑒𝑖𝑔ℎ𝑡 = Concrete force or weight (where γconc ≈ 23.5 kN/m3) 

- Resultant uplift force, 𝐹𝑢𝑝 =  𝐴𝑏𝑜𝑡𝑡𝑜𝑚 ∗ 𝑢𝑎𝑣𝑒    
 Fup = Upilft force [kN] 

 Abottom = area of dam bottom [m2] 

 uave = average uplift force [kN/m2] = 
[ℎ𝑝(𝐴)+ℎ𝑝(𝐵)]∗𝛾𝑤

2
 

 

▪ Minimizing Risk of Erosion 
1) Add more weight at exit points (at toe of dam) i.e permeable concrete mats 
2) ↑ Length the flow path: Deeper cut-off walls, horizontal barriers, impermeable blankets at exit 
3) Install Impermeable clay blankets at exit (to ↑ flow path) 
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5. Axisymmetric Groundwater Flow Models 

5.1 Confined axisymmetric flow problems 

▪ Flow to a well for steady-state in a Confined Aquifer Preliminary Assumptions: 

- The well is fully penetrating the confined aquifer and draining from the whole thickness of the aquifer 

 i.e the wells reach the bottom of the aquifer 

- The well is pumping, at a constant rate, water out from the aquifer 

- The flow to a well is laminar, horizontal, radial (flow lines are parallel across radial cross section) 

- The aquifer is homogeneous and isotropic. It keeps an uniform thickness and a horizontal base 

- After a period the drawdown is stabilized and the steady-state flow conditions are established 

- Note: The above conditions are rare in the real world. However, this approach works for preliminary studies for example when 

 the drawdown and the radius of the well influence do not vary in time. 

 

 

 

 

 

  

 

▪ Governing Equations: 

 

  

  

  h = Total head [m] is a fnc. of distance from well  
   h1 = total head along drawdown at distance r1 from well 

   hw = head in well 

   h0 = initial groundwater level before pumping [m] (also called piezometric level) 
  Qw = Well discharge from confined aquifer [m3/s] 

  H = thickness of confined aquifer [m] 

  K = Hydraulic Conductivity (material constant) [m/s] 
   where T = H*K = Transmissivity (rate which groundwater flows horizontally through an aquifer) [m2/d] 
  r = Radial distance from well [m] (w/ rw = radius of well) 

  s = Drawdown [m] (s1 = drawdown at r1, sw = drawdown at well) 

   Note: Can replace subscript w with 2 i.e rw = r2 & sw = s2 

 

 - Or we our eqn.s can be written in terms of drawdown where 𝑠 = ℎ0 − ℎ: 

 

 

  

  i.e sw = h0 - hw or s1 = h0 – h1  

  

 - Note: In the field we can use piezometers to monitor drawdown 

 

 

 

 

For a well producing at a steady rate (Q) 

with a steady drawdown, any pair of 

observation points at different radial 

distances can be used to estimate K 
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▪ General Solution (THEIS Eqn.) for Unsteady Groundwater Flow 

 

 

 

 s = Drawdown [m] (s1 = drawdown at r1, sw = drawdown at well) 

 Q = Well discharge from aquifer [m3/d] 

 T = H*K = Transmissivity (rate which groundwater flows horizontally through an aquifer) 

  H = thickness of confined aquifer [m] 

  K = Hydraulic Conductivity (material constant) [m/d] 

 W(u) = see following page 

   

  

    

  r = radial distance [m] 

  α = 
𝑇

𝑆
=

𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑣𝑖𝑡𝑦

𝑆𝑡𝑜𝑟𝑎𝑔𝑒 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡
 [𝑚2/𝑑] 

  t = time [d] 

 

▪ Jacobs Approximation for Unsteady Groundwater Flow 

-  Simplification of THEIS eqn. 

 As u gets small we neglect parts in W(u) bcas it goes to 0 (similar to Taylor series expansion) 

- For values of u < 0.01, or for large times at a given distance, or at small radial distances 

 ∴ Jacobs approximates drawdown as: 

 

 

 

 s = Drawdown at well [m] 

 Q = Well discharge from aquifer [m3/d] 

 T = Transmissivity = H*K [m2/d] 
  H = thickness of confined aquifer [m] 

  K = Hydraulic Conductivity (material constant) [m/d] 
 t = time [d] 

 r = Radial distance from well [m] 

 S = Storage coefficient [unitless] 

 

  

➢ Note: THEIS & Jacobs solutions provide: 

 Exact solution for confined aquifer 

 Approximate solution for unconfined 

This is bcas: 
 1) Confined is exact as height doesn’t change whereas unconfined is approx. as height changes over time  

 2) Unconfined aquifers respond differently to pumping tests; release of water from unconfined storage has a lag 

  ∴ drawdown is underestimated for unconfined conditions 

 

➢ If given radius of influence (R) 

 𝑠𝑃1 =
𝑄

2𝜋𝑇
ln (

𝑅∗𝑅

𝑟𝑅𝑊∗𝑟𝐼𝑊1
) −

𝑄

2𝜋𝑇
ln (

𝑅

𝑟𝐼𝑊2
) 

  sP1 = drawdown in observation well (piezometer 1) 

  rRW = radius from P1 to real well 

  R = radius of influence [m] 

  Here RW and IW1 are discharge wells, IW2 is injection 

  Mirror RW over boundaries 

  Use notation IW1, IW2, P1 etc. 

  Use solid dot for injection well, use open dot for discharge wells 
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6.4 Pumping Tests (THEIS, Jacobs 1-3 & Recovery) 

- Steady State Pumping Test: 

 > Thiems method: Measures drawdown (s) at several observation wells (OW), used to calc. T or K for 

  an aquifer in unsteady state conditions 

  Note: In steady state we don’t have a response of storage behaviour over time ∴ can’t get S 

- Non-Steady state Pumping tests: 
 > Theis method: Measures s at several times on several OW, used to calc. T or K and S 
  under unsteady flow conditions where pumping rates can vary over time.  
 > Jacobs method: Either measures s at several times for several OW or Several OW at same time, 
  used to calc. T or K and S  

- Recovery Test: 

 > Measures recovery of OW, used to calc. T or K 

 
➢ Potential Data Sets: 

Data 1: One pumping well, one observation well (Gets drawdown over time from 1 observation well) 

 r1 = constant; drawdown (s) data for t>0 

Data 2: One pumping well, several observation wells (Gets drawdown at t1 from several observation wells) 

 ri = variable; drawdown (s) data for one-time t = t1 

Data 3: One pumping well, several observation wells (Gets drawdown over time from several observations) 

 ri = variable; drawdown (s) data for t>0 
  

 

▪ Non-Steady Methods Available: 

- THEIS Method, Jacob’s Method 1-3, Recovery Tests 

 

 

General steps for using THEIS Method 

1. Plot the type curve = ln(u) vs. ln(W) 

2. Plot the observation data of ln(s) vs. ln(
𝑟2 

𝑡
) 

3. Keeping the coordinate axes parallel at all times, superimpose the two sheets until the best fit of data 
 curve and the type curve overlap 

4. Select a match point, arbitrarily chosen on the overlapping part of the curve 

 Read the corresponding values of ln(u), ln(W(u)), ln(s), & ln(
𝑟2 

𝑡
) 

5. Use B = ln(s) − ln(W(u))  &  A = ln (
r2

t
) − ln(u)  to calculate S and T 

 i.e then solve for T using B = ln (
Q

4πT
) & solve for S using A = ln (

4T

S
) 

- Overlap the two sheets (keeping axis parallel) then measure off A & B  
- Use A and B to solve for T & S 

 
Notes: 

1. ‘ln’ = Natural logarithm = loge() 
2. Plot the natural log of the values onto a plot w/ a normal scale (just ‘ln’ the values & don’t use log-log scale) 
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2. Compaction 

2.1 Introduction to Compaction  

- Compaction is the densification of soils by expelling air and rearranging soil particles 

 this is done so by the application of short term mechanical action 

 (may also involve a modification of the water content) 

- Compaction reduces the hydraulic conductivity (K) as soil has less voids for fluid to flow 

 ∴ also reduces the void ratio changes by expelling air over time 

 

- Surface compaction typically involves densification of soil mass by ↓ air voids filled while the volume of 

 solids & water content remains essentially the same  

- Compaction implies that soil particles are packed tightly by the application of heavy loads (static 

 compaction) or  vibration (vibratory compaction) 

 
- Note: Do not confuse soil compaction w/ consolidation 

 - Compaction = densification by expelling air using mechanical methods or water  

 - Consolidation = densification of soil by expulsion of water (takes time to occur & reduces volume of water is soil mass, 

  also ↑ density) 

 

▪ Where/When is Compaction Used 
- Any time soil is used as a construction material, it is compacted to improve its engineering properties: 

 > Compaction of sand pad for house foundations 

 > Compaction of soil/gravel/crushed rock/asphalt in road construction 

 > Compaction of soil in earth dams 

 > Compaction of soil behind retaining walls 

 > Compaction of soil backfill in trenches 

 

- Note: In CIV3248 we will focus on compaction of clay liners for waste storage areas 
 

▪ What does Compaction Achieve: 
- At most basic level, compaction expels air so ↑ density (ρ) and ∴ ↑ the dry unit weight (γd) 

- For soil containing fines (clays), well-compacted soil has high negative pore pressures (suctions) 

 > High effective stress, even when at ground surface  

  i.e 𝜎′ = 𝜎 − 𝑢 so if u is neg, effective stress is high (soil is stronger) 

- Good compaction results in: 

 > Higher stiffness (less compressible = less settlement) 

 > Higher strength = higher bearing capacity 

 > Reduced permeability (lower K) 

 

▪ Purpose of Compaction: 
- Reduces subsequent settlement under working loads 

- ↑ the shear strength of the soil 

- Reduces the voids ratio making it more difficult for water to flow through soil 

 (This is important if the soil is being used to retain water such as would be required for an earth dam) 

- Prevents the build-up of large water pressures that cause soil to liquefy during earthquakes 
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2.3.2 Field Compaction (Pavements, Dams & Road/Rail embankments) 

• Pavements 
1) Surface (concrete [rigid]) or (Asphalt [flexible]): provides riding surface  

2) Base Course: main soil load spreading layer, Strong enough to withstand shear stress produced by wheels, Incompressible and 

rigid enough to distribute load  

3) Sub-base course: Drainage, must be resistant to erosion and piping Sometimes omitted  

4) Subgrade: Underlying soil surface or surface of a compacted fill that ultimately supports the load Typically thickness is related to 

its properties 
  

  

  

  

  

 

• Dams 
1) Earthfill: -Low permeability - Contributes mass, - Some strength to dam - Cohesive  

2) Filter: -To prevent erosion of core due to flowing water; permeable -Cohesionless  

3) Rock: - to provide strength (and mass); highly permeable - Cohesionless 
 

 

 

 

• Road & Rail Embankments 
- Long term strength most critical 

- Typically local material compacted to gain maximum strength and minimize long term deformations 

 

 

• Clay Liners 
- For domestic and hazardous waste disposal, compact to minimize permeability 

- Wet enough for consolidation (healing) as weight of waste is added 

- Not too wet or chemical cracking/shrinkage could be a problem 

 

 

 

Field Compaction for given Soil Type 

o Cohesionless sands and gravel  
(e.g. for base courses and subgrades for roads and 
 runways) 
- Vibratory equipment best 
- Vibratory roller-large effective depth 
- Rubber tyred rollers 

o Cohesive soils 
 (e.g. for dams, embankments, landfill liners, subgrades 
 for airfields, highways) 
- Vibratory equipment not effective  
- Sheepfoot or padfoot rollers  
- Smooth roller may be needed to level off surface after 
 compaction by sheepfoot or padfoot roller 

Notes: 
1. Cohesive soil are more ideal for compacted fill 
2. Cohesive soils (clays) can be compacted to a high degree offering ↑ γd and significant strength & stiffness 

 Often needs to be worked w/ sheepsfoot roller to expel air from clods (high labour required) 
3. Cohesionless soils are easy to use/compact but can’t be used for several tasks i.e they can be compacted by vibrating rollers but 

only in strong compressive situations (due to any type of shearing will cause failure bcas cohesionless soils have limited 
resistance to horizontal movement) 
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2.4 Laboratory Compaction (Proctor test & results) 

▪ Lab Compaction vs. Field Compaction 

- Goal of compaction is to match the two (may need field trials to achieve this) 
 i.e To understand our soil need lab tests. These lab tests need to match site conditions, then run field trials (pilot tests) to 

 fine tune compaction process ∴ can be more confident that requirements are met 
- May have to vary:  

 a) Lift thickness 

 b) No. of passes 

 c) Compaction equipment 

- Laboratory compaction method chosen must replicate the field compaction  

 i.e want the soil in the lab to respond like soil compacted on site 

 

▪ Method of Lab Compaction (Proctor test) 

- The Proctor test is used to determine the dmax & the OMC, which serves as a reference for field 

 specifications of compaction 

- Aim of laboratory compaction is to test for quality of fill  

 i.e. Simulate field procedures; establish specifications, aid in the control of placement conditions 

- Two common types of test: 

 > “Standard” compaction test 

 > “Modified” compaction test 

Common tests (Proctor compaction test) 

o “Standard” compaction test 
- Steel rammer dropped on loose soil placed in a mould 

 
 
 
 
 
 
 
 
 
 
 

 

o “Modified” compaction test 
- Similar to standard, but heavier rammer, and more 
 layers used (used to anticipate use of heavy 
 equipment on site) 

 
 

  

➢ Compaction test results: 

- Results are plotted in terms of dry unit weight (γd) vs. moisture content (w, %) 

- To calculate γd : 

 𝛾𝑑 =
𝛾𝑏

1+𝑤
 

  γd = dry unit weight [kN/m3] 

  γb = bulk or total unit weight [kN/m3]  

  w = water content (%) (use decimal) 
- To plot ZAV curve: 

  𝛾𝑑 = (
𝐺𝑠

1+
𝑤∗𝐺𝑠

𝑆

) ∗ 𝛾𝑤  

    Gs = Specific gravity of soil = 2.65 ~ 2.7 [t/m3 or g/cm3] 

    γw = Specific weight of water = 9.81 [kN/m3] 

    S = saturation = 1 for ZAV line 

    e = void ratio = 
𝑤∗𝐺𝑠

𝑆
 



CIV3248: Groundwater & Environmental Geoengineering Page 19 
 

3.2 Compacted Clay Liners (CCL) 

▪ Material Factors: 

 - Compositional factors for the soil, such as the Atterberg limits and grain size characteristics, are important 

  > Clay soils w/ high liquid limit (LL) are susceptible to desiccation/cracking 

  > Clay soils w/ low plastic limit (PL) are less workable & causes poor inter-lift bonding 

  > High plastic soils (PI high) are sticky/unworkable soils (above OMC) 

  

Recommended Properties of Natural Soils Used for Compacted Clay Liners 

Soil Property Value 

Liquid limit, LL (%) ≥20 

Plasticity index, PI (%) ≥7 

Fines (%<0.075mm) ≥30 

% Clay (% < 2µm) ≥15 

 

Min requirements recommended to achieve a low K (< 10-9 m/s) 

Soil Property Value 

Fines (%<0.075mm) ≥30 

Plasticity index, PI (%) 20 ≤ PI ≤ 30  

Very coarse sand/gravel (%) ≤20 (5 mm to 50 mm) 
Notes: 

1. Additives such as bentonite (in small amounts) can lower K (by several orders of magnitude) to help meet criteria 

 

3.2.1 Compaction Requirements  

- Critical to understand effect of water content of natural clay and compaction on hydraulic conductivity: 

 > Higher K occurs for compaction dry of optimum water content 
  i.e on dry side (flocculated side) we have high permeability so higher K 

  i.e for road construction compact dry of OMC to achieve 95% of MDD 
 > Low K occurs for compaction wet of optimum water content 
  Wet of OMC we transition into dispersive side where grains rearrange for less voids so K ↓ 

  i.e for CCL construction compact wet of OMC to benefit hydraulic properties 
 

▪ Compaction Conditions: 
- Hydraulic conductivity is affected by water content & compactive effort 

- Key to low K is compaction wet of optimum water content for any compactive effort 

- Optimum water content varies with compaction energy; field energy is ambiguous 

- Compact to conditions wet of line of optimums (aim for K= 10-9 m/s) 
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4.2 Geosynthetic Types 

Geosynthetics Classification 

o Geotextiles 
- Continuous sheets of woven, nonwoven, knitted or stitch-bonded fibres or yarns 
- Sheets are flexible and permeable and generally have the appearance of a fabric 
- Geotextiles are used for separation, filtration, drainage, reinforcement and erosion control applications 

 
 
 
 

o Geogrids 
- Geosynthetic materials that have an open grid-like appearance 
- Principal application for geogrids is the reinforcement of soil 

o Geomembranes 
- Continuous flexible sheets manufactured from one or more 
synthetic materials 
- Are relatively impermeable & are used as liners for fluid or gas 
containment and as vapour barriers 

 
 
 

o Geonets 
- Open grid-like materials formed by two sets of coarse, parallel, 
 extruded polymeric strands intersecting at a constant 
 acute angle.  
- The network forms a sheet with in-plane porosity that is used to 
 carry relatively large fluid or gas flows 

 
 
 
 

o Geopipes 
- Perforated pipes used for drainage of liquids or gas (including 
 leachate or gas collection in landfill applications) 
- Perforated pipe can be wrapped w/ a geotextile filter 

 

o Geosynthetic clay liners (GCLs) 
- Geocomposites prefabricated w/ bentonite clay layer between a 
 top & bottom geotextile layer 
- Geotextile-encased GCLs are often stitched or needle-punched 
 through the bentonite core to ↑ internal shear resistance 
- When hydrated they are effective as a barrier for liquid or gas and 
 are commonly used in landfill liner applications often in 
 conjunction with a geomembrane 

  
  
 
 

o Geocomposites 
- Geosynthetics made from a combination of two or more 
 geosynthetic types 
- Prefabricated geocomposite drains or prefabricated vertical drains 
 (PVDs) are formed by a plastic drainage core surrounded 
 by a geotextile filter 

 
 
 

o Geocells 
- Relatively thick, three-dimensional networks constructed from 
 strips of polymeric sheet 
- The strips are joined together to form interconnected cells that are 
 infilled w/ soil & sometimes concrete 
- In some cases 0.5 m to 1 m wide strips of polyolefin geogrids have 
 been linked together with vertical polymeric rods used to 
 form deep geocell layers called geomattresses 

  
  
  
  
 

o Geofoam 
- Blocks or slabs created by expansion of polystyrene foam to form a 
 low-density network of closed, gas-filled cells 
- Geofoam is used for thermal insulation, as a lightweight fill or as a 
 compressible vertical layer to reduce earth pressures 
 against rigid walls 
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5.3 Transport Processes 

Summary of Processes associated w/ dissolved solutes & their impact 

Process Definition Impact on transport 

Advection (or 
Convection) 

Movement of solute as a consequence of groundwater flow 
- Migration of solute as a ‘plug’ (contaminant) due to bulk 

solution flow (Darcy’s Law) 

Most important way of transporting solute 
away from source 

Diffusion Solute spreading out due to molecular diffusion in response to 
concentration gradients 

- Migration of solute (contaminant) due to a concentration 
difference in the absence of bulk flow 

A second order mechanism in most flow 
systems where advection and dispersion 
dominate 

Dispersion Fluid mixing due to effects of unresolved heterogeneities in the 
permeability distribution 

- Solute spreads out from the flow path (solute wont move 
as “plug”, but will spread out, resulting in dilution of the 
solute) 

A mechanism that reduces solute 
concentration in the plume. However, a 
dispersed plume is more widespread than a 
plume moving by advection alone 

 

- Diffusion not important for GW as dispersion dominates 

 In GW we have large areas so dispersion is important 

- Dispersion not important for CCL as diffusion dominates  

 Dispersion is negligible at low flow rates (typical for CCLs as low flow conditions here and short 

 distances i.e 1m thick liner) 
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5.3.1 Advection 

 
- Migration of solute (contaminant) due to bulk solution flow (Darcy’s Law) 

- If a mass of solute (non-reactive) of a concentration C is placed at one end of a pipe, then in time t it will 

travel a distance x as a ‘PLUG’ due to advection: 

  

  

  

  

  

  

  

  
 The solute is transported along with flowing water in response to a hydraulic gradient 

 If advection only, concentration will not change with travel distance 
 

▪ To calculate advective mass flux (JA): 

 

 

 
 JA = advective mass flux (mass flowing through a unit cross sectional area in a unit of time) 

  This implies all solute constituents are carried along w/ the fluid at the velocity Vs 

 K = Hydraulic Conductivity 

 i = hydraulic gradient 

  Note: q = specific discharge (i.e., quantity of flow per unit area per unit time) = K*i 

 C = concentration of the solute (mass of solute per unit volume of mixture) 

 Vs = seepage velocity (or average pore velocity, average linear velocity, interstitial velocity) 

 n = total porosity ≈ effective porosity 
 

- Solutes are transported at the groundwater velocity (seepage velocity): 

 𝑉𝑠 =
𝐾∗𝑖

𝑛𝑒
 

- Solute transit time required for a non-reactive solute to migrate through a saturated soil of thickness (L) 

 (based solely on the seepage velocity) is: 

 𝑡𝑎 =
𝐿

𝑉𝑠
=

𝑛𝑒∗𝐿

𝐾∗𝑖
 

 

 

 

 

- E.g. 
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