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FLOW IN SOILS 5 
 

5.1 Introduction  

Soils are permeable due to the existence of interconnected voids through which water can flow 

from points of high energy to points of low energy. The study of the flow of water through 

permeable soil media is important in soil mechanics. 

The flow of water has caused instability and failure of many geotechnical structures (e.g., roads, 

bridges, dams, and excavations). Therefore, you need to understand how water flows through 

soil and the stresses it induces. 

Learning outcomes 

 When you complete this chapter, you should be able to do the following: 

 ƴ Determine the rate of flow of water through soils. 

 ƴ Determine the hydraulic conductivity of soils. 

 ƴ Calculate flow under earth structures. 

5.2 "ÅÒÎÏÕÌÌÉȭÓ %ÑÕÁÔÉÏÎ 

CǊƻƳ ŦƭǳƛŘ ƳŜŎƘŀƴƛŎǎΣ ǿŜ ƪƴƻǿ ǘƘŀǘΣ ŀŎŎƻǊŘƛƴƎ ǘƻ .ŜǊƴƻǳƭƭƛΩǎ ŜǉǳŀǘƛƻƴΣ ǘƘŜ ǘƻǘŀƭ ƘŜŀŘ ŀǘ ŀ Ǉƻƛƴǘ 

in water under motion can be given by the sum of the pressure, velocity, and elevation heads, 

or 
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LŦ .ŜǊƴƻǳƭƭƛΩǎ Ŝǉǳŀǘƛƻƴ ƛǎ ŀǇǇƭƛŜŘ ǘƻ ǘƘŜ Ŧƭƻǿ ƻŦ ǿŀǘŜǊ ǘƘǊƻǳƎƘ ŀ ǇƻǊƻǳǎ ǎƻƛƭ ƳŜŘƛǳƳΣ ǘƘŜ ǘŜǊƳ 

containing the velocity head can be neglected because the seepage velocity is small, and the 

total head at any point can be adequately represented by 

Ὤ
ό

‎
ὤ 

Figure 5.1 shows the relationship among pressure, elevation, and total heads for the flow of 

water through soil. Open standpipes called piezometers are installed at points A and B. The 

levels to which water rises in the piezometer tubes situated at points A and B are known as the 

piezometric levels of points A and B, respectively. 

 
Figure 5.1: Pressure, elevation, and total heads for flow of water through soil. 

The loss of head between two points, A and B, can be given by 

ЎὬ Ὤ Ὤ
ό

‎
ὤ

ό

‎
ὤ  

The head loss, h, can be expressed in a nondimensional form as 

Ὥ
ЎὬ

ὒ
 

where i =hydraulic gradient, L distance between points A and B (that is, the length of flow over 

which the loss of head occurred) 

In general, the variation of the velocity v with the hydraulic gradient i is as shown in Figure 

5.2. This figure is divided into three zones: 

1. Laminar flow zone (Zone I) 
2. Transition zone (Zone II) 
3. Turbulent flow zone (Zone III) 
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Figure 5.2: Nature of variation of v with hydraulic gradient, i. 

5.3 5ŀǊŎȅΩǎ [ŀǿ 
In 1856, Darcy published an empirical relationship for the laminar flow of water through 
ǎŀǘǳǊŀǘŜŘ ǇƻǊƻǳǎ ƳŜŘƛŀ ƪƴƻǿƴ ŀǎ 5ŀǊŎȅΩǎ [ŀǿΥ 

ὺ ὯὭ 
ή ὯὭὃ 

where   
v=discharge velocity, which is the quantity of water flowing in unit time through a unit gross 
cross-sectional area of soil at right angles to the direction of flow 
k = hydraulic conductivity (otherwise known as the coefficient of permeability) 
q = flow rate   
A = cross-sectional area   
i = hydraulic gradient 
v is the discharge velocity of water based on the gross cross-sectional area of the soil. 
However, the actual velocity of water (that is, the seepage velocity) through the void spaces is 
greater than v. 
A relationship between the discharge velocity and the seepage velocity can be derived as 
follows: 

 
Figure 5.3: Discharge velocity and seepage velocity.   

ή ὺὃ ὃὺ 
ǿƘŜǊŜ ˄s = seepage velocity, Av = area of void in the cross section of the specimen. 
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ὃ ὃ ὃ 
where   
As = area of soil solids in the cross section of the specimen. 

 
5.4 Coefficient of permeability (Hydraulic conductivity)  
¶ Hydraulic conductivity is generally expressed in cm/sec or m/sec in SI units. 

¶ The hydraulic conductivity of soils depends on several factors: fluid viscosity, pore size 

distribution, grain-size distribution, void ratio, roughness of mineral particles, and degree of 

soil saturation. In clayey soils, structure plays an important role in hydraulic conductivity. 

¶ The value of hydraulic conductivity (k) varies widely for different soils. Some typical values 

for saturated soils are given in Table 5.1. The hydraulic conductivity of unsaturated soils is 

lower and increases rapidly with the degree of saturation. 

Table 7.1Typical Values of Hydraulic Conductivity of Saturated Soils 

 

 

5.5 Laboratory determination of hydraulic conductivity  
Two standard laboratory tests are used to determine the hydraulic conductivity. 
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a) Constant head test  

ỏ The constant head test is used primarily for coarse-grained soils;  

ỏ The test is based on the assumption of laminar flow where k is independent of i;  

ỏ ASTM D 2434; 

 
ὗ ὃὺὸὃὯὭὸ 

Ὥ
Ὤ

ὒ
 

ὗ ὃ Ὧ
Ὤ

ὒ
ὸ         Ὧ
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ὃὬὸ
 

Q is volume of water collected; A is cross sectional area of soil specimen; t is duration of water 

collection and L is specimen length. 

 

b) Falling head test (Variable head test) 

ỏ The falling head test is used both for coarse-grained soils as well as fine- textured soils;  

ỏ Same procedure in constant head test except:  

1) Record initial head difference, h1 at t = 0.  

2) Allow water to flow through the soil specimen.  

3) Record the final head difference, h2 at time t = t2.  

пύ /ƻƭƭŜŎǘ ǿŀǘŜǊ ŀǘ ǘƘŜ ƻǳǘƭŜǘΣ v όƛƴ Ƴƭύ ŀǘ ǘƛƳŜ ǘ Ғ сл ǎŜŎΦ 
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The rate of flow of the water through the specimen at any time t can be given by: 

 

Example 5.1 

Refer to the constant-head permeability test arrangement shown in the figure. A test gives 

these values: 

 ω [ = 30 cm 

 ω ! = area of the specimen = 177 cm2 

 ω /ƻƴǎǘŀƴǘ-head difference, h = 50 cm 

 ω ²ŀǘŜǊ ŎƻƭƭŜŎǘŜŘ ƛƴ ŀperiod of 5 min = 350 cm3 

Calculate the hydraulic conductivity in cm/sec. 

Solution: 
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Example 5.2 

For a falling-head permeability test, the following values are given: 

 ω [ŜƴƎǘƘ ƻŦ ǎǇŜŎƛƳŜƴ нлл ƳƳΦ 

 ω !ǊŜŀ ƻŦ ǎƻƛƭ ǎǇŜŎƛƳŜƴ мллл ƳƳ2. 

 ω !ǊŜŀ ƻŦ ǎǘŀƴŘǇƛǇŜ пл ƳƳ2. 

 ω IŜŀŘ ŘƛŦŦŜǊŜƴŎŜ ŀǘ ǘƛƳŜ ǘ л рлл ƳƳΦ 

 ω IŜŀŘ ŘƛŦŦŜǊŜƴŎŜ ŀǘ ǘƛƳŜ ǘ мул ǎŜŎ олл ƳƳΦ 

 Determine the hydraulic conductivity of the soil in cm/sec. 

Solution: 

 

Example 5.3 

A permeable soil layer is underlain by an impervious layer, as shown in the following figure.  

With k = 5.3 10-5 m/sec for the permeable layer, calculate the rate of seepage through it in 

m3/hr/m width if H = 3 m and ‌= 8°. 

 
Solution:  
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Example 5.4 

Find the flow rate in m3/sec/m length (at right angles to the cross section shown) through the 

permeable soil layer shown in the following figure given H = 8 m, H1= 3 m, h = 4 m, S = 50 m, 

‌= 8°,and k = 0.08 cm/sec. 

 

Solution:                                               Hydraulic gradient (i)=  
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5.6 Permeability Test in the Field by Pumping from Wells 

In the field, the average hydraulic conductivity of a soil deposit in the direction of flow can be  

determined by performing pumping tests from wells.   

ỏ During the test, water is pumped out at a constant rate from a test well that has a perforated  

casing.   

ỏ Several observation wells at various radial distances are made around the test well.   

ỏ The steady state is established when the water level in the test and observation wells becomes 

constant.   
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b) Confined aquifer  

The average hydraulic conductivity for a confined aquifer can also be determined by conducting 

a pumping test from a well with a perforated casing that penetrates the full depth of the aquifer. 

 
Because water can enter the test well only from the aquifer of thickness H, the steady state of  

discharge is: 
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Example 5.5 

A pumping test was carried out in a soil bed of thickness 15 m and the following measurements 

were recorded. Rate of pumping was 10.6 10-3 m3/s; drawdowns in observation wells located 

at 15 m and 30 m from the center of the pumping well were 1.6 m and 1.4 m, respectively, from 

the initial groundwater level. The initial groundwater level was located at 1.9 m below ground 

level. Determine k. 

Solution: 

 

 
 

5.7 Equivalent Hydraulic Conductivity in Stratified Soil  

ü In a stratified soil deposit where the hydraulic conductivity for flow in a given direction 

changes from layer to layer.  
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ü Generally, the hydraulic conductivity is the largest in the horizontal direction (kh) and the 

smallest in the vertical direction (kv). 

ü Heterogeneity is the variation with respect to position. Anisotropy is the variation with 

respect to direction. 

 

 
ü The following derivations relate to the equivalent hydraulic conductivities for flow in vertical 

and horizontal directions through multilayered soils with horizontal stratification. 

 

a) Horizontal Flow  

Assume n layers of soil with flow in the horizontal direction (horizontal flow & constant 

hydraulic gradient). 

The total flow through the cross section in unit time can be  written as 
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b) Vertical Flow  

Assume n layers of soil with flow in the vertical direction (vertical flow & constant flow 

velocity).  In this case, the velocity of flow through all the layers is the same. However, the 

total head loss, h, is equal to the sum of the head losses in all layers. Thus 

ὺ ὺ ὺ ὺ Ễ ὺ 
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Example 5.6 

The following figure shows three layers of soil in a tube that is 100 mm100 mm in cross 

section. Water is supplied to maintain a constant-head difference of 300 mm across the sample. 

The hydraulic conductivities of the soils in the direction of flow through them are as follows: 
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Solution: 

 

Example 5.7 
A canal is cut into a soil with a stratigraphy shown in the following figure. Assuming that flow 

takes place laterally and vertically through the sides of the canal and vertically below the canal, 

determine the equivalent hydraulic conductivity in the horizontal and vertical directions. The 

vertical and horizontal hydraulic conductivities for each layer are assumed to be the same. 

Calculate the ratio of the equivalent horizontal hydraulic conductivity to the equivalent vertical 

hydraulic conductivity for flow through the sides of the canal. 

 
Solution: 
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Example 5.8  

A soil sample 10 cm in diameter is placed in a tube 1 m long. A constant supply of water is 

allowed to flow into one end of the soil at A, and the outflow at B is collected by a beaker. The 

average amount of water collected is 1 cm3 for every 10 seconds. The tube is inclined as shown 

in the following figure. Determine the (a) hydraulic gradient, (b) flow rate, (c) average velocity, 

(d) seepage velocity if e = 0.6, and (e) hydraulic conductivity. 
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Example 5.9 
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Example 5.10 

 

Example 5.11 

For the following figure determine the pressure, elevation, and total head at sufficient points to 

be able to plot them versus horizontal distance. 
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Example 5.11 

For the following figure determine the pressure, elevation, and total head at sufficient points to 

be able to plot them versus horizontal distance. 
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Solution: 
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Example 5.12 

A drainage pipe (shown in the following figure) became completely blocked during a storm by 

a plug of sand 1.5 m long, followed by another plug of a mixture of clays, silts, and sands 0.5 m 

long. When the storm was over, the water level above ground was 1 m. The hydraulic 

conductivity of the sand is 2 times that of the mixture of clays, silts, and sands. 

(a) Plot the variation of pressure, elevation, and total head over the length of the pipe. 

(b) Calculate the porewater pressure at (1) the center of the sand plug and (2) the center of the 

mixture of clays, silts, and sands. 

(c) Find the average hydraulic gradients in the sand and in the mixture of clays, silts, and sands. 

 
Solution: 
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5.8 Two-Dimensional Flow of Water Through Soils 

The two-dimensional flow of water through soils is described by Laplaceôs equation given as 

 
where H is the total head and kx and kz are the hydraulic conductivities in the x and z directions. 

Laplace equation 

The flow in porous media occurs in 3-D. Laplace equation is the combination of the continuity 

equation and the Darcyôs law. 

 

 
(a) Single-row sheet piles driven into permeable layer; (b) flow at A 
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Flow in are:                                                  ή ὺὃ 

ὺὨώὨᾀȟ         ὺὨὼὨᾀȟ         ὺὨὼὨώ 

Flow out are: 

 

 
 

Flow nets 

In an isotropic porous medium: 

Ὧ Ὧ Ὧ Ὧ 

Laplace Equation 
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Resents two orthogonal families of curves:  

1-Flow line: the line along which a water particle will travel from upstream to the downstream  

side in the permeable soil medium;  

2-Equipotential line: the line along which the potential (pressure) head at all points is equal; 

 

Flow net: is the combination of flow lines and equipotential lines, which is the graphical solution 

of Laplace equation. 

 

 
(a) Definition of flow lines and equipotential lines; (b) completed flow net 

 

Drawing a flow net takes several trials. While constructing the flow net, keep the boundary 

conditions in mind. For the flow net shown in Figure, the following four boundary conditions 

apply:  

Condition 1: The upstream and downstream surfaces of the permeable layer (lines ab and de) are 

equipotential lines.  

Condition 2: Because ab and de are equipotential lines, all the flow lines intersect them at right 

angles.  
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Condition 3: The boundary of the impervious layer (line fg and the surface of the impervious 

sheet pile, line acd are flow lines).  

Condition 4: The equipotential lines intersect acd and fg at right angles. 

 

5.9 Seepage calculation from a flow net 

In a flow net, the strip between any two adjacent flow lines is called a flow channel.  

The drop in the piezometric level between any two adjacent equipotential lines is the same and 

is called the potential drop.  

The rate of seepage through the flow channel per unit length can be calculated as follows.  

Because there is no flow across the flow lines, 

 
Seepage through a flow channel with square elements. 
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Seepage through a flow channel with rectangular elements. 

Example 5.13 

 
Solution: 
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Example 5.14 

A concrete dam with a sheet pile cut-off wall at the upstream end is shown in the following 

figure. The total head loss from upstream to downstream is 1.0 m. Hydraulic conductivity of the 

 underlying soil is 3.2 × 10ī3 cm/s. Determine the flow rate per unit width of the dam per day. 
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Solution: 

 

 

5.10 Uplift pressure under hydraulic structures 

Flow nets can be used to determine the uplift pressure at the base of a hydraulic structure. The 

necessary flow net also has been drawn (assuming that kx = kz = k).   

 
(a) A weir; (b) uplift force under a hydraulic structure 
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There are seven equipotential drops (Nd) in the flow net, and the difference in the water levels 

between the upstream and downstream sides is H 7 m. The head loss for each potential drop is 

H/7 = 7/7 =1 m. The uplift pressure at 

 

 
ü The uplift force per unit length measured along the axis of the weir can be calculated by 

finding the area of the pressure diagram. 

Example 5.14 

In the concrete dam shown in Example 5.13, determine the pore  water pressures at A and B and 

hence the uplift on the dam. 

Solution Let us take the downstream water level as the datum. 
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Problem 5.1 

 

Problem 5.2 

 

 
Problem 5.3 
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Problem 5.4 

 

 
 

 

 

 

 


