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SOIL COMPOSITION 2 
 

2.1 INTRODUCTION 

Soils are naturally complex, multiphase materials. They are generally a matrix of an 

assortment of particles (solids), fluids, and gases. Each influences the behavior of the soil 

mass as a whole. Unless we understand the composition of a soil mass, we will be unable to 

estimate how it will behave under loads and how we can use it as a construction material.  

2.2 DEFINITIONS OF KEY TERMS 

 Water content (𝜔) is the ratio of the weight of water to the weight of solids. 

 Void ratio (e) is the ratio of the volume of void spaces to the volume of solids.  

 Porosity (n) is the ratio of the volume of voids to the total volume of soil. 

 Degree of saturation (S) is the ratio of the volume of water to the volume of voids. 

 Density, ρ is the density, that is, the mass of a soil per unit volume 

 Bulk unit weight (𝛾) is the unit weight, that is, the weight of a soil per unit volume.  

 Saturated unit weight (𝛾𝑠𝑎𝑡) is the unit weight of a saturated soil per unit volume.  

 Dry unit weight (𝛾𝑑) is the unit weight of a dry soil per unit volume.  

 Effective unit weight (𝛾′) is the unit weight of a saturated soil submerged in water per unit 

volume.  

 Liquid limit (LL) is the water content at which a soil changes from a plastic state to a liquid 

state. 

  Plastic limit (PL) is the water content at which a soil changes from a semisolid to a plastic 

state.  

 Shrinkage limit (SL) is the water content at which a soil changes from a solid to a semisolid 

state without further change in volume.  

 Plasticity index (PI) is the range of water content for which a soil will behave as a plastic 

material (deformation without cracking).  

 Liquidity index (LI) is a measure of soil strength using the Atterberg limits (liquid and 

plastic limits based on test data).  

 Shrinkage index (SI) is the range of water content for which a soil will behave as a 

semisolid (deformation with cracking). 
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2.3 PHASE RELATIONSHIPS  

 Soil is composed of solids, liquids, and gases (Figure 2.1a).  

 Naturally occurred soils always consist of solid particles, water, and air, so that soil has 

three phases: solid, liquid and gas. 

a) Three Phase (Partially Saturated Soil). 

b) Two Phase (Fully Saturated Soil). 

c) Two Phase (Dry Soil).  

 If all the voids are filled by water, the soil is saturated. Otherwise, the soil is unsaturated. 

If all the voids are filled with air, the soil is said to be dry.  

 
 

2.4 Phase Diagram and Definitions 
 

  
Figure 2.1 (soil phases) 

 We can idealize the three phases of soil, as shown in Figure 2.1b. The physical parameters  

of soils are influenced by the relative proportions of each of these phases.  

 The total volume of the soil is the sum of the volume of solids (Vs), volume of water (Vw), 

and volume of air (Va); that is, 

𝑽 = 𝑽𝒔 + 𝑽𝒘 + 𝑽𝒂 = 𝑽𝒔 + 𝑽𝒗 
Where: 

𝑽𝒗 = 𝑽𝒘 + 𝑽𝒂      is the volume of voids. 
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 The weight of the soil is the sum of the weight of solids (Ws) and the weight of water 

(Ww). The weight of air is negligible. Thus, 

𝑾 = 𝑾𝒔 + 𝑾𝒘 

or 

𝑴 = 𝑴𝒔 + 𝑴𝒘 

 Water content (w) is the ratio, often expressed as a percentage, of the weight of water to 

the weight of solids: (It can be larger than 100%, especially in soft saturated clays which 

can have large void ratios as high as 2 or even more).  

𝒘 =
𝑾𝒘

𝑾𝒔

× 𝟏𝟎𝟎% 

 Void ratio (e) is the ratio of the volume of void space to the volume of solids. The void 

ratio is usually expressed as a decimal quantity: 

𝒆 =
𝑽𝒗

𝑽𝒔

 

 Porosity (n) is the ratio of the volume of voids to the total volume. Porosity is usually 

expressed as a percentage: 

𝒏 =
𝑽𝒗

𝑽
 

Porosity and void ratio are related by the expression 

𝒏 =
𝒆

𝟏 + 𝒆
 

Where: 

 
 

and is generally multiplied by 100 and expressed as a percentage. A soil with 25% porosity 

means that 25% of the total volume consists of voids. Based on the definition, it can be seen 

that while the porosity must be less than 100%, the void ratio can exceed 1. Apparently, for 

the same material we always have e > n.  

 Degree of saturation (S) is the ratio, often expressed as a percentage, of the volume of 

water to the volume of voids: 

𝑺 =
𝑽𝒘

𝑽𝒗

× 𝟏𝟎𝟎% 
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S is expressed as a percentage in the range of 0–100%, with 0 for the dry soils and 100% for 

the saturated soils. A soil with 35% degree of saturation means that 35% of the voids are 

filled with water. 

 Air content (A) is the ratio of the volume of air to the total volume: 

𝑨 =
𝑽𝒂

𝑽
 

𝑨 = 𝒏(𝟏 − 𝑺) 

 

 Densities and Unit Weights 

Density (ρ) is the ratio of mass to volume. Depending on whether the soil is dry, moist, or 

saturated, the density can be defined slightly differently. For example, bulk density (𝝆𝒎) is 

defined considering the soil with all phases present and is defined as the ratio of the total 

mass to the total volume. Therefore, 

𝝆𝒎 =
𝑴𝒕

𝑽𝒕

 

It is also known as moist, total, or wet density.  

Dry density (𝝆𝒅) is defined as the ratio of the mass of the soil grains to the total volume, 

assuming there is no water in the voids, and the void volume remains the same. Therefore, 

𝝆𝒅 =
𝑴𝒔

𝑽𝒕

 

Saturated density (𝜌𝑠𝑎𝑡) assumes that the voids are filled with water. Therefore, 

𝝆𝒔𝒂𝒕 =
𝑴𝒕

𝑽𝒕

 

Therefore, 𝝆𝒔𝒂𝒕  ≥  𝝆𝒎  ≥  𝝆𝒅 .  

In submerged (and hence saturated) soils, the effective density, considering the buoyancy 

effects, is known as the submerged density or buoyant density (𝜌 ′ ). It is defined as 

𝛒 =′ 𝝆𝒔𝒂𝒕 − 𝝆𝒘 

The common units of density are g/cm3, Mg/m3, t/m3, and kg/m3. Density of water is 1.0 

g/cm3, 1.0 Mg/m3, 1.0 t/m3, or 1000 kg/m3. Here, metric ton is denoted by t, which is 1000 kg. 
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Unit weight (𝜸) is similar to density, where the mass (e.g., kg, g, t) is replaced by the weight 

(e.g., kN). It is the weight per unit volume.  

The bulk unit weight (𝛾𝑚), dry unit weight (𝛾𝑑), saturated unit weight (𝛾𝑠𝑎𝑡), and 

submerged or buoyant unit weight (𝛾 ′ ) are defined similar to the way we defined densities 

 

The unit weight is generally expressed in kN/m3. 

 Unit weight of water  𝜸𝒘  is 9.81 kN/m3. From Newton’s law, force = mass × acceleration. 

Therefore, weight = mass × gravitational acceleration (g), suggesting 𝜸 =  𝝆𝒈. 

𝜸(𝒌𝑵/𝒎𝟑) =
𝝆(𝒌𝒈/𝒎𝟑)

𝟏𝟎𝟎𝟎
× 𝒈 

 Specific Gravity (Gs ) of the soil grains says how much heavier the soil grains are 

compared to water. It is the ratio of the density of a soil grain (ρs ) to density of water 

(ρw). Remember that the specific gravity of water is 1.0. Soil grains in general have Gs 

lying in a narrow range of 2.6–2.9. Some organic soils and fly ash can have Gs significantly 

less. 

𝑮𝒔 =
𝝆𝒔

𝝆𝒘

=
𝑴𝒔

𝑽𝒔 ∙ 𝝆𝒘

 

𝑮𝒔 =
𝜸𝒔

𝜸𝒘

=
𝑾𝒔

𝑽𝒔 ∙ 𝜸𝒘
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Phase Diagram for Vs = 1 
let us consider a small fraction of the soil where Vs = 1 (in any unit). From the definition of 

void, 𝑽𝒗  =  𝒆. From the definition of degree of saturation, 𝑽𝒘  =  𝑺𝒆.  
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2.6 Consistency of soil 

Soil consistency describes the degree and kind of cohesion and adhesion between the soil 

particles as related to the resistance of the soil to deform or rupture. 

 Since the consistency varies with moisture content, the consistency can be described as dry 

consistency and moist consistency. 

 Consistency largely depends on soil minerals and the water content. 

Cohesion & Adhesion 

➢ Cohesion is the attraction of one water molecule to another resulting from hydrogen 

bonding (water-water bond). 

➢ Adhesion is the attraction of a water molecule to a non-water molecule (water-solid 

bond). 

 

2.7 Atterberg’s limits 

 Atterberg limits were originally developed by a Swedish soil scientist Albert Atterberg, 

working in the ceramics industry in the early 1900s. 

 Casagrande (1932) modified them to suit geotechnical applications. When the moisture 

content of a fine grained soil is increased from zero, its consistency (“how it feels between 

your fingers”) changes gradually, going through different states—solid, semisolid, plastic, 

and liquid. 
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The three border-line moisture contents separating the four states are known as the 

Atterberg limits. They are, shrinkage limit (SL or wS ), plastic limit (PL or wP ), and liquid limit 

(LL or wL ). 

  
 The physical and mechanical behavior of fine-grained soils is linked to four distinct states: 

solid, semisolid, plastic, and liquid, in order of increasing water content.  

 Shrinkage limit (SL) is the highest moisture content below which there will be no reduction 

in volume due to loss of moisture. It is also the lowest moisture content a saturated clay can 

have.  

 Above SL, soil remains saturated while the moisture content decreases; the reduction in 

volume is due to the reduction in voids.  

 Below SL, there is no reduction in voids when moisture is lost; there is only reduction in 

water within the voids, and the degree of saturation decreases. 

 Shrinkage limit is the limiting water content between solid and semisolid states, where the 

soil volume is the minimum and it is saturated.  

 This minimum void ratio occurring at the shrinkage limit, assuming S = 100%, is given by: 

𝑆𝑒 = 𝑤𝐺𝑠                𝑤ℎ𝑒𝑟𝑒  (𝑤 = 𝑆𝐿, 𝑆 = 1) ⇒    𝑒𝑆𝐿 = 𝑆𝐿 × 𝐺𝑠 
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Atterberg’s limits are the limits of water content and important to describe the consistency 

of fine textured soils: 

Liquid Limit (LL) is the water content at which soil begins to behave as a liquid material and 

begins to flow (normally below 100). 

Plastic Limit (PL) is the water content at which soil begins to behave as a plastic material 

(normally below 40). 

Shrinkage Limit (SL) is the water content at which no further volume change occurs with 

further reduction in water content. 

 

 At moisture content greater than the liquid limit (LL), the clay behaves like a liquid with 

negligible strength. Between PL and LL, in the plastic range, the soil behaves like a plastic 

solid.  

 At moisture content less than PL, the soil is no more plastic. It is in a semisolid state.  

 The range of moisture content, over which the fine-grained soil remains plastic, is called 

plasticity index (PI), and is defined as 

𝑃𝐼 = 𝐿𝐿 − 𝑃𝐿 

➢ Strength decreases as water content increases; 

➢ Soils swell-up when water content increases. 

 

 Plasticity index typically lies in the range of 0–50, with larger values for some special clays 

such as montmorillonites. Burmister (1949) classified fine-grained soils based on plasticity 

index as shown in the following Table. Pure silts are nonplastic, with PI ≈ 0. 
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a) Liquid limit 

In the lab, the LL is defined as the water content required closing a 2mm wide groove in a  

soil sample for a distance of 0.5 in long after 25 blows. 

➢ ASTM D 4318. 

➢ Equipment: Casagrande liquid limit device. 
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2.8 Liquidity Index and Consistency Index 
The in-place natural moisture content (wn) of a fine-grained soil can be compared to the 

moisture content scale, to know how the soil will behave. This is quantified through liquidity 

index (LI or IL) defined as 

𝐿𝐼 =
𝑤𝑛 − 𝑃𝐿

𝐿𝐿 − 𝑃𝐿
 

 A fine-grained soil with LI > 1 has moisture content larger than the liquid limit and flows like 

a liquid. 

 The position of current moisture content in relation to the liquid and plastic limits better 

defines the state of the fine grained soil than simply the moisture content alone.  

(For example, clay A at moisture content of 40% (PL = 35 and LL = 80) will be stiffer and 

display higher strength than clay B at the same moisture content of 40% (PL = 17 and LL = 42). 

Here, A is very close to the plastic limit and B is very close to the liquid limit and would be at 

the verge of flowing like a liquid).  

 
Another index that is commonly used for engineering purposes is the consistency index (CI),  

which may be defined as: 

 

𝐶𝐼 =
𝐿𝐿 − 𝑤𝑛

𝐿𝐿 − 𝑃𝐿
 

 

 

2.9 Activity 
Alec Skempton (1953) showed that for soils with a particular mineralogy, the plasticity index 

is linearly related to the amount of the clay fraction. He coined a term called activity (A) to 

describe the importance of the clay fractions on the plasticity index. The equation for A is: 

𝐴 =
𝑃𝐼

𝐶𝑙𝑎𝑦 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (%)
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The clay fraction in the equation is the amount of particles less than 2µm. You should recall 

that ASTM-USCS delineates clay as less than 5µm. Activity is one of the factors used in 

identifying expansive or swelling soils. Typical values of activity are given in the following 

table. 

 

 

 

2.10 Plasticity chart 
Experimental results from soils tested from different parts of the world were plotted on a 

graph of plasticity index (ordinate) versus liquid limit (abscissa). It was found that clays, silts, 

and organic soils lie in distinct regions of the graph. A line defined by the equation: 

𝑃𝐼 = 0.73(𝐿𝐿 − 20),        𝑃𝐼 ≥ 4 

called the “A-line,” delineates the boundaries between clays (above the line) and silts and 

organic soils (below the line), as shown in the following figure. A second line, the U-line, 

expressed as PI = 0.9(LL − 8) %, defines the upper limit of the correlation between plasticity 

index and liquid limit. If the results of your soil tests fall above the U-line, you should be 

suspicious of your results and repeat your tests. 
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Casagrande has suggested that the SL of a soil can be approximately determined if its PI and 

LL are known 

 
1) Plot the PI against the LL of a given soil such as point A in on the plasticity chart; 

2) Project the A-line and the U-line downward to meet at point B. Point B will have the 

coordinates of LL=43.5 and PI=46.4; 

3) Join points B and A with a straight line. This will intersect the liquid limit axis at point C. The 

point C is the estimated shrinkage limit. 

Or by using the following equation: 
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EXAMPLE 2.9    

Calculations of Plasticity Index, Liquidity Index, and Activity A fine-grained soil has a liquid 

limit of 300% and a plastic limit of 55%. The natural water content of the soil in the field is 

80% and the clay content is 60%. Determine the plasticity index, the liquidity index, and the 

activity. 

 

 

 



 

UNIVERSITY OF BAGHDAD, COLLEGE OF ENGINEERING, CIVIL ENGINEERING DEPT. 

 
Soil Mechanics-Third Class 

 

 

SOIL MECHANICS BY Dr. BALQEES ABDULWAHID AHMED, Ph,D., B.Sc., M.Sc., BAGHDAD UNIVERSITY, CIVIL ENGINEERING 26 

 

 

 
Example 2.11 A clay sample has dry density of 1.85 g/cm3 and Gs = 2.71. Estimate the 

shrinkage limit of the clay. State your assumptions 

 


