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SOIL BEHAVIOUR AND SOIL FORMATION 

 

1. INTRODUCTION  

Civil and environmental engineering includes the conception, analysis, design, 

construction, operation, and maintenance of a diversity of structures, facilities, and 

systems. All are built on, in, or with soil or rock. The properties and behavior of these 

materials have major influences on the success, economy, and safety of the work. 

 

Soils and their interactions with the environment are major considerations. 

Furthermore, detailed understanding of the behavior of earth materials is essential for 

mining, for energy resources development and recovery, and for scientific studies in 

virtually all the geosciences. To deal properly with the earth materials associated with any 

problem and project requires knowledge, understanding, and appreciation of the 

importance of geology, materials science, materials testing, and mechanics. Geotechnical 

engineering is concerned with all of these. Environmental concerns—especially those 

related to groundwater, the safe disposal and containment of wastes, and the cleanup of 

contaminated sites. 

 

 

1.1 The Earth’s Crust 

 

The continental crust covers 29 percent of Earth’s surface. The elemental compositions 

of the whole Earth and the crust are indicated in Fig. 1. There are more than 100 

elements, but 90 percent of Earth consists of iron, oxygen, silicon, and magnesium. 

Less iron is found in the crust than in the core because its higher density causes it to 

sink. Silicon, aluminum, calcium, potassium, and sodium are more abundant in the 

crust than in the core because they are lighter elements. Oxygen is the only anion that 

has an abundance of more than 1 percent by weight; however, it is very abundant by 

volume. 
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Silicon, aluminum, magnesium, and oxygen are the most commonly observed 

elements in soils. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.2 Geologic Cycle and Geological 

 

The surface of Earth is acted on by four basic 

processes that proceed in a never-ending cycle, 

as indicated in Fig. 2. Denudation includes all 

of those processes that act to wear down land 

masses. These include landslides, debris flows, 

avalanche transport, wind abrasion, and overland 

flows such as rivers and streams. Weathering 

includes all of the destructive mechanical and 

chemical processes that break down existing 

rock masses in situ. Erosion initiates the 

Fig.1 Elemental composition of the whole Earth and the crust (percent by weight)  

Fig. 2: Geological Cycle 



Soil Mechanics  2016-2017

 

 
 
 
 

transportation of weathering products by various 

agents from one region to another—generally 

from high areas to low. Weathering and erosion 

convert rocks into sediment and form soil. 

Deposition involves the accumulation of 

sediments transported previously from some 

other area. 

1.3 Soil Formation  

Soil is defined as sediments or other accumulation of mineral particles produced by 

the physical or chemical disintegration of rock, plus the air, water, organic matter, 

and other substances that may be included. Soil is typically a non-homogeneous, 

porous, and earthen material whose engineering behavior is influenced by changes 

in moisture content and density. To understand and appreciate the characteristics of 

any soil deposit require an understanding of what the material is and how it 

reached its present state. This requires consideration of rock and soil weathering, 

the erosion and transportation of soil materials, depositional processes, and 

postdepositional changes in sediments. 

 

1.3.1 Weathering 

    In situ, weathering processes lead to a sequence of horizons within soil. Weathering of 

rocks and soils is a destructive process whereby debris of various sizes, compositions, 

and shapes is formed. The new compositions are usually more stable than the old and 

involve a decrease in the internal energy of the materials.  

A variety of physical, chemical, and biological processes act to break down rock 

masses. Physical processes reduce particle size, increase surface area, and increase bulk 

volume. Chemical and biological processes can cause complete changes in both 

physical and chemical properties. 
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1.3.1.1 Physical Processes of Weathering 

Physical weathering processes cause in situ breakdown without chemical change. All 

type of actions that cause a disintegration of the parent rocks by physical means such 

as, gravity, wind and water. The product of this type is rounded, sub rounded or 

granular, its products called coarse grained soil e.g. (gravel and sand ) they present in 

nature in a single grain structure(which are cohesion less and they have the same 

properties of the parent rock) . 

 

1.3.1. 2 Chemical Processes of Weathering 

All types of chemical reactions that occur between the minerals of the rock and the 

environment (air, water ---et.) and will end up by disintegration of parent rock into fine 

grain particles; these products have different properties from the parent rock. Chemical 

weathering transforms one mineral to another or completely dissolves the mineral. 

Practically all chemical weathering processes depend on the presence of water. 

Hydration, that is, the surface adsorption of water, is the forerunner of all the more 

complex chemical reactions, many of which proceed simultaneously. Its products 

called coarse grained soil e.g. (silt and clay), which are cohesive materials, and its 

properties do not reflect the same properties of the parent rocks. 

 

1.4 Soil Origin 

The origin of soil can be broken down to two basic types: residual, and 

transported. The properties of each of one as follow:  

 

Residual soil  

1- Is caused by the weathering (decomposition) of rock by chemical or physical 

action.  
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2- Residual soils may be very thick in areas of intense weathering such as the 

tropics, or they may be thin or absent in areas of rapid erosion such as steep 

slopes. 

3-  They are usually clayey, and their properties are related to climate and other 

factors prevalent at the location of the soil. 

4-  Residual soils are usually preferred to support foundations, as they tend to have 

better, more predictable engineering properties.  

Transported or deposited soils  

1- They are derived by the movement of soil from one location to the other by 

natural means such as wind, water, ice, and gravity.  

2- The character of the resulting deposit often reflects the modes of 

transportation and deposition and the source material for example deposits 

by water include alluvial floodplains, coastal plains, and beaches, deposits 

by wind include sand dunes and loess, and deposits by melting ice include 

glacial till and outwash.  

3- Each of these materials has behavioral characteristics dependent on 

geological origin, and the geological name, such as loess, conveys much 

useful information.  

4- Transported soils – particularly by wind or water – are often of poor quality 

in terms of engineering properties. 

 

2. SOIL MINERALOGY 
 

Soil is composed of solid particles, liquid, and gas and ranges from very soft, 

organic deposits through less compressible clays and sands to soft rock. The solid 

particles vary in size from large boulders to minute particles that are visible only 

with the aid of the electron microscope. A soil may contain virtually any element 

contained in Earth’s crust; however, by far the most abundant are oxygen, silicon, 
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hydrogen, and aluminum. These elements, along with calcium, sodium, potassium, 

magnesium, and carbon, comprise over 99 percent of the solid mass of soils 

worldwide. 

Mineralogy is the primary factor controlling the size, shape, and properties of soil      

particles. These same factors determine the possible ranges of physical and 

chemical properties of any given soil; therefore, a priori knowledge of what 

minerals are in a soil provides intuitive insight as to its behavior. 

Commonly defined particle size ranges are shown in Fig. 3. The divisions between 

gravel, sand, silt, and clay sizes are convenient. Particles smaller than about 200 

mesh sieve size (0.074 mm), which is the boundary between sand and silt sizes, 

cannot be seen by the naked eye. Clay can refer both to a size and to a class of 

minerals. As a size term, it refers to all constituents of a soil smaller than a 

particular size, usually 0.002 mm (2µm) in engineering classifications. 

 

 

 

 

 

 

 

4. Soil Composition and Engineering Properties 

The engineering properties of a soil depend on the composite effects of several 

interacting factors. These factors may be divided into two groups: compositional 

factors and environmental factors. Compositional factors determine the potential 

range of values for any property. They include: 

 

Figure 3: Particle size ranges in soils 

 



Soil Mechanics  2016-2017

 

 
 
 
 

1. Types of minerals 

2.  Amount of each mineral 

3.  Types of adsorbed cations 

4. Shapes and size distribution of particles 

5.  Pore water composition 

6. Type and amount of other constituents, such as organic matter, silica, alumina, and 

iron oxide 

While, Environmental factors determine the actual value of any property. They 

include: 

1. Water content 

2. Density 

3. Confining pressure 

4. Temperature 

5. Fabric 

6. Availability of water 

Soils are classified as coarse grained, granular, and cohesionless if the amount of 

gravel and sand exceeds 50 percent by weight or fine grained and cohesive if the 

amount of fines (silt and clay-size material) exceeds 50 percent.  

5. Clay Behavior 

In geotechnical and environmental fields, an engineer will works with soil, which 

consist of the entire thickness of the earth’s crust. From the geotechnical 

engineering viewpoint, clay is a kind of cohesive soil, which is very weak, and its 

strength will decrease by influence of climate or the water content in the soil. Clay 

can refer both to a size and to a class of minerals. As a size term, it refers to all 

constituents of a soil smaller than a particular size, usually 0.002 mm (2µm) in 
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engineering classifications. As a mineral term, it refers to specific clay minerals 

that are distinguished by  

 (1) small particle size 

 (2) a net negative electrical charge 

 (3) plasticity when mixed with water 

 (4) high weathering resistance.  

 

Clay minerals are primarily hydrous aluminum silicates. Not all clay particles are 

smaller than 2 µm, and not all non-clay particles are coarser than 2µm; however, the 

amount of clay mineral in a soil is often closely approximated by the amount of 

material finer than 2 µm. Thus, it is useful to use the terms clay size and clay mineral 

content to avoid confusion. A further important difference between clay and nonclay 

minerals is that the non-clays are composed primarily of bulky particles; whereas, the 

particles of most of the clay minerals are platy, and in a few cases they are needle 

shaped or tubular. 

5.1 Classification of Clay Mineral 

Clay minerals which are found in soils related to the mineral family called 

phyllosilicate that their structures are formed from groupings of two basic units, the 

silicon tetrahedron and the alumina octahedron. The tetrahedral and octahedral 

sheets are the main structural components of these minerals. In a sheet of silica, each 

silicon atom with a positive charge of four is connected to four oxygen atoms with 

negative charge total of eight. Each oxygen atom at the base of the tetrahedron 

accompanies two silicon atoms as depicted in Figures ( 5 & 6).  
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Figure 5: Tetrahedral Unit: Consists of four oxygen atoms (or hydroxyls, if needed to 

balance the structure) and one silicon a tom 

Figure 6: Octahedral Unit (consist of six hydroxyl ion at apices of an     

octahedral enclosing an aluminum ion at the center 
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Therefore, different clay mineral may be formed by the scheme of stacking of the sheets 

of these units and the format in which two or three successive layers are held together as 

shown in Figure (7).  

 

 

 

 

 

 

 

 

 

 

5.2 Mineralogical Composition of Clays   

The mineralogy of soil is the most important factor can influence the physical and 

chemical properties of any soil. Clay soils have a wide variety of mineralogical 

composition. They may include many proportions of different types of clay minerals, 

particularly kaolinite, illite and montmorillonite and non-clay minerals, especially 

quartz, orthoclase feldspar, muscovite mica, calcite, dolomite, gypsum, pyrite and 

/ or organic matter. 

Based on these, the clay minerals are categorized into two different groups, i.e., 1:1 and 

2:1 type minerals. However, the structure and the detailed characterization of the clay 

minerals are commonly found in soil deposits described briefly in this section. 

Figure 7: Synthesis pattern for the clay minerals. 
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1- Kaolinite (1:1 Minerals) 

Kaolinite is the most important member of the kaolin group. The structure is composed 

of a single tetrahedral sheet and a single alumina octahedral sheet as shown in figure 

(8) below: These layers are bond to other impending layers by hydrogen bonding. Thus, 

cations and water do not come in between the structural layers of kaolinite 

                                     

 

 

 

 

 

 

As you can see each particle, kaolinite is constituted by a series of layers of hexagonal 

shape much like the pages of a book, as shown in Figure (9). 

 

 

 

 

 

Fig. 8: Diagrammatic sketch of the kaolinite structure 

Fig. 9: Photomicrograph of well-crystallized kaolinite 
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2. Illite (2:1 Smectite Minerals): It is another important constituent of clay soils 

which have a crystal structure similar to the mica minerals but with less potassium; 

thus they are chemically much more active than other mica. The crystalline layers of 

these minerals are classified by a gibbsite octahedral sheet sandwiched between two 

tetrahedral layers of silica-one at the top and another at the bottom as shown in Figure 

(10).   

 

It has a basic structure consisting of two silica sheets with a central alumina sheet. 

There is a potassium bond between the layers. The morphology of these particles is 

often flaky and thin on the edges as note in the Figure 11. 

 

 

 

 

 

 

Fig. 10: Diagrammatic sketch of the structure of Illite 

Fig. 11: Electron photomicrograph of Illite 
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3.  Montmorillonite (2:1 Smectite Minerals):  it is composed of two silica sheets 

and one alumina sheet, thus it is called a 2:1 mineral. The structure of 

montmorillonite is alike to the illite, which is an octahedral sheet gibbsite sandwiched 

between two silica tetrahedral sheets as shown in Figure (12). 

 

 

 

 

 

 

 

The small, very thin, and very thin particles of this mineral are shown in Figure 13 

          

 

 

 

 

 

 

 

 

Fig. 12: Schematic diagrams of the structures of Montmorillonite 

Fig. 13:Electron photomicrograph of Montmorillonite 
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5.3 Clay-Water Interaction    

The clay particles have a high ability for polar liquids and adsorb cations such as water. 

Since the centers of positive and negative charges of water molecules do not coincide, 

the molecules behave like dipoles. The negative charge on the surface of the soil particle 

therefore attracts the positive (hydrogen) end of the water molecules. More than one 

layer of water molecules sticks on surface with considerable force decrease with increase 

in the distance of the water molecule from the surface. The electrically attracted water 

surrounds the clay particle is known as the diffused double-layer of water. The water 

located within the zone of influence is known as the adsorbed layer as shown in figure 

14. 

 

 

5.3.1 Diffuse double layer 

Adsorbed water layer surrounding a soil particle 

 

Fig. 14: mechanisms of water adsorption by 

clay surfaces (hydrogen bonding) 
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6- Clay structures 

Dispersed structure                                                   Flocculated structure                           

 

 

 

 

 

 

 

 

 

7. Soil Volume & Density Relationships 

A soil mass is a porous material containing solid particles interspersed with pores or 

voids. These voids may be filled with air, water, or both as shown in Figure 15. Figure 

16 shows a conceptual diagram of relative volumes of air, water, and soil solids in a 

given volume of soil. 

 

 

 

More strength Lower strength 

Permeability is higher permeability 

is less 

Low compressibility 

Lower strength 

Permeability is higher permeability is less 

Low compressibility higher compressibility 

Figure 15: Soil Skeleton 
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Figure 16: Soil Phases and index properties 
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Density : is the weight of a unit volume of soil. It is more correctly termed the unit 

weight. Density may be expressed either as a wet density (including both soil and 

water) or as a dry density (soil only).      

Moisture Content: is the ratio of the weight of water to the weight of soil  

Porosity: is the ratio of the volume of voids to the total volume of the soil mass 

regardless of the amount of air or water contained in the voids.     

Void ratio: is the ratio of the volume of voids to the volume of soil particles. 

Permeability or hydraulic conductivity :is the property of soil allowing it to 

transmit water. Its value depends largely on the size and number of the void spaces, 

which in turn depends on the size, shape, and state of packing of the soil grains. 

Basic Relationships 

 

 

 

Weight Wt = Ww + Ws                         

Where:  

Wt: total weight of soil 

Ws: Weight of solid 

Ww:Weight of water 

Wa:Weight of air ≈0 

Volume Vt = Vv + Vs = Va + Vw+ Vs 

Vt: Total Volume 

Vv: Volume of Void 

Va: Volume of Air 

Vw: Volume of water 

Vs:  Volume of Soild 
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Some typical values of void ratio, moisture content in a saturated condition, and dry 

unit weight for soils in a natural state are given in the following table: 

 
Table 1- Void ratio, Moisture Content, and Dry Unit Weight for some Typical Soils in 

a Natural State. 
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Example- 1: In its condition a soil sample has a mass of 2290 g and a volume of 

1.15*10
-3

m
3
. After being completely dried in an oven the mass of the sample is 2035g. 

The value of Gs for the soil is 2.68. Determine the bulk density, unit weight, water 

content, void ratio, porosity, degree of saturation and air content. 
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CHAPTER TWO 

Soil Consistency 
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1. Soil Consistency (Atterberg limits) 

Most of soils include a fine fraction of silt, clay or a combination. The consistency of 

these soils can range from a dry solid condition to a liquid form with successive 

addition of water and mixing as necessary to expand pore space for acceptance of 

water. The Atterberg limits are a basic measure of the critical water contents of a 

fine-grained soil: its shrinkage limit, plastic limit, and liquid limit as shown in the 

Figure(1). As a dry, clayey soil takes on increasing amounts of water, it undergoes 

distinct changes in behavior and consistency. Depending on the water content of the 

soil, it may appear in four states: solid, semi-solid, plastic and liquid. In each state, the 

consistency and behavior of a soil is different and consequently so are its engineering 

properties.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: The Consistency Limits (atterberg limit) 
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1.2 Plasticity Limits 

Liquid limit (L.L): is defined as the moisture content in percent at which the soil 

changes from liquid to plastic state. 

Plastic Limit (P.L.): The moisture contents in % at which the soil changes from plastic 

to semi solid state. 

Shrinkage Limit (S.L.): The moisture contents in % at which the soil changes from 

semi solid to solid state. 

Plasticity Index (P.I.): it is the range in moisture content when the soil exhibited its 

plastic behavior: 

P.I = L.L – P.L 

Liquidity Index (L.I. or IL) : a relation between the natural moisture contents (cª) and 

(L.L.) and (P.L.) in form: 

 

 

If LI > 1_ Then the soil at Liquid state 

If LI = 1 then the soil at L.L. 

       If ¨LI < 1 then the soil below L.L. 
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Plasticity Characteristics Of Soils 

The plasticity of a soil is its ability to undergo deformation without cracking. It is an 

important index property of fine grained soil, especially for clayey soils. The adsorbed 

water in clayey soils is leads to the plasticity of soil. Adsorbed water in the clay 

particles allow the particles to slip over one another. The particles do not return to its 

original position following the deformation of soil. The soil becomes plastic only when 

it has clay minerals. 

ATTERBERG LIMITS 

    1n 1911, A Swedish agriculture engineer Atterberg mentioned that a fine grained soil 

can exist in four states, namely, liquid, plastic, semi-solid or solid. The water content at 

which the soil changes from one state to other are known as Atterberg limits or 

Consistency limits. 

    It is very important properties of fine grained soils. 

 

 

 

 

 

 

 

 

LL and SL can be understood from the study of clay water system. Adsorbed 

water layer is considered as an integral part of clay particle. As shown in Figure 

4.2, when clay particles contain enough water, adsorbed water layers are not at all 

in contact with each other, and thus, there is no frictional resistance. It is at a liquid 

stage (lean soup). Now, if water is removed to a certain level at which all the 

adsorbed water layers are just in contact, frictional resistance will be developed at 

Figure 4-1 : Atterberg Limits 
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the contact points. This is considered to be the stage of LL. When it is further 

dried, overlapping of adsorbed water layer will take place. The limiting stage of 

this overlapping is the level at which all particles themselves touch each other and 

no further overlapping possible. This stage is considered as the SL (cheese). PL 

may have some degree of overlapping of adsorbed water layers (soft butter) 

 

 

 

 

 

 

 

 

 

Determination of Shrinkage Limit 

Shrinkage limit is the smallest water content at which the soil is saturated. It is 

also define as the maximum water content at which a reduction of water content 

will not cause a decrease in the volume of the soil mass. 

 

 

 

 

 

 

Figure 4.2: Clay particles with adsorbed water 

layers in water 

Figure 4.3: Definition of shrinkage limit 
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Figure 4.4(Stage(I)) shows the block diagram of a soil sample when it is fully 

saturated and has the water content greater than expected shrinkage limit, Figure 

4.4 (Stage (II)) shows the sample at shrinkage limit and Figure 4.4 (Stage (III)) 

depicts the condition at oven dry state. 

 

 

 

 

 

 

 

 

 

Plasticity, Liquidity, and Consistency Indexes 

    Plasticity index: Plasticity index (PI) is the range of water content over which the 

soil remains in the plastic state and mathematically defined as, 𝑃𝐼=𝐿𝐿−𝑃𝐿 

    Liquidity index: Liquidity index indicates the nearness of its water content to its 

liquid limit: When the soil is at its liquid limit, its liquidity index is 100% and it 

behaves as a liquid. When the soil is at the plastic limit, its liquidity index is zero. 

Figure 4.4: Stages for derivation of shrinkage limit 
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Negative values of the liquidity index indicate water content smaller than the 

plastic limit. The liquidity index is also known as Water-Plasticity ratio. 

Mathematically,  

𝐿𝐼=𝑤−𝑤𝑝/𝑃𝐼 ×100 

 

Consistency index: the consistency index indicates the consistency of a soil. It 

shows the nearness of the water content of the soil to its plastic limit. A soil with a 

consistency index of zero is at the liquid limit. It is extremely soft and has 

negligible shear strength. On the other hand, a soil at a water content equal to the 

plastic limit has a consistency index of 100%, indicating that the soil is relatively 

firm. A consistency index of greater than 100% shows that the soil is relatively 

strong.  

𝐶𝐼=𝐿𝐿−𝑤/𝑃𝐼×100 

ACTIVITY OF SOILS 

Activity of soil is the ratio of the plasticity index and the percentage of clay 

fraction (finer than 2μ). 

𝐴=𝑃𝐼𝐹 

Activity = 
𝑃𝐼

% 𝑜𝑓 𝑐𝑙𝑎𝑦 𝑠𝑖𝑧𝑒 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
 

 

Some useful notes: 

νs ∶ Constant at all stages 

Degree of saturation (S %) at S.L. and up to =100% 

Degree of Saturation in the region from S.L. and below < 100% 

νt dry = νt at S.L 

νv dry = νv at S.L 

e dry = e S.L 

 



Soil Mechanics  2016-2017

 

 
 
 
 

Relative Density: is the ration of the actual density to the maximum possible density 

of the soil it is expressed in terms of void ratio. 
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Example 3: A dry sample of soil having the following properties, L.L. = 52%, P.L. = 

30%, Gs= 2.7, e= 0.53. Find: Shrinkage limit, dry density, dry unit weight, and air 

content at dry state. 

Solution 
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CHAPTER THREE 
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SOIL COMPACTION 

 

 

 

 

 

 

1. Introduction  

Soil compaction is one of the most critical components in the construction of 

roads, airfield, embankments and foundations. The durability and stability of a 

structure are related to the achievement of proper soil compaction. Structural 

failure of roads, airfield and the damage caused by foundation settlement can often 

be traced back to the failure to achieve proper soil compaction. 

2. What is Soil Compaction? 

Soil compaction is the compression of soil particles. Compaction reduces total 

pore space of a soil. More importantly it significantly reduces the amount of large 

pore space, restricting air and water movement into and through the soil. Low 

soil oxygen levels caused by soil compaction are the primary factor limiting plant 

growth in landscape soils. Soil conditions, primarily soil compaction, contribute 

to a large portion of plant disorders in the landscape setting. Figure 1 illustrates 
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comparison of large pore spaces in a non-compacted versus a compacted soil.  

 

 

 

 

3. Soil Compaction 

Compaction is the process of increasing the density of a soil by packing the 

particles closer together with a reduction in the volume of air only. However, 

compaction increases the dry density and decreases the void ratio. Soil compaction 

is defined as the method of mechanically increasing the density of soil. In 

construction, this is a significant part of the building process. 

If performed improperly, settlement of the soil could occur and result in 

unnecessary maintenance costs or structure failure. Almost all types of building 

sites and construction projects utilize mechanical compaction 
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4. Why compact? 

There are five principle reasons to compact soil: 

■ Increases load-bearing capacity 

 Increase shear strength of soil 

■ Prevents soil settlement and frost damage 

■ Provides stability 

■ Reduces water seepage, swelling and contraction 

■ Reduces settling of soil 

 Reduce void ratio thus reduce permeability 

   Controlling the swell-shrinkage movement 

   Reduce settlement under working load 

5. Types of compaction 

There are four types of compaction effort on soil or asphalt: 

■ Vibration 

■ Impact 

■ Kneading 

■ Pressure 

6. Factors affecting compaction: 

• Water content 



Soil Mechanics  2016-2017

 

 
 
 
 

• Type of soil 

• Compaction energy or effort 

All these factors are shown in the following figures: 

7.Soil density tests 

To determine if proper soil compaction is achieved for any specific construction 

application, several methods were developed. The most prominent by far is soil 

density 

 

 

 

 

 

 

 

 

8. Theory of compaction 

   Compaction is the process of reducing the air 

content by the application of energy 

   to the moist soil. From compaction test we can find: 

1- There is a unique relationship between the water content and the dry density for 

specific compaction energy. 

2- There is one water content (O.M.C.) (Optimum moisture content) at which the 

max dry density is achieved 

The two above points can be clearly shown through the following Figure 
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MOISTURE-DENSITY RELATION (COMPACTION TEST)  

    This laboratory test is performed to determine the relationship between the 

moisture content and the dry density of a soil for a specified compactive effort. 

The compactive effort is the amount of mechanical energy that is applied to the 

soil mass. Several different methods are used to compact soil in the field, and some 

examples include tamping, kneading, vibration, and static load compaction. This 

laboratory will employ the tamping or impact compaction method using the type 

of equipment and methodology developed by R. R. Proctor in 1933, therefore, the 

test is also known as the Proctor test. 

Two types of compaction tests are routinely performed: (1) The standard Proctor 

and (2) The modified Proctor test. 

 



Soil Mechanics  2016-2017

 

 
 
 
 

Test Procedure : 

1- a sufficient quantity of air-dried soil in large mixing pan (say 3 kg) 

2- Determine the weight of the compaction mold with its base (without the collar). 

    3- Start with initial water such (3% of Soil weight) 

    4- Add the water to the soil and mix it thoroughly into the soil until the soil gets 

       uniform color (see figure B and C). 

    5- Assemble the compaction mold to the base, place soil in the mold and compact      

the soil in the number of equal layers specified by the type of compaction method 

(see photo D and E). 

   The number of drops per layer is dependent upon the type of compaction. 

The drops should be applied at a uniform rate not exceeding around 1.5 seconds 

per drops, and the rammer should provide uniform coverage of the specimen 

surface. 

6- The soil should completely fill the cylinder and the last compacted layer must     

extend slightly above the collar joint. If the soil below the collar joint at the 

completion of the drops, the test point must be repeated. 

   7- Carefully remove the collar and trim off the compacted soil so that it is 

completely even with the top of the mold.(see photo F). 

   8- Weigh the compacted soil while it's in the mold and to the base, and record the 

mass (see Photo G). Determine the wet mass of the soil by subtracting the weight 

of the mold and base. 

   9- Remove the soil from the mold using a mechanical extruder (see Photo H) and 

take the soil moisture content samples from the top and bottom of the specimen 

(see Photo i). Determine the water content. 
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  10- Place the soil specimen in the large tray and break up the soil until it appears 

visually as if it will pass through the #4 sieve, add 3% more water on the soil and 

remix as in step 4. Repeat step 5 through 9 until a peak value is reached followed 

by two slightly lesser compacted 

 

Analysis: 

1- Calculate the moisture content of each compacted soil specimen. 

    2- Compute the wet density in grams per cm3 of the compacted soil by dividing 

the wet mass by the volume of the mold used. 

3- Compute the dry density using the weight density and the water content 

determined in step 1. Use the following formula: 

                        

 

4- Plot the dry density values on the y-axis and the moisture contents on the x-

axis. 

       Draw a smooth curve connecting the plotted points. 

5-  On the same graph draw a curve of Saturation line ( Zero air void line ) using 

the     following Equation : 

 

 

 

Assume values of water content and find dry density, then plot the zero air void 

line which must be parallel to the moist side of compaction curve and never 

intersect it , If so that mean there is some error. 

To plot Air content line (A%) use the following equation: 
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Compaction Equipments: 

1- Sheep's foot roller (for cohesive soil) 

    2- Pneumatic roller (many different soils) 

    3- Vibratory rollers (mainly for granular material) 

    4- Grid rollers 

    5- Power Rammer 

    6- Vibratory plates. 

   Compaction Of cohesion less soil: 

   Moisture content has little or no influence on the granular soils (except when the   

soil is fully saturated) . 
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Compaction in the field: 

The results of laboratory tests are not directly applicable to the field compaction, 

because 

1- The Laboratory tests are carried out on material smaller than 20 mm size. 

2- Compactive efforts are different and apply in different method. 

 

Relative compaction: 

    Relative compaction or degree of compaction is a means of comparing the field 

density with Laboratory results and is defined as the ratio of the dry density in the 

field to the maximum dry density in the Laboratory and in most construction 

works, the degree of compaction is specified as 95 % or more. 
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CHAPTER FOUR 

SOIL CLASSIFICATION 

 

 

 

 

 

1. Classification System 
Soils in nature rarely exist separately as gravel, sand, silt, clay or organic matter, 

but are usually found as mixtures with varying proportions of these components. 
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Classifying soils into groups with similar behavior in terms of simple indices can 

provide geotechnical engineer a general guidance about engineering properties of 

the oils through the accumulated experience. 

Two commonly used systems for classifying soils based on particle distribution 

and Atterberge limits: 

1- USCS: United Soil Classification System (preferred by geotechnical 

engineer). 

2- AASHTO: System: American Association of State Highway and 

Transportation Officials (preferred by Transportation engineers). 
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2. Soil Classification 

Classification of soil is the separation of soil into classes or groups each having 

similar characteristics and potentially similar behaviour. A classification for 

engineering purposes should be based mainly on mechanical properties: 

permeability, stiffness, strength. The class to which a soil belongs can be used in 

its description. 

The aim of a classification system is to establish a set of conditions which will 

allow useful comparisons to be made between different soils. The system must be 

simple. The relevant criteria for classifying soils are the size distribution of 

particles and the plasticity of the soil. Particle Size Distribution for measuring the 

distribution of particle sizes in a soil sample, it is necessary to conduct different 

particle-size tests. Wet sieving is carried out for separating fine grains from coarse 

grains by washing the soil specimen on a 75 micron sieve mesh. 
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2.1 Dry sieve analysis is carried out on particles coarser than 75 

micron. Samples (with fines removed) are dried and shaken through a set of 

sieves of descending size. The weight retained in each sieve is measured. The 

cumulative percentage quantities finer than the sieve sizes (passing each 

given sieve size) are then determined. The resulting data is presented as a 

distribution curve with grain size along x-axis (log scale) and percentage 

passing along y-axis (arithmetic scale). 
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2.2 Hydrometer (Sedimentation) analysis is based on the principle of 

sedimentation of soil grains in water. When a soil specimen is dispersed in 

water, the particles settle at different velocities, depending on their shape, 

size, and weight. For simplicity, it is assumed that all the soil particles are 

spheres, and the velocity of soil particles can be expressed by Stokes’ law, 

according to which: 
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In this method, the soil is placed as a suspension in a jar filled with distilled 

water to which a deflocculating agent is added. The soil particles are then 

allowed to settle down. The concentration of particles remaining in the 

suspension at a particular level can be determined by using a hydrometer. 

Specific gravity readings of the solution at that same level at different time 

intervals provide information about the size of particles that have settled down 

and the mass of soil remaining in solution. The results are then plotted between 

% finer (passing) and log size. Grain-Size Distribution Curve the size 

distribution curves, as obtained from coarse and fine grained portions, can be 

combined to form one complete grain-size distribution curve (also known as 

grading curve). A typical grading curve is shown. 
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3.  

4.  

5.  

6.  

7.  

 

 

3. Grain-size distribution curve  

From the complete grain-size distribution curve, useful information can be 

obtained 
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such as: 1. Grading characteristics, which indicate the uniformity and range in 

grain-size distribution. 2. Percentages (or fractions) of gravel, sand, silt and clay 

size. Grading Characteristics A grading curve is a useful aid to soil description. 

The geometric properties of a grading curve are called grading characteristics. 
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Depending on the point in the chart, fine soils are divided into clays (C), silts (M,) 

or organic soils (O). The organic content is expressed as a percentage of the mass 

of organic matter in a given mass of soil to the mass of the dry soil solids. 

Soil classification using group symbols is as follows: 
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Activity "Clayey soils" necessarily do not consist of 100% clay size particles. The 

proportion of clay mineral flakes (< 0.002 mm size) in a fine soil increases its 

tendency to swell and shrink with changes in water content. This is called the 

activity of the clayey soil, and it represents the degree of plasticity related to the 

clay content. 

 

 

 

Liquidity Index In fine soils, especially with clay size content, the existing state is 

dependent on the current water content (w) with respect to the consistency limits) 

or Atterberg limits). The liquidity index (LI) provides a quantitative measure of 

the present 

state. 

 

 

 

Example 1: 
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CHAPTER FIVE 

SOIL PERMEABILITY AND 

FLOW 
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1. The Permeability 

A material is permeable if it contains continuous voids. All materials such as 

rocks, concrete, soils etc. are permeable. The flow of water through all of them 

obeys approximately the same laws. Hence, the difference between the flow of 

water through rock or concrete is one of degree. The permeability of soils has a 

decisive effect on the stability of foundations, seepage loss through embankments 

of reservoirs, drainage of sub grades, excavation of open cuts in water bearing 

sand, rate of flow of water into wells and many others. 

2. Soil permeability 

The soil permeability is a measure indicating the capacity of the soil or rock to 

allow fluids to pass through it. It is often represented by the permeability 

coefficient (k) through the Darcy’s equation: 

V=ki 

 

3. Flow of Water Through Soils 

3.1 Fluid Mechanics(Hydraulic Gradient) 

When water flows through a saturated soil mass there is certain resistance for the 

flow because of the presence of solid matter. However, the laws of fluid 

mechanics which are applicable for the flow of fluids through pipes are also 

applicable to flow of water through soils. As per Bernoulli's equation, the total 

head at any point in water under steady flow condition may be expressed as 
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Total head = pressure head + velocity head + elevation head 

 

 

 

 

The flow 

of water 

through a 

sample 

of soil of 

length L and cross sectional area 

A as shown in figure1: 
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Which is define as the potential drop between two adjacent 

equipotentials divided by the distance between them is known as the 

hydraulic gradient 
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In Most Soils 

 Flow though most soils can be considered to be laminar. Therefore a linear 

relationship between velocity and hydraulic gradient        v α i 

Flow conditions may be turbulent in fractured rock, stones, gravel, and very coarse 

sands 

4. Darcy's Law and Other Principles 

Darcy's law is a constitutive equation that describes the flow of a fluid through a 

porous medium. The law was formulated by Henry Darcy based on the results of 

experiments on the flow of water through beds of sand, forming the basis of 

hydrogeology, a branch of earth sciences. 

Darcy in 1856 derived an empirical formula for the behavior of flow through 

saturated soils. He found that the quantity of water q per sec flowing through a 

cross-sectional area of soil under hydraulic gradient / can be expressed by the 

formula 

q = kiA 

or the velocity of flow can be written as 

V = 
𝑞

𝐴
 

Where k is termed the hydraulic conductivity (or coefficient of permeability) with 
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units of velocity. The coefficient of permeability is inversely proportional to the 

viscosity of water which decreases with increasing temperature; therefore, 

permeability measurement at laboratory temperatures should be corrected to the 

values at standard temperature of 200C using the following equation. 

 

 

 

 

 

 

A. Darcy's Equation 
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Discharge Velocity 

Quantity of water flowing in unit time through a unit gross cross sectional area of 

soil at right angles to the direction of flow . Does not account for flow through soil 

voids. 

 

 

 

 

 

 

 

 

 

DISCHARGE AND SEEPAGE VELOCITIES 
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Figure below shows a soil sample of length L and cross-sectional area A. The 

sample is placed in a cylindrical horizontal tube between screens. The tube is 

connected to two reservoirs R1 and R2 in which the water levels are maintained 

constant. The difference in head between R1 and R2 is h. This difference in head 

is responsible for the flow of water. Since Darcy's law assumes no change in the 

volume of voids and the soil is saturated, the quantity of flow past sections AA, 

BB and CC should remain the same for steady flow conditions. We may express 

the equation of continuity as follows 

qaa = qbb = qcc 

If the soil be represented as divided into solid matter and void space, then the area 

available for the passage of water is only Av. If vs. is the velocity of flow in the 

voids, and v, the average velocity across the section then, we have 
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HYDRULIC 

CONDUCTIVITY 

(Coefficient of permeability) 

The hydraulic conductivity of a soil is a measure of the soil's ability to transmit 

water when submitted to a hydraulic gradient. Hydraulic conductivity is defined 

by Darcy's law, which, for one-dimensional vertical flow. 

It depends on: 

 •Type of fluid (water vs molasses-Viscosity, density) 

 •Pore size distribution 

 •Grain size distribution 

 •Void ratio 

 •Particle shape 
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 •Degree of saturation 

• Size of double layer (clay type) 

 

 

 

 

 

 

 

Table shows the typical values of hydraulic conductivity for saturated soils 

 

A- Laboratory 

Measurement of Hydraulic Conductivity 

Cohesionless soils (sand and gravel) 

 •Constant head test 

 •Falling head test 

Cohesive soils (silt and clay( 

• Triaxial cell 
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B- Field methods: 

1- Pumping test 

2-  Bore hole tests 

Laboratory methods 

1- Constant head permeability test 

The coefficient of permeability for coarse soils can be determined by means of the 

constant-head permeability test (as shown in figures): A steady vertical flow of 

water, under a constant total head, is maintained through the soil and the volume of 

water flowing per unit time (q): 

 A series of tests should be run, each at different rate of flow. Prior to running the   

test a vacuum is applied to the specimen to ensure that the degree of saturation under 

flow  
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2- Falling head permeability test: 

For fine soils the falling-head test (Figure below) should be used. In the case of 

fine soils, undisturbed specimens are normally tested. The length of the specimen 

is l and the cross-sectional area A. the standpipe is filled with water and a 

measurement is made of the time (t 1) for water level (relative to the water level in 

the reservoir) to fall from ℎ0 to ℎ1. At any intermediate time t the water level in the 

standpipe is given by h and its rate of change by−
𝑑ℎ

𝑑𝑡
. At time t the difference in 

total head between the top and bottom of the specimen is h. then applying Darcy's 

law: 

 

 

 

 

 

 

    Ensure that the degree of saturation remains close to 100%. A series of tests 

should 

be run using different values of ℎ0 and ℎ1 
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Example 1: 
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A constant head permeability test was carried out on a cylindrical of sand 4 in. in 

diameter and 6 in. in height. 10 in
3
 Of water was collected in 1.75 min, under a 

head of 12 in. Compute the hydraulic conductivity in ft/year and the velocity of 

flow in ft/sec. 

Solution: 

 

 

 

 

 

 

 

 

 

 

Example 2 

    A sand sample of 35 yP cross sectional area and 20 cm long was tested in a 

constant head permeameter. Under a head of 60 cm, the discharge was 120 ml in 6 

min. The dry weight of sand used for the test was 1120 g. and Gs = 2.68. 

Determine (a) the hydraulic conductivity in cm/sec. (b) the discharge velocity, and 

(c) the seepage velocity. 

Solution: 
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DIRECT DETERMINATION OF K OF SOILS IN FIELD: 

1- Field test in unconfined aquifer 
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Empirical Relations for Hydraulic Conductivity 

Several empirical equations for estimating hydraulic conductivity have been 

proposed over the years. 
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The above equation is based primarily on Hazen’s observations of loose, clean, 

filter sands. A small quantity of silts and clays, when present in a sandy soil, may 

change the hydraulic conductivity substantially. 

    The accuracy of the values of k determined in the laboratory depends on the 

following factors: 

    1- Temperature of the fluid 

2- Viscosity of fluid 

3-  Trapped air bubbles present in the specimen 

4- Degree of saturation 

5- Migration of fines during testing 

6- Duplication of field conditions in the laboratory. 

The coefficient of consolidation of saturated cohesive soils can be determined by 

laboratory consolidation tests. This will be listed in details in "consolidation of 

soil" 
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HEADS AND ONE-DIMENSIONAL FLOW 

   There are three heads which must be considered in problem involving fluid flow in 

soil as shown in the figure below: 

 

 

 

 

 

 

 

 

 

 

 

Figure : illustration of types of head(after Taylor, 1948). 
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1- Pressure head (ℎp) is the pizometer reading = pore water pressure /unit weight of 

water 

2- Elevation head at any point (ℎe) is the vertical distance above or below some 

reference elevation or datum plane. 

3- Total head, ℎ = ℎp + ℎe 
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Example (5): for the setup shown Calculate and plot total head, elevation head 

and 

pressure head. 
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TWO DIMENSIONAL FLUIDS FLOW 

Most problems of flow are two dimensional flows, e.g. are shown in Fig. below 

 

 

 

The 

purpose of studying the flow in two Dimension are : 

1- To find the amount of seepage per meter length (i.e. rate of flow). 

2- Pressure distribution (pore water pressure) 

3- Stability against piping or boiling. 

4- Pizometer levels of selected point required. 
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SEEPAGE THEORY: 

The general case of seepage in two dimensions will now be considered. 

In same principle used in one dimensional problem applied (Darcy's law  &

Continuity flow state.) Consider the two dimensional steady state flows in the 

fig. 
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Flow net: 

The graphical representation of the Laplace equation is represented by the two 

families of curve: 

1-Equipotential lines: A series of lines of equal total head e.g. 

ℎ1 ,ℎ2 ,ℎ3− − − − − −ℎn 

2-Flow lines: A family of the rate of flow between any two adjacent flow lines is 

constant. 

For isotropic soil: 
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The flow net is formed by a mesh of the intersection of two lines with the 

following limitation 
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CHAPTER SIX 

STRESSES WITHEN THE 

SOIL 
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1- Stress within the Soil 
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2-Effective Stress Concept 
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3- Negative pore pressure (suction): 
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Principal Stresses and Mohr Circle 

 Principal Stresses 
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CHAPTER SEVEN 

SOIL 

CONSOLIDATION 

 

 

 
 

INTRODUCTION: 

A stress increase caused by the construction of foundations or other loads compresses 

the soil layers. The compression is caused by (a) deformation of soil particles, (b) 
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relocations of soil particles, and (c) expulsion of water or air from the void spaces. In 

general, the soil settlement caused by load may be divided into three broad categories: 

1- Immediate settlement, which is caused by the elastic deformation of dry soil and of 

moist and saturated soils without any change in the moisture content. Immediate 

settlement calculations are generally based on equations derived from the theory of 

elasticity. 

2- Primary consolidation settlement, which is the result of a volume change in 

saturated cohesive soils because of the expulsion of water that occupies the void 

spaces. 

3- Secondary consolidation settlement, which is observed in saturated cohesive soils 

and is the result of the plastic adjustment of soil fabrics. It follows the primary 

consolidation settlement under a constant effective stress. 

This chapter presents the fundamental principles for estimating the consolidation 

settlement: 

Consolidation : is the gradual reduction in volume of a fully saturated soil of low 

permeability due to drainage of some of the pore water, the process continuing until 

the excess pore water pressure set up by an increase in total stress has completely 

dissipated. 
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The simplest case is that of one – dimensional consolidation in which condition of 

zero lateral strain. 

Swelling: is the reverse of consolidation, is the gradual increase in volume of a soil 

under negative excess pore water pressure. 

Consolidation settlement: is the vertical displacement of the surface corresponding to 

the volume change at any stage of the consolidation process. 

Consolidation settlement will result, for example, if a structure is built over a layer of 

saturated clay or if the water table is lowered permanently in a stratum overlying a 

clay layer on the other hand, if an excavation is made in a saturated clay, heaving (the 
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reverse of settlement) will result in the bottom of the excavation due to swelling of the 

clay. 
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Mass of empty ring = 99.18 gm 

Mass or ring +wet soil = 266.4 gm 

Mass of ring + dry soil = 226.68 gm 

Dia. Of ring = 75 mm 

Ht of ring = 19 mm 
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