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1 SOIL MECHANICS REVIEW 

This chapter presents a brief review of the basic geotechnical properties of soils needed for 

foundation analysis and design. Topics such as grain-size distribution, consistency and plasticity 

of soils, soil permeability, effective stresses, consolidation, and shear strength will be briefly 

discussed. 

 

1.1 Natural Soil Deposits 

In most geotechnical engineering evaluations and analyses, the engineer assumes the soils to be 

homogeneous and isotropic, which is just an idealization.  Such idealization requires some 

knowledge of the geological process by which the soil deposit at the site was formed. Most soils 

are formed by the weathering of various rocks.  Weathering may be mechanical, in which, rocks 

are broken into smaller pieces that maintain the same chemical composition of the main rock or 

chemical, in which, the rock may change to something entirely different.   

 

Soil produced by weathering may stay in its original place (residual soils) or may be transported 

to other places (transported soils).  Some examples of transported soils are gravity transported 

deposits, lacustrine (lake) deposits, Alluvial or fluvial, deposited by running water, glacial, 

deposited by glaciers, and Aeolian, deposited by wind.   

       

1.2 Size Limits of Soils 

Figure 1.1 provides size limits of the main soil types usually encountered by the geotechnical 

engineer such as boulders, cobbles, gravel, sand, silt, and clay using four internationally 

recognized standards.  The Unified Soil Classification System (USCS) is the most widely used 

for foundation analysis and design purposes in the states. The particle size, 0.075 mm in the 

ASTM, USCS, and AASHTO (0.06 mm in BS) is of particular importantance, since it separates 

the granular/cohesionless soils from the cohesive soils.  
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Figure 1.1  Classification of particle size in the BS 1377, USCS, AASHTO, and ASTM 
engineering soil classification systems. 

 

 

1.3 Basic Definitions (Weight-Volume Relationships)  

The soil matrix consists of solids and voids.  Voids may be filled with either water or air.  Solids, 

water, and air are known as the three-phase system.  The soil is fully saturated if all voids are 

filled with water and is dry if all voids are filled with air.  Figure 1.2 shows an engineering 

representation of the soil’s three-phase system. 
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Figure 1.2  Phase diagram 
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The following summarizes the basic definitions and relationships: 

 

Void Ratio (e):   
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Porosity (n):  
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Table 1.1 provides typical values for the specific gravity of most common soil types. 

 

Table 1.1  Typical specific gravity of some soils 
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1.4 Basic Relations 

Some of the presented definitions may be measured in the laboratory such as moisture content 

and unit weight.  Others are very hard to measure experimentally such as void ratio.  In order to 

estimate some of the basic properties using those measured in the laboratory, the following 

relations may be used: 
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wsatsub γ−γ=γ  

 

where: γsub or γ/ is the submerged unit weight of soil, γdry is he dry unit weight of soil, and γsat is 

the saturated unit weight of soil.  γw is the water unit weight = 62.4 pcf = 9.81 kN/m3. 

 

1.5 Relative Density 

Relative density is an important measure of granular soil compactness in the field.  It is 

calculated using either one of the following relations: 

100(%)D

100
ee
ee(%)D

d

(max)d

(min)d(max)d

(min)dd
r

minmax

fmax
r

×







γ

γ











γ−γ
γ−γ

=

×
−
−

=

  

 

Table 1.2 may be used to classify granular soils according to their in-field relative density: 

 

Table 1.2  Denseness of granular soils 

 
 

 

1.6 Grain Size Distribution 

The grain-size distribution of granular soils is generally explored using Sieve Analysis utilizing a 

stack of progressively finer sieves and measuring the amount of dry soil retained on each sieve.  
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The percent passing (finer) is plotted against the corresponding sieve opening (equivalent soil 

diameter) to provide the grain size distribution curve shown on Figure 1.3.  

 

The shape of the curve, hence, the grain-size distribution of the soil may be evaluated using the 

Uniformity Coefficient (Cu) and the Coefficient of Gradation (Cc):  

10

60
u D

DC =  

)D)(D(
DC

1060

2
30

c =    

 

For well-graded sand, Cu > 6 and 1 < Cc < 3.  For well-graded gravel, Cu > 4 and 1 < Cc < 3. 

 

 

              
 

Figure 1.3  A typical grain-size distribution and a typical stack of sieves  
 

 

The grain-size distribution of cohesive soils (silts and clays) is generally studied using the 

principle of sedimentation of soil particles in water utilizing a specially manufactures hydrometer 

that is capable of measuring the amount of soils still in suspension at any given time.   
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The largest soil particles still in suspension at time (t) can be expressed using Stokes’ law as 

follows: 

 

t
L

)1G(
18D

ws γ−
η

=  

 

Figure 1.4 shows examples of typical curves for well-graded and poorly-graded (uniform) soils. 

 

   
Figure 1.4  Typical grain-size distribution curves 

 

1.7 Consistency of cohesive Soils (Atterberg Limits) 

Moisture content has a great effect on the strength and compressibility characteristics of clayey 

soils.  Adding an extensive amount of water to a clayey soil may turn it into semi liquid state 

loosing most of the shearing resistance.  Atterberg defined the Shrinkage Limit (SL), Plastic 

Limit (PL), and Liquid Limit (LL), which are specific limits that define transition stages from 

solid to semi-solid, semi-solid to plastic, and plastic to liquid, respectively.  The liquid limit may 

be determined using Casagrande apparatus (Figure 1.5).  The liquid limit is the moisture content 

at which the groove made with the standard tool closes for 1 inch after 25 blows.  Figure 1.5 also 

shows the glass board used to estimate the plastic limit.  The plastic limit is the moisture content 

at which the soil threads starts to crumble at about 1/8 inch diameter.   
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Figure 1.5  Laboratory estimation of liquid and plastic limits 
 

The Plasticity Index, which is an indicator of clay content, is defined as follows: 

 

PLLLPI −=  

 

The plasticity index is used along with the liquid limit to classify cohesive soils using the 

plasticity chart shown on Figure 1.6. 

 

 
 

Figure 1.6  The plasticity chart 
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1.8 Hydraulic Conductivity of Soils 

Water flow through the voids of the soil matrix may be described using Darcy’s law.  The study 

of water flow through soils is essential in designing earth dams, estimating seepage losses below 

concrete dams or sheet piles, and foundation dewatering.  Darcy’s law, which is usually used to 

describe flow of water through soils, may be expressed as follows: 

 

L
hi 

 i kv
∆

=

=

   

 

where; v is the superficial velocity, k is the hydraulic conductivity, and i is the hydraulic gradient 

causing the water flow, which can be defined as the head difference divided by the length of 

water flow through the soil.  Figure 1.7 summarizes these definitions. 

 

 
 

Figure 1.7  Basic definition of Darcy’s law  
 

The hydraulic conductivity may be determined in the laboratory using either the constant head 

permeability test (for granular soils) or falling head permeability test (for cohesive soils).  In-
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field, either borehole tests or pumping out tests are used to estimate the in-field bulk hydraulic 

conductivity.  Table 1.3 provides typical values of the hydraulic conductivities of various soils. 

 

Table 1.3  Typical values of hydraulic conductivity 
 

 
 

Laplace’s theory of continuity governs the steady state seepage.  Flow net construction, which 

involves flow lines and equipotentional lines, is a graphical solution of the Laplace equation that 

may be used to estimate the amount of seepage through an earth dam or below a concrete dam or 

along a sheet pile wall.  The flow net solution enables the engineer to estimate the amount of 

seepage through or below dams, estimate the uplift pressure on partially submerged structures, 

and check the stability of the downstream (exit face) against piping and heave.    

 

1.9 Effective Stress Concept  

The total stress (σ) at any point in a soil mass is the summation of the effective stress (σ/) and the 

pore water pressure (u).   The effective stress is the vertical component of forces at particle –to-

particle contact points over a unit cross-sectional area.  All the strength and compressibility 

problems are usually solved using the effective stresses rather than total stresses.  

 

In order to calculate the effective stress at any depth in a soil mass, the total stress should be 

estimated using the bulk/saturated unit weight then the pore water pressure should be subtracted.  

However, the effective stress may be directly calculated using the bulk unit weight above the 

water table and the submerged unit weight below the water table.  Figure 1.8 provides an 

example of calculating effective stresses in case there is no seepage.     
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Figure 1.8  Effective stress calculation   
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1.10 Consolidation 

Consolidation is the gradual decrease in volume of a saturated clay layer subjected to constant 

stress increase.  The decrease in volume is very slow since the clay layer has very low hydraulic 

conductivity (K). The stress increase is initially transferred totally to the pore water then the 

water starts to gradually squeeze out of the voids transferring the excess stresses to the soil 

skeleton causing time dependent settlement “consolidation settlement”.  

 

The consolidation properties of a clay layer may be estimated in the laboratory using the 

consolidation (oedometer) test.  Consolidation test (ASTM D-2435) has to be performed on 

undisturbed clay samples.  The test specimens are usually 2.5 inches in diameter and 1 inch in 

height.  Specimens are placed inside a ring with top and bottom porous stones to facilitate water 

flow in or out of the sample.  The sample is loaded vertically and settlement readings are taken 

for a period of 24 hours after which the load is doubled. The procedure is continued until the 
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desired stress level is achieved. The sample may be unloaded to study the swelling behavior of 

the clay.  Figure 1.9 shows a sketch for the Oedometer along with the resulting graph, which 

shows the variation of the voids ratio at the end of consolidation against the corresponding 

vertical effective stress on a log scale. 

 

Three parameters may be defined using the e-logσ/ graph:  

 

The Preconsolidation Pressure (σ/
c): 

 

It is the maximum past effective overburden pressure that the sample has been subjected to.  It 

may be estimated using Terzaghi’s graphical procedure shown on Figure 1.9.  The sample is pre-

consolidated if the preconsolidation pressure (σ/
c) is more than the current overburden pressure 

(σ/
0), however, the sample is normally consolidated if σ/

c= σ/
0. 
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Figure 1.9  a) Schematic diagram of the Oedometer; b) typical e-logσ/ curve   
 

 

The Compression Index (Cc):  

 

It is the slope of the virgin compression portion of the e-logσ/ curve as follows: 

 









σ′
σ′

∆
=

1

2
c

log

eC  

An approximate value of the compression index may also be estimated using the Liquid Limit as 

follows:   
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( )10LL009.0Cc −=  

 

The Swelling Index (Cs):  

 

It is the slope of the unloading portion of the e-logσ/ curve as follows: 

 

unloading1

2

unloading
s

log

e
C









σ′
σ′

∆
=    

In most cases, the swelling index is about 0.2 to 0.25 of the compression index. 

 

1.10.1 End of Primary Consolidation Settlement 

Figure 1.10 shows a clay layer of thickness (H), initial voids ratio (e0), and compression index 

(Cc).  The average overburden pressure is σ/
0 and the average stress increase within the clay layer 

is Δσ'.  Three cases may be encountered when estimating the end of primary consolidation 

settlement depending on the pressure history as follows: 
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Figure 1.10  Calculation of end of primary consolidation settlement   
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1.10.2 Time Rate of Consolidation 

How long it will take for the end of primary settlement to occur?  In order to answer this 

question, the engineer must study the consolidation with time.  The consolidation with time may 

be studied utilizing the settlement-time data obtained from the consolidation test for the load 
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increment that represents the actual loading conditions in field.  The following definitions are 

essential in this type of study: 

 

The Degree of Consolidation:   

It is the ratio of the settlement at the desired time to the end of primary consolidation settlement.   

  

100
S

S(%)U
(EOP)primary  of end

t time at ×=  

 

The Time Factor:   

This is a part of the constant of the solution of the basic differential equation of Terzaghi’s 

consolidation theory.  It is solely correlated to the degree of consolidation as follows: 

 

60%U .....   )U100log(933.0781.1T

60%U ......  
100
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4
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v

2

v

>−−=

<
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The Coefficient of Consolidation:   

This is the main soil property that governs consolidation with time as described in Terzaghi’s 

theory:  

 

( ) ( )
2

2

v z
uC

t
u

∂
∆∂

=
∂
∆∂  

 

The coefficient of consolidation is correlated to the hydraulic conductivity (k), the coefficient of 

volume decrease (mv), and the unit weight of water as follows: 

 

wv
v m

kC
γ

=  
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The coefficient of consolidation may be estimated from the consolidation test using either the 

root-time method (Taylor Method) or the log-time method (Casagrande Method).  The following 

equation may be used after determining the time corresponding to a certain degree of 

consolidation (50% in Taylor Method and 90% in Casagrande Method) to estimate the 

coefficient of consolidation: 

 

 
H

tCT 2
dr

v
v =  

 

1.11 Shear Strength 

Soils fail in shear rather than in compression, tension, or bending.  Soil is a semi-infinite 

medium, hence, failure will occur by separating a part of the semi-infinite medium by shear.  

Soils resist shear stresses by friction (granular soils) and/or cohesion (fine grained soils). 

 

1.11.1 Mohr-Coulomb Failure Criterion 

This is a widely used failure criterion for soils.  It has been utilized in most of the Finite Element 

Analysis packages for geotechnical applications.  The shear stress at failure may be describes as 

follows: 

 

φ′σ′+′=τ′ tanc   

 

where, τ' is the shear stress at failure, c' is the cohesion, σ' is the effective normal stress at failure, 

and φ' is the effective angle of shearing resistance.  Mohr-Coulomb criterion can be graphically 

represented as shown on Figure 1.11.  
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Figure 1.11  Graphical representation of Mohr-Coulomb failure criterion 

  

The shear strength parameters, c' and φ' can be estimated in the laboratory using the direct shear 

test and/or the triaxial test. 

 

1.11.2 Direct Shear Test 

Soils, especially sandy soils, can be conventionally tested using direct shear test.  The sand is 

placed in a shear box that is laterally split in two halves.  The vertical load (N) is then applied to 

provide the desired normal stress.  The top half is then moved at a constant rate to shear the 

sample.  The lateral load is measured (R) using a load cell or a proving ring.  Both the shear and 

volumetric displacements are measured during the test.  As shown on Figure 1.12, the tests 

continues to failure, which may be characterized by reaching a peak and then excessive shear 

displacement (dense sands or stiff clays) or by reaching the ultimate shear stress that is 

associated with excessive displacement without increase in loads (loose sands and soft clays).   
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Figure 1.12  Direct shear test 
 

 

The shear stress at failure is then plotted against the corresponding normal stress as shown on 

Figure 1.13, which will result in a single point in the τ'-σ' space.  The test may be repeated as 

needed to better define the Mohr-Coulomb Criterion for the soil.   

 

Figure 1.13 shows Mohr-Coulomb Criterion envelopes associated with sandy, clayey, and mixed 

soils. The direct shear test is popular, quick, and in-expensive, however, the main dispute about 

its results is that the plane of failure is pre-determined, which is basically between the two halves 

of the box.  
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Figure 1.13  Mohr-Coulomb Criterion envelopes for different soil types.  
 

 

1.11.3 Triaxial Compression Test 

Triaxial compression tests may be conducted on all types of soils.  The sample is subjected to 

three major compression stresses, two are in plane (σ2 and σ3), which are equal and the third is 

perpendicular to their plane (σ1).  The sample is confined by a rubber membrane and put in a cell 

that is usually filled with water under pressure to apply the all around pressure/cell pressure (σ2 

and σ3).  The sample is then compressed vertically by the deviatoric stress (σ1 - σ3) to failure. 

The sample will fail in the preferred plane of failure not at a pre-determined plane as in the direct 

shear test.  Figure 1.14 shows a schematic diagram for the triaxial compression test apparatus.   

 

The triaxial test consists of two stages; the consolidation stage and the compression/shear stage. 

Drainage could be either allowed or prevented during any of the two stages.  If drainage is 

allowed during the consolidation stage, the test is called “Consolidated (C)” otherwise it is called 

“Unconsolidated (U)”.  Also if drainage is allowed during compression, the test is called 

“Drained (D)”; otherwise it is called “Undrained (U)”.  Three types of triaxial tests are usually 

performed in the laboratory; Consolidated Drained (CD) test also known as slow test, 

Consolidated Undrained (CU) test, and Unconsolidated Undrained (UU) test also know as the 

quick test.  
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Figure 1.14  Schematic diagram for the triaxial compression test 

 

 

Performing a triaxial test under a specific cell pressure, also known as minor principal stress, will 

result in a corresponding failure stress, also known as major principal stress, which in turn can be 

represented graphically by a Mohr circle.  Repeating the test using a different cell pressure will 

result in another Mohr circle.   

 

The common tangent to Mohr circles defines the shear strength parameters (total or effective) of 

soils.  Figures 1.15 shows typical results of CD, CU, and UU triaxial compressions tests. 
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Figure 1.15  Typical results of CD, CU, and UU triaxial compression tests. 
 

 

1.11.4 Unconfined Compression Test 

The unconfined compression test is a special case of the UU test with a zero cell pressure.  The 

sample should be able to support itself without the need for cell pressure.  The test is usually 

performed on clayey soils.  The stress at failure is called “The Unconfined Compression Strength 

(qu)”.  Figure 1.16 shows the basic setup as well as typical results of an unconfined compression 

test.  The undrained shear strength Cu is defined as: 

 

2
qC u

u =  
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Figure 1.16  The unconfined compression test 
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2 SUBSURFACE EXPLORATIONS 

2.1 Purpose 

Subsurface explorations should provide: 

− Information to determine the type of foundation required (shallow or deep). 

− Information to evaluate the allowable bearing capacity. 

− Sufficient data and samples for laboratory tests to estimate initial and time dependent 

settlements. 

− Depth to the groundwater table (GWT) and Seasonal High Water Level (SHWL). 

− Information of any construction problems that may exist. 

− Identification of potential problems concerning adjacent buildings. 

 

2.2 Subsurface Explorations Program 

The first step in performing a good subsoil exploration program is to review published data such 

as Geology publications for the county, state, etc., the USGS quadrangle map for the general site 

area, the USDA SCS Soil Survey maps for the specific site, and the hydrological data published 

by the water management districts.  Those published data will provide the engineer the history, 

the overall picture, and information about surface soils, which is turn, guide the engineer during 

designing the specific subsurface exploration program. 

 

The next step is to visit the site and perform “site reconnaissance” in order to identify site 

accessibility, general topo, type of vegetations, groundwater marks, etc. 

 

The following step is to perform borings at specific locations to explore the subsoil and 

groundwater conditions at the site.  Type of borings, number of borings, and depth of 

explorations should be selected depending on many factors such as the type of development, 

column loads, previous experience on site, expected foundation types, etc.  Experience and 

engineering judgment play an important rule in designing a good exploration program.  Figure 

2.1 provides some recommendations for spacing and depth of borings (Bowles 1996).  The figure 
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also shows the “10% rule”, which basically states that the boring should extend to a minimum 

depth (D) at which the stress increase resulted from the foundation is equal or less than 10% of 

the overburden pressure.   

 

 

       
 

Figure 2.1 Spacing and depth of borings 
 

 

2.3 Exploration Methods and Soil Sampling 

Table 2.1 summarizes different exploration methods and sample recovery methods (Bowles 

1996).  Soil samples may be disturbed or undisturbed.  Disturbed samples are used for visual and 

manual soil classification, index property tests such as moisture content, specific gravity, sieve 

analysis, organic content, and Atterberg limits.  Undisturbed samples are used for strength and 

compressibility tests such as consolidation, direct shear, triaxial compression, unconfined 

compression test, and permeability tests.     
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Table 2.1 Soil exploration and sample recovery methods 
 

 
 

 

2.4 Split Spoon Sampler (Standard Penetration Test SPT) 

The standard penetration test (SPT) borings is the most popular sampling and in-situ penetration 

resistance testing method.  The number of blows required to drive the split spoon sampler for 12 

inches is recorded and called “The SPT N-value”.  The N-value is correlated to most of the soil 

strength and compressibility characteristics.  The hummer is 140 lb and drops from a distance of 



Geotechnical Engineering Overview  

 

33 

 

30 inches.  Figure 2.2 shows a typical SPT split spoon sampler.  To perform SPT at a certain 

depth, the boring should be advanced to that depth, the drilling tool is then withdrawn, the hole is 

cleaned, the split spoon attached to the drilling rod should be inserted to that depth, the number 

of blows for three consecutive 6-inch of penetration should then be counted.  The SPT “N-

Value” is the summation of the number of blows for the last two 6-inch penetration increments. 

 

 
 

Figure 2.2  The split spoon sampler 
 

 

2.4.1 SPT Corrections 

The N-value measured in the field should be corrected for hammer type, sampler type (with or 

without liner), borehole diameter, and rod length.  In addition to these corrections, the N-value 

measured for granular soils must be corrected for the effect of overburden pressure as follows: 
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where N60 is the measured N-value corrected for hammer type, sampler type, borehole diameter, 

and rod length, (N1)60 is the N-value corrected for overburden, Pa is the atmospheric pressure, 

and σ0 is the effective overburden pressure at the depth where N60 was measured.  

 

2.4.2 SPT Correlations 

The N-value was correlated to most of the strength and compressibility properties of both 

granular and cohesive soils.  Tables 2.2 (Bowles 1996) is a very popular quick source for 

estimating angle of shearing resistance and density of sands.  Table 2.3 describes the denseness 

of granular soils in terms of the N-value.  For clayey soil, Table 2.4 provides consistency 

description as well as typical values for the unconfined compression strength as they correlate to 

the N-values.  In addition, the following correlations may be used to estimate soil properties 

needed for foundation design: 

( )

( )

( ) ( )

( )

sand) OC 15(clean sand), NC 10(clean fines),  with(sand 5 .....   N
P
E

20N20

P
3.202.12

Ntan

N00054.0N3.01.27reedeg

GSD. from D time,t .....
OCR

100
tlog05.02.1)Dlog(2560

N
(%)D

60
a

s

601

34.0

a

0

601

2
6060

50

5.0

18.0
50

601
r

=α=α=αα=

+=φ′




























 σ′
+

=φ′

−+=φ′

=

































++

=

−

 
   



Geotechnical Engineering Overview  

 

35 

 

o

c
o

689.0

o

60

72.0
60u

60u

OCR ... MPa in  .....   N0.193OCR

kPa .....   N29C

psi .....   N)942.0507.0(C

σ′
σ′

=σ′







σ′

=

=

−=

 

Table 2.2  Angle of shearing resistance of granular soils using N-values (Bowles 1996)  
   

 
 

Table 2.3  Denseness of granular soils as correlated to N-values 
 

 
 

 

Table 2.4  Consistency and unconfined compression strength of cohesive soils using N-value 
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2.5 Cone Penetration Test (CPT) 

The CPT is performed by statically pushing either a mechanical or electrical cone into the 

ground and measuring both the tip and sleeve resistances.  The test does not need a borehole and 

there is no sample recovery.  The penetration resistance is continuously recorded and saved to a 

computer and, later, printed.  Figure 2.3 shows a schematic diagram for the main components of 

a piezocone as well as a sample of the recorded data for clayey soil.  Figure 2.4 presents the 

classification chart used by most CPT software packages to classify soils using the tip/cone and 

sleeve/skin friction resistances.   
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Figure 2.3  Schematic of a piezocone and sample of CPT output for clayey soil 
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 Figure 2.4  CPT soil classification chart  

  

2.5.1 CPT Correlations 

The cone penetration resistance (qc) is correlated to most soil strength and compressibility 

properties.  The following are some of the popular emperical correlations: 
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2.5.2 CPT & SPT 

The SPT N-value may be estimated from the CPT qc-value and visa versa using the following 

correlation, which is graphically represented on Figure 2.5.  
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Figure 2.5  SPT & CPT correlation 
 

3 ULTIMATE BEARING CAPACITY OF SHALLOW FOUNDATIONS  

3.1 Concept 

An adequately designed shallow foundation system must: 

− Have sufficient safety factor against shear failure (Bearing Capacity Failure) 

− Control settlement,, both immediate and long term, within the allowable/tolerable limits 

as specified by the structural engineer. 

− Provide an economical advantage over other type of foundations. 

− Be constructible. 

The ultimate bearing capacity of the soil is the minimum vertical stress that can result in failure  

shear. Depending on the soil type and density/consistency, as shown on Figure 3.1, the failure 

could be general shear failure such as in dense sands and stiff clays, local shear failure such as in 

loose to medium sands and medium clays, or punching shear such as in very loose sands and soft 

clays. 
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Figure 3.1 Types of shear failure 

 

 

3.2 Terzaghi’s Bearing Capacity Theory 

Terzaghi (1943) presented the first comprehensive bearing capacity theory to evaluate the 

ultimate bearing capacity of shallow foundations.  The foundation is shallow, according to 

Terzaghi, if its depth (Df) is less than its width (B).  Terzaghi assumed the failure surfaces shown 

on Figure 3.2 to occur for strip/continuous footing.  The soil resistance along JH and GI was 

neglected, however, the effect of the overburden above the foundation level was considered.  The 

failure zone generally consists of three parts: 

− The triangle ACD immediately under the footing 

− The radial shear zones ADF and CDE with the curve being log-spiral 

− Two triangular Rankine passive zones AFH and CEG 

 

Using equilibrium analysis, Terzaghi presented the following equations:  
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where; qult is the ultimate bearing capacity of the soil, c is the undrained cohesion, γ is the unit 

weight of the soil within the plastic zones, q is the effective overburden pressure at the 

foundation level, Nc, Nq, and Nγ are the bearing capacity factors defined by Terzaghi as follows: 
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Figure 3.2  Terzaghi’s Bearing capacity Theory 
 

Terzaghi’s bearing capacity factors may also be determined from Table 3.1.  

 

Table 3.1  Terzaghi’s bearing capacity factors  
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3.3 Allowable Bearing Capacity 

It should be noted that more than one method should be used to estimate the ultimate bearing 

capacity.  Famous methods include Terzaghi, Meyerhof, Hansen, Vesic, and the general bearing 

capacity equation. After the ultimate bearing capacity is estimated, the engineer should apply an 

appropriate safety factor against shear in order to provide the structural engineer with the 

allowable bearing pressure for design.  The gross allowable bearing capacity can be estimated as 

follows: 
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Some geotechnical engineers prefer to use the net allowable bearing pressure since the safety 

factor should not be applied for the overburden pressure.  The net allowable bearing pressure 

may be estimated as follows: 
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The safety factor may also be applied to the shear strength parameters of the foundation soil 

(FSshear).  In most cases, FSshear = 1.4 to 1.6. The shear strength parameters will be reduced and 

the reduced values should be used to estimate the bearing capacity as follows: 
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3.4 The Design Equation 

The contact pressure transferred to the soil by the column/footing system should not exceed the 

net allowable bearing pressure of the soil.  The optimum design is when the contact pressure is 

equal to the net allowable bearing pressure as follows: 

 

FS
qq

A
P          q

A
P ult

f

col
)net(all

f

col −
=→=    

 

where, Pcol is the column load and Af is the footing contact area 
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3.5 Effect of the Groundwater Table (GWT) 

The effect of the groundwater table depends on the relative depth of the GWT as compared to the 

depth to the foundation level (Df) and the depth of failure zones (D).  Three cases, as shown on 

Figure 3.3, may be encountered: 

 

GWT is located between the ground surface and the foundation level:   

 

In this case, the overburden pressure at the foundation level should be calculated using the 

submerged unit weight of the soil.  Also, the submerged unit weight of the soil within the failure 

zones should be used as follows:  

 

sub

2sub1 DDq

γ→→γ

γ+γ=

 

 

GWT is located below the foundation level within the failure zones:   

 

In this case, there is no change to the overburden pressure; however, for the third term of the 

bearing capacity equation, an equivalent unit weight should be calculated as follows:   

 

( )subsub B
d

γ−γ+γ=γ∗  

 

GWT is below the failure zones:   

 

In this case, there is no effect for the GWT on the Bearing Capacity of the soil.  
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Figure 3.3 Effect of GWT on the soil bearing capacity 

 

 

3.6 The General Bearing Capacity Equation 

In order to take into consideration footings with rectangular shapes, footings with inclined loads, 

the resistance provided from the portion of the failure surfaces above the foundation level, 

Meyerhof (1963) presented the general bearing capacity equation as follows:   

 

 FFFBN5.0FFFqNFFFNcq idsqiqdqsqcicdcscult γγγγγ++′=  

 

where, Nc, Nq, and Nγ are the bearing capacity factors , Fcs, Fqs, Fγs are the shape factors, Fcd, Fqd, 

Fγd are the depth factors, and Fci, Fqi, Fγi are the inclination factors defined as follows: 

Bearing Capacity Factors: 
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For Df/B ≥ 1: 
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4 SETTLEMENT OF SHALLOW FOUNDATIONS 

In most cases, especially when the foundation soil has considerably high shear strength, 

settlement controls the recommended net allowable bearing pressure for shallow foundations. 

This may be explained by understanding that, even though there is still a good margin to the 

allowable bearing pressure, the associated settlement with high contact pressures may results in 

intolerable settlements that may be harmful for the structural framing system.   

 

4.1 Types of Settlement 

Foundation settlement may be divided into immediate settlement, also called initial or elastic 

settlement, and consolidation settlement, which include both primary and secondary 

consolidation settlements.  Initial settlement comprises most of the settlement that occurs in 

sandy soils, whereas primary consolidation settlement comprises most of the settlement in clayey 

soils.  Secondary consolidation settlement comprises most of the settlement in organic soils.     

 

4.2 Stress Distribution 

Settlement results from the increase in effective stresses in compressible soils.  The foundation 

loads/pressures are transmitted to the foundation soil at the foundation level, which is usually a 

few feet below grade in case of shallow foundations.  In order to estimate the settlement of a 

specific layer due to a foundation load, the stress increase within this specific layer should be 

calculated.  There are a few methods to estimate the stress increase at different locations and 

different depths in a soil mass.  Some of the simple and commonly used methods are explained 

below. 

 

4.2.1 Boussinesq Solution  

This solution is for a concentrated load at ground surface.  The stress increase due to a footing of 

any shape may be solved using Boussinesq’s solution by dividing the footing into small areas 

and dealing with each area as a concentrated load and then add the effect of all the small areas to 

get the stress increase as a result of the footing. The following equation  provides the vertical 
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stress increase at Point “A” at a radial distance of “r” and at a depth “z” from the concentrated 

load “P” (Figure 4.1) according to Boussinesq solution: 
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Figure 4.1  Stresses due to point load (Boussinesq solution) 

 

4.2.2 Average Stresses below the Corner of Rectangular Footings in a Surface Layer 

This method provides an average value for the vertical stress increase within a surface layer, 

however, the solution is only available for points below the corner of the footing.  For other 

locations, the footing may be divided into a few small footings such that the target point is at 

each small footing’s corner.  The stress increase from each footing should be added to get the 

final stress increase at the target point.  The stress increase may be calculated as follows: 

 

a0Iq=σ∆  
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To estimate the value of the influence factor Ia, calculate B/H and L/H and use Figure 4.2.  

Figure 4.3 defines L, B, and H. 

 
Figure 4.2  Influence factor for estimating average stress increase in surface layer   
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Figure 4.3  Definition of B, L, and H for estimating average stress increase in surface layer   
 

4.2.3 Average Stresses below the Corner of Rectangular Footings in a Deep Layer 

Using the same procedure for surface layer, solve two times for H1 and H2 (Figure 4.4), then 

substitute in the following equation to calculate the average stress increase within the deep layer: 

 









−

−
=σ∆

12

)H(a1)H(a2
0 HH

IHIH
q 12  

 

 



Geotechnical Engineering Overview  

 

53 

 

 
 

Figure 4.4 Definition of B, L, H1, and H2 for estimating average stress increase in deep layer   
 

4.2.4 2:1 Line Method 

This is an approximate, quick, and very popular method to estimate the stress increase at a 

specific depth.  The stress increase estimated using this method will be equal at all points at the 

same depth, which is a somewhat unacceptable approximation.  The method assumes that the 

vertical stress spreads out along lines with a vertical-to-horizontal slope of 2:1 (Figure 4.5).  At a 

depth “z” below a rectangular footing of length “L” and width “B” may be calculated as follows: 
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Figure 4.5  2:1 Line method 
 

 

4.3 Elastic Settlement 

4.3.1 Solution Based on Theory of Elasticity 

The elastic settlement may be estimated using the theory of elasticity. From Hooke’s law and 

assuming that the foundation is perfectly flexible (Figure 4.6), the elastic settlement may be 

estimated as follows: 
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where;  

q0 is the net contact pressure at the foundation level 

μs is Poisson’s ratio of the soil 

Es is the average modulus of elasticity (0 to 4B below FL) 

B/ is 0.5B  for center & B for corner of footing 

If = f (Df, B, L) and can be estimated from Figure 4.7 

Is is the shape factor = f(L,B,H, μs) and can be determined using the following equation:  
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To get F1 and F2, use Table 4.1 and the following definitions for m/, n/ and α: 

 

At center of footing:  

B
H2n  ,  

B
Lm  ,  4 =′=′=α  

 

At corner of footing: 

B
Hn  ,  

B
Lm  ,  1 =′=′=α  

 

 
 

Figure 4.6  Elastic settlement using the theory of elasticity 
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Figure 4.7  Factor If for different Poisson’s ratios  
 

In case of rigid footing, the previous method may be used to estimate the settlement at the center 

of a flexible footing similar to the rigid footing geometry then, this formula may be applied: 

  

footing) the of center the at flexible(e)rigid(e S93.0S ≈  

 

In case of non-homogeneous soil, the average weighted modulus of elasticity may be used:   
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Table 4.1  Values of F1 and F2   



Geotechnical Engineering Overview  

 

58 

 

 



Geotechnical Engineering Overview  

 

59 

 

 

Table 4.1  Continue 
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4.3.2 Footings in Saturated Clays  

Janbu et al. (1956) presented an equation to estimate the average settlement of flexible footings 

on saturated clay soils (Poisson’s ratio is about 0.5).  For the notation shown on Figure 4.8, the 

elastic settlement may be estimated as follows: 
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21e E
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Figure 4.8  Elastic settlement of saturated clays 
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4.3.3 Settlement of Sandy Soils Using the Strain Influence Factor (Schmertmann 1978) 

The settlement of sandy soils may be estimated using the semiempirical strain influence factor 

method introduced by Schmertmann et al. (1978).  According to this method, the settlement may 

be calculated as follows: 

∑ ∆=
2z

0 s

z
021e z

E
IqCCS      

where; 

q0 is the net contact pressure at foundation level 

Es is the modulus of elasticity of the soil   

Iz is the strain influence factor as defined on Figure 4.9 for square and strip footing  

C1 is a correction factor for the foundation depth and may be calculated as follows: 

0
1 q

q5.01C −=  

C2 is a correction factor for creep in soil and may be calculated as follows: 
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Figure 4.9  The strain influence factor 
In order to estimate the settlement using the strain influence method the following steps may be 

followed: 

 

− Plot the foundation and the variation of the Iz with depth 

− Plot the actual distribution of Es with depth next to the Iz plot and approximate it into a 

number of layers each with an average Es (Figure 4.10) 

− Divide the soil within the influence depth into sublayer depending on the break in 

continuity in the Iz and Es diagrams 

− Prepare a table such as shown on Figure 4.10 to obtain ∑ ∆
2z

0 s

z z
E
I  

− Calculate C1, C2 

− Calculate Se 

 

 
Figure 4.10  The procedure to calculate elastic settlement using strain influence factor method  
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4.4 Elastic Properties of Soils 

The elastic properties of soils (Es and μs) may be estimated from the results of laboratory tests 

such as direct shear test and triaxial compression test, however, they may also be estimated from 

some empirical correlation to both the SPT N-value or the CPT qc-value. Furhermore, typical 

values are also available for different types of soils.  The geotechnical engineer should evaluate 

all the available field and laboratory information, in addition to typical values and previous 

experience, to estimate the value of the modulus of elasticity to be used in estimating settlement 

or soil modeling since the analysis is sensitive to this value.  

 

For sandy soils, the following correlations may be used: 
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For clayey soils, the following correlation may be used: 

 

us CE β=  

 

The value of β may be obtained from Table 4.2.  Also, Table 4.3 provides typical values for the 

modulus of elasticity and Poisson’s ratio for different soil types.  
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Table 4.2  Values of factor β to estimate modulus of elasticity of clays 
 

  
 

 

Table 4.3 Typical values for the modulus of elasticity and Poisson’s ratio for different soil types  
 

 
 

4.5 Elastic Settlement Using SPT N-Value 

Since in most projects, the available data for the geotechnical engineer may only be the SPT N-

Values and/or the CPT qc-values, it will be helpful to have a direct correlation between N and/or 

qc and the allowable bearing pressure and/or elastic settlement.  Meyerhof (1956) introduced the 

following equations to estimate the bearing capacity from the SPT N-value for a limiting 

settlement of 1 inch: 
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Pcol is the column load 

Ptotal is the column load in addition to the load of the footing and the fill on top of it 

Af if the footing area (BxL) 

q is the overburden pressure at the foundation level  

 

Bowles (1977) found that Meyerhof’s equations were very conservative.  Bowles modified the 

equation and added “Se” to enable the engineer to use the equation for different allowable elastic 

settlement values, as follows:    
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Re-writing the equation, the elastic settlement may be estimated as follows:  
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4.6 Consolidation Settlement 

4.6.1 End of Primary Consolidation Settlement 

The concept was previously explained in the consolidation section of the soil review chapter, 

however, briefly, Figure 4.11 explains the concept of the average effective stress increase within 

the clayey layer under consideration.  The stress increase may be calculated using any method at 

the top, bottom, and center of the layer and then the average stress increase may be calculated as:  

( )bottomcentertopaverage 4
6
1

σ′∆+σ′∆+σ′∆=σ′∆  

 

The average stress increase may also be estimated using the method explained in section 4.2.3 

for estimating the average stress increase within a deep layer.  

  

 

 
 

Figure 4.11  Consolidation settlement – average stress increase 
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The following equations may be used to estimate the end of primary consolidation settlement 

depending on the condition of the clay being normal or pre-consolidated and also depending on 

the relative values of the initial overburden pressure, stress increase, final pressure, and the pre-

consolidation pressure.  

 

If the clay layer is thick, it should be divided into a few sublayers in order to increase the 

calculation accuracy.  However, it should be noted that, the engineer may need to use different 

equations for different sublayers.  
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In case consolidation test results are not available, quick estimates for the compression index 

(Cc) and the swelling index (Cs) may be obtained using natural moisture content (w), plasticity 

index (Ip), Unit weight, void ratio, specific gravity, etc. as shown on Table 4.4. 

 

Table 4.4  Correlations for compression and swelling indices 
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4.6.2 Secondary Consolidation Settlement 

After the end of primary consolidation settlement, which basically means the dissipation of all 

the excess pore water pressure, some additional settlement is observed due to plastic adjustment 

of the soil fabric.  This settlement is called the secondary consolidation settlement and it is 

significant in organic soils and very soft cohesive soils.  Figure 4.12 shows the end of primary 

consolidation, which is identified by the void ratio “ep”.  Settlements that occurs after “ep” is 

secondary settlement.   
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Figure 4.12  Secondary consolidation settlement 

 

 

The slope of the curve between two time intervals is the secondary compression index: 









∆

=α

1

2

t
tlog

eC     

 

The secondary compression index may be used to calculate the secondary consolidation 

settlement as follows: 

  









+

= α

1

2

eop
)s(e t

tlogH
e1

CS  

 

where; eeop is the void ratio at the end of primary consolidation, H is the thickness of the 

compressible layer, t1 and t2 are the time limits for estimating the secondary consolidation 

settlement. 
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The following correlations along with Table 4.5 may be used to estimate the value of the 

secondary compression index using the natural moisture content (w) or the compression index 

(Cc):  

 

peat for  .....  01.0075.0
C
C

silts and claysorganic  for  .....  01.005.0
C
C

silts and claysinorganic  for  .....  01.004.0
C
C

w 0001.0C

c

c

c

±≈

±≈

±≈

=

α

α

α

α

 

 

Table 4.5  Correlation for secondary compression index 
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Geotechnical Engineering Overview 

Examination 
After you have completed answering all of the questions, go back and check your work.  Make 

certain that you have marked only one answer for each question.  There is only one correct 

answer to each question.  Make certain that you have answered each question.  Any question that 

is left blank will be counted as incorrect.   

 

A score of 70% is required to complete the course. Failing to achieve a 70% score all your 

answers will be erased.  You will have three opportunities to achieve a passing grade.  Failing to 

score a passing grade on the third attempt will block you from further attempts and your course 

fee returned to you. 

 

Once you have successfully completed exam you will be able to print out your completion 

certificate.  We suggest you file it electronically or print it out should you be audited by your 

licensure board for compliance with continuing education requirements. At that time you will 

also be able to compare your answers to the school answers on questions you may have missed. 
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1- For a soil, given: void ratio = 0.81, moisture content = 21%, and specific gravity = 2.68.  

The degree of saturation is: 

 

a- 25.6% 

b- 92.6% 

c- 69.5% 

d- 34.7% 

 

2- A soil with a specific gravity of 1.6 is mostly: 

 

a- Clay 

b- Sand 

c- Silt 

d- Peat 

 

3- For the shown soil profile, the effective vertical stress at Point “D” is: 

A

B

C

D

GWT

3 m

3 m

13 m

Dry Sand

γdry = 16.5 Kn/m3

Clay

γsat = 19.25 Kn/m3

A

B

C

D

GWT

3 m

3 m

13 m

Dry Sand

γdry = 16.5 Kn/m3

Clay

γsat = 19.25 Kn/m3

 
 

a- 222 kN/m2 

b- 120 kN/m2 

c- 340 kN/m2 

d- 92 kN/m2 
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4- For a normally consolidated clay, the following is given: 

 

Pressure (kN/m2) Void ratio 

120 0.82 

360 0.64 

The compression index is: 

 

a- 0.255 

b- 0.377 

c- 0.754 

d- 0.124 

5- A direct shear test was conducted on dry sand.  The results were as follows: 

 

Normal Force (lb) 
Shear Force at 

Failure (lb) 

50 43.5 

110 95.5 

150 132 

  

The area of the specimen is 2 in. x 2 in.  The angle of shearing resistance is 

approximately:  

a- 45 degrees 

b- 35 degrees  

c- 31 degrees  

d- 41 degrees  
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6- Which of the following can be considered an advantage of the triaxial compression test 

when compared to direct shear test? 

 

a- No pre-determined plan of failure 

b- Provide drainage control during consolidation stage 

c- Provide drainage control during shear stage 

d- All the above 

 

7- During an unconfined compression test on a 3-inch diameter and 6-inch long cylinder of 

stiff clay, the failure load was 400 lb.  The undrained cohesion of the clay is: 

 

a- 4.1 tsf 

b- 3.2 tsf 

c- 5.6 tsf 

d- 1.2 tsf 

 

8- The measured in-field N-values should be corrected for: 

 

a- Rod length 

b- Borehole diameter 

c- Hammer type 

d- All the above 

9- During a CPT test, a soil that has a  cone point resistance of 1 MN/m2 and a friction ratio 

of 2% should be classified, according to the CPT classification chart, as:  

 

a- Sands 

b- Silty sands 

c- Sandy silts and silts 

d- Clayey silts and silty clays 
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10- According to Terzaghi, the foundation can be considered shallow if: 

a- Df  < 5 feet 

b- Df  < B  

c- Df  < 2B  

d- Df  > 2B 

 

11- For a continuous footing, the following are given: 

Width of the footing = 3 feet 

Foundation depth = 3  

Angle of shearing resistance = 28 degrees 

Cohesion = 400 psf 

Unit weight = 110 pcf 

Groundwater table is 10 feet below grade 

 

Using Terzaghi’s equation and assuming general shear failure with safety factor of 4, the 

allowable bearing capacity of the footing is: 

 

a- 3120 psf 

b- 5195 psf 

c- 10290 psf 

d- 1250 psf 

 

12- The effect of the GWT being at the foundation level is to: 

a- Increase the overburden pressure at the foundation level 

b- Reduce the overburden pressure at the foundation level  

c- Reduce soil unit weigh within stresses zones to the submerged unit weight  

d- All the above 
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13- Secondary consolidation settlement comprises most of the settlement in: 

a- Sands 

b- Silty sands  

c- Stiff Clays  

d- Organic soils 

 

14- A square footing (5 ft x 5 ft) carries a load of 50 tons and located at a depth of 4.5 feet 

below ground surface.  A clay layer 10 feet thick is located 3 feet below the foundation 

level.  Using 2:1 line method, the stress at the middle of the clay layer is approximately:  

a- 592 psf 

b- 1562 psf  

c- 309 psf  

d- 120 psf 

 

15- A foundation measuring 1.5m x 1.5m is supported by a saturated clay layer. Given: 

Depth of footing = 1.2 m 

Thickness of the clay layer below foundation level = 3 m 

Modulus of elasticity of the clay = 600 kN/m2 

Stress increase at foundation level = 150 kN/m2 

The elastic settlement of the foundation is:  

a- 24 mm 

b- 124 mm  

c- 246 mm  

d- 760 mm 
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16- To estimate expected settlement after 10 years using Schmertmann’s method, the 

engineer should consider a creep correction factor of: 

a- 1.2 

b- 1.4  

c- 0.95  

d- 2.4 

 

17- For a foundation soils that is mostly sand with fines, the average recorded N60-value was 

10.  Approximately, the modulus of elasticity is: 

a- 1000 ksf 

b- 100 ksf  

c- 10 ksf  

d- 1 ksf 

 

18- For a square shallow foundation supported on sandy soil: 

Depth of footing = 4 feet 

Width of footing = 6 feet 

Tolerable elastic settlement = 1.5 inches 

Average N60-value = 12 

The net allowable bearing pressure according to Bowles (1977) is: 

a- 12400 psf 

b- 2450 psf  

c- 750 psf  

d- 7500 psf 
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19- The natural moisture content and the liquid limit of a clay sample was estimated in the 

laboratory to be 35% and 65%, respectively,  the compression index and 

recompression/swelling indices of this clay are approximately: 

a- 0.5 and 0.035 

b- 0.9 and 0.08 

c- 0.1 and 0.07 

d- 1.2 and 0.75 

 

20- The liquid limit and the plastic limit of a clay sample are 75% and 20%, respectively; the 

secondary compression index is approximately: 

a- 0.0002 

b- 0.002 

c- 0.02 

d- 0.2 
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