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Loading and soil settlement 

• A stress increase caused by the construction of foundations or other loads compresses soil layers. 

• The compression is caused by 

• deformation of soil particles

• Relocations of soil particles

• Expulsion of water or air from the void spaces.

• soil settlement caused by loads may be divided into three broad categories:

• Elastic settlement (or 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. Elastic settlement 

calculations generally are based on equations derived from the theory of elasticity.

• Primary consolidation settlement, 

which is the result of a volume change in saturated  cohesive soils because of expulsion of the water that occupies the void spaces.

• Secondary consolidation settlement, 
which is observed in saturated cohesive soils and organic soil and is the result of the plastic adjustment of soil fabrics. It is an additional form of compression that occurs at 

constant effective stress.
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ELASTIC SETTLEMENT

• Elastic, or immediate, settlement of foundations (Se) occurs 

directly after the application of a load without a change in 

the moisture content of the soil

• The magnitude settlement depend on the flexibility of the

foundation and the type of material on which it is resting on.

• In the previous chapter we learned how to determine the 

increase in stress due to additional loading on soil (which 

causes elastic settlement)

• These relationships are based on the following assumptions:

• The load is applied at the ground surface.

• The loaded area is flexible.

• The soil medium is homogeneous, elastic, isotropic, and extends to 

a great depth.

Clay:

Sand:

Clay:

Sand:

Rigid 

Flexible  
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ELASTIC SETTLEMENT

• Based on theory of elasticity, if the foundation 

is perfectly flexible, the settlement may be 

expressed as

settlement at the 

center of the 

foundation

settlement at the 

corner of the 

foundation

Weighted average
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ELASTIC SETTLEMENT

• Shape Factor (Is)

The value of Is depends on the soil properties, 

foundation dimensions, and the location where the 

settlement is being calculated settlement at the 

center of the 

foundation

settlement at the 

corner of the 

foundation
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ELASTIC SETTLEMENT

• Depth Factor (If)

The value of Is depends on the soil properties, 

foundation dimensions, and depth of foundation
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ELASTIC SETTLEMENT

• Typical soil properties:
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ELASTIC SETTLEMENT

• Example: 

A rigid shallow foundation 1m x 1m in plan is shown in the figure. Calculate

the elastic settlement at the center of the foundation.
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Consolidation settlement 
• When a saturated soil layer is subjected to a stress increase, the pore water pressure is increased suddenly.

• In sandy soils that are highly permeable, the drainage caused by the increase in the pore water pressure is 

completed immediately.

• Pore water drainage is accompanied by a reduction in the volume of the soil mass, which results in settlement

• Rapid drainage of the pore water in sandy soils, elastic settlement and consolidation occur simultaneously

• Saturated compressible clay layer is subjected to a stress increase, because hydraulic conductivity of clay is 

significantly smaller than that of sand, excess pore water pressure generated by loading gradually dissipates over a 

long period.

• the consolidation settlement in the clay may continue long after the elastic settlement
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Consolidation settlement 

• One-dimensional consolidation test

• The procedure was suggested by Terzaghi to quantify this type of settlement

• The specimen is loaded as shown and the deformation (settlement) is observed 

over time

• Each load usually is kept for 24 hours. After that, the load usually is doubled, 

which doubles the pressure on the specimen.

• At the end of the test, the dry weight of the test specimen is determined

• The deformation of the specimen against time for a given load increment 

• Settlement is observed in three stages: 

• Initial compression 

• Primary consolidation 

during which excess pore water pressure gradually is transferred into effective stress because of the 

expulsion of pore water

• Secondary consolidation 

which occurs after complete dissipation of the excess pore water pressure, when some deformation 

of the specimen takes place because of the plastic readjustment of soil fabric
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Consolidation settlement 

• One-dimensional consolidation test

• Calculate the height of solids, Hs

• Calculate the initial height of voids

• Calculate the initial void ratio eo

• For the first incremental loading, σ1 (total load/unit area of 

specimen), which causes a deformation ΔH1 → calculate the 

change in the void ratio

• Calculate the new void ratio after consolidation caused by the 

pressure increment as 

• For the next loading which causes additional deformation ΔH2 , the 

void ratio at the end of consolidation is calculated. 

• The effective stress σ’ and the corresponding void ratios (e) at the 

end of consolidation are plotted on semilogarithmic graph paper.
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Consolidation settlement 
• One-dimensional consolidation test

• Effect of Pressure History on consolidation settlement 

• A soil in the field at some depth has been subjected to a certain maximum effective past pressure in its geologic history.

• This maximum effective past pressure may be equal to or less than the existing effective overburden pressure at the 

time of sampling

• During the soil sampling, the existing effective overburden pressure is also released, which results in some expansion

• When this specimen is subjected to a consolidation test, a small amount of compression (that is, a small change in void 

ratio) will occur when the effective pressure applied is less than the maximum effective overburden pressure in the 

field to which the soil has been subjected in the past

• When the effective pressure on the specimen becomes greater than the maximum effective past pressure, the change in 

the void ratio is much larger, and the e-log- σ relationship is practically linear with a steeper slope.

• This relationship can be verified in the laboratory by loading the specimen to exceed the maximum effective 

overburden pressure, and then unloading and reloading again.

• This leads us to the two basic definitions of clay based on stress history

• Normally consolidated

whose present effective overburden pressure is the maximum pressure that the soil was subjected to in the past

• Over-consolidated

whose present effective overburden pressure is less than that which the soil experienced in the past. The maximum 

effective past pressure is called the pre-consolidation pressure.
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Consolidation settlement 

• One-dimensional consolidation test

• Effect of Pressure History on consolidation settlement 

• Pre-consolidation Pressure (𝜎𝑐
′)

• Casagrande (1936) suggested a simple graphic construction to determine the pre-

consolidation pressure 𝜎𝑐
′ from the laboratory e-log - σ plot. 

• The procedure is as follows

• By visual observation, establish point a, at which the e-log - σ plot has a 

minimum radius of curvature.

• Draw a horizontal line ab.

• Draw the line ac tangent at a.

• Draw the line ad, which is the bisector of the angle bac.

• Project the straight-line portion gh of the e-log - σ plot back to intersect line 

ad at f. 

• The abscissa of point f is the pre-consolidation pressure, 𝜎𝑐
′.

• Over consolidation ratio (OCR) 

𝑂𝐶𝑅 =
𝜎𝑐
′

𝜎′

12/27/2020 Dr. Khalil M. Qatu 13



Consolidation settlement 

• One-dimensional consolidation test

• Compression index and Swelling index

• Compression index 

It is the slope of the e-log - σ plot when 𝜎𝑜
′ > 𝜎𝑐

′ and it is used in the calculation 

of field settlement caused by consolidation,

It is calculated graphically for Normally consolidated or Over-consolidated 

clays from e-log - σ plot  as shown in the figures 

• Swelling index 

It is the slope of the e-log - σ plot when 𝜎𝑜
′ < 𝜎𝑐

′ It is used in the calculation of 

field settlement caused by consolidation for over consolidated clays

It is calculated graphically from unloading e-log - σ plot  as shown in the 

figure 
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Consolidation settlement 

• Primary consolidation settlement

• Since the slope of the consolidation curve is different for 

Normally consolidated from over consolidated clays 

• For Normally consolidated clays 

• For Over consolidated clays

• If 𝜎𝑜
′ + Δ𝜎′ ≤ 𝜎𝑐

′

• If 𝜎𝑜
′ + Δ𝜎′ > 𝜎𝑐

′
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Consolidation settlement 

• Primary consolidation settlement 

Example: If a uniformly distributed load, Δ𝜎 is applied at the ground surface, what is the 

settlement of the clay layer caused by primary consolidation if:

• The clay is normally consolidated

• The pre-consolidation pressure, 𝜎𝑐
′ = 200 kN/m2

• 𝜎𝑐
′ =150 kN/m2
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Consolidation settlement 

• Primary consolidation settlement 
Example: If a uniformly distributed load, Δ𝜎 is applied at the ground surface, what is the settlement of the clay layer caused by primary consolidation if:

• The clay is normally consolidated

• The pre-consolidation pressure, 𝜎𝑐
′ = 200 kN/m2

• 𝜎𝑐
′ =150 kN/m2
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Consolidation settlement 

• Secondary consolidation settlement (Creep) 

• This settlement is observed because of the plastic 

adjustment of soil fabrics.

• Secondary consolidation settlement is more 

important than primary consolidation in organic and 

highly compressible inorganic soils. 

• In over-consolidated inorganic clays, The secondary 

compression index is very small and of less practical 

significance.
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Consolidation settlement 

• Secondary consolidation settlement 

Example: a normally consolidated clay layer in the field, the following values are given

Thickness of clay layer = 2.6 m

Void ratio, eo = 0.8

Compression index, Cc = 0.28

Average effective pressure on the clay layer, 𝜎𝑜
′ = 127 kN/m2

Δ𝜎′ = 47 kN/m2

Secondary compression index, 𝐶𝛼 = 0.02

What is the total consolidation settlement of the clay layer five years after the completion of primary consolidation settlement? (Note: Time for completion of primary 

settlement = 1.5 years.)
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Consolidation settlement 

• Secondary consolidation settlement 

Example: a normally consolidated clay layer in the field, the following values are given

Thickness of clay layer = 2.6 m

Void ratio, eo = 0.8

Compression index, Cc = 0.28

Average effective pressure on the clay layer, 𝜎𝑜
′ = 127 kN/m2

Δ𝜎′ = 47 kN/m2

Secondary compression index, 𝐶𝛼 = 0.02

What is the total consolidation settlement of the clay layer five years after the completion of primary consolidation settlement? (Note: Time for completion of primary 

settlement = 1.5 years.)
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Consolidation settlement 

• Settlement under foundation 

• So far, the applied load was assumed to be 

uniformly distributed and infinite in all directions 

• We studied how to calculate the stress increase due 

to limited load (foundation) in the previous chapter 

• The average increase in the pressure below the 

center of the foundation

• Assuming that the pressure increase varies 

parabolically, using Simpson’s rule, Δσ
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Consolidation settlement 

• Time Rate of Primary Consolidation

• So far, we didn’t discuss How long would it take to complete the primary consolidation 

settlement. 

• This is especially important when dealing with clay soils 
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Consolidation settlement 

• Time Rate of Primary Consolidation

• The degree of consolidation (the amount of consolidation settlement) is linked 

to the excess pore water pressure Δu. 

• The time taken to dissipate this pressure is linked to water flow out of the soil 

• When the excess pore water pressure Δ𝑢 = 0 → Consolidation is complete

• Terzaghi 1D consolidation theory correlates the excess water pressure with 

depth and time 
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Consolidation settlement 

• Time Rate of Primary Consolidation

• Terzaghi 1D consolidation theory
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Consolidation settlement 

• Time Rate of Primary Consolidation

• Terzaghi 1D consolidation theory

• The solution for this partial differential equation is 
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Consolidation settlement 

• Time Rate of Primary Consolidation

• Terzaghi 1D consolidation theory

• The excess pore water pressure at any time is linked to the degree of consolidation Uz
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Consolidation settlement 

• Time Rate of Primary Consolidation

• Terzaghi 1D consolidation theory

• Now, we can estimate the degree of consolidation for a given time factor (𝑇𝑣). (i.e., at a specific time) 
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Consolidation settlement 

• Time Rate of Primary Consolidation

• Terzaghi 1D consolidation theory

• One-way vs two-way drainage 
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Consolidation settlement 

• Time Rate of Primary Consolidation

• Terzaghi 1D consolidation theory

• Coefficient of consolidation (𝐶𝑣)

Logarithm-of-time method                                                              Square-root-of-time method           
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Consolidation settlement 

• Time Rate of Primary Consolidation

• Terzaghi 1D consolidation theory

• Types of problems 

• Find the time it takes to get a specific degree of consolidation (or settlement, portion of the total primary consolidation 

settlement) 

From the Table, graph, or equations U% → 𝑇𝑣 =
𝑐𝑣𝑡

𝐻𝑑𝑟
2 → 𝑐𝑣 , 𝐻𝑑𝑟 𝑎𝑟𝑒 𝑔𝑖𝑣𝑒𝑛 𝑖𝑛 𝑡ℎ𝑒 𝑝𝑟𝑜𝑏𝑙𝑒𝑚 → 𝑓𝑖𝑛𝑑 𝑡

• Find the degree of consolidation (or settlement, portion of the total primary consolidation settlement) after a given time 

Calculate 𝑇𝑣 =
𝑐𝑣𝑡

𝐻𝑑𝑟
2 → 𝑐𝑣 , 𝐻𝑑𝑟 𝑎𝑟𝑒 𝑔𝑖𝑣𝑒𝑛 𝑖𝑛 𝑡ℎ𝑒 𝑝𝑟𝑜𝑏𝑙𝑒𝑚 → 𝑓𝑖𝑛𝑑 𝑡 From the Table, graph, or equations U%

• In both types of problems, 𝑐𝑣 can be calculated either 

from the deformation vs. time curve 

or from 𝑐𝑣 =
𝑘

𝑚𝑣𝛾𝑤
, 𝑚𝑣 =

𝑎𝑣

1+𝑒
, 𝑎𝑣 =

Δ𝑒

Δ𝜎
= 𝑠𝑙𝑜𝑝𝑒

• Find the permeability of a soil given the degree of consolidation and time 

From the Table, graph, or equations U%→ 𝑇𝑣 =
𝑐𝑣 𝑡

𝐻𝑑𝑟
2 → 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒 𝑐𝑣 , 𝑎𝑣 , 𝑚𝑣 → 𝑘
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Consolidation settlement 

• Time Rate of Primary Consolidation

• Terzaghi 1D consolidation theory

• Example: 

A 4-m clay layer underlain by bedrock (hydraulic conductivity = 5x10-7 cm/s) in the field has a current effective stress of 

σ’ = 100 kN/m2. There is a net stress increase of Δσ = 195 kN/m2 due to a foundation load. Only four data points are 

available from a consolidation test on the clay, as shown.

• Estimate the primary consolidation settlement of the clay layer in the field.

• How long would it take to reach settlement of 25cm.

• How long would it take to reach 99% degree of consolidation 

• What is the total settlement after 1 year 
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Consolidation settlement 

• Accelerating Consolidation Settlement

• Vertical drains & Pre-compression
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