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Loads placed on saturated fine-grained soils may come from (a) added soil deposits, or  (b) from man-
made structures. Both produce settlement of the ground sur face due to the squeezing out of the water  
and air  volumes (much like pressure on a water-soaked sponge). The behavior  of the soils under  these 
loads is modeled by the Theory Plastic Compressibility of Soils (Consolidation). This theory assumes a 
one-dimensional (ver tical) compression over  a large area squeezing out of water  and air  from the 
voids. This type of settlement is typical for  clays, and character istically is very slow. Consolidation is 
time dependent and may take place over  years or  decades.



e

The mechanical behavior  of soils can be elastic or  viscoelastic (non-conservative). The elastic 
behavior  can be either  linear  or  non-linear .

Figure 2.  Elastic - plastic behavior

Visco-elastic behavior  is when stress is time-dependent on strain and non-conservative behavior  
is where soils have strain memory (permanent deformation after  unloading).  For  example, although 
stress at point “ A” may be construed to be due to the overburden of h above it, the soil “ recalls” the 
stress induced by a higher  h, now eroded away.

gh

A

Past surcharge from a now eroded soil

Present ground surface

Pressure at A  >  gh

Soil particle at “A” recalls past 
condition of surcharge.

Figure 3.  Visco-elastic behavior



The clay stratum is sandwiched between two strata of sand, which permits the excess pore water  
pressure to escape in two directions. The excess pore water  is the pressure increase due to the added 
sur face pressure, represented by � p above. At time t = 0 all of � p is carr ied by the excess pore water  
pressure u. As time progresses, the pore water  dissipates towards the two sand strata, and u tends to 
reduce to zero, albeit at time = infinity.
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The one-dimensional consolidation test, also called the oedometer  test (ASTM D2435) is used to  
obtain settlement and time parameters. The metal r ing confines the soil sample laterally. Therefore, 
settlement and drainage can only occur  ver tically in the consolidometer (hence, one-dimensional). In 
reality, a clay stratum will drain radially, in addition to ver tically. A 3-D test however , is very 
difficult both to test and analyze. The oedometer  test must be per formed on “ undisturbed” samples 
with diameters that range from 45 to 115 mm, and heights of 20 to 30 mm. The larger  the sample, 
the better  the parameters, albeit at higher  costs.



Restored voids ratio eo of the soil sample at depth of test.

Volume of deformation comes from squeezing
out water  from the soil pores.

Volume of deformation comes from crushing
the solid par ticles.

The two most common ways of descr ibing settlement through plots are the Casagrandeand the 
Taylor  methods. The plot above uses a logar ithmic scale for  the abscissa (time, and pressure). The 
ordinate plots deformation or  voids ratio e.

Soil expands when removed from test bore.





Pre-Consolidation and Over-Consolidation Pressures.



The soil par ticle could have been subjected to higher  loads than those exper ienced at present. 
Such a soil is over-consolidated. Dur ing sampling, the soil will exper ience a release of stress, and 
expands; the soil in that state is under-consolidated. A soil whose present effective overburden 
pressure is the same as the maximum pressure in the soil is said to be normally consolidated.
In the figure above, after  loading reaches a point “ c” , unloading would follow a different path 
“ cd” . The reloading path “ dfg” shows the restoration of the approximately linear  deformation 
that is typical of the Pr imary Consolidation stage I I .



This figure shows the Method 1:“ by eye” method to determine if the soil is normally consolidated or  
over-consolidated. I f pc > p the soil is over -consolidated, it is quantified with the OCR (over-
consolidated ratio) shown above. The point “ a” is chosen “ by eye” as the point of greatest curvature. 
The line “ ab” is drawn hor izontally. At point “ a” a tangent is drawn as line “ ac” . Bi-furcate the angle 
“ cab” into two equal angles � . Generate a tangent to the linear  par t of the plot at “ h” and intersect 
the line “ ad” at point “ f” . Drop a ver tical line from “ f” to the abscissa, which is pc.



This sample was taken from a bor ing sampler  at a depth of 4 m in a stiff clay with a saturated unit 
weight of 20.1 kN/m3 and a dry unit weight of 16.5 kN/m3. The phreatic table is 1 m below the 
sur face. The in-situ pressure is therefore 47.4 kN/m2, and the soil is obviously over-consolidated. The 
OCR is therefore 2.48.



The Method 2: the Casagrande method (1936) shows how the pc is estimated. I t is very similar  to the 
“ by eye” method, but differs in details, such as the use of the Schmer tmann (1955) cor rection of Cc.



Method 3:



Good clays and sands provide a coefficient of volumetr ic compression mv = 1/Es from CPT or  SPT.
The value of eo is obtained from S eo = wnGs, where S = 1 (saturated) and po' = gggg'z is the effective 
pressure at the depth z. Also, DDDDpo = gggg'dz is the increase of po' due to the new super imposed load.
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The pr imary consolidation can be easily calculated for  a one-dimensional case by compar ing the two 
figures above. Consider  a clay layer  of thickness H. Similar ity yields the relation,

and from the plot of e versus p,

where Cc is the slope of the e-log p plot, and is called the compression index. Joining both,
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The Compression Index Cc is determined from plotting field and laboratory data. A typical test will 
involve at least three oedometer  tests for  each level. Between the field sampling and laboratory tests, 
obtaining a value for  Cc may cost between $ 1,200 to $ 1,500 for each level or  depth. A bor ing with 
ten levels of samples will cost $ 15,000!

Skempton (1944) tested many undisturbed clay samples, and proposed this expression,

0.009( 10)cC LL= -

where LL is the liquid limit. A more modern cor relation was offered by Rendon-Herrero (1983),
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The next slide shows many other  proposed correlations. These can be used with caution, since they 
are not applicable to just any soil anywhere in the wor ld. Clear ly, field and laboratory data of the 
specific site where the project will take place mer it specific compressibility tests.
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Following the pr imary consolidation, some settlement continues due to the re-ar rangement of the 
solids in the soil. This stage is called secondary consolidation. Once the secondary compression index 
C� is found from the plot, the magnitude of the secondary consolidation is given by,
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and where ep is the voids ratio at the end of the pr imary consolidation.

where



Time-rate of Consolidation



The time required to reduce the excess pore water  pressure is pr imar ily a function of the distance the 
water  must travel to exit the stresses area. In this figure, the clay stratum is sandwiched between two 

layers of sand, so the fur thest distance the water  par ticles in the clay must travel to escape the pressure 
in the clay is H/2.



Kar l Terzaghi proposed a theory in 1925 that predicted the time-rate of consolidation. That 
theory is still in use today. In essence, he der ived the basic differential equation that descr ibed the 
change of the excess pore water  pressure u, as a function of time and space,

where cv is the coefficient of consolidation = k / � wmv

The solution is,

where m = an integer , M = (� /2)(2m+1) and uo =  initial excess pore water  pressure, and

The time factor

The degree of consolidation
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