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L oads 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 surface due to the squeezing out of the water
and air volumes (much like pressure on a water-soaked sponge). The behavior of the soilsunder these
loadsis modeled by the Theory Plastic Compressibility of Soils (Consolidation). Thistheory assumesa
one-dimensional (vertical) compression over alarge area squeezing out of water and air from the
voids. Thistype of settlement istypical for clays, and characteristically isvery slow. Consolidation is
time dependent and may take place over yearsor decades.




The mechanical behavior of soils can be elastic or viscoelastic (non-conservative). The elastic
behavior can be either linear or non-linear.
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Figure 2. Elastic - plastic behavior

Visco-elastic behavior iswhen stressistime-dependent on strain and non-conser vative behavior
Iswhere soils have strain memory (per manent defor mation after unloading). For example, although
stressat point “A” may be construed to be due to the overburden of h aboveit, the soil “recalls’ the
stressinduced by a higher h, now eroded away.

———————————— Past surcharge from a now eroded soil

Present ground surface

Pressureat A > gh

— O . .
A Soil particleat “A” recalls past

_ _ _ _ condition of surcharge.
Figure 3. Visco-elastic behavior
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pressur e to escapein two directions. The excess porewater isthe pressureincrease dueto the added
surface pressure, represented by p above. Attimet =0all of piscarried by the excess pore water
pressure u. Astime progresses, the porewater dissipatestowardsthe two sand strata, and u tendsto
reduceto zero, albeit at time = infinity.
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CONSOLIDOMETER

The one-dimensional consolidation test, also called the oedometer test (ASTM D2435) isused to
obtain settlement and time parameters. The metal ring confinesthe soil sample laterally. Therefore,
settlement and drainage can only occur vertically in the consolidometer (hence, one-dimensional). In
reality, a clay stratum will drain radially, in addition to vertically. A 3-D test however, isvery
difficult both to test and analyze. The oedometer test must be performed on “ undisturbed” samples
with diametersthat range from 45 to 115 mm, and heights of 20 to 30 mm. Thelarger the sample,
the better the parameters, albeit at higher costs.



Restored voidsratio g, of the soil sample at depth of test.

Stage I Initial Compression Soil expands when removed from test bore.
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= Stage II Primary Volume of defor mation comes from squeezing
§ consolidation out water from the soil pores.
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Volume of defor mation comes from crushing
Stage III: Secondary consolidation the solid partiCIeS.
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Time (log scale)

Time—-clefaormation plot during consolidation for a given load increment

The two most common ways of describing settlement through plots are the Casagrande and the
Taylor methods. The plot above uses alogarithmic scale for the abscissa (time, and pressure). The
ordinate plots defor mation or voidsratio e.






Pre-Consolidation and Over-Consolidation Pressures.



Vold rotio, e

Pressure, p (log scaled

The soil particle could have been subjected to higher loads than those experienced at present.
Such a soil is over-consolidated. During sampling, the soil will experience arelease of stress, and
expands; the sail in that stateis under-consolidated. A soil whose present effective overburden
pressur eisthe same asthe maximum pressurein the soil is said to be normally consolidated.

In the figure above, after loading reachesa point “c¢”, unloading would follow a different path
“cd”. Thereloading path “dfg” showstherestoration of the approximately linear defor mation
that istypical of the Primary Consolidation stagel|.




Fe= preconsolidation pressure of a specimen

A P=present effective vertical pressure

ocr= e

Void ratio,e

FPressure,pllog scale>

Thisfigureshowsthe Method 1:“ by eye’” method to deter mineif the soil is nor mally consolidated or
over-consolidated. If p. > p the soil isover-consolidated, it is quantified with the OCR (over -
consolidated ratio) shown above. The point “a” ischosen “by eye” asthe point of greatest curvature.
Theline®“ab” isdrawn horizontally. At point “a” atangent isdrawn asline“ac”. Bi-furcatethe angle

“cab” into two equal angles . Generate atangent to thelinear part of the plot at “h” and inter sect
theline“ad” at point “f”. Drop avertical linefrom “f” to the abscissa, which isp..
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This sample was taken from a boring 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 tableis 1 m below the
surface. Thein-situ pressureistherefore 47.4 kN/m2, and the soil is obvioudy over-consolidated. The
OCR istherefore 2.48.



TheMethod 2: the Casagrande method (1936) shows how the p. isestimated. It isvery similar to the
“by eye” method, but differsin details, such asthe use of the Schmertmann (1955) correction of C..



Method 3:



Good clays and sands provide a coefficient of volumetric compression m, = VE_ from CPT or SPT.
Thevalueof g, isobtained from Se, = w,G,, where S=1 (saturated) and p,' = gz isthe effective
pressure at the depth z. Also, Dp, = gdz istheincreaseof p,' dueto the new superimposed load.
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Theprimary consolidation can be easily calculated for a one-dimensional case by comparing the two
figures above. Consider aclay layer of thickness H. Similarity yieldstherelation,

DH De De |

— and from the plot of e versusp, —:CC ICg(p0+D3)- |Og po
H 1+e 1+e

where C. isthe slope of the e-log p plot, and is called the compression index. Joining both,

DH = e




The Compression Index C. isdetermined from plotting field and laboratory data. A typical test will
involve at least three oedometer testsfor each level. Between the field sampling and laboratory tests,
obtaining avaluefor Cc may cost between $ 1,200 to $ 1,500 for each level or depth. A boring with
ten levels of sampleswill cost $ 15,000!

Skempton (1944) tested many undisturbed clay samples, and proposed this expression,
C. =0.009(LL - 10)
whereLL istheliquid limit. A more modern correlation was offered by Rendon-Herrero (1983),

C. =0.141G1 (11 %2
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The next slide shows many other proposed correlations. These can be used with caution, since they
are not applicableto just any soil anywherein theworld. Clearly, field and labor atory data of the
specific site where the project will take place merit specific compressibility tests.









Following the primary consolidation, some settlement continues due to the re-arrangement of the
solidsin the soil. This stage is called secondary consolidation. Once the secondary compression index
C isfound from the plot, the magnitude of the secondary consolidation is given by,

. L, . C
— — where C,=—~°
DH,=C,H Iog(tl) h " “Tre,

and where g, isthevoidsratio at the end of the primary consolidation.

id ratio,




Time-rate of Consolidation



Thetimerequired to reduce the excess porewater pressureisprimarily afunction of the distance the
water must travel to exit the stressesarea. In thisfigure, the clay stratum is sandwiched between two
layer s of sand, so the furthest distance the water particlesin the clay must travel to escape the pressure
in theclay isH/2.



Karl Terzaghi proposed atheory in 1925 that predicted the time-rate of consolidation. That
theory isstill in usetoday. In essence, he derived the basic differential equation that described the
change of the excess pore water pressure u, asa function of time and space,

Tu_ . Tu
m 9z

where c, isthe coefficient of consolidation =k / ,m,

The solution is,

wherem = an integer, M = ( /2)(2m+1) and u, = initial excess pore water pressure, and

Thetime factor t _
= iz =time factor
dr
The degree of consolidation U = U, - U, —1- &
Z
u u
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