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One Dimensional Consolidation of Lightly OC Clays 

Introduction 

by 
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Soft and highly compressible clays exist at many sites especially in coastal 
lowlands. Large settlements and slow rates of consolidation pose problems 

for the design of structures founded on them. Terzaghi's one dimensional 
theory of consolidation has withstood the test of time and is still widely used 
for predicting the degree of consolidation even though it is derived for a 
normally consolidated soil only. To monitor the in situ degree of consolidation, 
the pore pressures are usually measured and based on them, the degree of 
settlement is estimated. However, except in the case of simple linear . theory 
of consolidation, the degree of pore pressure dissipation and settlement do 
not agree. Some of the nonlinear theories of consolidation (Davis and 
Raymond, 1965) explain and elaborate this difference for normally consolidated~ 
soil~ • 

A soil in situ may often exist in an overconsolidated state for various 
reasons viz. cementation, isostatic uplift, glaciation, etc. (Brenner et al., 1980). 
Most soft clays exhibit pseudo-preconsolidation effect (Bjerrum, 1972) due 
to aging (creep or secondary compression), and behave as lightly over 
consolidated soils (Burland, 1971). The OCR due to aging ranges between 
1.0 and 2.0 for plasticity index ranging from O to 100. The soft clays show 
overconsolidation effect due to desiccation also. Mesri and Rokhsar (1974) 
developed a very general theory of consolidation which accounts for finite 
strains, variable compressibility and permeability, secondary compression, and 
preconsolidation effects. A similar approach has been proposed by Tavenas 
et al. (19?9), who in additi~n, consider unsaturated conditions and compressible 
po~e flmd. Bal~subramaman:i a~d Brenner (1980) present a comprehensive,.,, 
review of ~heo_nes of c~nsohdatton. No simple theory is available to predict ' 
the ~onsohdat10n of !•ghtly over consolidated soils. An attempt is made 
he_rem to extend the simple Terzaghi's theory for lightly over consolidated 
smls as a phase change process. 

• Professor of Civil Engg., I..I.T., Kanpur. INDIA and Saga University, Saga, Japan. 

• • Professor of Civil Engg., Saga University, Saga. Japan. 



ONE DIMENSIONAL CONSOLIDATION 35 

Typical clay characteristics 

Saga plain one of the lowlands, is underlain by Ariake clay whose thickness 
ranges between 15 m and 42 m. These clays have been depos ited under 
marine and brackish environments (Ohtsubo ct al., 1988). They arc soft 
(undrained shear strength is as low as 7 MPa), and sensitive (sensitivity 
ranging between 20 to 200 with liquidity index varying from 1.3 to 1.0). The 
vertical and preconsolidation profiles with depth arc depicted in Fig.1 (Miura 
et al., 1988), from which it may be noted that they arc lightly over consolidated 
with OCR ranging between 1.0 and 4.0 except near the surface where it is 
very high due to desiccation. The void ratio - logorithm of cfft:ctive st ress 
relation for a typical sample shows Cc value of about 1.1 and a C, value of 

0.15~ The coefficient of volume change, m,., for virgin compression. ranges 

r (Fig. 2) between 3.0 to. 0.3 111 2/MN while the coefficient for reloadin~. m" 
lies in the range 0.5 to 0.05 m~/MN. Thus, m,,. is a small fraction of 111, ,. 

Theory 

A finite clay layer of thickness, H, consolidating under stress incre ment, 
!!:..a, (Fig 3a), and governed by bi-linear void ratio-effective stress re l at ion 
(Fig. 3b), is considered. The present theory incorporates all the assumptio ns 
(infinitesimal deformations, Darcy's law, one dimensional flow and deformation, 
linearity of void ratio - effective stress relation along the virgin compression 
curve, etc.) of Tcrzaghi theory except that the soil is lightly over consolidated. 
Point A (Fig. 3b) represents the initial stale (e 11 and a'0) of the soi l. If a 

- , uniform stress incre ment , !!:..a, is applied to the soil represented hy point A 
on the reloading part of the curve, the stress in the soil passes through point 
B to point C 'on the virgin compression line, provided the stress increment 
is large enough. The path A to B is in the O.C. range while the path B to 
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FIGURE 2 Typical in-c • Vold Ratio Relation for Undisturbed Clay (Onitsuka, 1988) 

C is along the N.C. line. For simplicity AB and BC are considered to be 
straight lines. The slope of the e - a ' curve for the recompression stage is 
defined as coefficient of volume change for recompression, 111..,, while the 
slope of BC is mvc, the coefficient for virgin compression. The ratio, µ, 
defined as 

(1) 

signifies the relative magnitudes of the two compression coefficients. Even 
though during consolidation, every element of the soil experiences the same 
path ABC, the overall response of a clay layer of finite thickness will differ 
from it, since points at different depths pass through point B at different 
times. Initially i.e. at time, t = 0, all points will be at A (Fig. 3b). Once 
consolidation begins, points close to the drainage boundary traverse through 
the OC state (A to B) very rapidly and pass on to the NC stager (B - C). 
With increasing time, the depth over which the pore pressures have dissipated 
enough to make the effective stresses exceed the preconsolidation stress, 
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FIGURE 3 Definition Sketch (a) Consolidating Layer, (b) Bl-linear e - a ' Relation and 
(c) Dlscretisatlon 

o ' c• increases. The boundary M-M (Fig. 3a) between the normally consolidated 

soil and the soil in the OC state moves down as function of time. The depth, 
H; to the interface M-M, increases from 0 at time, t = 0 lo H after a certain 

time, t; ', after which the whole consolidating layer follows the virgin com~ 
pression line. The time, f; , at which all the elements of the soil· are in a 

N.C. state, depends on the stress increment, ~ o, and the OCR 
1 (a' c - a' 0 ). Hence, consolidation of a lightly O.C. soil is a moving (internal) 

boundary problem in which the interface between NC and OC states moves 
from the drainage boundary towards the impervious boundary as a function 
of time. 

Following Terzaghi, the coefficient of permeability, k, and the two coef
ficients of volume change, mv, and i11vc ,. are assumed to be constant during 
a particular load increment. Consequently, the two states, OC and NC of 
the soil are governed by the two coeffi cie nts of consolidation, 
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eve , and eve , inversely proportional to 111,,,, and 111,c, respectively. The con
solidation of a lightly oe clay layer of thickness, H, is akin to that of a two 
layered soil, but with a difference. The interface between the two layers 
moves as a function of time. At any time, t, the interface is at depth H 
from the top, and the_·consolidation phenomenon is governed by ' " 

Layer I 
au~ 02itl 

for 0 < z < H (2) ar= eve azt I 

Layer II 
au2 . 

e 
o2it l 

for H < z < H (3) = oz2 at vr I 

where u 1 = u 1 (z, t) and u2 = u2 (z, t) are the pore pressures in the top (N ◄ 
C) and bottom (0 C) layers respectively, z and t - the depth and the time 
variables. The boundary and the initial conditions are: 

> 0, u = 0 at z = 0 

> = 0, iJu I oz = 0 at Z = 0 

(4) 

(5) 

t > 0, 111 = uv kiJu/ oz = kou/ iJz, and a ' = a'c at z = Hi (6) 

t = 0, u1 = 112 = t!J.a = 110 . for 0 < Z < H. (7) 

where 110 is the intitial pore pressure. It is difficult to obtain an analytical 
solution to Eqs.(2) and (3) subject to be condition specified in Eqs.( 4) 
through (7). The explicit finite difference approach is adopted to solve the -.,,; 
above equations. Dividing the clay layer into II suhlayers each of thickness 
/!J.H = H/11 (Fig.3c). Equations (2) and (3) are nondimcnsionalised as 

and 

w~T+M = w~T + It{ W;-.1.T - 2W;. T + W;+ 1.T} 

where 

for i < /
1 

for j < /
1 

(8) 

(9) 

~ince the permeabilities. af the two zones are the same at point B on -, 
the mterface, or i = /0 it can be easily shown ( Das, 1993), that 

w AT = w + ')R 1(1 +11) { w - 2W . + w } (10) 1,T+u 1,T f e r i -J. T.. i. T i + J. T 

The impervious bottom boundary is accounted for by taking 
Wn+2, T = Wn. T which implies Eq.(5). Initially, i.e., at T = 0, the normalized 
pore _pressures are 
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W = 1·0 ,,o for all i. (11) 

To ini~iate consolidation, the pore pressure at node 1, i.e. at the drainage 
boun_dary 1s equated to ~ero and a gradient for flow set up. In the numerical 
solution, at T = 0, the soil over its full depth is in lightly OC state and the 
interface between N.C. and OC states is at Z = 0 (/1 = 1). The pore 

pressures at the first time increment (t).T) are evaluated from Eq. (9) and 
the effective stress, oi, T , calculated at each node as 

0 i,T = 0 o + t).o - J-V;,T fl o (12) 

and checked with the maximum past pressure, o ' r: If 

o '. > o ' ,.T r (13) 

the soil goes into a NC state and the depth over which o ';,T > o 'c is noted. 

For the next time increment, Eq. (8) is used for the nodes wholly in the 
NC state, Eq. (9) for the nodes wholly in the OC state and Eq. (10) for 
the node on the interface, i.e. for i = Ic These steps are repeated for each 
subsequent time increments and the progress of the NC !OC front and the 
respective consolidations are monitored. The time step, t).T, and the sublayer 
depth, !).Jf, are chosen such that it does no t increase by more than one 
during any time step. That is, the transition from the OC state to the NC 
state takes place over only a small depth of the layer (llH). The accuracy 
of the solution can be further increased by choosing a sufficiently large value 
for n. 

After the calculation of pore pressures at each time step, the normalized 
residual pore pressure, Up, is calculated as 

H 

UP = (1/ H) f u dz lzt0 
0 

or numericaJly using the Simpson's rule. 

(14) 

The degree of settlement, V,, is calculated as follows: The final settle ment 

of the clay layer, Sr , is 

Sr = { mvr(o'c -01

0 ) + m ,,c (01

0 + !).a - a'J } H or (15) 

= m ,,c t:.o H { (OCR -1)/ ,u + SIR - OCR) }! SIR (16) 

where 

OCR = a' l a' SIR 
C c> 

The settlement, !!Si, 0 of the ith layar at any time, t, is 

if a ' < a ' t:. S . = m (a' - a '0) !). H 
C I, [ ,·r (17) 
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= m,c. l'J.a. Aff { 11S!R + 1 - Jt'..T} (18) 

and 

if a ' > a'c Af,, T = { 111,r· (a'c - 0 1

0 ) + 111,
0

• (a' - 0 1

0
)} Af{ (19) 

= m,c . Ila . Aff {(OCR - 1) Ip. SIR+ 1/ SIR+ 1 - OCR I SIR - w;_ T} 

(20) 

The total settlement, S, , of the layer at time, t, 1s 

s,. = ~ .!JS. LJ I,( 
(21) 

The settlement of the rt layer is calculated as the average of Eqs.(18) 
and (20). The degree of -settlement, U, , is 

(22) 

Results 

Initially, the accuracy of the numerical solution is check~d by analyzing 
a normally consolidated soil, i.e. with OCR = 1.0 but varymg the number 
of elements II into which the consolidating soil, is divided. The value of 
f3r is taken ;s e~ual to 1/6 to keep the numerical errors in the finite difference 
equations to a negligible level. A value of 11 equal to 20 has been chosen 
as any further increase in its value did not improve the accuracy. The, results 
agree closely with Terzaghi's values. A parametric study is carried out with 
the following ranges for the parameters considered: 

µ : 2 - 50 ; OCR : 1.0 - 2.5 ; SIR: 1.0 - 5.0 

Transition from O C. to N. C. Phase 

Firstly the progress of consolidation with time is studied with respect to 
the movement of the normally consolidated/over consolidated (NV/OC) in
terface with time (Fig. 4). H; is the normalized depth to the NC!OC interface 
or front. 1At T = 0, the front is at the top and H; is equal to zero. With 
increasing time, the front moves down and reaches the bottom i.e. H; / H 
= 1.0, after a certain time, beyond which the whole soil behaves as NC s.oil. w 
Therefore at any time, t he soil above H ; is in a NC State while the soil 
below H; is in the OC state. The rate of movement of the front or interface 
is a function of the parameters µ , The movement of the front is faster for 
soils with higher values of the compressibility ratio, p, since the coefficient 
of consolidation for the OC phase is higher if 11, is larger. Comparing curves 
for OCR equal to 1.1 and 2.0 (Fig. 4), soil with a lower OCR transits sooner 
into the NC state since even a small stress increment of 0.1 a '

0 
is adequate 

to change the state of the soil from OC to NC state. And if .SIR is small, 
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e.g. 1.1, for a soil with an OCR of 2.0, the soil is almost wholly in the 
reloading stage and hence the NC!OC front moves much faster than the 
curve for SIR = 2.0, with , , and OCR remaining the same. 

r Pore Pressure Dissipation 

Figure 5 presents the van a!Ion of normalized residual pore pressure, 
Up, with the time factor, T, for different values of p, which represents the 
ratio of the coefficients of volume change for virgin compression and reloading. 
For low values of ,, ( = 2), the varia tion Up with T is nearly the same as in 
Terzaghi's theory for normally consolidated soil. Up decreases uniformly with 

time factor. With increasing clauses of µ , implying higher coefficients of 
consolidation for the reloading stage, since mvr is smaller compared to mvc, 
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the pore pressure dissipation is faster in the early time periods but becomes 
slower at later times. For µ equal to 5 and 10, the transition from higher 
to lower rates of dissipation takes place at T equal to about 0.1 and 0.01 
respectively. The initial rate of pore pressure dissipation is very high for --, 
µ = 50 since mvr is very small. The overall rate of pore pressure dissipation 
slows down considerably when the upper part of the consolidating layer 
transits into the normal consolidation state and controls the dissipation of 
the pore pressure in the lower part which may still be in the reloading state. 
Mesri and Choi(1979) report field observations where pore pressures show 
rapid decrease initially and remain stationary for some time thereafter while 
settlement continue. At large times, i.e. T .? 0.5, all the curves for µ = 2 
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to 50 tend to get closer and merge at about T .= 1.2. The ratio µ effects 
the rat_e of pore pressure dissipation for Up values .up to about 10%. 

1 
A similar pattern of behaviour is observed for UP versus :r variation for 

·soils with different OCR (Fig.6). For soils with low (OCR s 1.1), the 
Up vs T relation is identical to the Terzaghi curve. The rate of ·pore pressure 
dissipation increases in the early stages of consolidation, with increasing values 
of OCR. For soils with OCR values of 1.1, 1.75, and 2.5, the normalized 
residual pore pressure values are about 13%, 54%, and 35% respectively at 
T = 0.05. The transition from faster to slower rates of pore pressure dissipation 
takes place at increasingly later tirries for increasia.g values of OCR. For soils 
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with high OCR values, a major part of the stress increment is in the reloading 
stage and soil passes into the N. C. state at later times wherein the dissipation 
rates are slower. 

The stress increment ratio, SIR, also has a significant effect on Up vs T 'f 
relation (Fig. 7). For a N.C. soil obeying linear void ratio - effective stress 
relation, SIR is not a parameter of significance. However, if the soil exhibits 
non-linear stress - strain behaviour or secondary compression, SIR is shown 
(Davis and Raymond, 1%5, Wahls, 1962, etc.) to influence the consolidation 
phenomenon. A similar effect due to SlR can be noted in Fig. 7. A higher 
value of SIR implies a smaller range of over consolidation and closer is the 
Up - T variation to the linear Terzaghi theory. For smaller values of SIR, 
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the curves move downward indicating faster rates of pore pressure dissipation 
because of larger contributions of the OC stage. 

D~gree of Settlement 

The degree of settiement, U., versus time factor, T, relations as effected 
by the ratiosµ, OCR, and SIR, are presented in Figs. 8, 9 and 10, respectively. 
Interestingly compared to the effects of these parameters on UP - T relation
ships, their influence U, - T on relations is relatively small. Results of Mesri 
and Rokhsar (1974) and Tavenas et al. (1979) also show similar feature. In 
particular, for µ increasing from 2 to 50, the difference in the two U, - T 
curves (Fig. 8) is very small ( < 3 % ) and Terzaghi's relation--is close enough 
f~r all practical purposes. 
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Deviations from Terzaghi's theory become apparent (Fig. 9) in the 
U, - T relationships with increasing values of OCR. Compared to a N.C. 

consolidated soil, a lightly 0. C. soil exhibits faster rates of consolidation. For 
an OCR of 2.5, the degree of settlement is about 5 to 7 % more than tha · 
for N.C. soil for T values in the range 0.01 to 0.4. In the early and the final 
stages of consolidation, the U, - T relations are independent of the OCR of 
the soil. The stress increment ratio also has a relatively small effect on the 
U, - _T variation. For a soil with µ = 10 and OCR of 1.5, the difference in 
curves (Fig.IO) with SIR of 1.0 and 5.0 is less than 2 to 3% in U~ values at 
any time factor. A large SIR, as mentioned earlier, implies that consolidation 
progresses predominantly in the N.C. range and the U, - T relations are 
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nearly identical with Terzaghi's. For SIR equal to 1.0 the soil experiences 
over consolidation effects over half the stress increment (since OCR = 1.5), 
and virgin loading for the remaining stress increment. The u. - T relation 
for this case lies below the curve corresponding to SIR = 5.0,. indicating a 

,slightly faster rate of settlement because the soil is in the lightly OC range 
over a significant part of the stress increment. 

Conclusions 

Many natural clays are lightly over consolidated with OCR ranging between 
1.0 and 4.0. Under a given stress increment, the soil initially goes through 
a -reloading stage while. the effective stresses are smaller than the precon
solidation stress, o' 0, and then pass on to the normal or virgin compression 
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state at later times. Since the soil near the drainage boundary gets consolidated 
first, the soil Jayers close to it reach the virgin compression phase soon and 
contro! the dissipation of pore pressure through the soil. The soil layer now 
comprises of a normally consolidated layer over an OC zone with the interface 
between the two travelling down as a function of time.· An extension of 
Terzaghi's consolidation theory as a phase change process, is presented here 

as applicable to)ightly OC soils. The governing equations are solved numeri
cally. The normalized residual pore pressure, Ur, versus time factor, T, and 
degree of settlement, U., versus T relati0nships are obtained for the ranges 
of parameters -studied. Because of the bilinear void ratio - effective stress 
relationship, the Ur - T and U5 - T relationships differ. A parametric study 
brings out that the Ur - T relationships are significantly affected by t~c rat!os 
µ ( = mvc / mvr), OCR and the SIR ( + Aa I a' 0) while the U, - T relat1onsh1ps 
are not. Lightly over consolidated soils in general exhibit faster rates of pore 
pressure dissipation and only slightly higher rates of settlement than normally 
consolidated soils. 
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Notation 

e 

H 

H. 
I 

n 
OCR 

SIR 

T 

ONE DIMENSIONAL CONSOLIDATION 

coefficients of consolidation for NC and OC phases; 

void ratio; 

initial and final void ratios; 

void ratio at preconsolidation stress; 

thickness of clay layer; 

depth to NC!OC interface; 

H/Afl; 

coefficient of permeability ; 

coefficient of volume compression for NC and OC 

phases; 

number of sublayers; 

over consolidation ratio; 

stress increment ratio; 

final settlement and settlement at time t; 

C . t I lf2 - time factor; vc 
time 

normalized residual pore pressure; 

degree of settlement; 

pore pressure; 

initial pore pressure; 
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pore pressures in top (N.C.) and bottom (O.C.) layers; 

W = u/u
0 

- normalized pore pressure; 

z 
z 

µ 

a' 

ao 

o ' 
C 

= 

z/H - normalized depth; 

depth; 

Cvc ( or Cv,)'/1T I (Af/)2 

H/n; 

increment m time factor; 

applied stress increment; 

171vc I 111v r ; 

effective stress; 

initial effective stress; 

preconsolidation stress. 




