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Consolidation behavior around pc value by inter-connected oedometer test  
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ABSTRACT 
Using the inter-connected oedometer (ICO) apparatus, consolidation behavior with different specimen thickness is studied under
normally consolidated state and at state of transition from the in situ stress (p’vo) to the yield consolidation pressure (pc). Tested 
specimens were intact Pleistocene clays retrieved from the Osaka basin. The validity of the strain rate theory was confirmed by the 
relationships between the effective stress and strain, which vary with distance from the drainage boundary.  

RÉSUMÉ
En utilisant l’oedomètre inter-connecté (EIC), le comportement en consolidation de spécimens de différentes épaisseurs est étudié 
dans leur état normalement consolidé et dans celui de transition entre la contrainte in situ (p’vo) et la contrainte de pré-consolidation
(pc). Les échantillons utilisés sont des argiles pléistocènes provenant du bassin d’Osaka. La validité de la théorie du taux de
déformation a été confirmée par la relation entre les contraintes effectives et la déformation, laquelle varie en fonction de la distance 
de drainage. 

1   INTRODUCTION 

Since Ladd et al. (1977) reviewed in their state of the art at the 
Tokyo ICSMFE, one of the most controversial issues in 
Geotechnical engineering has been whether the secondary 
compression takes place during and/or after the primary 
consolidation: the Hypotheses A or B. As described later, when 
the consolidation pressure (p) is close to the yield consolidation 
pressure (pc) value in conventional consolidation oedometer test, 
most settlement is generated after dissipation of the excess pore 
water pressure. As a result, the estimated or calculated 
settlements are considerably different whether the Hypothesis A 
or B is employed.  

For a solution of this issue, the consolidation test varying the 
specimen thickness is effective. However, if the thickness of the 
specimen is larger, the friction between the specimen and the 
inside wall of the oedometer ring cannot be ignored. To reduce 
the effect of this friction, the inter-connected oedometer (ICO) 
has been used, where the several oedometer rings are directly 
connected (for example, Aboshi et al., 1981; Imai et al., 2003). 
In their experiences, they did not use intact but reconsolidated 
samples to avoid make scatters in their test results. In addition, 
the stress level in their studies was at normally consolidated 
(NC) state. In this paper, using the ICO test, the influence of the 
specimen thickness on the consolidation behavior around the pc
value is studied for Pleistocene clays recovered from the Osaka 
basin. 

2   TESTING METHODS AND SAMPLES 

2.1 Testing apparatus

The Inter-Connected Oedometer (ICO) apparatus used in this 
study is schematically illustrated in Fig. 1. The diameter of the 
ring is 60 mm, which is the same as the conventional oedometer 
test. The initial height of the specimen was varied between 10 
and 20 mm, depending on the total thickness of the specimen. 
Each oedometer ring was connected by a copper tube to 
minimize the volume change due to the change in the excess 

pore water pressure. The change of the water pressure was 
measured by the diaphragm type of the transducer equipped in 
the copper tube. The settlement of each ring was measured by a 
gap sensor. The consolidation pressure was applied by water 
pressure. A backpressure of 200 kPa was applied.  
 The soil elements in the ring are numbered from the 
drainage, as shown in Fig.1. A strain and strain rate, for 
example, in the soil element No.1 (the closest to the drainage) 
are named as ε1 and �1, respectively. The pore water pressure is 
also numbered as u1, which is measured between the elements 
No.1 and No.2. 

2.2 Sample and testing conditions

Two Osaka Pleistocene clays were used in this study, namely 
Ma10 and Ma3. Table 1 gives the consolidation as well as index 
properties of these clays, where the consolidation properties 
including the pc value were measured by the Constant Rate 
Strain (CRS) test at a strain rate of 3.3x10-6s-1. The more 
detailed information on these properties is given by Tanaka, et. 
al. (2002). 
 The e-logp relations and the stress range in the ICO test are 
indicated in Fig. 2. The tested materials are typical clay with 
highly developed structure: i.e., considerably large volume 
change is observed when the p’ exceeds the pc value. For the 
Ma10 sample, the applied stress range was from 2 times of pc
(2pc) to 3 times of pc (3pc); for the Ma3, its range was from the 
p’vo to the pc, where the p’vo is the in situ effective overburden 
pressure. It is expected that the settlement generated in the Ma3 
sample should be smaller than that in the Ma10 sample. 
 Testing conditions are shown in Table 2. For example, the 
H10 in the Test Number of the table indicates that the total 
thickness is 10 cm (one side is drainage, and another side is 
undrainage), consisting of 5 elements with 2 cm thickness. 
According to this naming, the conventional incremental loading 
oedometer test corresponds to “H1”. 
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3   TEST RESULT 

3.1 Influence of the specimen thickness

Figures 3 and 4 show the relation between ε/excess pore water 
pressure(u) at the undrainage side and elapsed time (t) for Ma10 
(normally consolidated (NC) stage) and Ma3 (overconsolidated 
(OC) stage), respectively. The ε is based on the height of the 
specimens before the applied pressure, and the average of the 
strains in all soil elements during the test. In these figures, the u
is normalized by the applied incremental consolidation pressure 
(∆p). In order to examine the validity of Terzaghi’s 
consolidation theory, the time is normalized by the square of 
thickness (H2).
 In case that the stress level is at the NC state, both the u/∆p
and ε can be defined by the normalized time of t/H2. On the 
other hand, in case of the OC, although the u/∆p can be in 
general related to the t/H2, the dissipation of u is retarded at 
u/∆p of 0.4 as the thickness increases. The ε in OC state does 
not proceed according to t/H2 rule. That is, as the thickness 
decreases, the much more t/H2 is required to attain the same 
strain level. This means that when the specimen thickness is 
larger, the consolidation proceeds much faster than that 
expected by the H2 rule (Hypothesis A).  
 It should be noted that in case of the NC state (Ma10), the 
generated strain coincides well with dissipation of the excess 
pore water pressure. For example, at the t/H2 of 2,000 s/cm2

(u/∆p=0.1), the ε is about 5 %. And at 100,000 s/cm2 (u/∆p=0) , 
the strain reaches at about 7 %. Most of the strain is generated 
by change in the effective stress. On the other hand, in case of 
the Ma3, whose stress level is very close to the pc value, most 
of the strain is generated after the dissipation of the excess pore 
water pressure. This tendency is much more prominent as the 
specimen thickness decreases. For example, in case of H2, the 
time for the dissipation of the excess pore water pressure is 
gained at about 300 s/cm2. At this time, the generated strain is 
only 1 %. However, 9 % strain is generated at 1,000,000 s/cm2.
As the specimen becomes thick even at the OC state, the strain 
generated by the increase in the effective stress apparently 
becomes large. 

Test Number H2 H5 H10 
Layer Ma10 
Load Range 2pc �µ  3pc
Total Thickness (cm) 2.0 5.0 10.0 
Num. of  Element 2 5 5 
Thickness of Element 
(cm) 1.0 1.0 2.0 

Duration of precon. 
(x104s) 1.4 9.0 34.6 

Test Number H2 H5 H10 H20 
Layer Ma3 
Load Range p’v0 – pc
Total Thickness (cm) 2.0 5.0 10.0 20.0 
Num. of Element 2 5 5 10 
Thickness of Element 
(cm) 1.0 1.0 2.0 2.0 

Duration of precon. 
(x104s) 1.4 8.7 37.5 325 

Table 2. Test Conditions Back
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Figure 1. Illustration of the Inter-connected oedometer apparatus

Table 1. Main properties of soils used in the investigation 

Layer Ma10 Ma3 
Elevation (COD m) 125 276 
Sample No. T86 D149 
p’vo (kPa) 760 1950 
pc (kPa) 960 2540 
OCR 1.26 1.30 
Ccmax 1.02 2.74 
Cc1 0.76 0.65 
e0 1.35 1.68 
wL (%) 103 108 
wP (%) 39 39 
wn (%) 50.9 61.9 
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3.2 Behavior of individual elements at NC state

Unlike a triaxial test, the strain and effective stress are not 
uniformly distributed in a specimen during consolidation test 
because the excess pore water pressure dissipates from the 
drainage side. One of the most attractive features of the ICO 
test is the ability of measuring the p’ and ε in each soil element 
with different drainage distance during consolidation.  
 Figure 5 shows the ε and p’ relation for each soil elements 
for Ma10 (its stress level is at the NC state), indicated by 
conscious lines. The vertical effective stress (p’) was calculated 
from the applied consolidation stress, which was reduced by the 
average excess pore water pressures measured at both sides of 
the element. The ε was obtained from the gap sensor, divided 
by the height of the soil element at the start of the consolidation. 

 From this figure, two important points can be found: 1) the 
relationship between ε and logp’ is not linear (note that the 
horizontal axis in Fig 5 is the logarithm scale); 2) in addition, 
its relationship is different among the elements. As the element 
is close to the drainage, the ε generated by change in p’ is small, 
in other words, the most strain is developed under the constant 
p’.
 These behaviors can be interpreted by the isotahces theory, 
where the change in e (or ε) is not governed only by p’, but also 
by the strain rate (�). According to this theory, the reason for 
different relationship between p’ and ε in each soil element is 
different �.
 It is known from previous papers (for example, Imai et al.,
2003) that at NC state, the equi-strain rate line with different �
can be expressed by a family of parallel lines linearly to the 
logp’. In the testing procedure for the Ma10, the each soil 
element was previously consolidated at 2pc (= 1922 kPa) for the 
duration indicated in Table 2. At the final time of the 
pre-consolidation, i.e., before the start of this test, the strain rate 
for every soil element was about 8.3x10-9s-1. Since the strain 
indicating in Fig. 5 is based on the height after consolidation of 
2pc, the � at the starting point in this test (i.e., ε = 0.0) is 
8.3x10-9s-1. On the other hand, the point of � of 8.3x10-9s-1 at 
the end of consolidation in this test, i.e., at 3pc (= 2883 kPa) can 
be also indicated in the figure. The straight line through these 
two points should be the equi-strain rate line of 8.3x10-9s-1 (by a 
dotted line in the figure). The gradient of this line expressed in 
terms of e may corresponds to the compression index (Cc)
measured by the CRS test. In fact, the Cc in Fig. 5 is 0.68, while 
the Cc measured by the CRS test is 0.65, being very close to 
each other. 
 The equi-strain rate lines of other � can be drawn with the 
same slope of 8.3x10-9s-1 (dotted lines in the figure). Although 
most points for the same � are distributed in a small restricted 
spot of the ε-logp’ space, it seems that the locus for 3.3x10-7s-1

can be traced by the line with the same slope as that of 8.3 x10-9

s-1.
 Based on these equi-strain rate lines, the stress shift due to 
the change in � will be examined. The number in the 
parenthesis in Fig. 5 indicates the ratio of how to reduce the 
stress with a decrease in �, based on � of 3.3x10-6s-1. Figure 6 
shows how the value of pc is shifted by the change of in �,
measured by the CRS tests. In this figure, CRS1 is the test 
where the CRS test was performed at various � for individual 
specimens. CRS2 is used by the same specimen but the strain 
rate was changed during testing. The stress shift due to �
measured by the CRS tests agrees fairly well with that by the 
ICO test. 
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 The above procedure cannot be directly applied to the result 
from Ma3 where the stress range is from the p’vo to the pc,
because the equi-strain rate lines do not consist of the straight 
lines in this stress range. Based on the ε - logp’ relation 
measured by the CRS test (the equi-strain rate line of 3.3x 10-6

s-1) and using the rate effect measured from Ma10 at the 
normally consolidated stage (in Fig. 6), a family of equi-strain 
rate lines is estimated by the normalization rule of Leroueil et al.
(1985). It can be seen in Figure 7 that points at various �
measured by the ICO coincide well with loci of equi-strain rate 
lines estimated by the CRS test. Therefore, it can be concluded 
that the isotache model is quite useful method to predict 
settlement including the secondary consolidation stage. 

4   CONCLUSIONS 

Using the Inter-connected oedometer apparatus, the influence of 
specimen thickness was studied at the overconsolidated (OC) 
and normally consolidated (NC) states. The tested soils are 
retrieved from the Osaka Pleistocene clay layers, whose OCR 
may not have been created by stress history, but by the ageing 
or cementation. 
 When the stress range is at the OC state, the most part of the 
settlement occurs after dissipation of the excess pore water 
pressure. However, when the specimen is thicker, the 
proportion of the settlement due to increase in the effective 
stress becomes larger. The validity of Isotaches theory was 
confirmed by the relationships between the effective stress and 
strain, which vary with distance from the drainage boundary. 
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