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Consolidation Behaviors of Compacted Soils
Using a Large Scale Oedometer

Sohji Inous

Faculty of Bioresources, Mie University

The paper describes on the results of investigation for consolidation behaviors of a compacted soil
conducted by using a large scale cedometer (the size of the ring is 30 cm in diameter and 10 cm in height).
As compared with the results obtained by the large scale oedometer and the standard one (6cm in
diameter, 2 cm in height), the auther found that both gave identical values in the volume compressibility of
consolidation m,, however, there were some considarable differences in the coefficient of consolidation ¢,

These phenomena can to some extent be explained quantitatively applying the dimensional analysis
(Fig. 3, 4 and Eq.(2)).

Settlement versus time elapse relationship for a compacted soil is that the degree of immediate
settlement is large. This is represented by two curves, which are due to the immediate settlement and
the consolidation settlement, using a numerical calculation method (Fig. 5, 6). Besides, distribution of the
pore pressure during the consolidaton test was measured by a small pressure meter which was placed at
the center of the specimen.

As compared with the values calculated by Terzaghi's one dimensional theory of consolidaton, the
primary consolidation settlement for a compacted soil was found to be the validity of Terzaghi's theory on
the saturated soil (Fig. 7, 8, 9 and Eq.(11)).

Key words: compression, consolidation test, pore pressure, compaction, settlement

1. Introduction

The consolidation test is a model test in which a specimen of soil is subjected to pressure in order to predict
the deformation that would occur to a stratum of soil under similar pressure in the field”. The success of the
test depends on how well the model test represents the situation in nature. For the case of relatively
hetrogeneous soils of compaction, it may be desirable to perform laboratory tests using the large scale sample®,
This paper presents some examples of the behavior of the consolidation of the compacted soil by the large scale
oedometer with specimens about 10 cm in height and 30 cm in diameter.

The purpose in this paper is to determine the difference of consolidation parameters measured in the large
scale oedometer and the standard one (2 cm-height and 6 cm-diameter specimens) when used the fine-graded
soll as the embankment materials, and to develope a fitting method of calculation for time-settlement
relationships obtained in the large scale consolidation tests.

The second purpose of this study is described in which an attempt is made to verify the theoretical
distribution of the pore pressure during one-dimensional consolidation tests in the compacted soil by measuring
the pore pressure at each side of the ring across diameter during tests.
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2. Description of Apparatus and Testing Procedures

Fig. 1is a schematic diagram of the large scale oedometer apparatus. The size of the ring is 30 cm in inside
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Fig. 1 Schematic diagram of large-scale oedometer (Dimensions in mm)

The consolidation pressures applied to the specimen during testing are provided by the rubber jack being
filled with air through the air compresser. The capacity has been designed for the maximum pressure of 50
kgf/em®.  The pressure can be maintained for any desired values using the pneumatic regulators, In order to
counter balance self-weight of the loading piston and the upper cap, zero balance adjuster is mounted outside the
ring. Throughout the test, the consolidation settlement of the specimen is measured with dialgages (1 unit=
1/10 mm). After testing has been achieved the specimen is pushed out the ring turning upside down.

The specimens are formed with vibrating compactor in the consolidation ring in five lift of approximately
equal thickness. Water contents and density of the tested soil are depended upon the results of compaction
test. In addition, a pore pressure transducer is buried in the middle of the specimen.  The pressuring cacity is
10 kgf/em® and the diameter of the pressuring plane is 6 mm. The results of measuring the pore pressure are
recorded automatically by a digital strain meter.

Testing procedure is based on the method of the standard consolidation test through-out.
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3. Soil Description

Physical properties of the soil used for this study are shown in Table 1.

The soil was prepared by sieving through a No. 4 sieve (Maximum grain size is 4.76 mm). The
relationships between dry density and water content are given in Fig. 2.

Specification for compaction test is that volume of mold is 2208 cm®, height of rammer drop 45 cm, numbers
of layers 5, weight of rammer 4.5 kgf, number of blows per layer 5 and compaction energy 25.3 kgf cm/em® ¥
Main purpose adopted this specification is to prepare for the study of the soil with gravell-sand mixture, in future.

Each samples assigned a name based on a compaction curve. D100 sample means that the ratio of a given
dry density to the maximum dry density is 1. Three different types of the compaction soil, that is, D100, D90,
and D80 are used in the test, Degree of saturation of D100, D90 and D80 sample is 81.9%, 91.6% and 93%,
respectively. Dry density pq versus water content w of each sample is shown in Fig. 2.

1; 1,90 +
Table1 Physical properties of soil used ]
Specific \ Less than 5 4 . ~ 180
gravity G, 2.671 clay fraction 12.1% B
<
Liquid limit Wy, 31.6% | Uniformity 48.2 2 w4
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ptimum water ]
Plasticity index I, | ¢ 7% content W, 14.0% o 150
Max, dry 1.828 2
2~4.76 o : 2
gravelr?rl;]ction 3.0% density pumas gifem” Z 1
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Hater Content w (%

Fig.2 Compaction curve of tested soil and description of
the experimental points

4. Experimental Results and Discussion

4-1.  Comparison of experimental results by the standard consolidation test and the large scale one

Coefficient of consolidation ¢, versus average consolisation pressure p relationships for the standard and the
large scale consolidation test are presented in Fig. 3, and coefficient of volume compressibility m, versus p
relationships in Fig. 4.

In the ¢,~p relationships it can be seen that the ¢, values of the large scale test are very different from that of
the standard test, and the former is considerably larger than the latter. With increasing degree of compaction,
the pattern of the values of ¢, becomes increasingly large for the large scale test, especially it seems to be

remarkable in the lower consolidation pressure range.
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Fig. 3 Relations between the mean consolidation load and Fig.4 Relations between the mean consolidation load
the coefficient of consolidation and the coefficient of volume compressibility

The m,~p rerationships indicate that values of m, decrease gradually as the p increase. However, there is
no significant difference between the standard test and the large scale test.

Owing to qualitative explanation for these tendencies the auther examined the difference of the ¢, and m,
values in both tests using the similarity rule.

L and T denote length and time, and subscripts s and / indicate the standard test and the large scale test,
respectively.

Then, the ratio of size between these two is as follows.

_Ls_6 _1

7= T30 5
In the permeability of the soil £ is assumed to be independant of the size of test apparatus, then:

ks _Ls T Ts_ (1)

BT L R a

Let ¢ and ¢ be the coefficient of consolidation by the standard and the large scale oedometer ring,

respectively, a relation is given as:

_C'Ji—-“l:;‘..
T =5
T

e
___772,1_.7] S ochmm—t (2)
Cy

7 7
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It should be noted that the value of the ¢ shows % times, that is, 5 times as large as the value of the c¢}.
The result of this calculation agrees with increasing of the ¢, value with increasing the height of the specimens
presented by other investigations®”®, and it corresponds roughly with the experimental results as seen in Fig. 3.
In general, however, the relation between the height of the specimen and the c, value can not be represented
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quantitatively on a satisfactory theoretical basis . Fig. 3 also shows the relation between the experimental
values and the results of calculation according to Eq. (2) for each test, showing the scalle effects of the specimen
clearly.

On the other hand, the coefficient of volume compressibility m, is defined:

de

Ty

where de is change in strain and dp’ is change in effective consolidation pressure.

de is dimensionless and dp’=1 is common to both tests because of adopting the same ratio of load
increment. Therefore, the values of m, are independant of the effect of size of the ring used. While they are
somewhat scatterd they are generally consistent with the results of the experiments summarized in Fig. 4.

As explained later in this paper, the values of the c, used here were determined by fitting method of
calculation for the time-consolidation settlement relationships.

4-2.  The laboratory time-consolidation settlement relationships
(1) A calculation method of the coefficient of consolidation ¢

Graphical procedures have been used to obtain the ¢, values from the oedometer tests, such as, v/7
method® and curve rule method”. In the case of the compaction soil, however, these methods are sometimes
useless because of increase in the immediate settlement and the scatter of overall data.

The auther has proposed a fitting method of calculation as an alternative method. The outline will be
described below. Detail is shown in reference®.

Average degree of consolidation U in one-dimensional consolidation is given as®:

v 2
U=1—;M2exp(—M2~Tu) ~(3)

where,

M=-:]§"(2m+1)zr, m=0,1,2, -

To=cyr t/H? . time factor,
¢y 1 coefficient of consolidation,
H : one-half of height of the specimen.

Putting ¢,/H?= A, the first approximation A is derived from a equation including the terms up to the third
order of the infinite series of Eq.(3).

= A Al _‘l_“ Al m__L Al
d=A—B( a4+ Fitoec) ()

where A and B is const. and

emo{ (5] 5me| (5} cmenl (55
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Now, finding time t in terms of arithmetic sequence of numbers to common difference h, then,
t=te+(v—1)h, v=12 3,
where, to i a initial value of t

Let d, and d,., denote the consolidaton settlement for v=y, v-1, using the relation:
dyi—dy= Yok

and denoting:

AR AR AP oo .
=z, =z, M=y ‘ o

(2]
~——

An equation is obtained from four equations in respect of yuv.}, yv-3, Uved and yuif,
2ta g+ y=0 (6)
where,

—(z,%+ 2, z3)=a
21‘22+22'23+23'21=5

—zy Ry =Y

Therefore,
Yoy ¥ F yveg Bt yuagrat yu3=0 e (7)

is derived.
Forming a normal equation of Eq.(7), values of ¢, B and 7 are determined. By the solution and Eq.(6), the

first approximation of Ais obtained from Eq.(5). In order that the A values are suitable, the condition have to be
satisfied.

z2>0 ¢ l2)g0

In order to obtain the more accurate value of A, one makes the value change in the vicinity of the first
approximation value using the equation as follow and finds out a unique A value with iterative calculation where
the total summation of squares of the residual difference becomes to a minimum in the least square method.

d=A—B-®(A 1) -(8)

where,

o= ) —exp(— M 2-)
m=oM

A and B are const.
so that,
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o3
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t=0 dv=A—n*B/8
=00 dmo"‘—-A
co=A* H?*

A great advantage of this tequnique is that artifitial errors can be reduced to compared with the conventional
graphic method, such as, the curve rule method. The auther believes that this method is valid for not only
determining the estimation of data of the laboratory test but also analyzing the observed time-settlement
relationships in the field.

2) Time-consolidation settlement of the compacted soil

Settlement S of the compacted soil is genellaly presented by the sum of three components, that is, the
immediate settlement (or instantaneous compression) S;, the consolidation settlement S, with pore water and air
drainage, and the elapsed creep deformation after drainage, so called, the secondary compression S,'?.

S=85+S.+Ss

So that time-settlement relations in the compacted soil indicate complicated shaped curves consisting of
three components in which the portion of S; is predominated.

It can be considered to follow Terzaghi's theory for the portion of S, since the fitting method of numerical
calculation priscribed above is applied well.

The portion of S; is considered as elastic deformation with a little delay of time (about 1 minute in this
experiment). To simplify the analysis of experimental data an attempt was made to adopt the fitting method of
calculation for the portion of the immediate settlement S;. Examples of the result are shown in Fig.5 (in the
case of p=0.2, 0.4 kgf/cm?), and Fig. 6 (p=0.8, 1.6 kgf/cm®?) for D80 sample.

From these illustrations, we can recognize that the above method is capable of fitting well to not only the
portion of the consolidation settlement S, but also the potion of the immediate settlement S;. However, it is
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Fig. 5 Comparison of measered and computed relationship for settlement versus time (D80
specimen, in the case of p=0.2, 0.4 kgifcm®)
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Fig. 6 Comparison of measured and computed relationship for settlement versus time (D80
specimen, in the case of p=0.8, 1.6 kgf/cm?)

difficult to evaluate the mechanical significance of the ¢, values obtained here. The problem needs to be applied
differently, using procedures outside the scope of this study.

If each portion of S; and S, can be approximated by two curves, the degree of consolidation is written as
follows:

0=ist U¢=1—exp(_Mz__%12_£)

o1

H*

12t UC=1-—Z

M=0

to— MLEL(z- to)

2
Nﬁ'exp‘—-M2 7%

where, tp is time-dependent boundary between S; and S,
U; is the degree of consolidation of S;, and ¢, its coefficient of consolidation,
U, is the degree of consolidation of S..
From Fig.5 and Fig. 6, it can be seen that the range of the S; portion becomes larger with the increase of
consolidation pressure and corresponding to it the value of ¢, also becomes larger.

(3) Distribution of the pore pressure in the specimen

In measuring the pore prssure in the specimen during the consolidation test, the technique which places the
pressure meter at the bottom of the consolidation cell, has been used in ealier studies. However, the rigidity of
the pressure plane has great influence on the values of the observed pressure!”'®, In this study a small
pressure meter mentioned above was installed at the center of the specimen, and inner pore pressure was
measured. The auther recognizes that such treatment is a main advantage using the large scale oedometer.

Under these circumstances it seems reasonable to correct the measured value as there exists the time-lag
hetween loading of the consolidation pressure and generation of the pore pressure owing to the heigh of the
specimens (the greatest length of drainage is about 5 cm),
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An equation of distribution of the pore pressure by one dimensional consolidation theory is given:

u—"—])zﬂi‘[exp(mMz'A't)'sin(‘:%“z) <+ (10)
M=
where, p : consolidation pressure, z: coordinate in vertical direction

ty denotes the time up to the maximum pore pressure after loading. Then, a next equation is assumed:
p:‘_‘a - z—

where 7 is time-dependent coordinate from 0 to ty
@ is const,
Putting z==H in Eq.(10) and using a relation dp=e« + d!¥, then

u=i 2 (—l)’"[l”%exp{—Mz‘/\'(zI-r)}dz'

{exp{—Mz'/\'(z-—t,,)]~—exp(—-M2'/\~t)] ++{11)

is obtained.

Fig. 7, Fig. 8 and Fig. 9 indicate the measured and calculated values of the pore pressure in contrast with

the time-consolidation settlement relationships for D80 sample.

The consolidation pressure is not equal to the maximum pore pressure because of the unsaturation of soils

tested. To simplify computation the ratio of the maximum pore pressure by measurement to the consolidation
pressure is contained in the « value of Eq.(11).

In the case of p=1.6 kgf/cm? in Fig. 7, poor correlation was obtained for the measured pore pressure values

versus the values computed from the Eq.(11). From this reasoning, the auther presented the distribution of

400
|
420 - @ : Heasured settlement
O ¢ Heasured pore pressure
- e Gomputed vaiues
g o p=1.6 kgf/en?
=
- do =~ 331.8
Z ko dyoo <464.5,C, “62.56cR* /min
i do =480.1
g \1\\"*@\4 " Hiao ~477.0
& A4
= a0 DL PRSPt
4 m? /min 0.5 3
500+ 0.4 3
&
0.3 §
o
s .
520 o © 0 -0.2 ~
© g
’ / o] P01 2
S
MOS0 S s e - SV O
&1 1 10 160 1000
Time { min }

Fig.7 Comparison between the settlement and the development of pore pressure (in the
case of p=1.6 kgffem?, 1 kgfiem®=98.1 KN/m?)
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Fig. 9  Comparison between the settlement and the development of pore pressure (in the
case of p=12.8 kgf/em?, 1 kgffem®=98.1 KN/m?)

the pore pressure as a consecutive curve for two parts consisting of the coefficient of consolidation ¢,; in the
portion of §; and the ¢, in that of S.. They are indicated in this figure with the solid line. Even for such
treatment, it can be seen that the calculated curve does not strictly correspond to the measured values, and the
case p which is less than 1.6 kgf/cm? was the same pattern as this.

Contrastively, in the case of p=6.4 kgf/cm? in Fig. 8 and p=12.8 kgf/em? in Fig. 9, the calculated values
correspond fairly well with the measured values. These results show that the calculated pore pressure curves
using the ¢, value in the portion of S, are capable of estimating the measured values successfully except for the
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portion of the immediate settlement S; and the secondary compression Ss.

Thus, it can be seen that the portion of consolidation settlement S, in the compacted soil also follows one
dimensional theory of saturation to some extent.

A further improvement is possible in the tegnique in measuring the pore pressure of the compacted soil,
especialy in the region of the low consolidation pressure.

5. Conclutions

1. For each of samples there was no significant difference between the values of volume compressibility of
consolidation m, obtained from the standard test and the large scale one. Whereas, results showed that the
values of coefficient of consolidation ¢, are greater by the large scale test than by the standard test.

2. Dimensional analysis was made to take account of differences of both tests. The results were derived that
the values of ¢, by the large scale test were 5 times larger than the other and the values of m, were identical to
both tests, independant of the scale effect of the vedometer ring. Compared to testing results, the value of ¢,
was found to be well related to the size of the ring of the oedometer.

3. It is characteristic that there exists the large portion of the immediate settlement in the time-sttlement
relationships of the compacted soil.

4. For the portion of the consolidation settlement, the curve fitting method by numerical calculaltion is
effective.  Adopting this method to the portion of the immediate settlement routinely, it was seen to be able to
fit successfully to the measuring values.

5. The calculated values from the pore pressure distribution equation with time dependent delay of the
consolidation pressure were largely consistent with the measured values obtained by the small pore pressure
meter which was buried at the center of the specimen.  From this reasoning, it was noted that the portion of the
consolidation settlement also followed the one dimensional consolidation theory of the saturated soil to some

extent.
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