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Abstract

A detailed study was carried out to determine the correlations between consolidation properties such
as compression index, overconsolidation ratio and various index properties based on test results obtained
from 300 soil samples. All of the tests were conducted in the I.T.U. Soil Mechanics Laboratory on samples
taken from different construction sites distributed throughout Turkey during the last forty years. Different
regression models were utilized and the most suitable relationships with the highest correlation coefficients
were established. These developed relationships are compared with similar relationships suggested by various
researchers. The proposed correlations appear to be very simple and practically applicable in assessing the
consolidation of the soil layers most encountered in Turkey.
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Zemin Sikigabilirliginin Regresyon Analizi

Ozet

Sikigma indisi, agir1 konsolidasyon oram gibi konsolidasyon o6zellikleri ile gesitli indeks 6zellikleri arasindaki
korelasyonlar: istatistiksel olarak incelemek i{izere 300 zemin numunesi lizerinde yapilan deney sonuclarina
dayanan detayli bir ¢alisma yiiriitiilmiigtiir. Deneylerin tiimii .T.U. Zemin Mekanigi Laboratuvarinda
yapilmig olup numuneler son kirk yil igerisinde Tiirkiye’nin cesitli yerlerindeki insaat sahalarindan alinmig
numunelerdir. Cesitli regresyon modelleri kullanilarak yiiksek korelasyona sahip iligkiler gelistirilmistir.
Bu iligkiler cesitli aragtincilar tarafindan kurulmug benzer iligkilerle karsilagtirilmistir. Onerilen bagntilar
oldukca basit ve 6zellikle Tiirkiye’de kargilagilan zemin tabakalarinin oturmasinin belirlenmesinde kolaylikla

uygulanabilir.

Anahtar Soézciikler: konsolidasyon, istatistik, indeks ozellikleri, oturma

Introduction

A vital phase in the selection and design of an ap-
propriate and reliable foundation system is the de-
termination of the types and properties of the soil
layers encountered in the soil profile. One of the im-
portant issues in this phase is the evaluation of the
consolidation of the soil layers under additional loads
due to the construction of the planned structures. In

a detailed investigation, the conventional approach is
to perform subsurface borings to obtain a sufficient
number of soil samples which are then tested in the
laboratory to obtain the necessary soil properties and
estimate the consolidation of the soil layers located
in the soil profile. The tests conducted involve the
determination of index properties such as water con-
tent, dry density, void ratio, consistency limits and
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consolidation properties such as compression index,
swelling index, and overconsolidation ratio.

Depending upon the nature of the encountered
soil layers, each will have different index and consol-
idation properties. Based on laboratory test results,
it is possible to evaluate the variation of various soil
parameters along the depth of the soil cross-section.
In this case the problem is reduced to the determina-
tion of the most representative soil parameters that
can be used to calculate and estimate the range of
possible settlement values with the expected proba-
bilities.

The consolidation is defined as the volume reduc-
tion due to the increase in existing confining pres-
sures taking place due to the drainage of pore water.
This phenomenon is important mainly for cohesive,
fine-grained soil layers and it is a time-dependent
process since the rate of drainage of pore water is a
function of the permeability of the soil layer.

Conventional consolidation tests are performed
mainly to determine (a) the magnitude of the max-
imum past pressure used to calculate the overcon-
solidation ratio and (b) the necessary parameters for
estimating the magnitude and time of settlement un-
der the additional structural loads.

The overconsolidation ratio is defined as the ra-
tio of the maximum past to present overburden pres-
sure. It is a very important parameter in calculating
the settlements and also in determining the shear
strength characteristics of the soil layers.

There are various approaches to evaluating the
consolidation test results and calculating the set-
tlements. Most of these approaches are based on
emprical observations and on accumulated experi-
ence. In one of these approaches, the consolidation
test results when expressed in terms of the void ra-
tio, e, versus the logarithm of consolidation pressure,
log 0, generally yield a linear relationship, as shown
in Figure 1, with a constant slope defined as the com-
pression index, C.. One advantage of this approach
is the availability of emprical methods to correct the
laboratory test results and obtain a better approx-
imation of the in-situ field response. Therefore, es-
timated settlements determined using the corrected
compression index are observed to be much more re-
alistic.
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Figure 1. A Typical Consolidation Test Result

However, consolidation tests are expensive and
time-consuming. In order to obtain realistic values,
special sampling and testing techniques and testing
systems are required. It is also essential to conduct
these tests with the utmost accuracy and to adopt
realistic and suitable procedures to evaluate and in-
terpret the results obtained. However, the group of
tests performed to obtain index soil properties are
relatively inexpensive and simple. They do not re-
quire much time or any sophisticated testing sys-
tems.

Under these circumstances, it is very useful in
practice to develop emprical correlations for estimat-
ing the consolidation properties in terms of index
soil properties. These correlations can be utilized
to quickly estimate the consolidation settlements of
the soil layers and to determine if more detailed and
accurate investigation is necessary.

For this purpose, the results obtained with nat-
ural soil layers from various parts of Turkey in the
last forty years were reviewed. A total of 300 sets
of data containing both index and consolidation test
results were selected as the database. All of the nec-
essary tests in this database were performed in the
I.T.U. Soil Mechanics Laboratories under very simi-
lar conditions. The main aim was to develop suitable
relationships to evaluate the compression index and
overconsolidation ratio in terms of index properties
for soils generally encountered in Turkey.

Some Existing Correlations

The statistical evaluation of soil properties has al-
ways attracted the interest of geotechnical engineers.
The reason for this enthusiasm is the wish to es-
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tablish correlations between various soil parameters
in order to estimate the behavior of soil layers ap-
proximately without going through detailed testing
and evaluation stages. It is useful to review some of
the similar relationships proposed by Nishida (1956),
Hough (1957), Sowers (1970), Azzouz et al. (1976),
Skempton (1944), Terzaghi & Peck (1967), Cozzolino
(1961), Peck & Reed (1954) to evaluate the compres-

sion index in terms of index properties.

In most cases, three basic index soil properties,
namely, void ratio, water content, and liquid limit,
are used to establish expressions to obtain the com-
pression index. As expected, these proposed rela-
tionships differ from each other, as can be seen in
Table 1, since they are based on different databases.

Table 1. List of Expressions for Compression Index

Proposed Equations | Applicability Reference

C. = 1.15(e0-0.35) | All clays Nishida, 1956

C. = 0.30(ep-0.27) Silty clays Hough, 1957

C. = 0.75(ep-0.50) Soils of very low plasticity Sowers, 1970

C. = 0.40(ep-0.25) | All natural soils Azzous et al., 1976

C. =0.01w, Chicago clays Osterberg, 1972

C. = 0.01(wy,-5) All natural soils Azzous et al., 1976

C. = 0.07(wg-7) Remoulded clays Skempton, 1944

C. = 0.009(w-10) | Normally consolidated clays | Terzaghi & Peck, 1967
C. = 0.006(wr-9) All natural soils Azzous et al., 1976

The Database

The data used in this investigation consist of con-
solidation and index property test results obtained
during the last forty years with samples obtained
from different parts of Turkey. All of the tests were
performed under similar conditions and using the
same technique.

In a study of this nature, it is essential that the
tests are conducted under similar conditions. For
this purpose, every effort was made to select the test
results obtained using the same or very similar test-
ing devices and systems. The consolidation tests uti-
lized in this investigation were performed on mid-size
rings with an internal diameter of 60 mm and height
of 23 mm. The stress increments followed in all of
the tests were the same (25, 50, 100, 200, 400, 1000
kPa) and each load increment was maintained for
24 hours. All of the test results were plotted in the
same way as that shown in Figure 1 and the max-
imum past overburden (preconsolidation) pressure,
0¢, is determined using the graphical method sug-
gested by Casagrande. All of the consolidation tests
were also corrected, adopting Schmertmann’s pro-

cedure to obtain the virgin consolidation line and
corresponding compression index.

Each of the data sets used in the analysis con-
sisted of ten soil parameters obtained from various
tests. The statistical parameters were calculated for
the whole database consisting of 300 data sets, as
given in Table 2. The frequency histograms for each
soil parameter are shown in Figure 2.

In order to understand the range of variation for
soil types used in this study, the plasticity chart
shown in Figure 3 was utilized. As can be observed
from this figure, the database contained approxi-
mately equal numbers of data sets from the four basic
groups of soils defined by the chart.

As can be observed from the frequency his-
tograms and from the statistical parameters given
in Table 2, for most of the soil parameters it appears
realistic to assume a normal distribution. The liquid-
ity index, which is defined in terms of initial water
content, liquid and plastic limit, showed the largest
coefficient of variation with the value 1.76. Interest-
ingly, the dry unit weight, which is considered phys-
ically to reflect some aspects of the liquidity index,
showed a relatively small coefficient of variation.
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Figure 2. Frequency Histograms for Soil Properties
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In the course of the study conducted and after an-
alyzing all the data sets together, it was decided to
separate the data into various groups based on prop-
erties that are in general considered to be important
in evaluating soil behavior. The other purpose was
to decrease the variability within each group so that
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20 |

more reliable correlations with better correlation co-
efficients could be established. For this purpose, the
data sets were divided into 9 subgroups according to
liquid limit, overconsolidation ratio, dry unit weight,
and liquidity index, as shown in Table 3.
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Figure 3. The Distribution of the Data Sets on the Plasticity Chart

Table 3. Definition of Data Subgroups

Subgroup No | Subgroup Property Data Sets
1 Low plastic soils 139
2 Highly plastic soils 161
3 Normally consolidated 141
4 Overconsolidated 159
5 Dry density < 1.3 tcm 118
6 1.3 < Dry density < 1.6 tcm 130
7 Dry density >1.6 tcm 52
8 Liquidity index < 0.2 152
9 Liquidity index > 0.2 148

Prediction of Compression Index

The main purpose of this study was to determine
the most suitable correlation for evaluating the com-
pression index in terms of index soil properties based
on the database. The first step was the calculation
of correlation coefficient matrices for the whole data
set and for the subgroups. A lower limit of R > +
0.5 was adopted for developing various regression
models. In this way, it became possible to observe
the improvement in the correlations developed due
to the adopted subgrouping. The correlation coeffi-
cients calculated between the compression index and
the other soil parameters for all the subgroups are
shown in Table 4.

As can be observed in this table, the dry unit
weight and overconsolidation ratio have a low cor-
relation coefficient value for all the soil groups con-
sidered in evaluating the compression index. This
is interesting because it shows, at least statistically,
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that the compression index determined in the stage
where the soil is in virgin consolidation should be in-
dependent of the overconsolidation ratio. The high-
est correlation coefficient for the compression index
was obtained in most of the soil groups with relation
to void ratio and dry unit weight. This was expected
because dry unit weight is almost linearly related to
void ratio.

The correlation coefficients given in Table 4 were
determined on the basis of linear regression models.
Therefore, in order to improve the calculated correla-
tions, semi-logarithmic and full logarithmic transfor-
mations were performed and the related correlation
coefficients were calculated. It was observed that in
most soil groups the value of the correlation coeffi-
cient increased approximately 10-20 %.

The constants in the linear relationships were cal-
culated by utilizing a least-squares approach. A com-
parison between the relationships proposed by var-
ious authors and the ones developed in this study
are shown graphically in Figure 4. Some of the pre-
vious studies reported with these plots were mainly
concerned with small quantities of data and some
only with regional soils. One of the major stud-
ies conducted in this area was carried out by Az-
zous, Krizek, and Corotis (1976), where samples
from soil layers of different origins, such as marine,
aeolian, alluvial, and residual soils, were included in
the database, which consisted of 700 data sets. It
is very interesting that the relationship proposed to
calculate the compression index in terms of void ra-
tio is exactly the same as the relationship developed
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in the present study. However, the correlation coef-
ficient was lower in the present work. Other simi-
larities were also observed, as can be seen in Figure
4.

A list of possible relationships for estimating the
compression index using various index parameters
developed in this study is summarized in Table 5.

During this study, all possible linear relationships
were tried; however, naturally in some of these rela-
tionships the correlation coefficients and as a result
the reliability of these expressions were low. The
equations given in Table 5 are the ones which had
the highest correlation coefficient.

Table 4. Correlation Coefficients between Compression Index and Other Soil Parameters for Different Subgroups

Subgroup No — | All natural 1 2 3 4 5 6 7 8 9
soils
Wo 0.758 0.744 | 0.701 | 0.877 | 0.646 | 0.560 | 0.391 | 0.468 | 0.700 | 0.716
WL 0.509 0.229 | 0.355 | 0.661 | 0.436 | 0.238 | 0.010 | -0.117 | 0.583 | 0.611
Wp 0.345 0.191 | 0.113 | 0.482 | 0.302 | -0.052 | -0.130 | -0.150 | 0.580 | 0.460
Ip 0.540 0.138 | 0.431 | 0.676 | 0.458 | 0.401 | 0.104 | -0.061 | 0.447 | 0.631
I 0.485 0.557 | 0.639 | 0.491 | 0.435 | 0.376 | 0.302 | 0.447 | 0.299 | 0.240
€p 0.765 0.800 | 0.701 | 0.890 | 0.654 | 0.568 | 0.484 | 0.425 | 0.739 | 0.736
Gg 0.035 0.094 | -0.053 | 0.115 | 0.035 | 0.039 | 0.188 | 0.023 | 0.146 | 0.072
Vi -0.746 -0.779 | -0.706 | -0.862 | -0.636 | -0.592 | -0.452 | -0.484 | -0.758 | -0.736
0o -0.089 0.141 | -0.155 | -0.310 | 0.024 | -0.126 | -0.051 | 0.357 | 0.047 | -0.078
Oc -0.113 -0.068 | -0.148 | -0.369 | 0.146 | -0.052 | -0.126 | 0.456 | 0.023 | 0.031
O.C.R -0.100 -0.116 | -0.135 | -0.308 | 0.041 | -0.095 | 0.053 | -0.075 | 0.015 | -0.023
C. 0.928 0.950 | 0.912 | 0.938 | 0.923 | 0.882 | 0.871 | 0.911 | 0.973 | 0.906
Ce 1.000 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000
0.7 . 0.7
)
0.6 ' 0.6
€= 0.006 (wy +1)
0.5 0.5
S S
5’ 0.4 ﬁ 0.4 | ,
g g /
§ 03] § 0.3 /
S 02 S o2
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Initial Void Ratio, e

C = 115 (e-0.35) Nishida (1956)
€= 0.30 (e,-0.27) Hough (1957)
C7=0.256+0.43 (c-0.84) Cozzolino (1961)
C(= 121+ 1,055 (¢-1.87) Cozzolino (1961)
CC=0.75 (e0.50) Sowers (1970)

Ci= 04 (¢70.25) Azzouz (1976)

Figure 4. Comparison of Relationships Developed to Estimate Compression Index
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Table 5. Summary of Relationships Developed to Evaluate Compression Index for All Soils

Independent Variable | Correlation Coefficient | Regression Equation
Water content, w,, 0.803 In C. =1.235In w,, - 5.65
0.784 C., =0.4791In w, - 1.367
0.758 C. =0.012w, -0.1
Liquid limit, wz, 0.509 C. =0.006 (wr + 1)
Void ratio, eg 0.765 C.=0.40¢9 - 0.10
0.785 C. = 0.485 In ¢y + 0.329
0.817 In C. =1.2721In ¢y - 1.282
Dry unit weight, -0.817 C. = 0.618 - 0.975 4,

The given developed relationships indicate that
the criteria adopted to divide the data into sub-
groups were not effective in improving the correla-
tion characteristics. This also may be interpreted as
a negligible influence on the consolidation phenom-

ena.

It appears from the study conducted that lin-
ear expressions with semi-logarithmic transforma-
tions lead to better correlations. As shown in Table
6, for some independent variables, even though the
calculated relationship changed only very slightly,
the correlation characteristics improved significantly.

Table 6. Summary of Relationships Developed to Evaluate Compression Index for Subgroups

Subgroup Correlation Coefficient | Regression Equation
Low plastic 0.762 C. =0.326 In w,, - 0.838
0.820 InC. =143 1Iney-1.19
0.744 C. =0.012 w,, - 0.086
0.800 C. = 0.407 eg - 0.094
0.814 C. =0.317 + 0.338 In ¢
0.812 C. = 0.556 - 0.769 In
Overconsolidated 0.721 C.=0.481In w,, - 1.376
Normally consolidated 0.877 C. = 0.012 w,, - 0.098
0.890 C.=0.43 ¢g - 0.122
0.661 C. = 0.007 wz, - 0.029
Liquidity index > 0.2 0.716 C. = 0.012 w,, - 0.085
0.736 C. = 0.405 ¢ - 0.064

Conclusions

A database consisting of 300 data sets contain-
ing index and consolidation parameters was used to
conduct a statistical study to determine suitable cor-
relations for estimating consolidation response. For

this purpose, various linear regression models were
adopted and a parametric study was carried out in
order to obtain the most suitable and practically ap-
plicable relationships. It was observed that the void
ratio, water content, liquid limit, and dry unit weight
yielded sufficiently reliable correlations.
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