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ABSTRACT: Correlations between different parameters are used extensively in geotechnical
engineering. Using correlations reduces the costs of testing and more speeds in determining the
geotechnical properties of soils. Various relations have been proposed to evaluate geotechnical properties
in different regions across the globe. Correlations facilitate the evaluation of geotechnical properties. The
correlation between different parameters depends on the type of the soil and the experimental method.
Considering the fact that these relations depend on local soil properties, using these relations for other
regions is contingent upon a careful evaluation. This study evaluates the feasibility of using correlations
presented by researchers in different years for Tehran clay. The evaluation uses different statistical
criteria. The study shows the Bowles (1979) relation, correlating the soil compression index and the
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1- Introduction

Consolidation parameters are important factors, particularly
in cases regarding the soil settlement. Consolidation
parameters can be calculated and evaluated by consolidation
testing. In the consolidation test, the specimen undergoes
different consolidation pressures, often resulting in two
distinguished regions in the e-log p’ diagram considering
the in-situ stresses. The first region is located before pre-
consolidation stress where the slope is denoted by C , whereas
the second region is located after the pre-consolidation stress
and the slope in this region is known as the soil compression
index and is denoted by C . Used to calculate soil settlement,
the soil compression index is an important parameter. The
correlation between the compression index and different
physical properties of the soil has been investigated by many
researchers for various regions. Skempton first introduced the
relationship between the compression index and liquid limit
[1] in 1944. Many relations were later proposed, correlating
the soil compressibility with its physical parameters, including
the dry density, initial void ratio, liquid limit, plasticity index,
and others. In 1976, Azzouz et al. proposed different relations
to evaluate the compression index and the compression ratio
using the soil physical parameters [2]. Other researchers
including Sridharan and Nagaraj [3], Ozer et al. [4] and
Widodo and Ibrahim [5] have proposed relations to evaluate
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the soil compression index and its physical properties. Komar
et al. [6] have also proposed relations to evaluate the soil
compression index using the plasticity index. In addition,
similar correlations have been proposed for marine clays
to evaluate the soil compression index, including a study
by Kootahi and Moradi [7]. The most prominent of these
relations are listed in Table 1. As evident from the table, there
are many correlations between the soil compression index
and other parameters. Naturally, each relation is proposed for
a specific region and its use in other locations is contingent
upon a careful study. The study of Onyejekwe and Kang
[8] in Missouri, Nigeria, can be mentioned as an example
of evaluating the correlations of the soil compression index
for other regions to be applied for the fine soil in a specific
area. The soil in the areas south of Tehran are predominantly
clay; therefore, the fast estimation of soil compression index
is important for calculating the settlement in this region.
Furthermore, no relation has been proposed yet for evaluating
the compression index of the clay soil in this area. In view of
that, this study addresses the feasibility of using the available
relations for the clay soil in south Tehran area.

One of the steps that has been taken after the identification
of soil in poor soils is the improvement of soil. Among the
methods of improvement of fine-grained soils, one can
mention the physical and chemical improvement of clay
soils with different materials, including cement, lime and
tire waste [9]. Use of proper correlation and determination
of soil parameters in soil improvement can also be used. By



D. Akbarimehr and E. Aflaki, AUT J. Civil Eng., 3(1) (2019) 129-136, DOI: 10.22060/ajce.2018.14522.5482

determining the geotechnical properties of the soil using
appropriate correlation relations, it is possible to determine
the soil quality of the area for construction and possibly its

improvement.

Table 1. Correlations available for estimation of soil compression index

Correlation No. Correlation Domain of usage Reference
1 C,=0.007 (SI+ 18) Clays [3]
2 C,=0.014(P1+3.6) Clays [3]
3 C,=PI/74 Clays [10]
4 C,=0.006(LL - 9) Clays with LL less than 100% [2]
5 C,=0.008(LL - 12) Clays [3]

C,=0.009(LL - 10) Clays [11]
¢ C,=0.063(LL - 10) Greek clay [12]
8 C,=0.048(LL - 10) Brazilian clays [13]
9 C,=0.007(LL - 10) Remolded Clays [1]
10 C,=0.0046(LL - 9) Brazilian clays [14]
11 C,=0.009(LL - 8) Ozaka Clays [15]
12 C,=0.009LL Tokyo Clays [15]
13 C,=0.008(LL -12) Clays [3]
14 C,=0.007LL -0.043 Iran Clays [16]
15 C,=0.01w, Clays [17]
16 C,=0.01(w, —7.549) Clays [18]
17 C,=0.0115w, Organic Clays and Silts [13]
18 C,=0.01(w,_-5) Clays [2]
19 C,=0.008 w_0.044 Iran Clays [16]
20 C,=0.29(e, - 0.27) Inorganic clay [19]
21 C,=0.35(e,-0.5) Organic Clays [19]
22 C,=0.156 ¢, +0.0107 Clays [13]
23 C,=0.54(e, -0.35) Clays [20]
24 C,=0.29(e, -0.27) Inorganic clay [19]
25 C,=0.35(e,—0.5) Organic Clays [19]
26 C,=0.246+0.43 (e, -0.25) Sao Paulo clay [14]
27 C,=0.75(e, - 0.5) Soils with low plasticity [21]
28 C,=0.208 e, +0.0083 Chicago Clays [13]
29 C,=1.21+1.055(e, +1.87) Brazilian clays [14]
30 C,=0.5217(e, -0.2) Pontianak clays [5]
31 C,=0.461y,+0.883 Iran Clays [16]
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2- Data

Data from specimens gathered by sampling was used in
this study. Considering the fact that the soil is often disturbed
in the surface layers, the specimens used in this study were all
collected from a depth of 2 m, using a 15 cm core cutter, at an
aspect ratio of 5.5%. It must be noted that the specimens were
considered undisturbed as the aspect ratio is smaller than
10%. The undisturbed soil specimens were consolidation-
tested while the disturbed ones were tested for determination
of physical properties. The tests were conducted in the soil
mechanics laboratory at Amirkabir University of Technology
with a high accuracy. A preliminary study of the soils in south
Tehran revealed they are predominantly clay; accordingly,
specimens were collected and tested from Eslamshahr,
Varamin, Shahriar, Robatkarim, Pakdasht, and Rey counties.
The sampling locations are shown on the map in Figure 1.

”
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Figure 1. Positions from which samples were taken

Using the Casagrande chart is a typical method of
classifying fine clay soil specimens. The Atterberg limit tests
were conducted on soil specimens for locating them on the
chart with the results presented in Figure 2. According to
this chart, the clay soil specimens are chiefly located in the
CL range.

U-line
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Figure 2. Sampled data in the Casagrande chart

Tests in this study were conducted in compliance with
ASTM standards and include determining the natural water
content (D2216-10), the liquid limit, plasticity limit, and
plasticity index (D4318-10), the specific gravity (D854-10),
and consolidation testing (D2435-11). The properties of the
studied soils are listed in Table 2 as determined by the said
tests. According to the table, the geotechnical properties of the
clay soil specimens from different regions are largely similar
and change within a limited range. This may significantly
impact the relations that can be used in this region.

3- Analysis Methods

Various relations and correlations have been proposed by
researchers for different geographies. Using these relations
in regions other than what they were developed for without
the necessary considerations may produce inaccurate
results, thus undermining any plan based on them. Figure 3
compares the compression indices obtained for Tehran clay
soil specimens from experimental results with results from
available empirical relations as an example of the correlation
between the soil compression index and various parameters
(plasticity index, shrinkage index, natural water content,
liquid limit, initial void ratio, and dry density). In this
figure, C, represents the compression index obtained from
experimental consolidation testing whereas C_ denotes the
compression index resulting from the empirical relations.

Table 2. Specifications of the prepared specimens

Parameter Number of samples ~ Minimum Maximum average Deviation from criterion
W (%) 17 23 20 2
LL (%) 27 42 34 5
PI (%) 7 21 14 4
Void ratio 31 0.536 1.08 0.679 0.119
Density 1.31 1.74 1.59 0.1
C 0.13 0.24 0.18 0.03

C
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Figure 3. Compression index obtained from the tests versus the compression index obtained from the experimental relations

According to Figure 3, some correlations including
parameters such as the liquid limit, plasticity index, shrinkage
index, natural water content, and dry density, are associated
with a wide distribution, thus lacking enough accuracy to
be applied to Tehran soil. Others such as initial void ratio,
however, come with a narrower dispersion, thus offering a
higher accuracy to estimate the Tehran soil compression
index.

This study reviews the feasibility of relations proposed by
different researchers for estimating the geotechnical properties
of Tehran clay. It is evident that the soil compression index is
estimated accurately by some relations, meaning they can be
used to evaluate and estimate the geotechnical properties of
Tehran clay. On the other hand, the results from some of these
relations are far from realistic.

That not all relations may be applicable to all regions can
be attributed to a few reasons. For one, soils from different
regions vary in geotechnical properties. Using different
experimental standards of determining soil properties can
also contribute to the difference between the relations. The
specimen condition, in terms of being disturbed or not, is
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another factor in play. Furthermore, the water content of the
specimens can also impact the resulting relations.

Table 1 lists a few single-parameter correlations for
calculating the compression index. The liquid limit is the
parameter that can be used to estimate the soil compression
index. Both soil compressibility and liquid limit depend on
the type of soil and its characteristics. Many relations have
been proposed to estimate the soil compression index based
on the liquid limit, however, some researchers do not think
this method is plausible to estimate the soil compression index
[22, 23], clay soils with identical liquid limits can be different
in compression index [3]. The soil plasticity index have also
been used by many to estimate the compression index [3,
10], as well as shrinkage index [3]. Other correlations also
exist that rely on the initial void ratio. Table 1 presents some
prominent correlations between the initial void ratio and soil
compressibility. The soil compressibility correlation using
the initial void ratio represents both the type of soil and the
initial conditions and seems to estimate the compression
index more accurately.

Equations 1 to 31 were evaluated in light of what was said
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about comparing and evaluating the available correlations
based on the results they produce for Tehran clay soil. Given
the complications of the soil composition and its conditions,
all relations were evaluated to find the best ones. The validity
and feasibility of the said relations are evaluated by the
following statistical methods:

1. Root Mean Square Error (RMSE)

2. The mean and standard deviation method, comparing the
estimated compression index with the consolidation test
results (K).

3. Ranking Index (RI)

4. Ranking Distance (RD)

Each of these methods will be readily discussed in detail.

3- 1- The RMSE Criterion

The RMSE is the root mean square of the difference
between C  and C . Where C,_is the obtained from
available correlations’ and Coan 18 found by experiment. This
method has been used by many researchers [4, 8, 24-27] to
evaluate the efficiency of the empirical correlations. RMSE

is obtained as follows:

RMSE=\(1/n ¥,"(C, ., Copupy )?) (M

Where n represents the number of data points. According
to the above relation, the lower the RMSE, the more valid the
correlation.

3- 2- The K Method
In this method, the coefficient K is obtained using the
following relation.

K:Cc(est) /Cc(lab) (2)

This method has been practiced by many researchers for
the purpose of statistical evaluation [8, 28-30]. Accuracy is
defined with respect to the dispersion of the data [28-30]. In
theory, K can assume any value between 0 to infinity, with
an optimal value of 1. This method has been practiced by
many researchers to evaluate the efficiency of the empirical
correlations [8, 29, 31-33]. The use of the K or RSME method
has also been observed in the composition of soil additives
[34,35].

3- 3- The Ranking Index (RI)

The normal distribution diagram and ranking index have
been utilized by many researchers to overcome the problem
of asymmetrical distribution of the data obtained from the K
method [8, 28]. This method evaluates the correlation quality
when using the average and standard deviations method (K).
The parameter can be obtained as follows [28].

RI=J,, o [+S 3)

xp TS
Where p represents the average and S denotes the standard
deviation.

3- 4- Ranking Distance (RD)

In this method, the correlation quality is evaluated based
on the known average and the standard deviation [29].
Different researchers have practiced this method for the
statistical evaluation of the correlations [8]. One of the axes

represents the average (|t) whereas the other one shows
the standard deviation (S). In this method, the difference
between the average and standard deviations corresponding
to the empirical relation are calculated from the optimal mean
and standard deviation (u=1, S=0) and denoted by RD. The
parameter can be obtained as follows:

RD:\/(( 1 -H(K))2+(S(K))2) (4)

Other statistical methods are also used to evaluate data in
resources that can be referred to as a neural network [36].

0123456 7 8 91011121314151617 1819 20 21 22 23 24 2526 27 28 29 30 31

Correlation No. according to Table 1

Figure 4. Results of RMSE, RI and RD Results in Tehran Clay

4- Analysis and Discussion

Table 3 summarizes the results using different criteria
including RI, K, RMSE, and RD for data obtained from
different geographies and from the Tehran fine-grain soil.
Furthermore, Figure 4 depicts the results diagram.

4- 1- Evaluation by RMSE

According to Table 3, with an RMSE of 0.034, Equation
27 (proposed for low-plasticity soils and correlating the soil
compression index to the initial void ratio) is the best fitamong
single-parameter correlations [21]. In addition, Equation 8,
a correlation between the soil compression index and the
liquid limit for Brazil clay soils with an RMSE of 0.045, and
Equation 22, correlating the soil compression index to the
initial void ratio for all clays with an RMSE of 0.45, are also
suitable relations according to this criterion [13].

4- 2- Evaluation by K

The studied single-parameter correlations were compared
based on the fraction (%) of their results with a K greater
than 1. For about half of the correlations, K was above 50%,
showing them to be overestimating the properties of the
Tehran soil. Equations 2, 7, 8, and 27 are associated with the
highest deviation with K in Equation 7 and 8 being 100% of
the time greater than 1, suggesting a drastic overestimation.
Meanwhile, based on the average K, Equation 9 (correlating
the soil compression index to the liquid limit) with an average
K of 0.999 [1], Equation 23 (correlating the compression
index and the liquid limit) with an average K of 0.995 [20],
and Equation 5 (correlating the soil compression index to the
liquid limit) with an average K of 1.048 are the best fits [3].

Based on SD (standard deviation) of K, Equation 22
(correlating the compression index to the initial void ratio
for all clay soils) with an SD of 0.077 and Equation 28
(correlating the compression index to the initial void ratio for
Chicago clay) with an average SD of 0.1 offer the highest
accuracy among the studied single-parameter correlations
[13].
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Table 3. Results of RMSE, K and RD Values in Tehran Clay

Correlation No. RMSE K Method RI RD
S i % 1<K
1 0.097 0.201 0.792 20 0.54 0.29
2 0.062 0.373 1.462 84 0.60 0.59
3 0.048 0.336 1.126 64 0.45 0.36
4 0.049 0.212 0.892 36 0.42 0.24
5 0.069 0.269 1.048 64 0.38 0.27
6 1.4 0.312 1.285 76 0.46 0.42
7 1.026 2.185 8.993 100 2.43 8.29
8 0.045 1.665 1.852 100 2.16 6.08
9 0.07 0.243 0.999 52 0.37 0.24
10 0.082 0.162 0.684 0 0.67 0.36
11 0.144 0.323 1.390 84 0.53 0.51
12 0.0149 0.371 1.811 100 0.79 0.89
13 0.05 0.269 0.048 64 0.38 0.27
14 0.046 0.259 1.157 72 0.36 0.3
15 0.058 0.229 0.178 80 0.34 0.29
16 0.069 0.169 0.736 4 0.59 0.31
17 0.048 0.264 0.354 84 0.47 0.44
18 0.069 0.188 0.885 24 0.39 0.22
19 0.062 0.147 0.685 0 0.64 0.35
20 0.117 0.120 0.670 0 0.59 0.35
21 0.063 0.175 0.338 0 1.74 0.68
22 0.045 0.077 0.669 0 0.53 0.34
23 0.062 0.233 0.995 32 0.31 0.23
24 0.117 0.120 0.670 0 0.59 0.35
25 0.257 0.175 0.338 0 1.74 0.68
26 0.08 0.288 0.483 100 1.02 1.68
27 0.034 0.374 0.724 20 0.97 0.46
28 0.063 0.100 0.858 12 0.28 0.17
28 3.72 3414 22.71 100 3.26 21.98
30 0.084 0.213 0.419 96 0.48 0.47
31 0.097 0.188 0.542 0 1.04 0.5

4- 3- Evaluation by RI

Based on RI, Equation 28 (correlating the compression
index to the initial void ratio for Chicago clay) with an average
RI of 0.28 [13], Equation 23 (correlating the compression
index to the liquid limit for all clay soils) with an average RI
of 0.31 [20], and Equation 15 (correlating the compression
index to the natural water content for all clay soils) with a RI
of 0.34 offer the highest accuracy among the studied single-
parameter correlations [17].
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4- 4- Evaluation by RD

Based on RD, Equation 28 (correlating the compression
index to the initial void ratio for Chicago clay) with an average
RI of 0.17 [13], Equation 18 (correlating the compression
index to the initial void ratio for all clay soils) with an average
RI 0f 0.22[2], and Equation 23 (correlating the compression
index to the initial void ratio for all clay soils) with an RD
of 0.23 offer the highest accuracy among the studied single-
parameter correlations [20].
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5- Conclusion

Drawing on four different statistical methods (RI, K, RMSE,
and RD), the fitness of the available empirical correlations
was evaluated to estimate the compression index of Tehran
clay.

The analysis results can be summarized as follows:

Given the different conditions and types of soil minerals in
different areas, it was revealed that a few of the relations can
be used for the Tehran clay soil.

In cases where K is greater than 1, the correlation
overestimates the parameter and must be used with care.
Based on this criterion, the average can be overestimated by
up to 2.5 times in some cases, which requires them to be used
with particular care.

Among the single-parameter correlations, the one proposed
by Bowles (1979), correlating the soil compression index
to the initial void ratio for Chicago clay, offers the highest
accuracy and can be recommended for Tehran clay. The
correlation is as follows:

C.=0.208 ¢,+0.0083

The evaluations revealed that correlations between the soil
compression index and the initial void ratio are often valid
and applicable to Tehran clay.

The accuracy of correlations between the compression
index and other parameters including the Atterberg limits,
initial water content, and specific weight was found to be
below par for Tehran clay.
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