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Costly and time consuming testing techniques and the diﬃculties in providing undisturbed samples for
these tests have led researchers to estimate strength parameters of soils with simple index tests. However,
the paper focuses on estimation of strength parameters of soils as a function of the index properties.
Analytical hierarchy process and multiple regression analysis based methodology were performed on
datasets obtained from soil tests on 41 samples in Tertiary volcanic regolith. While the hierarchy model
focused on determining the most important index properties aﬀecting on strength parameters, regression
analysis established meaningful relationships between strength parameters and index properties. The
negative polynomial correlations between the friction angle and plasticity properties, and the positive
exponential relations between the cohesion and plasticity properties were determined. These relations
are characterized by a regression coeﬃcient of 0.80. However, Terzaghi bearing capacity formulas were
used to test the model. It is important to see whether there is any statistically signiﬁcant relation between
the calculated and the observed bearing capacity values for model testing. Based on the model, the
positive linear correlation characterized by the regression coeﬃcient of 0.86 were determined between
bearing capacity values obtained by direct and indirect methods.

1. Introduction
The shear resistance of soil is the result of friction
and the interlocking of particles and, possibly,
cementation or bonding at the particle contacts.
The shear strength parameters of soils are deﬁned
as cohesion (c) and the friction angle (Ø). The
shear strength of soil depends on the eﬀective
stress, drainage conditions, density of the particles,
rate of strain, and direction of the strain. Thus,

the shearing strength is aﬀected by the consistency of the materials, mineralogy, grain size distribution, shape of the particles, initial void ratio
and features such as layers, joints, ﬁssures and
cementation (Poulos 1989).
However, the consistency of soils is dependent
on the weight of the water per unit weight of
solid material. Because it is often highly dependent on the amount of soil water, consistency is an
important property and is a useful measure for
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the processing of very ﬁne clayey soils. Hence, the
Atterberg limits of soils, especially the liquid limit
(LL) and the plastic limit (PL), deﬁne the upper
and lower limits, respectively, of the plastic range of
a soil. The numerical diﬀerence between these two
limits expresses the plasticity of a soil and is termed
the plasticity index (PI). Plasticity and cohesion
reﬂect the soil consistency and workability of the
soils. However, these properties of the soils play an
essential role in many engineering projects, such as
the construction of the clay core in an earth ﬁll
dam, the construction of a layer of low permeability
covering a deposit of polluted material, the design
of foundations, retaining walls and slab bridges,
and determining the stability of the soil on a slope.
Determining the engineering properties of soils,
especially strength characteristics, has become one
of the most important elements of geotechnical
studies. The estimation of some of the basic engineering properties of soils, such as their cohesion
and friction angle, requires the preparation of numerous samples and the use of expensive laboratory
equipment. The plasticity of a soil is commonly correlated with the expansive potential and internal
friction angle for drained ﬁeld conditions (Gibson
1953; Kenney 1959, 1967; Deere and Patton 1971;
De and Furdas 1973; Voight 1973; Mitchell 1976;
Holtz and Kovacs 1985; Skempton 1985). However,
many researchers have attempted to determine
both empirical and theoretical formulations to estimate the nonlinear change in the cohesion of soils
(Gan and Fredlund 1988; Escario and Juca 1989;
Oberg and Sallfors 1997; Khallili and Khabbaz
1998; Wilbourn et al. 2007) and to predict the soil
cohesion using hyperbolic equations (Miao et al.
2002; Lee et al. 2003). Many authors have determined certain relationships between the P-wave
velocity and the Atterberg limits of soils (Luna
and Jadi 2000; Wesley 2003; Fener et al. 2005;
Sawangsuriya and Fratta 2006; Kurtuluş et al.
2009). Thus, it is obvious that the determination
of these important properties in easy and economical ways will be of considerable advantage to
geotechnical engineers.
During the past 20 years, the industrialization,
economic development and signiﬁcantly increasing population in Trabzon City (NE Turkey) have
caused some problems such as insufficient infrastructure, dense traﬃc and pollution. Of the 81 cities
in Turkey, Trabzon is number 62 in terms of surface area, but it is number 5 in terms of population
density. The annual population increase rate is 3%,
and the population is almost 1 million as of 2012.
Therefore, residence construction has increased by
300% in the past 10 years. Thus, in the urban
areas, especially in the rapidly urbanizing regions
of the city, problems and issues of settlement are
of immediate importance because Tertiary volcanic

regolith can be found in abundance in the city
center, especially in the eastern part of the city.
In this study, the geotechnical properties of these
soils in the city were determined and empirical
relationships between the strength parameters and
plasticity properties of clayey soils were developed
for practical use.
2. Methodology
2.1 Geology and sampling location
The study area around Trabzon City consists of
Tertiary volcano-sedimentary rocks and related
Plio-Quaternary regolith and Pliocene deposits
containing sandstones, claystones, conglomerates
and agglomerates (ﬁgure 1). The dominant lithologies in the Tertiary aged unit are basaltic, andesitic
volcanic rocks. The Plio-Quaternary altered regolith horizon overlying the Tertiary volcanic rocks
in the study area contains the unconsolidated mantle of weathered volcanic rocks (saprolite) and soil
material. The thickness of the regolith, including
both the soil itself and the saprolite, is approximately 5–10 m in the region, and the reddishbrown saprolites do not exceed a thickness of 2–3 m
(ﬁgure 2).
Volcanic saprolites forming in the lower zones
of the soil horizons and representing the deep
weathering of the bedrock surface are widely
exposed in the vicinity of the city. In most outcrops, its reddish brown colour is due to ferric
compounds (Arslan et al. 2006). Kaolin minerals
dominate the clay fraction of the reddish-brown
soils. Chlorite, smectite, pyrophyllite and analcime
are sometimes detected in minor quantities. Illite,
hematite and amphibole also occur as accessories
(Arslan et al. 2006). Most of the undisturbed residual soils obtained from the volcanic regolith on
the Tertiary basic volcanic rocks were examined
considering the empirical approach of the relations
between soil strength parameters and plasticity
properties.
2.2 Particle size distribution, plasticity
and index properties
To establish relations between strength parameters
and plasticity properties, soil tests were performed
on 41 undisturbed soil samples from the PlioQuaternary regolith in Trabzon city (NE Turkey).
Sieve analysis is a procedure used to assess the particle size distribution of a granular material. Sieve
and hydrometer analyses were undertaken to determine the grain size of the soil in the studied area.
The grain size distributions of the soil were determined by separating the particles using a conventional sieve, a ﬁne sieve, and hydrometer methods.
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Figure 1. Location and geological map of the study area.

The liquid limit is deﬁned as the minimum moisture content at which a soil will ﬂow upon application of a very small shearing force, and it is the
water content where a soil changes from a plastic
to liquid behaviour. The plastic limit is also the
water content where soil starts to exhibit plastic
behaviour. The studied samples were analyzed to
measure the natural unit weight (γn), speciﬁc gravity (G), liquid limit (LL), plastic limit (PL), plasticity index (PI) and moisture content (w). In the
laboratory studies, these properties of the studied
clayey soils were determined in accordance with
the standards of D422, D4318 and D4718 (ASTM
1991a, b, c), and the laboratory test results are
given table 1.
The sieve methods and hydrometer analysis
show that the samples are composed of 1–5%
gravel, 11–20% sand, 20–30% silt and 31–50% clay
sized materials (ﬁgure 3a). The speciﬁc gravity
of the samples in the ﬁne-grained materials is
determined to be approximately 2.36–2.61, which

may have been inﬂuenced mainly by the presence
of a small quantity of organic materials. Clay materials were classiﬁed according to their plasticity
index and liquid limit via the plasticity chart as
depicted in ﬁgure 3(b). According to the chart,
most of the samples contain illite and kaolinite type
clay minerals and, rarely, montmorillonite. Some of
the samples are plastic, and others are high plastic
according to the classiﬁcation of Leonards (1962)
and IAEG (1976). The liquid limits are between
33% and 90%. The plasticity index extended from
10% to 40%. Skempton (1953) observed that the
plasticity index of a soil increases linearly with
the percentage of the clay-sized fraction. Skempton deﬁned a quantity called activity, which is the
slope of the line correlating PI and percent of the
materials ﬁner than 2 μm. The activity values of
the studied clays were calculated between 0.50 and
1.30. Thus, materials with these activity values are
generally inactive (Skempton 1953), but they provide a low-medium swelling potential according to
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Table 1. Some index and strength properties of the studied soils.
Atterberg limits %

Max.
Min.
Mean.
Std. dev.

c

Ø

w

LL

PL

PI

Clay

Grainsize distribution %
Silt

Sand

Gravel

(kN/m2 )

(Degree)

(%)

G

(kN/m3 )

γn

90
33
58
14

51
18
35
12

40
10
23
9

50
35
40
7

30
20
26
5

20
11
14
4

5
1
3
0.2

50
2
31
16

40
7
23
11

55
29
30
11

2.61
2.36
2.53
0.09

19
16
17.5
1.65

LL and PL: liquid and plastic limit; c: cohesion; Ø: friction angle; w: water content; G: speciﬁc gravity; γn: unit weight.

the swelling potential chart developed by Van Der
Merve (1964) as depicted in ﬁgure 3(c).
2.3 Shear strength parameters
The shear strength is the main parameter for
understanding the behaviour of a soil mass. The
shear strength parameters of a soil are cohesion
(c) and the angle of friction (φ). The conventional triaxial test is a common laboratory testing

method widely used for obtaining shear strength
parameters for a variety of soil types under
drained or undrained conditions. The triaxial test
involves subjecting a cylindrical soil sample to
radial stresses (conﬁning pressure) and controlled
increases in axial stresses or axial displacements.
In this study, to obtain the residual shear strength
parameters, drained triaxial tests were performed
on 41 undisturbed samples collected from different areas in accordance with the standard of
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Figure 3. Grain size distributions curves of the soils (a), distributions of the samples on plasticity chart (b) and swell
potential chart proposed by Van Der Merve (1964) (c).

D2850 (ASTM 2007). According to the triaxial test
results, the cohesion of the soils are between 10
and 51 kPa, friction angles are between 7 and 40
(table 1).

3. Results
3.1 Establishment of the analytical
hierarchy process
A number of diﬀerent evaluation methods have
been developed to select suitable parameters
among all parameters in complex decision problems. Generally these methods are the linear vector approach (Zieman 1971; Odum et al. 1976;
Whitlatch 1976), the matrix method (Leopold
et al. 1971), fuzzy set theory (after Zadeh and
Tanaka 1975), checklist methods (Dee and Drobny
1972), parametric ranking methods (Mc Bean and
Zukovs 1983) and multicriteria decision analysis

(Linkov et al. 2004). The analytic hierarchy process (AHP), a type of multi criteria analysis,
was developed by Thomas Saaty in 1980 to
standardize the multicriteria decision making process. AHP is a widely accepted decision making
method, which is utilized to determine the relative importance of the criteria in a speciﬁed decision making problem. Not many years ago, since
its introduction in the late 1970s, AHP has been
applied in a wide variety of practical problems
to model complex decision problems. This process
has led many applications in diverse areas such
as health care, urban planning (Cook et al. 1984)
and space exploration. AHP can also be used in
rock and soil mechanic models. AHP completely
aggregates various facets of the decision problem
into a single objective function. The goal is to
select the alternative that results in the greatest
value of the objective function. AHP is a compensatory optimization approach. However, AHP uses
a quantitative comparison method that is based
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on pairwise comparisons of decision criteria, rather
than utility and weighting functions.
Regression analysis includes any technique for
modeling and analyzing several variables, where

the focus is on the relationship between a dependent variable and one or more independent variables (Freedman 2005). Multiple regression is
aimed at learning more about the relationship

Figure 4. The empirical relationship among the strength parameters and some index properties of the studied soils.

Estimation of the soil strength parameters in Tertiary volcanic regolith
between several independent or predictable variables and a dependent or criterion (Davis 1986).
Regression analysis was used in this study with
AHP, a widely accepted decision making method.
Constraints are compared to each other in AHP,
to designate each variable’s relative importance
in accomplishing an overall goal. Numerical values were assigned to each pair of constraints using
established guidelines and a constrained matrix is
built. The sum of each column within the matrix
was then normalised and weighting was calculated.
Mathematic formulation (simple additive weighting) was deﬁned following an equation for calculating ﬁnal grading values in multiple criteria
problems (Saaty 1980);
v(y) =

q


wj yij

(1)

j=1

where v(y) is area’s suitability index, w is a criterion’s weighting or importance factor of a, y is
a criterion’s degree or compliance level, i is the
criterion number and q is the number of criteria.
Pairwise comparisons were used to determine
each criterion’s relative importance; AHP is based
on such approach. Decision makers can quantify
their opinions about the criteria magnitude by
using a verbal scale when comparing pairs of criteria. The pairwise comparison matrix (PCM) constructed by decision-makers is expressed in the
following attributes;
−1
wij = wji
.

(2)

The next step was to calculate the criteria’s relative importance weighing implied by previous comparisons. Saaty (1980) proposed estimating PCM’s
right principal eigenvector which can be approximated using the geometric mean for each row of
the PCM (by multiplying the elements in each
row and then taking the nth root, where n is the
number of criteria). This mode is known as multiplicative AHP (Saaty and Millet 2000) and was
used in the present work. The calculated geometric
means were then normalised and relative importance weighing extracted. Integrating site selection criteria was based on multicriteria assessment
methods (Eastman et al. 1995):




Sk =
f i ∗ wi
rj k
(3)
i

S=

studies) for objective k, (rj )k is constraint j for objective k (value 0 or 1), S is multiobjective suitability and wk is the weighting for objective k.
Thus, before the multiple regression analysis,
it is signiﬁcant to determine weight percent of
explanatory variables on dependent variable for
establishing the empirical model. In order to decide
which material properties are selected as explanatory variables among the index properties of the
soils, AHP was performed using the data obtained
from linear regression analyses results (ﬁgure 4).
Table 2 lists the priority vectors of all criteria and
the relative importance weighings are included in
the ﬁnal column of this table. The AHP parameters are also shown in the table, indicating that
the judgements (and therefore the ﬁnal relative
importance weighings) seem to be reasonable. The
AHP analyses show that the most important criteria aﬀecting on strength parameters of the rocks
are plastic limit (PL) with 45% weight and liquid
limit (LL) with 28% weight. The weights of the
other index properties are not more than 20%.
3.2 Empirical relations between soil plasticity
and strength parameters
The index, plastic and strength properties, which
are known as the geotechnical properties of soils,
are used as inputs in the solution of various
engineering problems. However, the experimental
determination of strength parameters such as the
cohesion and internal friction angle can provide
inaccurate results, especially due to diﬃculties in
obtaining undisturbed samples. Besides, the regularly used methods such as direct shear test and
triaxial compressive test require expensive equipments and the application of these tests is time
consuming. Therefore, many researchers use statistical analyses, especially regression analysis, to
determine the strength parameters of soils and
rocks.
In this study, certain numerical relations
between the strength and plasticity properties of
the studied soils were established to achieve more
rapid and practical solutions for the prediction of
soil cohesion and the friction angle, and multiple
Table 2. Pairwise comparison matrix and relative importance weighing for index properties of the studied soils.

j



(Sk ∗ wk )

(4)

where Sk is the land’s suitability for landﬁll for
objective k (priority groups), (ﬁ )k is factor i (discriminating features) for objective k, (wi )k is the
weighting for factor i (score given experimental
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A
B
C
D

A

B

C

D

Eigenvector

Weight

1
1/2
1/3
1/5

2
1
1/2
1/4

3
2
1
1/4

5
4
4
1

2.34
1.41
0.90
0.33

47
28
18
7

A and B: plastic and liquid limits; C: water content; D: unit
weight.
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regression analyses were carried out on datasets
obtained from laboratory studies. An independent
variable is the variable that is changed in a scientiﬁc experiment to test the eﬀects on the dependent variable. A dependent variable is the variable
being tested in a scientiﬁc experiment. However,

the dependent variable is ‘dependent’ on the independent variable. As the experimenter changes the
independent variable, the change in the dependent
variable is observed and recorded. While applying regression analysis, the internal friction angle
and cohesion are taken as dependent variables
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and the plastic properties of the soil are taken as
independent variables.
According to the multiple regression analysis
results, a negative polynomial correlation between
PI /LL and the friction angle (ﬁgure 5a) and a positive exponential relationship between PI /LL and
cohesion were observed (ﬁgure 5b). These relationships are characterized by a regression coeﬃcient of
0.80 and are represented by the following formulas:
Ø = −204.5(P I/LL) + 56.3(P I/LL) + 31
c = 0.265(P I/LL)2.78

(5)
(6)

Bearing capacity values (kPa) calculated with
statistical cohesion and friction angle

where Ø is the friction angle, c is the cohesion
(kPa), PI is the plasticity index and LL is the
liquid limit.
A test of goodness-of-ﬁt establishes whether an
observed frequency distribution diﬀers from a theoretical distribution. However, the suitability of
a model is tested using the diﬀerence between
observed and expected values. The normal distribution is a continuous probability distribution
that is often used as a ﬁrst approximation to
describe real-valued random variables that tend
to cluster around a single mean value. Thus, a
normal distribution is expected in the histograms
of diﬀerences between observed and expected

800
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values (Chang et al. 2006). In this study, observed–
calculated value graphs are prepared to test the
accuracy of the equations determined in the regression analysis. Afterwards, the line at which the
regression coeﬃcient is 1 and the lines obtained
at the end of the analysis are compared (ﬁgure 6a
and b). When these graphs are interpreted, it is
observed that the lines drawn at the end of the
analysis are approximately parallel to the line at
which the regression coeﬃcient is 1. Moreover, percentage distribution histogram graphs related to
the diﬀerence of the observed and calculated values are drawn (ﬁgure 6c and d), and it is observed
that the data show a normal distribution. All of
these data show the accuracy and usability of the
produced model.
3.3 Model testing
There are statistically signiﬁcant relationships with
a regression coeﬃciency of 80% between the plastic properties and strength parameters of the soils.
Nevertheless, there is need for testing the usability of the strength parameters that have been
determined statistically in terms of engineering
applications such as slope stability and foundation design. However, the bearing capacity formulas were applied for testing the usability in this
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study. Terzaghi (1943) was the ﬁrst to present
a comprehensive theory for the evaluation of the
ultimate bearing capacity of rough, shallow foundations. This theory states that a foundation is
shallow if its depth (Df) is less than or equal to its
width (B). However, studies conducted since then
have shown that, for shallow foundations, the Df/B
can be as large as 3 to 4 (Das 2007). Thus, the bearing capacity values were calculated with the help
of Terzaghi by using the soil strength parameters
that were primarily obtained through the experimental studies. This process was repeated by using
the soil strength parameters that were obtained
through the statistical analyses.
Using Terzaghi equations, bearing capacity calculations for diﬀerent foundation dimensions were
made to test the model formed as a result of the
statistical studies in the application ﬁeld. The values 1 and 2 m for the foundation depth and 0.5 m
and 1 m for width were used because they are
the shallow foundation dimensions often used in
practice. However, a strip footing was chosen as
the type of foundation, unit weights of the soil
were taken as 17.5 kN/m3 , and a deep groundwater
condition was considered for the study. The bearing capacity values calculated with the two diﬀerent methods were compared, and it was observed
that there was a statistically signiﬁcant relation
between the diﬀerent methods. The regression values were found to be 0.73 and 0.86 for these
statistical relations (ﬁgure 7).
4. Conclusions
In the study, 41 undisturbed and disturbed soil
samples are collected from the regolith on alkaline volcanic in the Trabzon district of Turkey, and
laboratory studies were conducted for the determination of the soil properties. However, the empirical equations are proposed using statistical and
multicriteria analysis based methodology for the
prediction of strength parameters as a function of
the index properties of clayey soils in this study.
According to the results of multiple regression analysis and analytical hierarchy process, the correlations characterized by the regression coeﬃcient
of 0.80 were determined among the friction angle,
cohesion and plasticity properties. The study indicates that cohesion and the friction angle can
be estimated from their plasticity properties with
mathematical relations.
Although there are signiﬁcant relationships
between the plastic properties and strength parameters of the soils, there is need for testing the
usability of the strength parameters that have been
determined statistically considering geotechnical
applications. Because Terzaghi-bearing capacity

formulas for the shallow foundation often used
in practice, these formulas were used for testing the accuracy of the empirical relations in the
study. Thus, the bearing capacity values for different foundation dimensions were calculated by
using the soil strength parameters that were ﬁrstly
obtained through the experimental studies under
a deep groundwater condition, and this process
was repeated by using the soil strength parameters that were obtained through the analytical hierarchy and statistical analyses-based methodology.
The values obtained with the two diﬀerent methods
were compared, and it was observed that there was
a statistically signiﬁcant relation with a regression
coeﬃciency of 86%.
The methodology deﬁned in the study proves
to be an appropriate alternative to the quantitative estimation of shear strength parameters, and
it avoids the need for time consuming and tedious
laboratory testing, especially in engineering practices
such as the foundation design projects.
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