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1. INTRODUCTION 

The reliability of the results provided by geotechnical design primarily depends on the input 

soil parameters used in the calculation. Estimation of these parameters is one of the critical 

issues in geotechnical engineering. Natural soils have high heterogeneity, especially compared 

to artificial building materials. The soil behavior may differ even in a small area, and there is 

significant variety within a single layer which is considered homogeneous. 

 

Applications based on probabilistic calculations have a greater emphasis in geotechnics with 

the introduction of Eurocode 7 standard. The accurate knowledge of the soil properties is a 

principle by reliability-based design. In order to provide characteristic values – as input 

parameters of design – series of experiments are carried out. The amount of data available for 

statistical analysis varies by tasks with different magnitude. For smaller design projects, for 

large industrial investments or for controlled laboratory testing, the set of data is different in 

the analysis. Therefore, it is advisable to choose the degree of statistical processing and to 

determine the acceptable uncertainty based on the available set of data. 

 

In most geotechnical problems probably the most important soil properties are shear strength 

and shear strength parameters. Shear strength is defined by the complex laws of nature and its 

knowledge is required for most geotechnical tasks. From the perspective of design and control 

the number of experiments, the mean and standard deviation of the data have to be known. The 

precision of the determination of shear strength and shear strength parameters has a direct effect 

on the characteristic values, used in the calculation, which has an influence on the principle of 

economy. The low number of measurements can negatively affect the safety of the structure. 

Too many measurements lead to uneconomical design. To resolve this issue, the deeper 

knowledge of different parameters’ coefficient of variation provides a basis. The coefficient of 

variation (relative standard deviation) has a major role during the statistical evaluation process 

of soil properties. Uncertainty of a soil parameter can be described with the coefficient of 

variation. Based on its value different measurements from different sites can be compared. 

Neither a low number, nor unnecessarily many experiments are satisfying due to excessive 

uncertainty or diseconomy. To resolve this problem, the knowledge of coefficient of variation 

is a powerful tool. 

 

Detailed calculations can be performed with the knowledge of the variability of input design 

parameters. During my research I examined the bearing capacity of shallow foundations and 
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stability of flood protection dikes on probability basis. During the development of geotechnics, 

various safety considerations have evolved and spread. The development in theoretical 

approaches resulted in more and more sophisticated safety ideologies and calculation methods. 

The safety level of these methods compared to each other is nontrivial. The comparison of 

different methods’ and different standards’ global safety is possible based on calculating the 

probability of failure for all cases. 

 

In my research, emphasis is put on examining the goodness-of-fit of different distributions of 

soil parameters, which I believe will soon become a routine task in civil engineering practice. 

The growing IT capacity and the user-friendly software products with statistical tools ensure 

the background. 

 

2. OBJECTIVES AND CONTENTS OF THE DISSERTATION 

2.1. THE REASON FOR THE CHOICE OF THE TOPIC AND OBJECTIVES 

In Hungary, the use of probability-based solutions in the field of civil engineering, and 

particularly in the field of geotechnics, is undervalued. The importance and application of 

probabilistic theories have more emphasis since the introduction of MSZ EN 1997-1: 2006 

(Eurocode 7) standard by 1 December 2006. In reliability-based design it is principal to 

determine the input soil parameters as precisely as possible. Therefore, we carry out 

experiments and series of experiments and identify characteristic values with the use of 

statistical tools. The statistical processing and evaluation of available data have become an 

engineering task. The amount of data varies considerably in different tasks. For routine design 

applications, for large industrial investments or for a controlled series of laboratory 

experiments, the data set for analysis is different. 

The probability of failure is an input parameter for risk calculation. With calculating the 

probability of a failure, we can characterize a whole system, while the deterministic factor of 

safety values refer only to one part of the system. The safety of different structures and different 

calculation methods can be compared based on computing the probability of failure. 
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2.2. CONTENTS 

In the dissertation, after the introduction of the topic and the description of the methodology, 

I show my results in four different chapters: 

 the coefficient of variation of the soil parameters and recommendation of a new 

classification method with the possible limits of the given intervals; 

 calculating the probability of failure in case of bearing capacity of shallow foundations 

and comparison of the different methods (Eurocode 7, MSZ 15004-89/2.3.1, Brinch 

Hansen and Meyerhof); 

 comparison of different standards’ (Eurocode 7 and MSZ 15292: 1997) safety level by 

calculating the probability of failure in case of flood protection dikes; 

 analysis of the distribution of certain soil parameters and the effect of the applied 

distribution function on the characteristic value. 

 

3. DATA SETS AND APPLIED METHODS 

The results presented in the dissertation are primarily based on three large data sets. These 

data sets are my own series of laboratory experiments, the Ajka data set, and the Paks data set. 

During my laboratory research, I performed direct shear tests on five different types of soil 

(sand, clayey sand, sandy silty clay, high plasticity clay and fly ash) with two different vertical 

loads (100 kPa, 200 kPa), which means a total of 300 tests. 

The Ajka data set includes the results of shear strength experiments carried out during the 

examination of the red mud catastrophe. A total of 60 shear strength experiments were collected 

for four different soil layers (gravel, clayey silty sand, high plasticity clay, fly ash). 

The Paks data set includes laboratory test results of 39 boreholes and 39 CPTs. Laboratory tests 

mean altogether 5192 measurements, of which I focused on the experiments related to shear 

strength. Sufficient number of experiments of shear strength were made in two different types 

of sand layer (mainly direct shear tests, but also triaxial shear tests). The examination of the 

CPT results is mainly related to these two sand layers, complemented with examination of the 

gravel layer measurements. The total length of the CPT soundings was 1338 m, the minimum 

depth was 23.0 m and the maximum depth was 40.2 m, while the average was 34.3 m. 

During the analysis of the data sets, basically Microsoft Excel with @RISK statistical and 

simulation extension helped my work. Modelling of flood protection dikes was carried out with 
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the use of GeoStudio 7.10. – GeoSlope module and Plaxis finite element software. The 

probability of failure for shallow foundations was calculated in @RISK environment. 

The value of coefficient of variation has a major role in the dissertation. The coefficient of 

variation (Cv)1 is the ratio of standard deviation (s) to the mean value (�̅): 

 �v =
�

�̅
  

If samples taken from the data set are continuously examined, and for a certain k number of 

samples the mean value and the standard deviation for k + 1, k + 2, ... are calculated, we find 

that the value of Cv is less and less fluctuating. This is called the stabilization tendency. The 

coefficient of variation has a major role in the statistical evaluation of soil parameters and 

geotechnical problems. Besides the stabilization tendency, with the help of its value the 

different parameters of a soil can be characterized. Values for coefficient of variation from 

research studies all over the world showed that their value for the same parameter is within a 

relatively narrow range. It has the advantage of having reliable data on the examined parameter 

even before before the exploration or laboratory testing. 

For the analysis of different soil parameters’ distribution functions and to determine the 

goodness-of-fit, I used the Kolmogorov-Smirnov test besides the Pearson classification. 

 

 

  

                                                
1 Other notations: COV or vx. 
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4. THESES 

THESIS 1 

The coefficient of variation is a good indicator by the determination of soil properties. The 
different properties of a soil have different coefficient of variation values. However, the same 
soil property of different soils cannot be characterized with one certain coefficient of variation. 

Based on my own laboratory experiments and data based on Hungarian and international 

literature references I defined 5 quality classes for the accuracy of determination of shear 

strength and shear strength parameters for different soils. 

These quality classes are presented in Table 1 and Figure 1. For example, in case of sand soil, 
if the coefficient of variation is below 0.08, it refers to Class 1, [0.08-0.15[ interval means Class 
2, [0.13-0.25[ interval means Class 3, [0.25 -0.40[ intervals means Class 4, and Class 5 refers 
to a coefficient of variation 0.40 or higher. 

Class Cv (φ) Cv (c) 

Class 1 < 0.08 < 0.3 

Class 2 [0.08-0.15[ [0.30-0.40[ 

Class 3 [0.15-0.25[ [0.40-0.50[ 

Class 4 [0.25-0.40[ [0.50-0.60[ 

Class 5 0.40 ≤ 0.60 ≤ 

Table 1. Quality classes offered for internal friction angle and cohesion 

 

Figure. 1. Quality classes offered for internal friction angle and cohesion 

 

 

Publications related to the thesis: I. Kádár, L. Nagy, A. Takács (2010a), I. Kádár (2013), I. 

Kádár (2014).  
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THESIS 2 

I examined the change in the coefficient of variation value with increasing experimental 
number. 

Based on CPT results, I found that the increase in the number of measurements for a soil 

parameter even beyond any reasonable limit does not result in convergence of the 

coefficient of variation to zero, but convergence is observed. The coefficient of variation 

value to which the soil parameter converges by increasing the number of measurements 

is called the fundamental uncertainty of the examined soil parameter for the given 

number of measurements. 

The thesis can be illustrated by CPT tip resistance measurements, due to the available large 
data set. Figure 2 shows the coefficient of variation values of CPT tip resistance values 
measured in Pleistocene medium sand layer determined based on different sample numbers 
(n = 10 pcs, n = 100 pcs, n = 1000 pcs, n = 10467 pcs), (for different soils see Table 2). Each 
point related to a certain sample number refers to the coefficient of variation of a randomly 
selected n-element sub-set of the whole set of data. 

 
Figure. 2. Coefficient of variation values determined based on different sample numbers in case of 

Pleistocene medium sand layer 

Soil Sample number (pcs) 
Fundamental 

uncertainty (Cv) 
Eolian fine sand 9195 0.318 

Pleistocene medium sand 10467 0.273 
Gravel 18709 0.441 

Table 2. Fundamental uncertainty of different soils’ CPT tip resistance 
 
Publications related to the thesis: I. Kádár, L. Nagy (2016).  
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THESIS 3 

I determined the shear strength and shear strength parameters of sand, clayey sand, sandy silty 
clay, high plasticity clay soils and fly ash (Fig. 3) with the use of direct shear tests. 

A large number of laboratory experiments were carried out with direct shear tests to 

determine the shear strength and the shear strength parameters. I found that the 

coefficient of variation of shear strength (τ) is smaller than the coefficient of variation of 

internal friction angle (φ) and cohesion (c) derived from the same tests. 

It means that with the processing method additional uncertainty is created. I suggest the use of 
shear strength values instead of using the shear strength parameters which are affected by 
excessive error. 
 

 

Figure 3. Coefficient of variation values of shear strength and shear strength parameters in 
case of different soils 

 

 

 

 

 

Publications related to the thesis: I. Kádár, L. Nagy (2010a), I. Kádár, L. Nagy, A. Takács 

(2010b), I. Kádár, L. Nagy (2012a), I. Kádár, L. Nagy (2012b), I. Kádár, L. Nagy (2014). 

sand

clayey sand

sasi clay

high plast. clay

flyash

0,00

0,10

0,20

0,30

0,40

0,50

0,60

0,70

0,80

0,90

1,00

c
ϕ

τ200kN
τ100kN

0,45

0,07

0,04
0,05

0,25

0,07
0,03

0,03

0,21

0,11

0,03
0,04

0,52

0,31

0,11 0,12

>1,00

0,10

0,05 0,07

C
oe

ff
ic

ie
nt

 o
f 

va
ri

at
io

n,
 C

v 
(-

)

Soil parameter



9 
 

THESIS 4 

The conventional slope stability expressed by the factor of safety does not give information 

about the reliability. MSZ 15292: 1997 and MSZ EN 1997-1: 2006 standards also have a 

difference in the required safety (partial) factors (Table 3). Consequently, the two standards’ 

deterministic safety factors do not indicate which standard provides a higher level of security. 

I determined the probability of failure based on the two standards’ different input parameters. 

Based on the examination of slope stability of flood protection dikes I determined that the 

different standards’ levels of safety can be compared based on computing the probability 

of failure. 

The calculation example showed that the MSZ 15292: 1997 standard gives the higher security 

level (Pf = 0.0056 for design flood level). Calculations based on MSZ EN 1997-1: 2006 have 

a higher probability of failure (Pf = 0.0252 for design flood level). The ratio does not change if 

the water level equals the crest level. The partial factor (1.25) in the international code is 

different than the partial factor in the Hungarian National Annex (1.35). With partial factor of 

1.25, Pf = 0,0825 is the calculated probability of failure. 

Standard 
Safety factor 

Input data design flood 
level water level at crest 

MSZ 15292:1997 1.50 1.30 mean value 
MSZ EN 1997-1:2006 (EU) 1.25 1.25 characteristic value 

MSZ EN 1997-1:2006 (HU) 1.35 1.35 characteristic value 

Table 3. Safety (partial) factors and input data for different standards 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publications related to the thesis: I. Kádár, L. Nagy (2015a), I. Kádár, L. Nagy (2015b), I. 

Kádár, L. Nagy (2017a).  
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THESIS 5 

Four calculation methods were investigated to determine the bearing capacity of shallow 

foundations (Meyerhof, Brinch Hansen, MSZ 15004-89 / 2.3.1, MSZ EN 1997-1: 2006. In 

Meyerhof's method the bearing capacity factors are not available in closed formula. 

Based on the examination of different calculation methods for bearing capacity of shallow 

foundations I determined that the different methods’ levels of safety can be compared 

based on computing the probability of failure. 

Calculation results (Tables 4-5) show significant differences, not only in the calculation 

methods, but also in terms of which shear strength parameters are considered as probability 

variables. The highest probability of failure is always calculated according to the MSZ EN 

1997-1: 2006 standard. 

 

Calculation method 
Probability variable 

φ c φ és c 

MSZ EN 1997-1:2006 1.824% 0.018% 3.358% 
MSZ 15004-89/2.3.1 0.074% ≈ 0 0.247% 

Brinch Hansen 0.524% ≈ 0 1.131% 
Meyerhof 2.020% ≈ 0 3.060% 

Table 4. Probability of failure values (silty sand; 500 000 simulations) 

 

Calculation method 
Probability variable 

φ c φ és c 
MSZ EN 1997-1:2006 0.226% 0.512% 2.459% 
MSZ 15004-89/2.3.1 0.204% 0.009% 0.484% 

Brinch Hansen 0.135% 0.111% 1.238% 
Meyerhof ≈ 0 0.033% 1.180% 

Table 5. Probability of failure values (medium plasticity clay; 500 000 simulations) 

 

 

 

 

 

Publications related to the thesis: I. Kádár, L. Nagy (2010b), I. Kádár, L. Nagy, Nagy R. 

(2016).  
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THESIS 6 

The examination of distribution fitting of CPT tip resistance showed that the assumption of 
normal distribution is not correct in most cases. Eurocode 7 derivates the characteristic value 
from the mean value. In approximately three-quarters of the examined cases, the lognormal 
distribution function gives a better approximation than normal distribution. The mean value 
and the mode of lognormal distribution may differ significantly (Figure T4). The mode of 
lognormal distribution gives a more accurate approximation of the expected value than the 
normal distribution’s mean value (Fig. 4). 

In case of CPT test results when the measured data follows lognormal distribution, the 

characteristic value can be defined according to the following equation: 

 �	 = 
���
∙ �1 � � ∙ �) 

where Xk is the characteristic value, μ is the mean and σ is the standard deviation. Value of k 

can be assumed based on Table 6. 

Condition k 

1.36 ∙ √� � D�
�.�� 0 

1.36 ∙ √� � D�
�.�� 0.1 

Table 6. k value for determination of characteristic value (D�
�,�� is the result of Kolmogorov–

Smirnov-test on 95% confidence level; n is the number of samples) 

 

Figure 4. Example for fitting Normal and Lognormal distribution function on CPT tip 
resistance measurements 

 
 
Publications related to the thesis: I. Kádár, L. Nagy (2017b), I. Kádár, L. Nagy (2018a), I. 

Kádár, L. Nagy (2018b).  
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5. THE AIM AND APPLICABILITY OF THE DISSERTATION 

In the dissertation I summarized the results of a large number of laboratory tests and in-situ 

investigations, which serve as a useful set of data for researchers committed to this topic. I 

consider the coefficient of variation values particularly important for practice. 

The defined quality classes can be determined to further soil parameters and connection can be 

established with geotechnical categories included in the Eurocode standard, with importance 

categories of buildings and with the degree of damage caused by failure. The coefficient of 

variation linked to a geotechnical category can be used as a criterion to control and check 

whether the field explorations and laboratory experiments have been properly detailed. 

Further development can be the separation of the uncertainty of soil parameters and the 

numerical determination of these components. The errors of the measurement method, the 

measuring instrument, the personnel or the soil sample itself, etc. are superimposed on the basis 

of the propagation of uncertainty and the resulting error gives the fundamental uncertainty. 

Progress can be made by considering the correlation of internal friction angle and cohesion in 

our calculation methods. Using the two shear strength parameters in combination can reduce 

their higher coefficient of variation compared to the shear strength itself. It means that our 

existing calculation methods (e.g. slope stability, bearing capacity of shallow foundations) 

might be revised. In the reliability calculations I applied the available deterministic formulas, 

in which the chosen geotechnical parameters were treated as probability variables. This semi-

probabilistic approach can be extended by taking the uncertainties associated with the subsoil, 

with the foundation and with the superstructure into account with respect to their interaction as 

well. 

Examining the goodness-of-fit of different distributions of soil parameters will soon become a 

routine task in civil engineering practice. The growing IT capacity and the user-friendly 

software products with statistical tools ensure the background. 
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