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1. INTRODUCTIONS, OBJECTIVES 

Crushed stone aggregate is an indispensable raw material in the construction industry - 

both in Hungary and in other parts of the world. They are used in a variety of grain sizes: finer-

grained crushed stone aggregates are used in the production of asphalt, railroad embankments 

are formulated as coarse-grained crushed stone bedding, and larger blocks of rocks are used as 

waterfront structures. In addition, there are many examples of the use of stretched fractions, 

e.g. for bridge backfills or as the bedding of of large-diameter pipe structures or pavements. 

The aim of my doctoral research was to characterize the resistance of andesite crushed 

aggregates to abrasion and the change of abrasion properties caused by external influences. The 

scientific work was based on the evaluation of laboratory test results of andesite rock blocks 

from Gyöngyössolymos, Gyöngyöstarján, Komló, Nógrádkövesd, Recsk and Sárospatak (63 

blocks).  

The research can be divided into four distinct parts. The first research direction deals with 

the mass composition, strength and abrasion resistance values of the tested andesites. The 

results of several similar researches are available in the literature. My aim was to evaluate the 

rock physical properties of the studied andesites according to the previous results, especially 

their abrasion resistance characteristics, supplemented with new findings. 

In the second part of my research, my aim was to get to know and describe the complete 

wear process of the andesite aggregates. To this end, long-term micro-Deval tests of seven 

andesite lithotypes were analysed. The correlation and regression analysis, based on the 

laboratory test results, revealed that the abrasion process can be well described exponentially 

using a new empirical parameter, called the abrasion parameter. In addition to characterizing 

and estimating the abrasion parameter, I also compared it with other rock physical and 

mechanical properties. 

The third line of research focuses on the long-term durability properties of the andesite 

crushed stones. In order to characterize that, I performed long-term durability tests using the 

magnesium sulfate test, increasing the number of the five load cycles of the required by the 

relevant standard to 35. In the series of tests, the degradation caused by the sulfate attack and 

the change of resistance to wear in aggressive environment were measured for three andesite 

lithotypes. 

In the last part of my research, the correlation of abrasion resistance values determined by 

different testing techniques were sought. In the course of this I compared the micro-Deval 
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values determined according to the instructions of the current European standard and the 

already withdrawn Hungarian standard. My aim was to promote the comparability of the 

abrasion resistance values found in a large number in the Hungarian literature and determined 

according to the regulations in force. 

2. THE STUDIED ANDESITE LITHOTYPES 

Andesite lithotypess from Gyöngyössolymos, Gyöngyöstarján, Komlo, Nógrádkövesd, 

Recsk and Sárospatak were investigated by different methods (Figure 2-1). With the exception 

of the andesites from Gyöngyöstarján, the rock blocks are from quarries which are still exist. 

During the laboratory investigations I formed regular cylindrical specimens and crushed stone 

samples from 13 blocks from Gyöngyössolimos, 4 from Gyöngyöstarján, 9 from Komló, 13 

from Nógrádkövesd, 13 from Recsk and 11 from Sárospatak. 

The rock blocks from the same place were grouped according to their lithotypes. During 

this process 15 andesite lithotypes were determined. The notation system used in my doctoral 

dissertation and the denomination of the andesite type are summarized in Table 2-1. The letter 

in the signs refers to the place of origin of the sample. 

 
Figure 2-1: The origin of the studied andesites. 
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Table 2-1: The studied andesite lithotypes 

Sign of the 
andesite lithotype Origin Denomination of the lithotype 

G-1 
Gyöngyössolymos 

dark grey coarse-grained andesite 
G-2 dark grey middle-grained andesite 
G-3 dark grey fine-grained andesite 

GT-4 

Gyöngyöstarján 

dark gray dense porphyritic andesite 
GT-5 dark gray porphyritic andesite 

GT-6 yellowish gray, slightly decomposed porphyritic 
andesite 

GT-7 
dark gray, highly decomposed porphyritic 

andesite 
K-8 

Komló 
medium gray amphibole-andesite 

K-9 red-gray amphibole-andezite with pyroxene 
N-10 Nógrádkövesd dark gray basaltic andesite 

R-11 Recsk 
brownish-gray, slightly silicified pyroxene-

andesite 
S-12 

Sárospatak 

medium gray pyroxene-andesite 
S-13 slightly lilac medium gray pyroxene-andesite 
S-14 purple-gray pyroxene-andesite 
S-15 green-gray pyroxene-andesite 

3. TEST METHODS 

During the research I analysed my own laboratory test results by statistical methods. For 

the aggregate tests I created double-crushed samples with jaw crusher. The characteristics and 

relevant standards determined during laboratory tests are summarized in Table 3-1. The rock 

physical properties of the andesite types were determined in dry, water-saturated and subjected 

with 50 freeze-thaw cycles. 

The standardized micro-Deval test does not investigate the complete wear process, the 

resistance to abrasion is determined after the standard load (12 000 rotations). Long-term micro-

Deval tests were performed to determine the complete wear process. 

In the long-term abrasion resistance tests, the applied number of rotations (N [rot]) was 

increased by 12 000 rotations, and then the micro-Deval value was determined by washing and 

drying the sample. The micro-Deval value determined in long-term tests was denoted by MDE 

without indexing to distinguish it from the standard value. The alteration of the abrasion 

resistance was investigated as the function of the invested work. 
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Table 3-1: The determined properties. 

Physical parameter Sign Relevant standard 

Bulk density ρ [kg/m3] MSZ EN 14579:2005 

Water absorption wa [m%] MSZ EN 13755:2008 

Mass reduction caused by freeze-thaw cycles F [m%] MSZ EN 12371:2010 

Ultrasonic pulse wave propagation speed cUH [km/s] MSZ EN 14579:2005 

Uniaxial compressive strength UCS [MPa] MSZ EN 1926:2007 

Modulus of elasticity E [GPa] MSZ EN 14580:2005 

Indirect tensile strength σt [MPa] MSZ 18285-2:1979 

Flakiness index FI [m%] MSZ EN 933-3:2012 

Micro-Deval value MDE [m%] MSZ EN 1097-1:2012 
MSZ 18287-6:1984 

Magnesium sulfate value MS [m%] MSZ EN 1367-2:2010 

 

In order to understand the behavior of the crushed stone aggregates under long-term 

destructive environmental impact, I performed long-term magnesium sulfate tests. During these 

tests the number of immersion-drying cycles were increased. The mass reduction of the 10/11.2, 

11.2/14, and the entire 10/14 mm particle sized samples were also determined, based on the 

amount of material fined below the lower particle size limit. During the long-term durability 

test, the alteration of the wear resistance was also observed by determining the micro-Deval 

value. 

Univariate and multivariate statistical analyzes were performed on the test results. The first 

step was to filter out the outliers. It was made by the investigation of box-plot diagrams of the 

rock physical parameters and the errors of the stress-strain curve in the case of compressive 

strength tests. After determining the statistical indices of the rock physical characteristics, I 

used correlation and regression analysis to find the relationships between the different 

properties. 
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4. LITERATURE REVIEW 

The study of the properties of rocks and the possible relationships between them have been 

the object of numerous studies. For most rocks, the properties determined in the various test 

conditions correlate well with each other. The relationship between bulk densities determined 

in dry and water saturated conditions, such as bulk density in dry condition and water absorption 

is almost always detectable, often in linear form (Marek and Szabó-Balog 1987; Görög 2008; 

Török and Vásárhelyi 2010; Engidasew and Abay 2016). Comparison of the strength 

parameters determined in the water-saturated and dry test conditions shows similar results 

(Török and Vásárhelyi 2010; Vásárhelyi 2018). 

In many cases, the mass composition test results also correlate well with the strength 

parameters. Several authors have revealed exponential relationship between bulk density and 

uniaxial compressive strength (Marek and Szabó-Balog 1988; Siratovich et al. 2012; Török and 

Vásárhelyi 2010; Vásárhelyi 2018). A similar correspondence can be observed between the 

porosity and the uniaxial compressive strength (Tuğrul and Zarif 1999; Kılıc and Teymen 2008; 

Rigopoulos et al. 2013). 

The relationship between the uniaxial compressive strength and the modulus of elasticity 

can be characterized by high coefficient of determination for most rocks. The quotient of 

modulus of elasticity and the uniaxial compressive strength (the modulus ratio) is usually 

constant for a given rock type, i.e. the relationship between them is linear (Marek and Szabó 

1987; Tuğrul and Zarif 1999; Engidasew and Barbieri 2014) – and the value of them is 

independent from the level of the water saturation (Vásárhelyi 2018). 

The rock physical properties also influence the aggregate properties. The relationship 

between bulk density and Los Angeles fragmentation value was searched in linear (Marek and 

Szabó 1987) and logarithmic (Ugur et al. 2010) forms. The relationship between water 

aborption or open porosity and resistance to fragmentation can also be demonstrated (Ozcelik 

2011; Capik and Yilmaz 2017; Rigopoulos et al. 2013). The uniaxial compressive strength of 

the rocks also influences Los Angeles values, the relationship can be described in exponential 

(Ozcelik 2011; Rigopoulos et al. 2013), logarithmic (Kahraman and Fener 2007; Rigopoulos et 

al. 2013) or linear (Tuncay et al. 2016; Afolagboye et al. al. 2017) forms. In addition to Los 

Angeles value, the uniaxial compressive strength may also be related to the micro-Deval value 

(Capik and Yilmaz 2017). 
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The shape of the crushed stone particles also influences the aggregate properties. Numerous 

studies have confirmed that the increasing shape and flakiness indexes of railway crushed stone 

decreas the mechanical properties. Kausay (1971a; 1971b) proved by the investigation of 

Hungarian andesite, basalt, limestone, and diabase crushed stone aggregates that the Los 

Angeles abrasion value of the sample deteriorates with the increasing proportion of flake grains. 

This was strengthened by the laboratory test results of Rigopoulos et al. (2013) as well as 

Bobály and Gálos (2016). 

The examination of the wear process of crushed stone and granular aggregates goes back 

to the 19th century: in 1875 Sternberg published a relation called the Sternberg Law, which 

deals with the volume reduction of riverbed grains (which is equal with the mass reduction 

assuming a homogeneous density distribution). Sternberg described particle wear in 

exponential form, which has been confirmed by several recent studies (e.g. Domokos et al. 

2014; Erichsen 2015; Wu et al. 2018). 

The process of abrasion and fragmentation has been studied in laboratory conditions. 

Domokos et al. (2014), Erichsen (2015), and Deiros Quintanilla et al. (2017) investigated the 

fragmentation process by Los Angeles tests. Wu et al. (2018) made micro-Deval tests according 

to the American ASTM D 6928-10, increased the number of roations to 50 000 and described 

the initial phase of the wear process with exponential functions. 

Durability depends on several factors: failure can be triggered by lots of of effects, so 

several test methods have been developed to evaluate the durability of rocks (Balázs et al. 1975). 

Durability can be investigated by the loss of weight of the studied sample exposed to cyclic 

load, by the alteration of the surface of the sample, or by the alteration of the value a given 

before and after the durability test (Kleb and Török 1971). 

Freezing and sulphate tests are the most widely used laboratory test methods for assessing 

the durability of crushed stone aggregates. The destructive effect of sodium and magnesium 

sulphate is much greater than that of ice (Kleb and Török 1971; Ruiz-Agudo et al. 2007). 

Although sodium sulphate has a lower viscosity than magnesium sulphate, the penetration depth 

is greater, and magnesium sulphate has a higher crystallization pressure (La Iglesia et al. 1997). 

For crushed stone, the relevant European standard (MSZ EN 1367-2: 2010) requires the use of 

a magnesium sulfate solution to determine crystallization loss. 
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Several studies have investigated the relationship between aggregate strength and 

durability properties. Strong relationship was found between the micro-Deval and magnesium 

sulfate values for several rock types (Phillips 2000; Fournari and Ioannou 2019). 

Depending on the number of freeze-thaw cycles cycles, several studies have investigated 

the alterations of the physical parameters (weight loss, ultrasonic pulse wave propagation speed, 

indirect tensile strength, point strength, compressive strength, elastic modulus) (Fener and İnce 

2015; Çelik and Aygün 2018). 

Several tests were developed to determine the abrasion resistance and the fragmentation of 

the crushed stone aggregates. The test results are different due to different conditions of the test 

method. 

During the introduction of the micro-Deval test in Hungary, a large number of comparative 

studies were made (Gálos et al. 1984). The authors found correlation between dry and wet 

micro-Deval test results. A similar comparison was made by Árpás et al. (2001): the micro-

Deval value of two types of rock were determined by the investigation of the 2/5 mm, 5/8 mm 

and 8/12 mm fractions according to the already withdrawn MSZ 18287-6 standard, and the 

10/14 mm grain sized fraction (according to the MSZ EN 1097-1 standard) was also analysed. 

Other studies are also available in the international literature which compare the abrasion 

resistance value determined according to different standards. Gökapl et al. (2016) determined 

the abrasion resistance of various rocks using the micro-Deval test according to European EN 

1097-1 (10/14 mm mesh size) and American ASTM D 6928. 

In addition to examining the implementation of the same test method by a different 

standard, several studies deal with comparing similar test methods. Gálos et al. (1984) found 

correlation between dry and wet micro-Deval test results in linear and quadratic form. 

Relationship was revealed between the railway micro-Deval and the wet Deval test results 

(Árpás et al. 2006; Emszt 2005).  
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5. THESES 

5.1. Mass composition, strength and aggregate properties of andesites 

THESIS 1 

Linear correlation was found between the bulk density and the ultrasonic pulse wave 

propagation speed, the uniaxial compressive strength and the modulus of elasticity 

determined in the dry and water saturated conditions in the case of the studied andesites. 

I proved that uniaxial compressive strength and modulus of elasticity correlate well in 

both dry and water saturated condition. 

The findings of the thesis are in accordance with the results of research based on the 

analyses of other rock types available in the literature. The examined linear relationships are 

characterized by high coefficients of determination (Table 5-1). 

Table 5-1: Determination coefficient values describing the linear relationships formulated in Thesis 1 
based on the analysis of the mean values of the andesite lithotypes (AS-2 database). (ρ: bulk density; 

cUH: ultrasonic pulse wave propagation speed; UCS: uniaxial compressive strength, E: modulus of 
elasticity; d lower index: dry test condition; w lower index: water saturated test condition) 

Studied 
properties 

Coefficient of determination 
 

R2 [-] 
The equation of the relationship 

ρd - ρw 0,975 0,779 612,601w dρ ρ= ⋅ +  

cUH,d - cUH,w 0,641 , ,0,330 3,094UH w UH dc c= ⋅ +  

UCSd - UCSw 0,906* 0,816w dUCS UCS= ⋅   
UCSd - Ed 0,745* 0,202d dE UCS= ⋅   
UCSw - Ew 0,540* 0,236w wE UCS= ⋅   

Ed - Ew 0,490* 0,948w dE E= ⋅   
* the coefficient of determination obtained after fixing the starting point in the origin 

 

Publications in the theme of the thesis: Czinder and Török 2015a; Czinder and Török 2015b; 

Török and Czinder 2017; Czinder and Török 2020 (under review). 

THESIS 2 

Based on the micro-Deval test results made in pairs, I found that the proportion of 

flat grains in the sample does not influence the value of resistance to abrasion in the case 

of 10/14 mm sized andesite crushed stone aggregates. 

The independence of the micro-Deval value from the proportion of the flat grains should 

be explained by the fact that the grains in the aggregate samples are only subjected to abrasion 
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and they break rarely. This is not valid in the case of the railway micro-Deval test, in which, 

due to fracture of crushed stone particles, the flakiness of the sample influences the abrasion 

resistance value: the samples with more flat grains have a less favorable abrasion resistance. As 

a result, the relationship between micro-Deval and flakiness test results in the cases of the 

railway and the 10/14 mm sized aggregate samples is not comparable. 

By plotting the results of comparing the percentages of the micro-Deval and flakiness 

values determined in pairs (Figure 5-1), both positive and negative halves are found. The set of 

points does not show any regularity, which means that the samples with less flat grains are not 

favored by abrasion resistance. 

 
Figure 5-1. The comparism of the micro-Deval and the flakiness test results (G: Gyöngyössolymos; 

N: Nógrádkövesd). 

Publications in the theme of the thesis: Czinder and Török 2020a; Czinder and Török 2020b 

(under review). 

5.2. Abrasion process of andesite aggregates 

THESIS 3 

By the results of long-term micro-Deval tests (MSZ EN 1097-1:2012 – standardized 

test: 12 000 rotations) I proved, that the abrasion process of the andesite aggregates can 

be well described by exponential function. To characterize the wear curve, I introduced a 

new, unitless, material-dependent empirical parameter, called abrasion parameter (A), 

that links the work invested in abrasion (W) to the relative residual mass (mres), as follows:  

 W
resm 100 A= ⋅ . (5-1) 
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Figure 5-2. The test results of the long-term micro-Deva tests (vertical black line: 

N = 12 000 rotations; horizontal black line: mres = 20 m%) (G – Gyöngyössolymos; 
GT – Gyöngyöstarján; K – Komló; N – Nógrádkövesd; R – Recsk; S – Sárospatak). 

 
Figure 5-3. The abrasion curve of the S-13 andesite from Sárospatak: whole process (red curve); initial 

phase (red curve). 

Based on the results of long-term abrasion resistance tests (sometimes with more than 2 

million revolutions) (Figure 5-2), the value of the newly introduced abrasion parameter can 

vary from 0 to 1. The higher abrasion parameter value belongs to the higher resistance to 

abrasion. Due to the heterogeneity of the rock material, it is recommended to determine the 

abrasion curve based on the values measured in the first stage of the wear process 

(mres > 20 m%) (Figure 5-3, blue abrasion curve). 

Publications in the theme of the thesis: Czinder and Török 2017a; Czinder and Török 2017b; 

Czinder and Török 2018; Czinder et al. 2020a; Czinder et al. 2020b (under review).  
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THESIS 4 

The value of the newly introduced abrasion parameter (A [-]) can be approximated 

based on the micro-Deval value determined according to the relevant MSZ EN 1097-

1:2012 standard. I have shown that the estimation can be refined by increasing the 

number of repetitions of the micro-Deval tests with 12 000 rotations in long-term tests. 

Based on the experience of the long-term studies, the estimation is sufficiently accurate if 

the change in abrasion parameter calculated as the number of repetitions increases falls 

below 1%. This method is applicable to andesites having a micro-Deval value greater than 

10% by mass, determined according to the relevant standard. 

Based on the long-term micro-Deval test results I have shown that the value of the abrasion 

parameter gradually reaches its final value. The required number of the repetitions varied 

between 4 and 9 for the studied andesites, after that the difference between the measured and 

the estimated wear curve remains within the acceptable margin of error (Figure 5-4). The 

limitation of applicability is necessary because in the case of rocks with micro-Deval values 

below 10% (e.g. andesite from Recsk) a long wear process can be expected, so a small change 

in the estimated abrasion parameter can lead to significant differences in the estimated wear 

curves. 

 
Figure 5-4. The measured and the estimated wear curves of K-9 andesite from Komló. 

Publications in the theme of the thesis: Czinder et al. 2020a; Czinder et al. 2020b (under 

review).  
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THESIS 5 

Based on the analysis of the aggregate laboratory tests, it can be concluded that 

correlation exists between the micro-Deval value, such as the estimated abrasion value 

(A [-]), and the ratio of the uniaxial compressive strength and water absorption. The 

micro-Deval value depends exponentially, the abrasion parameter depends 

logarithmically from the aforementioned ratio. 

Extending the comparison between the estimated abrasion parameter and the quotient 

formulated in the thesis (Figure 5-5) to the rock physical parameters of other rock types 

available in the literature, it can be found that the logarithmic relation between the estimated 

abrasion parameter and the ratio exists in the case of other lithotypes too. However, when the 

rock types are treated together, the results of the tests show dispersion and a correlation with a 

sufficiently high coefficient of determination cannot be written. 

The existence of the relation may also show practical importance: for the qualification of 

armourstones, the micro-Deval value, the uniaxial compressive strength and water absorption 

should be also determined. According to this relationship, one of the three rock physical 

parameters can be estimated based on the other two properties. 

 
Figure 5-5. Correspondence between the estimated abrasion parameter and the ratio of the uniaxial 

compressive strength and the water absorption (G – Gyöngyössolymos; GT – Gyöngyöstarján; 
K – Komló; N – Nógrádkövesd; R – Recsk; S – Sárospatak). 

Publications in the theme of the thesis: Czinder and Török 2020a; Czinder et al. 2020a; Czinder 

et al. 2020b (under review).  



Theses of PhD dissertation  Balázs Czinder: Resistance to abrasion of andesite aggregates 

 

- 15 - 

5.3. Durability of the andesite aggregates 

THESIS 6 

Based on the results of the long-term durability tests with the magnesium sulfate 

method, it can be stated that the fragmentation caused by environmental load associated 

with permanent crystallization processes follows linear trend regardless of the particle 

size in the case of the studied andesites. 

The linear increase of the fragmentation values as a function of the number of cycles 

(Figure 5-6) means that the five repetition cycles proved to be sufficient for the analysis of the 

long-term durability properties of the studied andesites in the case of the magnesium sulfate 

crystallization test (MSZ EN 1367-2:2010). 

 
Figure 5-6. The fragmentation of the R-11 andesite from Recsk during the long-term durability tests. 

Publication in the theme of the thesis: Czinder and Török 2019. 

THESIS 7 

The salt-saturated aggressive environment can significantly (by up to 35%) reduce 

the resistance to abrasion in the case of the studied andesites. The decay factor does not 

show a monotonous increase by the environmental load cycles, the repetitive 

environmental load associated with crystal formation results decrease in that after a given 

number of cycles. 

The significant alteration of the durability (Figure 5-7) may play a role in assessing the 

suitability of a rock material to be applied. For rocks that are located near the upper limit of 
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their rating class based on micro-Deval or Los Angeles test results, the change of the 

qualification class can be possible. 

The improvement of the micro-Deval value and the decay factor after a given 

environmental load level is due to the heterogeneity of the rock material: during the long-term 

tests, only the more resistant parts remain in the crushed stone aggregates after the weaker zones 

have been fractured. 

 
Figure 5-7. The resistance to abrasion during the long-term durability tests (K – Komló; 

N – Nógrádkövesd; R – Recsk) 

Publication in the theme of the thesis: Czinder and Török 2019. 

5.4. Relationship between the values of the resistance to abrasion determined according 

to different standards 

THESIS 8 

The abrasion resistance values determined on 5/8 mm grain sized samples according 

to the withdrawn MSZ 18287-6: 1984 standard and on 10/14 mm grain sized samples 

according to the MSZ EN 1097-1: 2012 in force standard are not equal. Regression 

calculations give the best estimate for the studied andesites when we consider 78% of the 

micro-Deval value determined by the withdrawn standard as the micro-Deval value to be 

determined by the current standard, i.e. 

 DE MDM 0,777 a= ⋅ . (5-2) 

Given the above relationship (Figure 5-8), the abrasion resistance values of 5/8 mm grain 

sized andesite aggregates found in the literature and previous research reports can be converted 

to the currently used micro-Deval value. This enables the use and practical application of this 
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data. Other grain size classes are already included in the withdrawn standard (2/4, 3/5, 4/8, 5/12, 

8/12, 5/20, 8/16, 12/16 and 12/20 mm fractions), additional laboratory tests are required to 

compare the micro-Deval values of these samples. 

 
Figure 5-8: The relationship of the micro-Deval values determined according to the MSZ and the MSZ 

EN standards (G – Gyöngyössolymos; GT – Gyöngyöstarján; K – Komló; N – Nógrádkövesd; 
R – Recsk; S – Sárospatak). 

Publication in the theme of the thesis: Czinder et al. 2018.  
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8. REFERRED STANDARDS 

MSZ 18285-2:1979 – Building rock materials. Strength testing of specimens. Indirect tensile 
strength test 

MSZ 18287/6:1984 – Building rock materials. Strength testing of aggregates. Micro-Deval test 
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MSZ EN 933-3:2012 – Tests for geometrical properties of aggregates. Part 3: Determination of 
particle shape. Flakiness index 

MSZ EN 1097-1:2012 – Tests for mechanical and physical properties of aggregates. Part 1: 
Determination of the resistance to wear (micro-Deval) 

MSZ EN 1367-2:2010 – Tests for thermal and weathering properties of aggregates. Part 2: 
Magnesium sulfate test 

MSZ EN 1926:2007 – Natural stone test methods. Determination of uniaxial compressive 
strength 

MSZ EN 1936:2007 – Natural stone test methods. Determination of real density and apparent 
density, and of total and open porosity 

MSZ EN 12371:2010 – Natural stone test methods. Determination of frost resistance 

MSZ EN 13755:2008 – Natural stone test methods. Determination of water absorption at 
atmospheric pressure 

MSZ EN 14579:2005 – Natural stone test methods. Determination of sound speed propagation 

MSZ EN 14580:2005 – Natural stone test methods. Determination of static elastic modulus 
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