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For all the stone, which is mill-stone and hard by nature,  

Appius quarried in another place far away and brought there;  

for it is not found anywhere in that district. 

 

Procopius of Caesarea (History of the Wars, V, xiv 7-14) 
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SUMMARY 
 

The -free coastal route 

Trondheim to Kristiansand. The plan includes the creation of several long tunnels, which will 

generate a surplus of blasted rocks; these unbound granular materials are often damaged from 

the intensive blasting and will in many cases fail the strict criteria stated in the pavement design 

guidelines. However, they could be used in the road unbound layers close to the place of 

production, entailing a sustainable cost-benefit application. 

The geology encountered along the E39 road alignment is mapped: several rock types 

(igneous, sedimentary and metamorphic) are spread in the locations of the tunnelling operations. 

The existing code defines requirements for road unbound layers in terms of Los Angeles (LA) 

and micro-Deval (MDE) tests. The major part of the rocks has igneous origin and fulfils the 

nyway, a considerable quantity of the rocks 

having different 

research mission are characterized by means of thin-section microscopy, X-Ray Diffractometry 

(XRD), X-Ray Fluorescence (XRF) and Scanning Electron Microscope (SEM). Moreover, the 

crushability of some different rock types connected to the road construction phase and service 

life phase is analysed. 

possible techniques in the laboratory. The first approach is the mixture between the various 

types of rocks available in situ. The second approach is additive application; two different non-

traditional additive types are examined: one is polymer-based, the other one is lignin-based. 

are interpreted according to some models available in literature and a finite element model is 

developed to simulate the repeated triaxial load test and compare its results. 

Finally, the research investigates the performance of the additives in the field. Three 

typical base layer sections are built and added with water (no treatment), water and polymer-

based additive, water and lignin-

stiffness and deformation properties are mainly assessed by means of Light Weight 

Deflectometer (LWD). Dynamic Cone Penetrometer (DCP) and rutting formation evaluation 

also contribute to investigate the field performance.  

The results of laboratory and field test campaigns indicate that both the polymer-based 

and lignin-  
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SAMMENDRAG (in Norwegian) 
 

Statens Vegvesen driver for tiden med veiprosjektet «Ferjefri E39», som skal redusere 

reisetiden langs den norske motorveien E39 som knytter Trondheim til Kristiansand. Planen 

omfatter byggingen av flere lange tuneller, som vil føre til et overskudd av sprengt stein; disse 

ubundne granulære materialene blir ofte skadet fra intensiv sprengning og i mange tilfeller kan 

de ikke tilfredsstille de strenge kravene i veinormalene. Om de kan brukes likevel i de ubundne 

lagene i nærheten av produksjonsstedet kan det gi en bærekraftig og kostnadseffektiv 

anvendelse. 

Geologien langs E39 er kartlagt: det finnes flere bergarter (eruptive, sedimentære, 

metamorfe) på de stedene hvor tunnelspregning gjennomføres. Den nåværende normalen stiller 

krav til de ubundne veilagene i forhold til Los Angeles (LA) og micro-Deval (MDE) tester. 

bergarter). Uansett er en betydelig mengde bergarter preget av en annen geologisk opprinnelse 

undersøkelsen karakteriseres ved tynnslip analyse, røntgenkrystallografi (XRD), 

røntgenfluorescens (XRF) og sveipelektronmikroskop (SEM). I tillegg blir knusingsegenskaper 

av granulære materialer undersøkt, både i konstruksjonsfasen og levetidsfasen til en vei. 

Forskningen blir utført på laboratoriet med formål å finne ut hvordan man kan benytte 

er å blande de forskjellige bergartene som befinner seg på stedet. Den andre tilnærmingen er å 

bruke tilsetningsstoff; to forskjellige ikke-tradisjonelle stoff benyttes: ett er polymerbasert og 

ett er ligninbasert. Treaksialforsøk (RTLT) brukes for å vurdere effekten av tilsetningsstoffene. 

Resultatene blir tolket basert på flere modeller som er tilgjengelige i litteratur og element-

modeller blir utviklet for å beskrive treaksialforsøk og sammenligne resultatene. 

Til slutt blir ytelsen til tilsetningsstoffene i felt undersøkt. Tre typiske bærelag blir bygd 

opp og tilsatt henholdsvis vann (ingen behandling), vann og polymer basert tilsetningsstoff, 

vann og ligninbasert tilsetningsstoff. Forløpet av stivhet- og deformasjonsegenskaper blir 

overvåket hovedsakelig med lett fallodd (FWD). Dynamic Cone Penetrometer (DCP) og 

spordannelse evaluering bidrar også til å bedømme ytelsen på feltet. 

Resultatene til lab- og felttester framhever at både de polymerbaserte og ligninbaserte 

tilsetningsstoffene kan forbedre de mekaniske egenskapene  
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 (in Chinese) 
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RIASSUNTO (in Italian) 
 

Ente Nazionale Norvegese per le Strade Autostrada costiera 

è quello di ridurre il tempo di percorrenza 

creazione di un esteso sistema di gallerie, il cui scavo genera un significativo volume di rocce; 

questi materiali granulari sono spesso danneggiati dalle intensive operazioni di esplosione ed 

in molti casi non rispondono ai rigidi criteri stabiliti dalle linee guida della progettazione 

stradale. Tuttavia, potrebbero essere utilizzati negli strati non legati delle strade vicine ai luoghi 

di apertura delle gallerie, comportando una soluzione ecosostenibile. 

è mappata: diversi tipi di rocce 

(ignee, sedimentarie e metamorfiche) sono diffuse lungo le aree interessate dalle operazioni di 

scavo. La normativa esistente prescrive i requisiti per gli strati non legati delle pavimentazioni 

stradali in base ai test Los Angeles (LA) e micro-Deval (MDE). La maggior parte delle rocce 

una considerevole quantità di rocce di diversa origine non ottempera a tali requisiti (rocce 

in sezione sottile, diffrattometria a raggi X (XRD), fluorescenza a raggi X (XRF) e microscopio 

elettronico a scansione (SEM). Inoltre, viene studiata la propensione delle rocce ad essere 

frantumate durante la fase di costruzione e durante la fase di servizio della pavimentazione. 

alcune possibili tecniche. Il primo approccio è mescolare opportunamente i vari tipi di rocce 

disponibili in situ. Il secondo approccio è applicare additivi; si esaminano due diversi tipi di 

additivi non tradizionali: uno è è derivato da lignina. Prove di carico 

ripe

risultati sono interpretati secondo equazioni disponibili in letteratura; inoltre, un modello ad 

elementi finiti è sviluppato per simulare il suddetto test di laboratorio e confrontare i risultati. 

Infine, la ricerca indaga le prestazioni degli additivi sul campo. Tre strati di base sono 

costruiti e sono rispettivamente trattati con acqua (senza stabilizzazione), acqua e additivo a 

base polimerica, acqua e additivo a base di lignina. Lo sviluppo della rigidezza e deformazione 

è principalmente valutato tramite il deflettometro leggero (LWD). Il penetrometro dinamico a 

cono (DCP) e la misurazione di ormaiamenti caratterizzano ulteriormente le prestazioni. 

I risultati delle campagne sperimentali, sia in laboratorio che in campo, indicano che 

entrambi i prodotti di stabilizzazione migliorano le proprietà  
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1 
 

1. INTRODUCTION 
 

1.1. -  

 

-free 

aims to reduce the travel time along the Norwegian highway 

E39 connecting Trondheim to Kristiansand (Figure 1); this will be achieved by replacing ferries 

with bridges and tunnels, in addition to upgrading a number of road sections on land. After 

construction completion, the estimated travel time will be reduced from 21 h to 11 h, the route 

running Trondheim to Kristiansand is approximately 1100 km long (NPRA 2017a). The project 

has a remarkable national relevance as the industries located along the route generate about half 

. More rapid transport of people and goods, both locally and 

regionally, will better tie the involved areas and contribute to more efficient industries (Dunham 

2016).  

 

 
                                (a)                                                                        (b) 

 

 

 

The plan includes the construction of several long tunnels, which will generate a very large 

surplus of blasted rocks. 
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1.2. OBJECTIVES AND SCOPE OF THE RESEARCH 

 

The tunnelling operations bringing to the production of the blasted rocks are reported in Figure 

2: the explosives are positioned by means of drilling jumbos (a), the blasted rocks are 

transported to a predetermined site (c) and are successively stockpiled (c). There are different 

techniques for the drill and blasting operations, the dimensions of the obtained rocks depends 

on several parameters, e.g. rock density, angle cut, drilling pattern, firing pattern and velocity 

of detonation (Natvik 1998; Zare 2006). 

 

 

 

 

 

 

                     (a)                                               (b)                                                 (c) 

 

 

 

The blasted rocks could be used as viable substitutes for aggregates in the road unbound layers 

close to the place of production. Using excavated geomaterials is beneficial from economic, 

environmental and social points of views (Chittoori et al. 2012; Riviera et al. 2014); energy 

consumption reduction and limited greenhouse gas emissions are the most beneficial 

advantages (Aatheesan et al. 2008; Arulrajah et al. 2013; Gomes Correia et al. 2016; Haritonovs 

et al. 2016; Núñez et al. 2008; Onyango et al. 2007; Otto et al. 2015). Furthermore, the concern 

about environmentally-friendly policies and the public awareness regarding the use of natural 

resources are turning into more and more relevant topics in Norway, as it pledges to become 

climate neutral by  2030 (Petkovic 2005; Teknologirådet 2012). 

The Norwegian pavement design guide (NPRA 2014a) underlines the importance of 

recycling and reusing: these activities must be prioritized according to the local resources and 

environmental considerations ( - og 

). 

In Norway the production of natural aggregates has been declining since 1997, while 

the production of crushed rocks has been increasing since 2003. In 2015 almost 70 million 
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tonne of crushed rocks were produced in Norway. The average yearly aggregate consumption 

per capita is 11 tonne; approximately half part of this figure is used for road construction 

(Erichsen and Aasly 2015; NGU 2015). At the end of the 20th century the Norwegian project 

uality of aggregate products Kvalitet av Pukk- og Grusindustriens produkter KPG) focused 

on characterizing the properties of crushed rocks compared to natural gravel (Bakløkk et al. 

1998; Hansen and Hansen 1998).  

Recent experience regarding the recycling strategies of tunnel excavation materials 

highlights the importance of this challenge for construction management and economics. The 

following rock classification in three classes has been suggested regarding the excavations in 

the Alpine regions (Lieb 2009): rocks for concrete aggregates (class 1), for soil surrogates in 

embankments (class 2) and finally for disposal (class 3). This classification aims to identify the 

most suitable lithology for each application. The value of the raw materials increases as the 

application context changes from embankments to subgrades, subbase and 

bituminous/cementitious mixtures and the quality requirements become more and more 

stringent (Burdin and Monin 2009; Haritonovs et al. 2016; Resch et al. 2009; Sybilski et al. 

2010). 

The use of blasted and crushed materials in pavement applications is a sustainable 

solution to minimise the waste and  lower carbon footprints while reducing the demand for 

scarce quarried materials, activity which is resource intensive and consumes large amounts of 

energy (Fladvad et al. 2017).The transport distance of the blasted materials should be within 20 

- 30 km to represent a competitive solution compared to the purchase of quarry virgin 

aggregates (Berger 1978; Neeb 1992).  

The blasted rocks can be reduced in size by action of crushing (comminution); particular 

size distributions can be obtained by a multi-stage crushing to guarantee a marketable product 

(Rothery and Mellor 2007). The blasted rocks can be comminuted in situ by means of mobile 

crushers to obtain crushed rocks. They could be used in the unbound layers of highways and 

roads as Unbound Granular Materials (UGMs); the use of UGMs close to the place of 

production represents a sustainable cost-benefit application. Figure 3 represents a typical 

flexible pavement structure. The unbound layers are highlighted and correspond to base, 

n be found in 

Norwagian roads, UGMs may be used in this course as well. 
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UGMs have been used in roads since the beginning of pavement infrastructure construction. 

The layers composing the most important Roman roads (called viæ lapidibus stratæ) comprised 

four layers from the bottom: statumen, rudus, nucleus and pavimentum; the use of suitable 

stones and aggregates played an important role (Ray 1999). Broadly speaking, the granular 

layers have the following roles: contribute to spreading the vehicle loads to a magnitude that 

does not damage the subgrade, provide an adequate stiff layer for the compaction of overlaying 

courses, e.g. asphalt concrete (AC), and support them during the pavement service phase (Araya 

2011; Douglas 2017; Huang 2004; Mallick and El-Korchi 2013; Thom 2014).  

(NPRA 2014a) defines 

requirements for road unbound layers in terms of grading curve, flakiness index, Los Angeles 

(LA) and micro-Deval (MDE) tests (CEN 2010, 2011, 2012a; b). Tunnel blasting induces 

significant weakening of the rocks from microcracks due to the high energy released in a 

confined situation (Raina et al. 2000). Some rocks available along the E39 alignment fulfill 

these standard check ); anyway, some rocks do not  rocks). 

The scope of the Ph.D. research is to investigate suistainable and non-traditional stabilization 

.  

Some traditional stabilization methods already exist for coarse pavement layers, e.g. 

cement and bitumen. However, these stabilization agents may bring to highly alkaline and 

sometimes corrosive chemical admixtures (Jiang and Fan 2013; Myre 2014; NPRA 2014b; 

Siripun et al. 2010). Furthermore, traditional stabilizers like cement, lime, flyash and gypsum 

can cause excessive brittle failure (Behnood 2018). The research investigates two innovative 
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non-traditional stabilization admixtures and may bring to a wider acceptance of the products. 

The investigation comprises laboratory experiments, numerical modelling and field tests. 

 

1.3. AN EXAMPLE ABOUT THE BENEFICIAL IMPACT 

 

Let us take into consideration the excavation of a 4-km twin-tube tunnel with profile T10.5 as 

displayed in Figure 4 (NPRA 2016); its cross section area is 75 m2, the specific weight of the 

mountain rock is assumed to be 1.6 t/m3. Therefore, the total blasted volume is around 600 000 

m3 and its total weight is approximately 1·106 t. The excavated materials are to be used in the 

unbound layers of a F-class highway positioned nearby; the cross section comprises 4 lanes and 

the total width of the road is 23 m (NPRA 2013), as shown in Figure 5.  

Two subgrade scenarios may be taken into consideration as reported in Table 1: one 

corresponds to a strong subgrade, e.g. mountain cut, the other one corresponds to a weak 

subgrade, e.g. silt. The thicknesses of the two road unbound courses, namely base course (paved 

crushed rocks) and subbase course (crushed rocks), are evaluated. It would be possible to use 

the rocks up to 50 km and 20 km for strong subgrade and weak subgrade, respectively. Even if 

this approximated calculation has assumed that all the blasted rocks can be suitably crushed to 

obtain the grading curves needed for each unbound layer, the beneficial potential for blasted 

rocks use appears unequivocal. 
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Table 1 Use of blasted rocks: from tunnelling blasting to road construction 

 STRONG SUBGRADE  WEAK SUBGRADE 

Base layer thickness (cm) 25 25 

Subbase layer thickness (cm) 30 120 

Unbound layers cross section (m2) 13 34 

Estimate road length (km) 50 20 

 

Estimating the tonne price of the used crushed rocks compared to the purchase of quarry virgin 

crushed rocks is also crucial to understand the beneficial economic impact of the project. Table 

2 displays the features of the mobile jaw crusher and the mobile cone crusher considered to 

properly crush the blasted rocks (Sandvik 2018). 

 

Table 2 Mobile jaw crusher and mobile cone crusher used to crush blasted rocks 

 Mobile jaw crusher Mobile cone crusher 

price (USD) 600 000 600 000 

throughput capacity (t/h) 400 500 

diesel consumption (l/h) 50 50 

 

Table 3 illustrates the main costs that make up the price for a single tonne of crushed rocks for 

the two mentioned scenarios: use of crushed rocks from tunnelling operations and purchase of 

quarry crushed rocks (Forset Grus 2018; Franzefoss 2018; Velde 2018), respectively. The aim 

of this comparison is to show the great potential of using the crushed rocks, a painstaking 

economic study could be useful to reach a more accurate estimate. 
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Table 3 Price for 1 tonne of crushed rocks: use of blasted rocks vs quarry production 

COSTS FROM BLASTING  

(referring to  1·106 t, then divided) 

COSTS FROM QUARRYING  

(directly per tonne) 

mobile crushers 1 200 000 quarry price 10 

two workers, 2500 h 180 000 transit, 20 km 4 

fuel, 125 000 l 190 000 rocks removal 5 

PRICE (USD/t) 2 PRICE (USD/t) 19 

 

This section has highlighted the beneficial economic impact and the importance from the 

sustainability point of view of using the blasted rocks derived from tunnelling operations as 

pavement construction materials in the form of crushed rocks. They can represent "short 

travelled rocks" ( kortreist stein ). 

 

1.4. STRUCTURE OF THE THESIS 

 

The thesis is divided in chapters. Chapter 1 has introduced the Ph.D. research background and 

scope. Chapter 2 describes the UGMs mechanical properties, namely resilient modulus and 

resistance to permanent deformation. It deals with the laboratory devices used to assess these 

properties and how to model them. Chapter 3 is the core of the research, as it illustrates the non-

traditional stabilization technologies. It is further subdivided into subsections that describe the 

criteria adopted for laboratory tests, FE modelling and full-scale field test. Chapter 4 discusses 

the results of the Ph.D. research as well as its limitations, it also presents inputs for further 

investigations. Chapter 5 contains references and literature. Appendix A displays four 

conference posters. Appendices B and C show two models of MATLAB script used to evaluate 

resilient modulus and permanent vertical deformation, respectively. 

 

Six papers are reported in the thesis section following the chapters. Paper I deals with the 

mechanical properties of UGMs and it describes some key research procedures largely 

employed successively. Paper II maps the geology encountered along the E39 alignment and 

 a 

macroscale and nanoscale points of view. Paper IV, Paper V and Paper VI accurately describe 

the laboratory tests, FE modelling and full-scale field test, respectively; these investigations 

have been carried out to assess soundly the stabilizing products (Figure 6).  



 8  
 

 
 

 

  



 9  
 

2. MECHANICAL PROPERTIES OF UNBOUND GRANULAR 

MATERIALS 
 

2.1. REPEATED TRIAXIAL LOAD TEST  

 

The Repeated Triaxial Load Test (RTLT) gives a comprehensive insight into the properties  of  

materials by assessing the stiffness and the resistance to permanent deformation (Hoff 1999; 

Huang 2004; Kolisoja 1997). RTLT (also referred to as Repeated Load Triaxial Test, RLTT) is 

one of the best methods available for laboratory simulation of traffic loading on UGMs; it 

reproduces the stress conditions in flexible pavements more adequately than other available 

methods like the California Bearing Ratio (CBR) test (Barksdale 1971).  

Hicks and Monismith (1971), Lekarp et al. (2000a, b), Li and Selig (1994) and Seed 

(1962) presented a thorough state-of-the-art of the mechanical behaviour. They found that the 

resilient modulus and the permanent deformation were mainly influenced by the same factors 

(Uthus 2007; Uthus et al. 2007): stress level, moisture content, dry density, grading and 

mineralogy, etc. 

The triaxial apparatus used in the research was developed at Norwegian University of 

Science and Technology (NTNU) during the seventies, the equipment has been gradually 

upgraded (Hoff 1999; Horvli 1979; Uthus 2007). The triaxial chamber is made of plexiglass, 

water is used as a confining medium. The loading procedures applied on all the materials are to 

be found in the European code EN 13286-7 (CEN 2004); the multi-stage low stress level (MS 

LSL) procedure is used for all samples. The MS loading procedure is designed to avoid too 

large permanent deformations in the materials and it is possible to obtain information about the 

mechanical properties from one sample (Gidel et al. 2001). The LSL procedure has been 

 

Figure 7 shows the preparation procedure for the RTLT specimen. 7300 g of material 

are initially prepared, the crushed rocks are selected according to a grading curve distribution 

(a). The desired amount of water and additive, if needed, is added to the testing material, which 

rests for 24 h to let the moisture distribute uniformly (b). A Kango 950X vibratory hammer 

(total weight 35 kg, frequency 25 ÷ 60 Hz, amplitude 5 mm) compacts the specimen layers for 

30 s each (c); the bulk density and dry density are assessed as specified by EN 13286-4 (CEN 
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2003). The specimen is fully compacted inside the steel mould (d); afterwards, it is extracted 

vertically by means of a dedicated ejecting tool and the specimen is encapsulated in a latex 

membrane (e). All the samples have a diameter of 150 mm and the final height varies between 

170 and 190 mm. The sample height differs from the indication given by the code, where the 

height is recommended to be twice the diameter of the sample (CEN 2004). Research regarding 

the influence of the height to diameter ratio with respect both to resilient modulus and 

permanent deformations has demonstrated that samples with a ratio ranging from 1:1 to 1.5:1 

show little differences (Dongmo-Engeland 2005). Finally, the sample is covered by means of 

another latex membrane, end metal plates, plastic rings and hose clamps to avoid water 

penetration (f). Two and three LVDTs (Linear Variable Differential Transducers) measure the 

axial and radial deformations, respectively (g). The test is ready to be run (h).  

 

 

 

 

 

 

 

                     (a)                                     (b)                             (c)                                 (d) 

 

 

 

 

 

 

 

                     (e)                                     (f)                             (g)                                 (h)  

 

 

 

RTLT apparatus exerts a uniform confining pressure in t, triaxial or 

confining stress) and an d, deviatoric stress), which 

t. This type of triaxial test is also 
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 as 2 and 3, namely the intermediate and minor principal stresses, have the same value 

and correspond to t. The triaxial test comprising 2  3 

. The RTLT apparatus performs the MS LSL loading procedure: five sequences are 

t t = 20, 45, 70, 100, 150 kPa). In addition, six steps 

d values form each sequence (CEN 2004).  

T

1 2 3 d t 1 2 3 are the d are displayed in Figure 

8. Each load step consists of 10000 load pulses at 10 Hz frequency. A loading sequence is 

interrupted if the axial permanent deformation reaches 0.5%. Pressurised water is the confining 

d according to a sinusoidal pattern, a minimum value of 5 kPa 

assures contact between the specimen end plate and the jack.  

 

 
 

 

 

2.2. RESILIENT MODULUS 

 

The deformation response of UGMs under a loading action is often conveniently separated into 

two deformation types: one resilient r (recoverable or elastic p (not 

recoverable or residual) as shown in Figure 9. In this figure the permanent strain is exaggerated 

 r  p.     
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The resilient modulus MR expresses the stiffness of the material. The resilient modulus 

d,dyn and a constant confining 

t is  

 

 ,                  (Eq. 01) 

 

r,v is the axial resilient vertical strain. The resilient modulus represents the UGMs 

behaviour under repeated traffic loading and is a critical parameter for any mechanistically 

based design (Ghadimi and Nikraz 2017; Hoff et al. 2005; Zhalehjoo et al. 2018). Several non-

linear relationships have been developed to describe MR with reference to different parameters 

(Lekarp et al. 2000a). All the regression parameters are assessed through least-square regression. 

 

2.2.1. Hicks and Monismith model 

 

Hicks and Monismith have proposed a simple and effective connection between the resilient 

modulus MR (Hicks and Monismith 1971) 

 

 ,                                                                                                           (Eq. 02) 
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a is a reference pressure (100 kPa) and k1, k2 are regression parameters. This relationship 

enables a clear comparison in a two-dimensional MR - 

most used model to interpret resilient modulus of UGMs (Lekarp et al. 2000a). 

 

2.2.2. Uzan model 

 

Uzan model establishes a relationship between three parameters: resilient modulus MR, bulk 

d (Uzan 1985) 

 

 ,                                                                                            (Eq. 03) 

 

a is a reference pressure (100 kPa) and k11, k22, k33 are regression parameters. Compared 

to Hicks and Monismith model, Uzan model has the advantage to take into consideration both 

bulk stress and deviatoric stress, which are the two most important factors affecting UGMs 

resilient modulus (Lekarp et al. 2000a). 

 

2.2.3. Uzan and Witczak model 

 

Uzan and Witczak model is a generalization of Uzan model, since the former takes into 

oct d in order to include 

full three-dimensional conditions  (Uzan and Witczak 1988) 

 

,                                                                                     (Eq. 04) 

 

a is a reference pressure (100 kPa) and k111, k222, k333 are regression parameters. 

 

2.3. PERMANENT DEFORMATION 

 

As stated in the previous section, UGMs deformational response can be divided into two parts: 

one is resilient and the other one is permanent. The latter is the result of further compaction, 

particle crushing or material migration; plastic deformation is responsible for rutting and other 

long-term pavement distresses (Lekarp et al. 2000b). Moreover, UGMs permanent deformation 
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consists of two phases. In the first phase, there is a rapid increase in permanent strain with load 

applications; in the second phase, the deformation rate becomes constant and is characterized 

by volume change (Werkmeister et al. 2004). Permanent deformation increases with the 

moisture content, as water reduces the effective stress and friction (Erlingsson et al. 2017).  

A number of models have been developed to describe the accumulation of permanent 

vertical p,v as a function of the applied load pulses N or as a combination of one 

or more of the following parameters: mean bulk stress p (p = /3) , mean deviatoric stress q (q  

= ( 1 - 3)/ 2)  and resilient vertical r,v (Gidel et al. 2001) 

 

.                                                                                                   (Eq. 05) 

 

2.3.1. Barksdale model 

 

Barksdale has found that the accumulation of vertical permanent p,v is proportional to 

the logarithm of the number N of load cycles (Barksdale 1972) as follows 

 

 ,                                                                                                (Eq. 06) 

 

where aBA and bBA are regression parameters. 

 

2.3.2. Sweere model 

 

Sweere has also performed a series of tests on UGMs, he has found that the logarithm of vertical 

permanent p,v is proportional to the logarithm of the number N of load cycles (Sweere 

1990) as follows 

 

 ,                                                                                    (Eq. 07) 

 

where aSW and bSW are regression parameters.  
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2.3.3. Hyde model 

 

Hyde model establishes a relationship between the vertical permanent p,v, mean 

3 (Hyde 1974) as follows 

 

,                                                                                                                      (Eq. 08) 

 

where aHY is a regression parameter. 

 

2.3.4. Shenton model 

 

Shenton model establishes a relationship between the vertical permanent p,v, maximum 

mean deviatoric stress qmax 3 (Shenton 1975) as follows 

 

,                                                                                                        (Eq. 09) 

 

where aSH and bSH are regression parameters. 

 

2.3.5. Time hardening approach for Barksdale and Sweere models 

 

Both Barksdale and Sweere models have been developed to fit the data of a single-stage (SS) 

RTLT. Their results are displayed in a graph having the number N of load repetitions along the 

x-axis and the accumulated permanent vertical p,v along the y-axis, where the first 

value is equal to zero. As the research uses MS RTLT, the time hardening approach is adopted 

to describe the experimental data (Erlingsson and Rahman 2013; Rahman 2015; Rahman and 

Erlingsson 2015): the first y-value of each loading step is different from zero (except for the 

very first RTLT step). According to the time hardening approach, the accumulated vertical 

permanent deformation values corresponding to each step are treated as the last part of as many 

curves; each of them ideally corresponds to a SS RTLT, in which the first y-value is zero. This 

study calculates 30 curves (one for each loading step), each curve is assessed with the least-

square method with a third-order polynomial expression; the data used to retrieve this third-

order polynomial curve are the vertical permanent deformation values for the specific step. 
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Finally, for each loading step, the parameters of the chosen model (aBA, bBA for Barksdale model 

or aSW , bSW for Sweere model) are calculated through least-square regression considering the 

permanent vertical deformation values of a specific step and the first point of the ideal curve 

(having the first y-value equal to zero) of the same step.  

 

2.3.6. The shakedown approach 

 

The permanent deformation behaviour of UGMs can be described according to three ranges. 

Range A is the plastic shakedown range: the response is plastic for a finite number of load 

applications, no further permanent strain occurs after post-compaction; therefore, the pavement 

in 

the increment in plastic strain with each load cycle. Range B is the plastic creep, it is an 

intermediate response between range A and range C; the plastic strains are higher during the 

first load cycles, at a later stage the strain rate reaches a nearly constant level (Werkmeister 

2003; Werkmeister et al. 2004, 2005). Figure 10 shows these three ranges of permanent 

deformation. 

 

 
 

 

 

The three ranges are identified based on the accumulation of axial permanent vertical strain rate 

v,p as shown in Table 4, being v,p, 5000 and v,p, 3000 the accumulated vertical strain at 5000 and 

3000 load cycles with a given deviatoric stress, respectively. 
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Table 4 Shakedown approach: permanent strain rates and the ranges of material behaviour 

Permanent strain rate Range 

v,p, 5000 - v,p, 3000 < 4.5 · 10-5 elastic zone 

4.5 · 10-5 < v,p, 5000 - v,p, 3000 < 4.0 · 10-4 elastoplastic zone 

v,p > 4.0 · 10-4 plastic (failure) zone 

 

2.3.7. The Coulomb approach 

 

The Coulomb criterion relates the mobilized shear strength to the development of permanent 

deformations and the maximum shear strength to failure (Hoff et al. 2003). The mobilized angle 

and the maximum shear strength. The mobilized angle of friction is 

 

 ,                                                                                                             (Eq. 10) 

 

where a is the apparent attraction of the material. The angle of friction and of failure identify 

three different ranges of material behaviour: elastic, elastoplastic and failure. The Coulomb 

criterion is shown in Figure 11 in -  
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The strain rate  is a measure of the speed of the permanent deformation per cycle and is used 

as the parameter to define failure. Table 5 defines the two boundary lines between the three 

ranges (Figure 11): each load step is categorized considering the average strain rate for the last 

5000 to 10000 cycles.  

 

Table 5 Coulomb approach: permanent strain rates and the ranges of material behaviour 

Permanent strain rate Range 

v,p < 2.5 · 10-8 elastic zone 

2.5 · 10-8 < v,p < 1.0 · 10-7 elastoplastic zone 

v,p > 1.0 · 10-7 plastic (failure) zone 

 

The equations for the elastic limit line and failure line are, respectively 

 

 ,                                                                                                             (Eq. 11) 

 

 .                                                                                                             (Eq. 12) 

 

A regression analysis is used to find the two best fit boundary lines. As a simplification, the 

apparent attraction is interpreted to be 20 kPa for all the samples. 
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3. DISCUSSION 
 

3.1. GEOLOGY ALONG E39 ALIGNMENT 

 

Knowledge about the geology encountered by the tunnelling operations is needed to map the 

origin and distribution of the materials (NGU 2017; Ramberg et al. 2013). Figure 12 displays 

the geology of the southern part of Norway and the alignment of E39 highway. On the other 

hand, the most accurate geological information is obtained during the construction operations. 
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The E39 highway alignment comes across different types of bedrocks (NGU, 2017; Ramberg 

et al., 2013). The major part of the rocks is igneous and supracrustal of Precambrian ages (1700 

- 900·106 years) variably influenced by metamorphism and deformation related to the 

Caledonian orogeny. They mainly comprise granite, granodiorite and granitic to dioritic gneiss. 

There are also areas with Caledonian rocks; these locations are anyway at maximum 20 - 30 

km far from the most widespread aforementioned geology. Metamorphic rocks occur close to 

Bergen (gabbro and augen gneiss). Zones of foliated Caledonian metamorphic rocks (e.g. mica-

schist and phyllite) are locally present, in particular around Boknafjord area close to Stavanger. 

Four rock materials are collected and used in the Ph.D. research; they are here referred 

to as M1, M2, M3 and M4, respectively. They adequately represent the variety in the geology 

spread along the entire highway alignment. M1, M2 and M3 come from the construction site 

- dition between Bergen and 

Os (NPRA 2018). These materials are collected from Lyshorn tunnel, designed to connect the 

locality of Endelausmarka (Os municipality) to Rådal with a length of 9.3 km. M4 comes from 

Vassfjellet, this area is located in close to Trondheim and has several quarries (Grenne et al. 

1980; Wolff 1976). M1, M2 and M3 are used for the laboratory test campaign, M4 is used for 

the field test campaign.   

 

- Material M1. Mafic igneous origin, partly modified by metamorphism (amphibolite), minor 

amounts of felsic gneisses and mica-schist. 

- Material M2. Metamorphic origin, fine-grained felsic and micaceous rocks. 

- Material M3. Metamorphic origin, very fine-grained felsic and micaceous rocks. 

- Material M4. Magmatic and metamorphic origin, mainly greenschist and gabbro. 

 

3.1.1. Thin section microscopy 

 

Thin-section microscopy images of selected rock samples show mineralogy and grain sizes 

(Figure 13). Igneous rocks M1 are modified by metamorphism, e.g. amphibolization and 

replacement of coarse igneous feldspar by aggregates of fine epidote and feldspar. Finer-

grained felsic and micaceous rocks appear more dominant in M2 and especially in M3 and M4. 

Metamorphic reactions regarding M4 caused replacement of igneous pyroxene by amphibole, 

and growth of epidote/zoisite within the igneous plagioclase laths. The M4 samples also include 

small amounts of fine-grained metagabbro/meta-dolerite varieties. 
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                                         (a)                                                        (b)  

       

 

 

 

 

 

                                         (c)                                                        (d)                                                                   

 

 

         

 

 

 

                                         (e)                                                        (f)                                                                    

 

                            

 

 

 

 

                                         (g)                                                        (h)                                                                
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3.1.2. XRD analysis  

 

X-Ray Diffractometry (XRD) analyses show the mineralogical composition for each material 

type according to Rietveld mineral quantification. Samples are crushed, split, milled to 10μm 

and analysed as powder preparate in the XRD diffractometer. The semi-quantitative weight 

proportions of the most abundant minerals are displayed in Figure 14. 

 

 
 

 

 

Feldspar and amphibole are the predominant minerals in all M1, M2, M3 and M4 mixtures. M3 

is richer in chlorite, epidote-zoisite and calcite compared to M1 and M2. Moreover, M3 has a 

higher content of foliated felsic rocks: networks of fine epidote-zoisite particles partly replace 

feldspars. Finer-grained felsic and micaceous rocks appear more dominant in M2 and especially 

in M3. Epidote/zoisite are present in major quantity in M4 compared to M1, M2 and M3; further 

more, M4 does not contain quartz. Compared to M1, M2 and M3 compositions, the M4 

mineralogy deviates by higher content of mafic (iron-bearing) silicate minerals. 
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3.1.3. XRF analysis  

 

X-Ray Fluorescence (XRF) bulk chemical analyses display the chemical composition of the 

rocks as a percentage of the total mass, samples are grinded and ignited to 550°C. Silicon is the 

major component for all M1, M2, M3 and M4 (Figure 15).  

 

 
 

 

 

 

 

 

3.1.4. Standard tests characterization 

 

The pavement design manual (NPRA 2014a) sets requirements for the use of 

crushed rocks. It is possible to use this resource in the road base layer as paved crushed rocks 

and in the road subbase layer as unsorted crushed rocks if Los-Angeles standard test (LA value) 

and micro-Deval standard test (MDE value) are fulfilled. The LA limit values are respectively 

30 and 35 for base layer and subbase layer, the MDE limit value is 15 for both of them. Further 

requirements in terms of upper and lower grain size distribution curve are demanded for the 

base layer (Figure 16). The distribution curve of the subbase layer must be within 20/120 mm; 

this is one of the most common grain shapes defined in the design guidelines (NPRA 2014a). 
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Figure 17 displays the materials values related to LA and MDE standard check procedures. 

Materials M1 and M4 fulfil the code requirements. Both materials M2 and M3 have LA values 

lying close to the limit, and exceed the threshold regarding MDE values. Materials M1 and M4 

are  materials M2 and M3  research. 

 

 
 

Figure 17 Los Angeles and micro-Deval values of investigated materials 
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3.2. CRUSHABILITY OF ROCKS 

 

3.2.1. Scope and preparation of the test 

 

The crushing and variation in grain size of UGMs is investigated during the two phases attaining 

a road pavement structure. They are construction phase, simulated by a full scale testing to 

assess aggregate soundness after rolling, and service life phase, simulated with the triaxial cell 

apparatus. The construction phase often reduces the service life of a road; furthermore, this 

investigation can bring to a better understanding of the relationship between the standard tests 

(LA, MDE) and the behaviour of the crushed rocks in situ. The crushing of a subbase layer is 

investigated for this purpose. The sieving curves referring to before and after the external 

actions are compared. 

The materials M1, M2 and M3 used in the construction phase have gradation 20/120 

mm.  They are placed in three areas close to each other: each area is made of about 15 t of rocks 

and is approximatively 7 m long, 5 m wide and 300 mm high. The compactor exerts its action 

just on one side of the rocks, as shown in Figure 18.  

It is assumed that, before the compacting action takes place, the grain size distribution 

associated with the not compacted stripe (marked in blue) is the same of the compacted stripe 

(marked in red). Four portions are identified in each area: two do not undergo compaction and 

two undergo compaction. Each portion is 1 m wide, 1 m long, 300 mm high and weighs about 

200 kg; portions are numbered from 1 to 12. Bomag BW 213 DH is the single steel drum roller 

used in the construction phase. Its weight is 12.3 t, the drum axle load is 7.6 t, the wheel axle 

load is 5.2 t, the static linear load is 35.5 kg/cm and the working width is 2.1 m. 
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Figure 19 depicts the main stages of the test fulfilment: firstly, the existing surface is compacted 

with a single steel drum roller and operators lay out a polypropylene not woven geotextile (a), 

which prevents losing the small fractions produced during the test. The materials are tipped 

from a truck and distributed uniformly with the help of a gravedigger. The single steel drum 

roller Bomag BW 213 DH  then compacts one side of the placed crushed rocks (b), it 

accomplishes four passages as specified in the manual code (NPRA 2014a). Figure 20 displays 

the bulk densities of the layer before and after the roller compaction. The construction phase is 

completed and the twelve portions are highlighted with coloured spray (c). The rocks are 

collected from these portions by hand to keep the gradation as unaltered as possible and moved 

into plastic bags (d); finally, the material is sieved. 

 

 

 

 

 

 

 

                                       (a)                                                           (b) 

 

 

 

 

 

 

 

                                       (c)                                                           (d) 
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Researchers have used various parameters or measures to represent the amount of particle 

breakage that takes place during loading (Gupta 2016); either as the variation of a particular 

grain diameter (Lade et al. 1996; Marsal 1967; Miura and O-hara 1979) or as the shift of the 

whole grain size distribution curve (Hardin and Asce 1985). The research refers to coefficient 

of uniformity Cu, coefficient of curvature Cc and particle breakage factor B10 (Lade et al. 1996). 

These parameters are defined as 

 

 ,                                                                                                                          (Eq. 13) 

 

  ,                                                                                                                    (Eq. 14) 

 

 ;                                                                                                                 (Eq. 15) 

 

where D10, D30, D60 are respectively the grain diameter at 10%, 30%, 60% passing, subscripts f 

and i respectively stand for final and initial gradation.  

According to the pavement design manual N200, traffic class F entails at least 10 million 

repetitions of 10-tonne standard axle load (NPRA 2014a). The RTLT equipment is used to 

reproduce the average stress state in the subbase: 20 kPa and 120 kPa are the pressures 

respectively set in the horizontal and vertical directions in the triaxial cell (Floss 2001; Gorman 

and Mooney 2003; Mooney and Adam 2007; Yoo and Selig 1980). COMSOL software is used 

to simulate the two mentioned stages to assess the stress level and distribution. The modelling 
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highlights a remarkable difference in the stress state; during the construction phase rocks are 

expected to experience a state of stress which is larger than the one expected during the service 

life phase (Kwon et al. 2008).  

Two specimens are tested for each material M1, M2 and M3 in the RTLT. All the 

samples have a diameter of 150 mm and height of 240 mm. The lower size of the subbase 

investigated in situ is 20 mm; moreover, it is recommended the maximum testing particle size 

to be smaller than one fifth of the specimen diameter (CEN 2004): the specimens are made of 

crushed rocks 20/30 mm in size. All the materials are washed and dried before the testing in the 

triaxial cell. The specimens are subjected to one million load repetitions, since this amount is 

sufficient to highlight discrepancies among the three materials. 

 

3.2.2. Crushability assessment in laboratory and in field 

 

The crushed rocks coming from the twelve field portions are sieved. The steel drum roller exerts 

its action just along a stripe which comprises six portions. It is assumed that, before the 

compaction takes place, the grain size distribution referring to the not compacted stripe is the 

same of the compacted stripe. In total twelve sieving curves are assessed. Therefore for each 

material type there is a set of two portions subjected to the same treatment (compacted or not 

compacted), for each set the average curve is assessed: Figure 21 depicts six sieving curves. 

The amount of particle breakage during compaction can be visualized thanks to the particle size 

distribution curves measured before and after the external action. 
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From Figure 21 it is apparent that there is a slight change in the grain size for material M1, 

while both materials M2 and M3 undergo substantial crushing. There is an unexpected crossing 

of lines between 100 mm and 75 mm regarding pre- and post-compaction: the assumption that 

the grading curve of the not compacted stripe is the same of the compacted stripe before the 

roller action turns out to be not completely exact; although this hypothesis is necessary in order 

not to sieve all the materials placed in situ (about 45 t). Each sieving curve is fitted by a third-

order equation of the type 

 

,                                                                                          (Eq. 16) 

 

six polynomial expressions are calculated based on the sieving curves. Considering these new 

calculated particle size distribution curves, it is possible to have a better estimation of the 

coefficient of uniformity Cu, coefficient of curvature Cc and particle breakage factor B10. In 

addition, the optimum vertical translation of the pre-compaction curve towards the post-

tifies this 

translation and also contributes to evaluating the overall difference in the curve shapes. Figure 

22 displays the coefficient particle breakage factor for each material, material M1 experiences 

the smallest modifications. 

  

 
 

 

 

It is possible to establish a relationship between the standard tests and the particle breakage 

factor as follows 
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 ,                                                                                                                     (Eq. 17) 

 

 ,                                                                                                                   (Eq. 18) 

 

the best fitting values for parameters 

along the y-axis of the pre- -0.14 

- and post-compaction curves for material 

M1 are much closer compared to the ones concerning materials M2 and M3. There is a good 

correlation between the crushing standard tests and the crushing taking place in situ. 

Specimens made of crushed rocks M1, M2 and M3 in size 20/30 mm are tested in the 

triaxial cell. A set of two specimens for each type is tested and sieved both before and after the 

load action, therefore twelve sieving curves are assessed. Average curves are estimated: Figure 

23 depicts six sieving curves. The trends of pre- and post-load curves are very similar for all 

the material types. 

 
 

 

 

Figure 24 shows the particle breakage factors, their values are very close to the lower limit 

zero, which would imply no particle breakage. The curves are considerably close to each other 

for all the materials and the loading action does not bring to significant crushing. 
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No significant differences in grain size are observed due to the service life phase loading: all 

the materials perform similarly in this scenario. 

 

3.3. POLYMER-BASED ADDITIVE STABILIZATION 

 

The polymer-based additive used in the research is water-soluble, non-leachable and UV, heat 

stable. The additive is a nanoscale technology and is made of two components C1 and C2; the 

modification taking place at nanoscale dimension entails major changes at a relative larger scale 

(Huang and Wang 2016; Paul and Robeson 2008).  

Component C1 is an acrylic co-polymer emulsion based on acetic acid and methanol. 

The particle size is lower than 90 nm and has almost the same number of polymer particles as 

soil particles. Component C2 is a polymeric dispersion based on propylene glycol and alkoxy-

alkyl silyl.  shows the stabilization process. After hydrolysis, the formed silanol (Si-

OH) group can condense with another silanol group belonging to the silicate-containing surface 

of the rocks and form a siloxane linkage (= Si-O-Si=), namely a strong chemical covalent polar 

bond (a). Therefore, component C2 converts the water absorbing silanol groups presented on 

the rocks surface to a 4-6 nm layer of hydrophobic alkyl siloxane (b); this takes place thanks to 

the organic group having a long alkyl chain (C18H37). 

Components C1 and C2 impart water resistance, better lubrication for compaction and 

bonding action at ambient temperature. The existing positive and limited experience refers to 

silty and clayey soils tested in laboratory (Daniels and Hourani 2009; Ugwu et al. 2013) and in 

field (Kumar et al. 2017), therefore the research experiments with a new application context. 

The additive loses its effect in conditions that are seldom achieved in road construction: 
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prolonged exposure to base (Wasserman et al., 1989) or air temperature above 200°C (Kim et 

al., 2003). 

 

 
(a) 

 

 
(b) 

 

 

 

 

The use of this nanotechnology product shows how construction materials can be engineered 

to make them meet the quality requirements. Furthermore, the major areas of nanotechnology 

application are currently biomedicine and electronic engineering. Application in design and 

construction processes, including concrete technology and general civil structures, represents a 

field with new opportunities (Roco 2003; Sobolev and Shah 2015; Ugwu et al. 2013). 

 

3.4. LIGNIN-BASED ADDITIVE STABILIZATION 

 

The lignin-based additive (also referred to as lignosulfonate) is a renewable product of timber 

and pulp industry. It comes from lignin, which is generated by extracting fiber and wood pulp 

from plant biomass; lignin global annual production is approximately equal to 50 million tonne 
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(Angenent et al. 2004). Lignosulfonate is an organic polymer that consists of both hydrophilic 

and hydrophobic groups; it is a non-corrosive and non-toxic chemical (Alazigha et al. 2018).  

Previous experiments investigating the strength and density modification of unpaved 

road using lignosulfonate showed promising outcomes for silty and clayey soils both in 

laboratory 

Noorzad 2018; Zhang et al. 2018) and in field (Hoff 2004; NPRA 2017b; Zhang et al. 2017). 

As in the case for the polymer-based additive, the product application to crushed rocks could 

bring to a wider acceptance of this admixture. 

 

3.5. CRUSHED ROCKS STABILIZATION: LABORATORY TESTS 

 

3.5.1. Mixture of the rocks available in situ 

 

The major part of the rocks spread along the highway alignment has mafic igneous origin and 

is suitable for road construction; therefore, a convenient solution could be to mix appropriately 

the different rock types that are available in situ. Material M1 is mixed with materials M2 or 

M3 according to three proportions in mass (25%, 50%, 75%). LA and MDE tests respectively 

express resistance against fragmentation and wearing (Erichsen et al. 2011; Nålsund 2014). 

Figure 26 displays the results for M1 mixed with M2 (a) and for M1 mixed with M3 (b). 

 

 

 

 

 

 

 

                                (a)                                                                       (b) 

 

 

 

 

The results distribution highlights a linear trend regarding both LA and MDE tests. The 

following equations describe the observed data in a mixture made of two materials i and j 
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,                        (Eq. 19)                        

         

                                                                            (Eq. 20) 

 

where mi, mj are the masses and LAi, LAj, MDE,i, MDE,j are the standard test values assessed for 

materials i, j. A proper mixture of different crushed rocks types is an effective method to meet 

 

This requires an extra processing step and space to store the two (or more) qualities of 

rock; on the other hand, the clear linear results for different combinations should bolster a stable 

production: the economic feasibility has to be evaluated depending on local conditions. The 

mixed materials are not tested in the RTLT device, but it is reasonable to believe that the 

mechanical properties show similar linear trend relationships. 

 

3.5.2. Polymer-based additive application 

 

The product is mixed at OMC and added to M2 or M3. Two different additive proportions are 

tested: 1 kg C1 + 1 kg C2 for 200 l water (proportion P1) and 10 kg C1 + 10 kg C2 for 200 l 

water (proportion P2), no special curing procedures are necessary. Proportion P2 has been 

studied after the initial proportion P1 suggested by the product supplier, since the results 

regarding P1-treated materials have not been too different from the untreated materials 

(especially for M3). The materials M2 and M3 enhanced performances are assessed by RTLTs. 

The behaviour of untreated M1, M2 and M3 serves as a comparison basis. Figure 27 displays 

the bulk density and dry density at OMC (a), the bulk density after the addition of the polymer-

based product according to proportions P1, P2 (b).  

Resilient modulus k- relationships are evaluated according to Hicks and Monismith 

model through data regression, Figure 28 displays the results. It shows the performance of M1, 

M2 and M3 at OMC without additive; material M1 is stiffer than materials M2 and M3 (a). It 

also illustrates the enhanced behaviour of M2 and M3: they become stiffer and stiffer when 

that the product is more 

effective on M2 than M3 probably because of the geological composition. The additive 

performance is dependent on the quantity of silicate minerals on the rocks surface.  M2 and M3 
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have similar content of quartz and feldspar, but M2 is richer in amphibole and with a more 

distinct content of mica. M3 has a higher content of epidote-zoisite, which has lower Si-contents, 

as well as calcite (CaCO3), which does not contain silicon. 

 

 

 

 

 

 

                                         (a)                                                                      (b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                     (a)                                                                        (b) 

 

 

 

 

The additive effects also pertain to the deformation properties of the materials. Figure 29 

depicts the mobilized 

and with the polymer-based stabilization, the additive application enhances both the angles. 
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                                        (a)                                                                      (b) 

 

 

 

 

Proportion P2 is considered in the rest of the research. Furthermore, the beneficial coating effect 

promoted by the additive is evaluated by the standard procedures in terms of resistance against 

fragmentation (LA test) and wearing (MDE test). In this case, materials M2 and M3 are soaked 

with the additive (50% C1, 50% C2) and tested after 24 hours to let the crushed rocks dry. 

Figure 30 shows that the additive supplies a significant beneficial effect when it comes to MDE 

wearing, it also provides a lesser benefit regarding the LA fragmentation. The steel balls used 

in the LA test imply higher impact loads compared to MDE test; therefore, the thin coating 

protection is more effective is the latter case.  

 

 

 

 

 

 

 

                                       (a)                                                                        (b) 
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3.5.3. Lignin-based additive application 

 

The product is mixed at OMC and added to M2 or M3; the mass percentage of lignosulfonate 

added to the crushed rocks is 1.5%. RTLTs assess the materials M2 and M3 enhanced 

performances. Lignosulfonate needs a curing time to dry in order to become effective and attach 

properly to the material particles (Santoni et al., 2002). To simulate a long field curing process, 

each RTLT sample is firstly conditioned at 50°C for 24 hours and then at 22°C (room 

temperature) for 24 hours before testing. The measured water contents after the curing process 

are between 2% and 2.5%. The behaviour of the untreated materials at w=1% serves as a 

comparison basis, this is a cautious comparison since MR gradually reduces as w increases 

(Erlingsson et al. 2017). Figure 31 displays the bulk density and dry density at w=1% (a) and 

the bulk density relative to the main stages of the curing process after additive application (b). 

 

 

 

 

 

 

 

                                        (a)                                                                       (b) 

 

 

 

 

Resilient modulus k- relationships are evaluated according to Hicks and Monismith model 

through data regression, Figure 32 displays the results. It shows the performance for M1, M2 

and M3 at w=1% (a); material M1 is stiffer than M2 and M3; it also illustrates the enhanced 

stiffer resilient curves of materials M2 and M3 (b). The additive effects also pertain to the 

deformation properties of the materials. Figure 33 depicts the mobilized and 

 the lignin-based stabilization, the 

additive application enhances both the angles. 
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LA and MDE tests assess the beneficial coating effect provided by the lignin-based additive. 

Materials M2 and M3 are soaked with the product and undergo the same curing procedure 

describe for the RTLT specimens preparations. LA and MDE standard tests are used to assess 

the coating effect when soaked with the lignin-based additive. Figure 34 shows that the product 

provides a beneficial effect in terms of LA fragmentation; there is also a small enhancement in 

terms of MDE wearing. The improvement in MDE values is not as pronounced as one would 
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expect because lignosulfonate is highly moisture susceptible (Santoni et al. 2002); this property 

is especially relevant when referring to running water, as in the case of MDE test. 

 

  

 

 

 

 

 

 

 

 

3.5.4. Overheating 

 

Materials M2 and M3 are tested with the MDE procedure to assess if the overheating can induce 

modifications in the mineralogical structure, which may strengthen the rocks and improve the 

MDE results (Obert et al. 1946; Simpson and Fergus 1968; Zhang et al. 2009). The values of 

the three tested conditioning temperatures (105°C, 175°C, 250°C) do not seem to exert a major 

influence. On the other hand, the duration of the overheating seems to be a more relevant factor, 

as the results connected to the 48-hour conditioning are better than those connected to the 24-

hour conditioning, as shown in Figure 35. Even so, the induced improvement is sensibly limited 

as the highest observed decrease among the original MDE values is equal to approximately two 

units. The tested conditioning temperatures do not significantly improve the weak materials to 

make them meet the code requirements. Anyway, overheating the crushed rocks would demand 

an intensive energy use even if a small beneficial effect was found. 
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3.6. CRUSHED ROCKS STABILIZATION: MODELLING 

 

3.6.1. Resilient modulus 

 

The models presented in sections 2.2 are among the most used to describe the UGMs resilient 

modulus. The results obtained in the previous subsections 3.5.2 and 3.5.3 are here considered 

for the least-square regression analyses. The model MATLAB script used to carry out these 

calculations is reported in Appendix B. 

Hicks and Monismith model enables a clear comparison between treated and untreated 

material in a two-dimensional plot, this has been already reported in subsections 3.5.2 and 3.5.3. 

Compared to Hicks and Monismith model, Uzan model takes into consideration the deviatoric  

stress as a further parameter to characterize resilient modulus. The 3D graphs reported in Figure 

36 refer to polymer-based additive (a) and lignin-based additive (b). 

 

 

 

 

 

 

 

 

 

 

                                    (a)                                                                        (b) 

 

 

 

 

Compared to Hicks and Monismith model, Uzan and Witczak model takes into consideration 

the octahedral stress as a further parameter to characterize resilient modulus. The 3D graphs 

displayed in Figure 37 refer to polymer-based additive (a) and lignin-based additive (b). 

 

 



 41  
 

 

 

 

 

 

 

                                    (a)                                                                        (b) 

 

 

 

 

All the models clearly show that the additive application brings to higher values of resilient 

modulus MR; therefore, the additive application seems to be an effective solution to increase 

the material stiffness.  

 

3.6.2. Accumulation of permanent vertical deformation 

 

The models presented in sections 2.3 describe the UGMs accumulation of vertical permanent 

deformation. The results obtained in the previous subsections 3.5.2 and 3.5.3 are here taken into 

consideration for the least-square regression analyses. The model MATLAB script used to carry 

out these calculations is reported in Appendix C. 

The first two considered models are Barksdale (Figure 38) and Sweere (Figure 39). 

These models fit the data corresponding to each single loading step considering the time 

hardening approach discussed above. The treated materials show considerable less deformation 

than the untreated materials. 
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Hyde model results are displayed in Figure 40 for polymer-based additive (a) and lignin-based 

additive (b). Each loading sequence corresponds to a straight line, therefore, five straight lines 

correspond to the MS LSL RTLT. As the Barksdale and Sweere representations, also Hyde 

model highlights that the treated materials have better resistance to permanent deformation. 
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                                    (a)                                                                        (b) 

 

 

 

 

Shenton model results are displayed in Figu  for polymer-based additive (a) and lignin-

based additive (b). Each loading sequence corresponds to a curve, therefore, five curves 

correspond to the MS LSL RTLT. As well as the three previous representations, Shenton model 

also highlights the effectiveness of the product: the curves of the treated materials correspond 

to smaller vertical permanent deformations.  
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3.6.3. RTLT finite element simulation 

 

Researchers have carried out numerical analyses to study the UGMs behaviour: they have 

considered linear and non-linear elastic and plastic relationships in the attempt to describe 

properly the material behaviour (Ghadimi and Nikraz 2017). This study compares numerical 

and experimental results in terms of vertical permanent deformation by implementing non-

linear elastic, plastic and viscous constitutive relationships.  

The RTLT is modelled by using COMSOL Multiphysics software (COMSOL 2017). 

The goal of the modelling is to implement a constitutive relationship able to describe properly 

the accumulation of vertical permanent deformation: numerical and experimental results are 

compared. Figure 42 displays a portion of the model, the problem is two-dimensional 

axisymmetric and quadrilateral elements are used in the mesh (height 180 mm, radius 75 mm, 
3). A fixed boundary constraint is applied at the 

bottom. 

 
  

 

 

Different models can describe the UGM behaviour: non-linear elastic (Ghadimi and Nikraz 

2017; Kim et al. 2009), plastic (Chazallon et al. 2006; Hornych et al. 2007) and creep (David 

et al. 2005)  

A time-dependent analysis is performed (as this enables a creep study), the total time is 

30000 s and it corresponds to the actual duration of the RTLT. Each loading step, as reported 

in section 2.1, corresponds to a specific combination of external triaxial and deviatoric stress 

and lasts for 1000 s; no deviatoric pulse repetitions are considered. COMSOL Multiphysics 

enables to implement a non-linear elastic model by specifying the elastic modulus trend. The 
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resilient moduli obtained by Hicks and Monismith, Uzan and Uzan and Witczak models are 

implemented. 

Tresca and Von Mises yield criteria are used to specify associated flow plasticity. Each 

model requires the definition of two parameters, namely initial yield stress and plastic tangent 

modulus to define linear isotropic hardening. The initial yield stress is equal to the deviatoric 

stress of each loading step, since every step implies plastic deformation from the beginning. 

The plastic tangent modulus is evaluated as a secant value using the least-square method in a 

graph displaying 1- 3 along y-axis and p,v along x-axis for Tresca model or (2/3)· p,v along x-

axis for Von Mises model. 

UGMs are not considered to be viscous in the sense that applying a constant load does 

not bring about a time-dependent deformation, but models for viscosity could be adapted to 

p,v per load cycle. Norton power law is used to describe the 

viscosity associated with the duration of each loading step (1000 s) as a means to take into 

consideration the load pulse repetitions taking place in the actual RTLT. The creep rate is 

defined as 

 

,                                                                                                                         (Eq. 21) 

 

where A is the creep rate coefficient and n is the stress exponent. 

The aim of the modelling is to evaluate the permanent vertical deformations and 

compare the results with the experimental outcomes. The first modelling attempt considers 

Tresca plasticity model. All the examined non-linear elastic models (Hicks and Monismith, 

Uzan, Uzan and Witczak) are implemented. Figure 43 displays the results for the polymer-

based additive (a) and the lignin-based additive (b). 
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The second modelling attempt considers Von Mises plasticity, all the non-linear elastic laws 

previously mentioned are implemented. Figure 44 displays the results for the polymer-based 

additive (a) and the lignin-based additive (b). 
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Comparing Figure 18 and Figure 19, Tresca plasticity model tends to overestimate the results, 

while Von Mises plasticity model tends to underestimate them. Moreover, all the considered 

non-linear elastic models bring to results very close to each other. 

Since Von Mises model underestimates the actual experimental results, viscous 

behaviour is added to the material model. The considered non-linear elastic law associated with 

creep is only Hicks and Monismith, since the choice of the elastic law does not seem to play a 

significant role as just observed. A parametric analysis has been performed to find the best 

fitting values of the creep rate coefficient A and the stress exponent n. Figure 45 displays the 

results for the polymer-based additive (a) and the lignin-based additive (b). Adding viscosity to 

Von Mises plasticity provides a better description of the experimental results. The finite element 

model could be further extended to comprise analyses of actual roads. 
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3.7. CRUSHED ROCKS STABILIZATION: FIELD TESTS 

 

3.7.1. Field test preparation 

 

The field test is located in a large area available inside a quarry in Vassfjellet. Material M4 is a 

n guide requirements. Arranging the 

since it has not been easy to find enough quantities from quarries. On the other hand, this does 
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not hinder the general purpose of the research, namely to investigate whether the use of the 

additives can improve the mechanical properties of a given type of crushed rocks at a full-scale 

level. 

The grain size distribution curve used for this investigation is displayed in solid line 

-  Figure 46 -

the construction of the field test sections. The two distribution curves are very close as expected 

due to the good LA value. They are also very close to the grading curve used for the laboratory 

experiences (Figure 16), OMC is equal to 5%. 

 
 

 

 

 

Three 0/32 base layer sections are built, they correspond to three locations which undergo 

different treatments: water use (location L0), polymer-based additive (location L1), lignin-

based additive (location L2); each section is 30 cm thick (before compaction), 3.5 m wide and 

10 m long. As a first step, the existing subgrade is covered by a 0/8 mm capping layer, its 

thickness varies between 50 cm and 60 cm. Since the zone of influence of the LWD is found to 

be 1.5 to 2 times the 30-cm diameter of the LWD plate (Elhakim et al. 2014), the chosen value 

of the capping layer thickness appears reasonable. Afterwards, a roller compactor compacts the 

capping layer, Bomag BW 177 D-4 is the single steel drum roller used for this purpose. Its 

weight is 7.5 t, the drum axle load is 4.2 t, the wheel axle load is 3.3 t, the static linear load is 

24.9 kg/cm and the working width is 1.7 m; the roller compactor accomplishes seven passages 

as specified in the manual code (NPRA 2014a). 
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Figure 47 displays the main steps of the first 15-cm construction. 10 tonne of 0/32 crushed 

rocks are placed in each location (a). Water and additives are transported to the field thanks to 

Intermediate Bulk Containers (IBCs); before pumping out their contents, operators  use of a 

mixing drill to attain more homogeneous solutions. Each location is treated according to the 

proportions already used in laboratory as reported in subsections 3.5.2 and 3.5.3 (b, c, d). 

Afterwards, a light recycler machine operates achieving two passages (e). The teeth of the 

shifting rotor gently blend rocks, water and additives up to a depth of 15 cm. Finally, the roller 

compactor Bomag BW 177 D-4 compacts each location with five passages as specified in the 

manual code (NPRA 2014a) (f). Successively, the second 15-cm part of the 30-cm thick base 

layer is placed and undergoes the same procedure. Table 6 reports the total quantity of the 

admixtures totally used in each location. 

 

Table 6 Quantity of water and additives used in each investigated location 

Location water (kg) 
P-based additive (kg) 

L-based additive (kg) 
component  C1 component  C2 

L0 1000 0 0 0 

L1 1000 52 52 0 

L2 1000 0 0 300 

 

Therefore, the liquids amount used in L2 is bigger than in L0 and L1. The final thickness after 

the compaction procedures is about 17 cm; the construction processes do not significantly alter 

the grain size distribution curve as reported in Figure 4. Figure 48 shows the completion of the 

three road base sections. 
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3.7.2. Measurement procedures 

 

Deflectometer (LWD). LWD is used for the determination of bearing capacity and compaction 

quality of soils and unbound materials (ASTM International 2015); it is currently gaining more 

and more interest in several countries, as it is a portable spot-testing device for quality control 

(Mooney and Miller 2009). The LWD uses the same technology of the Falling Weight 

Deflectometer (FWD) equipment: the major differences are the reduced load pulse duration and 

reduced maximum applied force (Fleming et al. 2007).  

Several types of LWD are available, but are similar in principle; the research is 

performed using the LWD produced by HMP company (HMP-LFG 2018). The test consists in 

subjecting the road base layer to a pulse load applied via a steel plate, a geophone records the 

speed of the plate movement and assesses its acceleration and settlement. The maximum impact 

force is 7.07 kN, the duration of the impact is 17.0 ±1.5 ms and the settlement range measured 

is 0.1 to 2.0 mm ± 0.02 mm. After completion of three measurements, the average settlement 

Sm and the dynamic modulus ELWD are evaluated. ELWD is determined via circular plate on half-

space theory assuming homogeneous, isotropic, linear elastic soil behaviour (Boussinesq 1885; 

HMP-LFG 2017; Vennapusa and White 2009). The goal of the research lies more on comparing 

the LWD results for the three investigated locations than in obtaining absolute values for each 

location. Measurements are carried out daily up to 50 days after construction completion. 

penetration. The test is performed by driving a metal cone into the ground with a 8 kg weight 

dropped from a distance of 575 mm (ASTM International 2018). Test results might be 

correlated to other properties, e. g. resilient modulus and bearing capacity (Chen et al. 2005, 

1999; Siekmeier et al. 2000). DCP device is used in the research as a further practical and easy 

 LWD. Finally, the resistance against 

passages. The front axle of a truck is driven back and forth on the three locations for a 

determined number of times, the front axle weight is 6 t and the axle length is 1.7 m.  

LWD measurements are taken on a daily basis up to 50 days, they approximately 

correspond to May and June 2018; the first measurements are taken 48 h after construction. In 

case of precipitation, the measurements are carried out after it has stopped raining. Average, 
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minimum, maximum temperature and precipitation are daily recorded in the two closest 

weather stations: Skjetlein station and Saupstad station, both of them are approximately located 

5 km away from the test site (Norwegian Meteorological Institute 2018). The average values 

are assessed thanks to the National Weather Service distance weighting method (US National 

Weather Service 2018). In order to study a longer term behaviour, after 60 days new LWD 

measurements are carried out for 5 days (namely from day 110 to day 115 after construction 

completion); the operations regarding DCP and rutting formations take place during last day 

115. 

 

3.7.3. Field test results 

 

The in situ density is assessed thanks to the excavation method (CEN 2017), two areas for each 

location are investigated and average values are presented; Figure 49 displays the bulk density 

(a), dry density (b) and water content (c). The area treated with lignin-based additive has the 

highest density, this can be partly due to the fact that the lignosulfonate density (approximately 

0.05 t/m3) is included. The liquid quantity used for location L2 has been significantly higher 

than in the other two locations L0 and L1; therefore, L2 has been clearly oversaturated after 

construction and the first water content measurements have been carried out after 120 h. As an 

input for further research, mixing proportions containing lower water percentages may be tested. 

Figure 50 displays the appearance of the surfaces after 50 days. Compared to the 

untreated location L0 (a), both the polymer-based and the lignin-based products seem to 

promote a more bounded layer at location L1 (b) and at location L2 (c), respectively. 

Figure 51 displays the weather conditions during the first 50 days after construction 

completion. The average temperature varies between 5 °C and 20 °C, rain starts to take place 

approximately every day from day 24; the trend is exceptionally warm and dry in the Norwegian 

context (Norsk rikskringkasting AS 2018). After the initial 50 days, no measurements are taken 

for a period of 60 days. During this interval the average values of average, minimum and 

maximum temperature have been 14.9 °C, 10.3 °C and 20.6 °C, respectively; the cumulated 

precipitation has been 199.9 mm. 
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Figure 52 shows the LWD results regarding the dynamic modulus ELWD (a) and the settlement 

SLWD (b). During the initial 50 days after construction, the polymer-based additive brings to the 

highest ELWD value (163.5 MPa) and the lowest SLWD value (0.14 mm) for location L1. The 

improvement of the lignin-based treated area takes place at a slower pace. The performance of 

location L2 becomes better than the untreated location L0 after 23 days, this may be also 

connected to the oversaturation of location L2. The lignin-based additive reaches 133.4 MPa as 

the highest ELWD value and 0.18 as the lowest SLWD. Both the treated areas L1 and L2 reach 

their best performance values on day 38.  

Figure 53 displays some relevant pictures worth to be discussed. The polymer-based 

additive treated location L1 becomes very little sensitive to water (a): some water, which is 
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poured on the top of the layer on purpose, does not seem to penetrate. Some observations 

regarding the lignin-based additive can be drawn: while the lignosulfonate on the outermost 

 internal part still 

needs time to dry and attach to the material particles, as found by excavating some centimetres 

below the surface (b). Most likely, this is the reason why it is possible to see some 

 sunny days (c); moreover, this may also 

imply that improving the ELWD values for location L2 takes effect 

would probably decrease if less water had been added to the test site, i.e. a higher concentrated 

solution of lignosulfonate; therefore, this may be an input for further research, both in laboratory 

and in field. 

Lignosulfonate is water-soluble and dissolves in case of precipitation (d); therefore, the 

LWD results are affected by the rain, which takes place almost every day after day 24. In 

addition, the untreated location L0 is the area most vulnerable to water because there are 

meaningful changes in its ELWD and SLWD values from day to day. On the other hand, even if 

the locations have not been graded to have a cross profile to lead the water away, the changes 

due to precipitation for location L1 and L2 are smaller. During day 50 the ELWD values are 63.5 

MPa for location L0, 133.7 MPa (2.1 times ELWD, L0) for location L1 and 88.1 MPa for location 

2 (1.4 times ELWD, L0). 

The DCP measurements follow this procedure: 7 sequences composed of 3 blows are 

carried out, the increasing depth from the layer surface is recorded at the end of each sequence, 

Figure 54 shows the average results for each location. The outcomes referring to the untreated 

location L0 are reported up to 4 sequences (i.e. 12 blows), because a higher number of blows is 

f the measurement points. Both the 

treated locations L1 and L2 perform better than the untreated location L0. Furthermore, there 

is a switch in the trend of penetration rate between the polymer-based and lignin-based areas: 

the latter is stiffer up to 5 sequences (i.e. 15 blows), which approximately correspond to 5.5 cm. 

For a larger number of blows, namely for a major depth, the former achieves better results. This 

-based treatment previously discussed. 
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Figure 55 

namely approximately 17 cm below their surfaces. The treated locations are significantly harder 

than the untreated location. The polymer-based additive achieves the highest number of blows. 

  

 
 

 

 

Figure 56 deals with the permanent deformation evaluation. The front 6-ton axle of a truck is 

driven back and forth to cause the rutting formation (a). Measurements after 100 passages and 

200 passages prove the effectiveness of the additive products. The average rut depths for each 

location L0, L1 and L2 are assessed (b). The polymer-based treated area L1 achieves the 

smallest rut depths, the lignin-based treated area L2 achieves slightly higher values; this may 

be due to the hardening time demand previously discussed. Even if both stress level and number 

of passages are not necessarily the same as in e.g. a base layer of a real road, however, this test 

is used for relative ranking between the three test sections. 
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4. FINAL CONSIDERATIONS 
 

The research has investigated different approaches and technologies to improve the mechanical 

properties of crushed rocks to be used in the road unbound layers. This can open opportunities 

to use abundant local materials that would not meet performance specifications in their natural 

state. Among the studied solutions, two stabilizing additives have been investigated, one is 

polymer-based and the other one is lignin-based. Laboratory and field tests have been fulfilled 

to characterize their performance. Notwithstanding some research limitations, the investigation 

has led to positive results. 

 

4.1. CONCLUSIONS AND PRACTICAL CONSEQUENCES 

 

Four types of crushed rocks M1, M2, M3 and M4 have been tested. The investigation has been 

developed based on laboratory experiments (Repeated Triaxial Load Tests RTLTs, Los Angeles 

LA test and micro-Deval MDE test), FE modelling and field full-scale test (with Light Weight 

Deflectometer LWD and Dynamic Cone Penetrometer DCP). The following conclusions can 

be drawn both for practicing engineers and researchers: 

 

(1) RTLT, LA and MDE tests identify that materials M1 and M4 have a better performance 

than materials M2 and M3. RTLTs can also assess the beneficial effect provided by additives; 

on the other hand, there are no standard LA and MDE test procedures concerning an additive 

application. 

 

(2) Both polymer-based additive and lignin-based additive are non-traditional stabilization 

technologies, which improve the mechanical properties of crushed rocks and enable their use 

in the pavement unbound layers. All the adopted laboratory and field testing methods prove the 

effectiveness of the admixtures.  

 

(3) All the models used to interpret the experimental data referring to resilient modulus (Hicks 

and Monismith, Uzan and Uzan and Witczak) and vertical permanent deformation (Barksdale, 

Sweere, Hyde and Shenton) highlight that the use of the additives is an effective method to 

improve the mechanical properties of the crushed rocks.  
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(4) The field test demonstrates that the polymer-based additive has a rapid effect. Furthermore, 

the polymer-based additive apparently creates an impermeable layer. The field test also 

demonstrates that the lignin-based additive needs time to become effective; 23 days are 

On the other 

hand, the liquids amount used in laboratory and field have 

formation in field.  

 

(5) The lignin-based additive is water-soluble; the engineer needs to bear in mind this feature 

in the road design and construction phases. A suitable solution could be to apply the admixture 

during days without rainfall and then cover the treated layer with a top (e.g. bituminous) layer.  

When dealing with gravel roads, another option could be to make sure that the water can 

properly drain (e.g. good profile and well-maintained ditches). 

 

(6) In the FE simulation of RTLTs, all the non-linear elastic relationships (Hicks and Monismith, 

Uzan and Uzan and Witczak) bring to close results in terms of accumulated permanent vertical 

deformation. Norton exponential creep law added to Von Mises plasticity model can describe 

the experimental results better than the Von Mises plasticity model alone.  

 

(7) An appropriate mixture of the crushed rocks available in situ is a convenient solution to 

fulfil LA and MDE requirements. The LA and MDE values of the mixture can be evaluated by 

a linear relationship based on the mass quantity of each employed material. 

 

(8) The ability of the crushed rocks to withstand compaction and trafficking has been 

investigated during the construction phase and during service life phase. The crushing is 

substantially more significant in the former stage than in the latter stage for all the materials. 

 

4.2. LIMITATIONS OF THE RESEARCH AND INPUTS FOR DEVELOPMENTS 

 

There are some characteristics which may have impacted the research findings and their 

interpretation. The following criteria may be useful to overcome the limitations and expand the 

research: 
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(i) The research has dealt with four types of crushed rocks. Even if the results have been positive 

and highly promising, these outcomes could be generalized even more by further testing of 

other rock types. 

 

(ii) The amount of water used in combination with lignin-based additive have led to 

 therefore, mixing proportions containing lower 

water percentages may be investigated.  

 

(iii) Repeating the field measurements in the future could be useful to assess the long-term 

response of the stabilizing products and attain a more comprehensive knowledge about their 

performances compared to the properties of the untreated materials.  

 

(iv) The FE model has been developed to simulate the RTLT and the model parameters have 

been adjusted to fit the actual results. This work may be expanded in order to analyse the use 

of the additive products in actual roads.  

 

(v) The general scope of the research has dealt with the local use of crushed rocks in the road 

unbound layers to provide a sustainable and cost-benefit application. This mission could be 

extended and investigate the potential use of the crushed rocks in the road bounded layers. 
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%%RESILIENT MODULUS 
 
clc 
clear 
close all 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
%Input.txt files (---> data in kPa) 
 
load M2.txt; 
load ZM2.txt; 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
X=M2(:,1);                                     % measured bulk stress, kPa 
Y=M2(:,3);                                     % measured deviatoric stress, kPa 
Z=M2(:,2);                                     % measured resilient modulus, kPa 
T=(X-Y)/3;                                     % measured triaxial stress, kPa 
TAU=sqrt( (2/3) * ( -2*T.*(Y+T) - T.^2 + (1/3)*X.^2 )); 
                                               % measured octahedral stress, kPa 
 
ZX=ZM2(:,1);                                   % measured bulk stress, kPa 
ZY=ZM2(:,3);                                   % measured deviatoric stress, kPa 
ZZ=ZM2(:,2);                                   % measured resilient modulus, kPa 
ZT=(ZX-ZY)/3;                                  % measured triaxial stress, kPa 
ZTAU=sqrt( (2/3) * ( -2*ZT.*(ZY+ZT) - ZT.^2 + (1/3)*ZX.^2 )); 
                                               % measured octahedral stress, kPa 
 
sigmaa=100;                                    % reference stress, kPa 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
Cthetabmax=1200;                               % max bulk stress for computation, kPa 
Csigmadmax=600;                                % max deviatoric stress for computation, kPa 
Ctaumax=600;                                   % max octahedral stress for computation, kPa 
Cdeltathetab=25;                               % delta bulk stress for computation, kPa 
Cdeltasigmad=25;                               % delta deviatoric stress for computation, kPa 
Cdeltatau=25;                                  % delta octahedral stress for computation, kPa 
 
Pthetabmax=1000;                               % max bulk stress for plot, kPa 
Psigmadmax=600;                                % max deviatoric stress for plot, kPa 
Ptaumax=600;                                   % max octahedral stress for plot, kPa 
Pmodresmax=1000;                               % max resilient modulus for plot, MPa 
Pdeltathetab=200;                              % delta bulk stress for plot, kPa 
Pdeltasigmad=100;                              % delta deviatoric stress for plot, kPa 
Pdeltatau=100;                                 % delta octahedral stress for plot, kPa 
Pdeltamodres=200;                              % delta resilient modulus for plot, MPa 
 
thetab=(0:Cdeltathetab:Cthetabmax)'; 
sigmad=(0:Cdeltasigmad:Csigmadmax)'; 
taurange=(0:Cdeltatau:Ctaumax)'; 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
x=log10(X/sigmaa); 
y=log10(Y/sigmaa); 
tau=log10(TAU/sigmaa); 
z=log10(Z); 
 
xdim=length(x); 
ydim=length(y); 
zdim=length(z); 
 
Zx=log10(ZX/sigmaa); 
Zy=log10(ZY/sigmaa); 
Ztau=log10(ZTAU/sigmaa); 
Zz=log10(ZZ); 
 
Zxdim=length(Zx); 
Zydim=length(Zy); 
Zzdim=length(Zz); 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
%Experimental data, 2D 
 
figure(1) 
set(gcf, 'DefaultAxesFontName', 'Times New Roman'); 
 
hold on 
scatter(X,Z./1000,10,'k') 
scatter(ZX,ZZ./1000,10,'MarkerEdgeColor',[0.75, 0, 0.75]) 
hold off 



 226  
 

  
xlabel('\theta , Bulk stress (kPa)','FontSize',16,'fontWeight','bold'); 
ylabel('M_r , Resilient modulus (MPa)','FontSize',16,'fontWeight','bold'); 
legend({'M2','M2-P'},'Location','northeast','FontSize',18); 
 
grid on 
set(gca,'XLim',[0 1200],'XTick',(0:200:1200),'FontSize',16) 
set(gca,'YLim',[0 7000],'YTick',(0:1000:7000),'FontSize',16) 
 
print 01_Resilient_modulus_data_2D -djpeg 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
%Experimental data, 3D 
 
figure(2); 
set(gcf, 'DefaultAxesFontName', 'Times New Roman'); 
az = 50; 
el = 40; 
view(az, el); 
 
hold on 
scatter3(Y,X,Z./1000,10,'k'); 
scatter3(ZY,ZX,ZZ./1000,10,'MarkerEdgeColor',[0.75, 0, 0.75]); 
hold off 
 
xlabel('\sigma_d , Deviatoric stress (kPa)','FontSize',16,'fontWeight','bold'); 
ylabel('\theta , Bulk stress (kPa)','FontSize',16,'fontWeight','bold'); 
zlabel('M_r , Resilient modulus (MPa)','FontSize',16,'fontWeight','bold'); 
legend({'M2','M2-P'},'Location','northeast','FontSize',18); 
 
grid on 
set(gca,'XLim',[0 600],'XTick',(0:100:600),'FontSize',16) 
set(gca,'YLim',[0 1000],'YTick',(0:200:1000),'FontSize',16) 
set(gca,'ZLim',[0 7000],'ZTick',(0:1000:7000),'FontSize',16) 
 
print 02_Resilient_modulus__data_3D -djpeg 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
%Hicks&Monismith model 
 
syms a b 
 
eq1=ones(1,xdim)*(z-a*ones(1,xdim)'-b*x); 
eq2=x'*(z-a*ones(1,xdim)'-b*x); 
 
[a,b]=solve([eq1==0,eq2==0],[a,b]); 
 
k1=double(10^(a-log10(sigmaa))); 
k2=double(b); 
 
syms Za Zb 
 
eq1=ones(1,Zxdim)*(Zz-Za*ones(1,Zxdim)'-Zb*Zx); 
eq2=Zx'*(Zz-Za*ones(1,Zxdim)'-Zb*Zx); 
 
[Za,Zb]=solve([eq1==0,eq2==0],[Za,Zb]); 
 
Zk1=double(10^(Za-log10(sigmaa))); 
Zk2=double(Zb); 
 
HMk=[k1 k2 Zk1 Zk2] 
 
MrHM=k1*sigmaa*(thetab/sigmaa).^k2/1000;                                   %MPa 
ZMrHM=Zk1*sigmaa*(thetab/sigmaa).^Zk2/1000;                                %MPa 
 
figure(3); 
set(gcf, 'DefaultAxesFontName', 'Times New Roman'); 
 
hold on 
plot(thetab,MrHM,'k','LineWidth',1); 
plot(thetab,ZMrHM,'Color',[0.75, 0, 0.75],'LineWidth',1); 
hold off 
 
xlabel('\theta , Bulk stress (kPa)','FontSize',16,'fontWeight','bold'); 
ylabel('M_r , Resilient modulus (MPa)','FontSize',16,'fontWeight','bold'); 
 
grid on 
set(gca,'XLim',[0 Pthetabmax],'XTick',(0:Pdeltathetab:Pthetabmax),'FontSize',16) 
set(gca,'YLim',[0 Pmodresmax],'YTick',(0:Pdeltamodres:Pmodresmax),'FontSize',16) 
 
%Coefficient of determination 
 
for i=1:xdim 
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     AVE(i)=Z(i)^2; 
end 
 
SAVE=sum(AVE); 
 
for i=1:xdim 
    RSS(i)=(Z(i)-k1*sigmaa*(X(i)/sigmaa).^k2)^2; 
    TSS(i)=(Z(i)-SAVE/xdim)^2; 
end 
 
R2=1-sum(RSS)/sum(TSS); 
 
for i=1:Zxdim 
    ZAVE(i)=ZZ(i)^2; 
end 
 
ZSAVE=sum(ZAVE); 
 
for i=1:Zxdim 
    ZRSS(i)=(ZZ(i)-Zk1*sigmaa*(ZX(i)/sigmaa).^Zk2)^2; 
    ZTSS(i)=(ZZ(i)-ZSAVE/Zxdim)^2; 
end 
 
ZR2=1-sum(ZRSS)/sum(ZTSS); 
 
legend({'M2, R^2= 0.99','M2-P, R^2= 0.99'},'Location','northeast','FontSize',18); 
 
print 03_Resilient_modulus_Hicks&Monismith -djpeg 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
%Uzan model 
 
syms a b c 
 
eq1=ones(1,xdim)*(z-a*ones(1,xdim)'-b*x-c*y); 
eq2=x'*(z-a*ones(1,xdim)'-b*x-c*y); 
eq3=y'*(z-a*ones(1,xdim)'-b*x-c*y); 
 
[a,b,c]=solve([eq1==0,eq2==0,eq3==0],[a,b,c]); 
 
kk1=double(10^(a-log10(sigmaa))); 
kk2=double(b); 
kk3=double(c); 
 
syms Za Zb Zc 
 
eq1=ones(1,Zxdim)*(Zz-Za*ones(1,Zxdim)'-Zb*Zx-Zc*Zy); 
eq2=Zx'*(Zz-Za*ones(1,Zxdim)'-Zb*Zx-Zc*Zy); 
eq3=Zy'*(Zz-Za*ones(1,Zxdim)'-Zb*Zx-Zc*Zy); 
 
[Za,Zb,Zc]=solve([eq1==0,eq2==0,eq3==0],[Za,Zb,Zc]); 
 
Zkk1=double(10^(Za-log10(sigmaa))); 
Zkk2=double(Zb); 
Zkk3=double(Zc); 
 
UZkk=[kk1 kk2 kk3 Zkk1 Zkk2 Zkk3] 
 
MrUZ=kk1*sigmaa*((thetab/sigmaa).^kk2)*((sigmad/sigmaa)'.^kk3)/1000;       % MPa 
ZMrUZ=Zkk1*sigmaa*((thetab/sigmaa).^Zkk2)*((sigmad/sigmaa)'.^Zkk3)/1000;   % MPa 
 
figure(4); 
set(gcf, 'DefaultAxesFontName', 'Times New Roman'); 
[XX,YY]=meshgrid(sigmad,thetab); 
az = 50; 
el = 40; 
view(az, el); 
 
hold on 
ss = surf(XX,YY,MrUZ,'FaceAlpha',0.5,'EdgeColor',[0 0 0],'FaceColor',[0 0 0],'LineWidth',0.3); 
Zss = surf(XX,YY,ZMrUZ,'FaceAlpha',0.5,'EdgeColor',[0.75, 0, 0.75],'FaceColor',[0.75, 0, 
0.75],'LineWidth',0.7); 
hold off 
 
xlabel('\sigma_d , Deviatoric stress (kPa)','FontSize',16,'fontWeight','bold'); 
ylabel('\theta , Bulk stress (kPa)','FontSize',16,'fontWeight','bold'); 
zlabel('M_r , Resilient modulus (MPa)','FontSize',16,'fontWeight','bold'); 
 
grid on 
set(gca,'XLim',[100 Psigmadmax],'XTick',(0:Pdeltasigmad:Psigmadmax),'FontSize',16) 
set(gca,'YLim',[0 Pthetabmax],'YTick',(0:Pdeltathetab:Pthetabmax),'FontSize',16) 
set(gca,'ZLim',[0 Pmodresmax],'ZTick',(0:Pdeltamodres:Pmodresmax),'FontSize',16) 
 
%Coefficient of determination 
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for i=1:xdim 
    AVE(i)=Z(i)^2; 
end 
 
SAVE=sum(AVE); 
 
for i=1:xdim 
    RSS(i)=(Z(i)-kk1*sigmaa* ((X(i)/sigmaa).^kk2) * ((Y(i)/sigmaa)'.^kk3) )^2; 
    TSS(i)=(Z(i)-SAVE/xdim)^2; 
end 
 
R2=1-sum(RSS)/sum(TSS); 
 
for i=1:Zxdim 
    ZAVE(i)=ZZ(i)^2; 
end 
 
ZSAVE=sum(ZAVE); 
 
for i=1:Zxdim 
    ZRSS(i)=(ZZ(i)-Zkk1*sigmaa* ((ZX(i)/sigmaa).^Zkk2) * ((ZY(i)/sigmaa)'.^Zkk3) )^2; 
    ZTSS(i)=(ZZ(i)-ZSAVE/Zxdim)^2; 
end 
 
ZR2=1-sum(ZRSS)/sum(ZTSS); 
 
legend({'M2, R^2= 0.99','M2-P, R^2= 0.99'},'Location','northeast','FontSize',18); 
 
print 04_Resilient_modulus_Uzan -djpeg 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
%Uzan&Witczak model 
 
syms a b c 
 
eq1=ones(1,xdim)*(z-a*ones(1,xdim)'-b*x-c*tau); 
eq2=x'*(z-a*ones(1,xdim)'-b*x-c*tau); 
eq3=y'*(z-a*ones(1,xdim)'-b*x-c*tau); 
 
[a,b,c]=solve([eq1==0,eq2==0,eq3==0],[a,b,c]); 
 
kkk1=double(10^(a-log10(sigmaa))); 
kkk2=double(b); 
kkk3=double(c); 
 
syms Za Zb Zc 
 
eq1=ones(1,Zxdim)*(Zz-Za*ones(1,Zxdim)'-Zb*Zx-Zc*Ztau); 
eq2=Zx'*(Zz-Za*ones(1,Zxdim)'-Zb*Zx-Zc*Ztau); 
eq3=Zy'*(Zz-Za*ones(1,Zxdim)'-Zb*Zx-Zc*Ztau); 
 
[Za,Zb,Zc]=solve([eq1==0,eq2==0,eq3==0],[Za,Zb,Zc]); 
 
Zkkk1=double(10^(Za-log10(sigmaa))); 
Zkkk2=double(Zb); 
Zkkk3=double(Zc); 
 
UWkkk=[kkk1 kkk2 kkk3 Zkkk1 Zkkk2 Zkkk3] 
 
MrUW=kkk1*sigmaa*((thetab/sigmaa).^kkk2)*((taurange/sigmaa)'.^kkk3)/1000;  % MPa 
ZMrUW=Zkkk1*sigmaa*((thetab/sigmaa).^Zkkk2)*((taurange/sigmaa)'.^Zkkk3)/1000; % MPa 
 
figure(5); 
set(gcf, 'DefaultAxesFontName', 'Times New Roman'); 
[XX,YY]=meshgrid(taurange,thetab); 
az = 50; 
el = 40; 
view(az, el); 
 
hold on 
sss = surf(XX,YY,MrUW,'FaceAlpha',0.5,'EdgeColor',[0 0 0],'FaceColor',[0 0 
0],'LineWidth',0.3); 
Zsss = surf(XX,YY,ZMrUW,'FaceAlpha',0.5,'EdgeColor',[0.75, 0, 0.75],'FaceColor',[0.75, 0, 
0.75],'LineWidth',0.7); 
hold off 
 
xlabel('\tau_{oct} , Octahedral stress (kPa)','FontSize',16,'fontWeight','bold'); 
ylabel('\theta , Bulk stress (kPa)','FontSize',16,'fontWeight','bold'); 
zlabel('M_r , Resilient modulus (MPa)','FontSize',16,'fontWeight','bold'); 
 
grid on 
set(gca,'XLim',[100 Ptaumax],'XTick',(0:Pdeltatau:Ptaumax),'FontSize',16) 
set(gca,'YLim',[0 Pthetabmax],'YTick',(0:Pdeltathetab:Pthetabmax),'FontSize',16) 
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sset(gca,'ZLim',[0 Pmodresmax],'ZTick',(0:Pdeltamodres:Pmodresmax),'FontSize',16) 
 
%Coefficient of determination 
 
for i=1:xdim 
    AVE(i)=Z(i)^2; 
end 
 
SAVE=sum(AVE); 
 
for i=1:xdim 
    RSS(i)=(Z(i)-kkk1*sigmaa* ((X(i)/sigmaa).^kkk2) * ((TAU(i)/sigmaa)'.^kkk3) )^2; 
    TSS(i)=(Z(i)-SAVE/xdim)^2; 
end 
 
R2=1-sum(RSS)/sum(TSS); 
 
for i=1:Zxdim 
    ZAVE(i)=ZZ(i)^2; 
end 
 
ZSAVE=sum(ZAVE); 
 
for i=1:Zxdim 
    ZRSS(i)=(ZZ(i)-Zkkk1*sigmaa* ((ZX(i)/sigmaa).^Zkkk2) * ((ZTAU(i)/sigmaa)'.^Zkk3) )^2; 
    ZTSS(i)=(ZZ(i)-ZSAVE/Zxdim)^2; 
end 
 
ZR2=1-sum(ZRSS)/sum(ZTSS); 
 
legend({'M2, R^2= 0.99','M2-P, R^2= 0.99'},'Location','northeast','FontSize',18); 
 
print 05_Resilient_modulus_Uzan&Witczak -djpeg 
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EXAMPLE OF MATLAB SCRIPT TO ASSESS PERMANENT VERTICAL STRAIN 
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%%PERMANENT VERTICAL STRAIN 
 
clc 
clear 
close all 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
%Input.txt files (---> data in kPa) 
 
load M2_11.txt; 
load M2_12.txt; 
load M2_13.txt; 
load M2_14.txt; 
load M2_15.txt; 
load M2_16.txt; 
 
load M2_21.txt; 
load M2_22.txt; 
load M2_23.txt; 
load M2_24.txt; 
load M2_25.txt; 
load M2_26.txt; 
 
load M2_31.txt; 
load M2_32.txt; 
load M2_33.txt; 
load M2_34.txt; 
load M2_35.txt; 
load M2_36.txt; 
 
load M2_41.txt; 
load M2_42.txt; 
load M2_43.txt; 
load M2_44.txt; 
load M2_45.txt; 
load M2_46.txt; 
 
load M2_51.txt; 
load M2_52.txt; 
load M2_53.txt; 
load M2_54.txt; 
load M2_55.txt; 
load M2_56.txt; 
 
 
load ZM2_11.txt; 
load ZM2_12.txt; 
load ZM2_13.txt; 
load ZM2_14.txt; 
load ZM2_15.txt; 
load ZM2_16.txt; 
 
load ZM2_21.txt; 
load ZM2_22.txt; 
load ZM2_23.txt; 
load ZM2_24.txt; 
load ZM2_25.txt; 
load ZM2_26.txt; 
 
load ZM2_31.txt; 
load ZM2_32.txt; 
load ZM2_33.txt; 
load ZM2_34.txt; 
load ZM2_35.txt; 
load ZM2_36.txt; 
 
load ZM2_41.txt; 
load ZM2_42.txt; 
load ZM2_43.txt; 
load ZM2_44.txt; 
load ZM2_45.txt; 
load ZM2_46.txt; 
 
load ZM2_51.txt; 
load ZM2_52.txt; 
load ZM2_53.txt; 
load ZM2_54.txt; 
load ZM2_55.txt; 
load ZM2_56.txt; 
 
 
 
load AM2_TR_HM.txt; 
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MM2TRHM=AM2_TR_HM(:,4); 
load AM2_TR_UZ.txt; 
M2TRUZ=AM2_TR_UZ(:,4); 
load AM2_TR_UW.txt; 
M2TRUW=AM2_TR_UW(:,4); 
load AM2_VM_HM.txt; 
M2VMHM=AM2_VM_HM(:,4); 
load AM2_VM_UZ.txt; 
M2VMUZ=AM2_VM_UZ(:,4); 
load AM2_VM_UW.txt; 
M2VMUW=AM2_VM_UW(:,4); 
 
load AZM2_TR_HM.txt; 
ZM2TRHM=AZM2_TR_HM(:,4); 
load AZM2_TR_UZ.txt; 
ZM2TRUZ=AZM2_TR_UZ(:,4); 
load AZM2_TR_UW.txt; 
ZM2TRUW=AZM2_TR_UW(:,4); 
load AZM2_VM_HM.txt; 
ZM2VMHM=AZM2_VM_HM(:,4); 
load AZM2_VM_UZ.txt; 
ZM2VMUZ=AZM2_VM_UZ(:,4); 
load AZM2_VM_UW.txt; 
ZM2VMUW=AZM2_VM_UW(:,4); 
 
 
 
load BM2_TR_HM.txt; 
M2BTRHM=BM2_TR_HM(:,2); 
load BM2_TR_UZ.txt; 
M2BTRUZ=BM2_TR_UZ(:,2); 
load BM2_TR_UW.txt; 
M2BTRUW=BM2_TR_UW(:,2); 
load BM2_VM_HM.txt; 
M2BVMHM=BM2_VM_HM(:,2); 
load BM2_VM_UZ.txt; 
M2BVMUZ=BM2_VM_UZ(:,2); 
load BM2_VM_UW.txt; 
M2BVMUW=BM2_VM_UW(:,2); 
 
load BZM2_TR_HM.txt; 
ZM2BTRHM=BZM2_TR_HM(:,2); 
load BZM2_TR_UZ.txt; 
ZM2BTRUZ=BZM2_TR_UZ(:,2); 
load BZM2_TR_UW.txt; 
ZM2BTRUW=BZM2_TR_UW(:,2); 
load BZM2_VM_HM.txt; 
ZM2BVMHM=BZM2_VM_HM(:,2); 
load BZM2_VM_UZ.txt; 
ZM2BVMUZ=BZM2_VM_UZ(:,2); 
load BZM2_VM_UW.txt; 
ZM2BVMUW=BZM2_VM_UW(:,2); 
 
 
 
load S11.txt; 
S11=S11(:,4); 
 
load ZS9.txt; 
ZS9=ZS9(:,4); 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
sigmaa=100;                                     % reference stress, kPa 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
%Number of step first values to be considered for time hardening 
 
SFP11=100; 
SFP12=100; 
SFP13=100; 
SFP14=100; 
SFP15=100; 
SFP16=100; 
 
matSFP1=[SFP11 SFP12 SFP13 SFP14 SFP15 SFP16]; 
 
SFP21=100; 
SFP22=100; 
SFP23=100; 
SFP24=100; 
SFP25=100; 
SFP26=100; 
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mmatSFP2=[SFP21 SFP22 SFP23 SFP24 SFP25 SFP26]; 
 
SFP31=100; 
SFP32=100; 
SFP33=100; 
SFP34=100; 
SFP35=100; 
SFP36=100; 
 
matSFP3=[SFP31 SFP32 SFP33 SFP34 SFP35 SFP36]; 
 
SFP41=100; 
SFP42=100; 
SFP43=100; 
SFP44=100; 
SFP45=100; 
SFP46=100; 
 
matSFP4=[SFP41 SFP42 SFP43 SFP44 SFP45 SFP46]; 
 
SFP51=100; 
SFP52=100; 
SFP53=100; 
SFP54=100; 
SFP55=100; 
SFP56=100; 
 
matSFP5=[SFP51 SFP52 SFP53 SFP54 SFP55 SFP56]; 
 
 
ZSFP11=100; 
ZSFP12=100; 
ZSFP13=100; 
ZSFP14=100; 
ZSFP15=100; 
ZSFP16=100; 
 
matZSFP1=[ZSFP11 ZSFP12 ZSFP13 ZSFP14 ZSFP15 ZSFP16]; 
 
ZSFP21=100; 
ZSFP22=100; 
ZSFP23=100; 
ZSFP24=100; 
ZSFP25=100; 
ZSFP26=100; 
 
matZSFP2=[ZSFP21 ZSFP22 ZSFP23 ZSFP24 ZSFP25 ZSFP26]; 
 
ZSFP31=100; 
ZSFP32=100; 
ZSFP33=100; 
ZSFP34=100; 
ZSFP35=100; 
ZSFP36=100; 
 
matZSFP3=[ZSFP31 ZSFP32 ZSFP33 ZSFP34 ZSFP35 ZSFP36]; 
 
ZSFP41=100; 
ZSFP42=100; 
ZSFP43=100; 
ZSFP44=100; 
ZSFP45=100; 
ZSFP46=100; 
 
matZSFP4=[ZSFP41 ZSFP42 ZSFP43 ZSFP44 ZSFP45 ZSFP46]; 
 
ZSFP51=100; 
ZSFP52=100; 
ZSFP53=100; 
ZSFP54=100; 
ZSFP55=100; 
ZSFP56=100; 
 
matZSFP5=[ZSFP51 ZSFP52 ZSFP53 ZSFP54 ZSFP55 ZSFP56]; 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
%Input permanent deformation, each sequence each step 
 
P11=M2_11(:,2); 
SP11=size(P11,1); 
P12=M2_12(:,2); 
SP12=size(P12,1); 
P13=M2_13(:,2); 
SP13=size(P13,1); 
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PP14=M2_14(:,2); 
SP14=size(P14,1); 
P15=M2_15(:,2); 
SP15=size(P15,1); 
P16=M2_16(:,2); 
SP16=size(P16,1); 
 
P1= [P11; P12; P13; P14; P15; P16]; 
matSP1=[SP11 SP12 SP13 SP14 SP15 SP16]; 
matCUMSP1=[SP11 SP11+SP12 SP11+SP12+SP13 SP11+SP12+SP13+SP14 SP11+SP12+SP13+SP14+SP15 
SP11+SP12+SP13+SP14+SP15+SP16]; 
matcumSP1=[0 SP11 SP11+SP12 SP11+SP12+SP13 SP11+SP12+SP13+SP14 SP11+SP12+SP13+SP14+SP15]; 
 
P21=M2_21(:,2); 
SP21=size(P21,1); 
P22=M2_22(:,2); 
SP22=size(P22,1); 
P23=M2_23(:,2); 
SP23=size(P23,1); 
P24=M2_24(:,2); 
SP24=size(P24,1); 
P25=M2_25(:,2); 
SP25=size(P25,1); 
P26=M2_26(:,2); 
SP26=size(P26,1); 
 
P2= [P21; P22; P23; P24; P25; P26]; 
matSP2=[SP21 SP22 SP23 SP24 SP25 SP26]; 
matCUMSP2=[SP21 SP21+SP22 SP21+SP22+SP23 SP21+SP22+SP23+SP24 SP21+SP22+SP23+SP24+SP25 
SP21+SP22+SP23+SP24+SP25+SP26]; 
matcumSP2=[0 SP21 SP21+SP22 SP21+SP22+SP23 SP21+SP22+SP23+SP24 SP21+SP22+SP23+SP24+SP25]; 
 
P31=M2_31(:,2); 
SP31=size(P31,1); 
P32=M2_32(:,2); 
SP32=size(P32,1); 
P33=M2_33(:,2); 
SP33=size(P33,1); 
P34=M2_34(:,2); 
SP34=size(P34,1); 
P35=M2_35(:,2); 
SP35=size(P35,1); 
P36=M2_36(:,2); 
SP36=size(P36,1); 
 
P3= [P31; P32; P33; P34; P35; P36]; 
matSP3=[SP31 SP32 SP33 SP34 SP35 SP36]; 
matCUMSP3=[SP31 SP31+SP32 SP31+SP32+SP33 SP31+SP32+SP33+SP34 SP31+SP32+SP33+SP34+SP35 
SP31+SP32+SP33+SP34+SP35+SP36]; 
matcumSP3=[0 SP31 SP31+SP32 SP31+SP32+SP33 SP31+SP32+SP33+SP34 SP31+SP32+SP33+SP34+SP35]; 
 
P41=M2_41(:,2); 
SP41=size(P41,1); 
P42=M2_42(:,2); 
SP42=size(P42,1); 
P43=M2_43(:,2); 
SP43=size(P43,1); 
P44=M2_44(:,2); 
SP44=size(P44,1); 
P45=M2_45(:,2); 
SP45=size(P45,1); 
P46=M2_46(:,2); 
SP46=size(P46,1); 
 
P4= [P41; P42; P43; P44; P45; P46]; 
matSP4=[SP41 SP42 SP43 SP44 SP45 SP46]; 
matCUMSP4=[SP41 SP41+SP42 SP41+SP42+SP43 SP41+SP42+SP43+SP44 SP41+SP42+SP43+SP44+SP45 
SP41+SP42+SP43+SP44+SP45+SP46]; 
matcumSP4=[0 SP41 SP41+SP42 SP41+SP42+SP43 SP41+SP42+SP43+SP44 SP41+SP42+SP43+SP44+SP45]; 
 
P51=M2_51(:,2); 
SP51=size(P51,1); 
P52=M2_52(:,2); 
SP52=size(P52,1); 
P53=M2_53(:,2); 
SP53=size(P53,1); 
P54=M2_54(:,2); 
SP54=size(P54,1); 
P55=M2_55(:,2); 
SP55=size(P55,1); 
P56=M2_56(:,2); 
SP56=size(P56,1); 
 
P5= [P51; P52; P53; P54; P55; P56]; 
matSP5=[SP51 SP52 SP53 SP54 SP55 SP56]; 
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mmatCUMSP5=[SP51 SP51+SP52 SP51+SP52+SP53 SP51+SP52+SP53+SP54 SP51+SP52+SP53+SP54+SP55 
SP51+SP52+SP53+SP54+SP55+SP56]; 
matcumSP5=[0 SP51 SP51+SP52 SP51+SP52+SP53 SP51+SP52+SP53+SP54 SP51+SP52+SP53+SP54+SP55]; 
 
matCUMSP=[length(P1) length(P1)+length(P2) length(P1)+length(P2)+length(P3) 
length(P1)+length(P2)+length(P3)+length(P4) 
length(P1)+length(P2)+length(P3)+length(P4)+length(P5)]; 
matcumSP=[0 length(P1) length(P1)+length(P2) length(P1)+length(P2)+length(P3) 
length(P1)+length(P2)+length(P3)+length(P4)]; 
 
 
ZP11=ZM2_11(:,2); 
ZSP11=size(ZP11,1); 
ZP12=ZM2_12(:,2); 
ZSP12=size(ZP12,1); 
ZP13=ZM2_13(:,2); 
ZSP13=size(ZP13,1); 
ZP14=ZM2_14(:,2); 
ZSP14=size(ZP14,1); 
ZP15=ZM2_15(:,2); 
ZSP15=size(ZP15,1); 
ZP16=ZM2_16(:,2); 
ZSP16=size(ZP16,1); 
 
ZP1= [ZP11; ZP12; ZP13; ZP14; ZP15; ZP16]; 
matZSP1=[ZSP11 ZSP12 ZSP13 ZSP14 ZSP15 ZSP16]; 
matCUMZSP1=[ZSP11 ZSP11+ZSP12 ZSP11+ZSP12+ZSP13 ZSP11+ZSP12+ZSP13+ZSP14 
ZSP11+ZSP12+ZSP13+ZSP14+ZSP15 ZSP11+ZSP12+ZSP13+ZSP14+ZSP15+ZSP16]; 
matcumZSP1=[0 ZSP11 ZSP11+ZSP12 ZSP11+ZSP12+ZSP13 ZSP11+ZSP12+ZSP13+ZSP14 
ZSP11+ZSP12+ZSP13+ZSP14+ZSP15]; 
 
ZP21=ZM2_21(:,2); 
ZSP21=size(ZP21,1); 
ZP22=ZM2_22(:,2); 
ZSP22=size(ZP22,1); 
ZP23=ZM2_23(:,2); 
ZSP23=size(ZP23,1); 
ZP24=ZM2_24(:,2); 
ZSP24=size(ZP24,1); 
ZP25=ZM2_25(:,2); 
ZSP25=size(ZP25,1); 
ZP26=ZM2_26(:,2); 
ZSP26=size(ZP26,1); 
 
ZP2= [ZP21; ZP22; ZP23; ZP24; ZP25; ZP26]; 
matZSP2=[ZSP21 ZSP22 ZSP23 ZSP24 ZSP25 ZSP26]; 
matCUMZSP2=[ZSP21 ZSP21+ZSP22 ZSP21+ZSP22+ZSP23 ZSP21+ZSP22+ZSP23+ZSP24 
ZSP21+ZSP22+ZSP23+ZSP24+ZSP25 ZSP21+ZSP22+ZSP23+ZSP24+ZSP25+ZSP26]; 
matcumZSP2=[0 ZSP21 ZSP21+ZSP22 ZSP21+ZSP22+ZSP23 ZSP21+ZSP22+ZSP23+ZSP24 
ZSP21+ZSP22+ZSP23+ZSP24+ZSP25]; 
 
ZP31=ZM2_31(:,2); 
ZSP31=size(ZP31,1); 
ZP32=ZM2_32(:,2); 
ZSP32=size(ZP32,1); 
ZP33=ZM2_33(:,2); 
ZSP33=size(ZP33,1); 
ZP34=ZM2_34(:,2); 
ZSP34=size(ZP34,1); 
ZP35=ZM2_35(:,2); 
ZSP35=size(ZP35,1); 
ZP36=ZM2_36(:,2); 
ZSP36=size(ZP36,1); 
 
ZP3= [ZP31; ZP32; ZP33; ZP34; ZP35; ZP36]; 
matZSP3=[ZSP31 ZSP32 ZSP33 ZSP34 ZSP35 ZSP36]; 
matCUMZSP3=[ZSP31 ZSP31+ZSP32 ZSP31+ZSP32+ZSP33 ZSP31+ZSP32+ZSP33+ZSP34 
ZSP31+ZSP32+ZSP33+ZSP34+ZSP35 ZSP31+ZSP32+ZSP33+ZSP34+ZSP35+ZSP36]; 
matcumZSP3=[0 ZSP31 ZSP31+ZSP32 ZSP31+ZSP32+ZSP33 ZSP31+ZSP32+ZSP33+ZSP34 
ZSP31+ZSP32+ZSP33+ZSP34+ZSP35]; 
 
ZP41=ZM2_41(:,2); 
ZSP41=size(ZP41,1); 
ZP42=ZM2_42(:,2); 
ZSP42=size(ZP42,1); 
ZP43=ZM2_43(:,2); 
ZSP43=size(ZP43,1); 
ZP44=ZM2_44(:,2); 
ZSP44=size(ZP44,1); 
ZP45=ZM2_45(:,2); 
ZSP45=size(ZP45,1); 
ZP46=ZM2_46(:,2); 
ZSP46=size(ZP46,1); 
 
ZP4= [ZP41; ZP42; ZP43; ZP44; ZP45; ZP46]; 



 238  
 

mmatZSP4=[ZSP41 ZSP42 ZSP43 ZSP44 ZSP45 ZSP46]; 
matCUMZSP4=[ZSP41 ZSP41+ZSP42 ZSP41+ZSP42+ZSP43 ZSP41+ZSP42+ZSP43+ZSP44 
ZSP41+ZSP42+ZSP43+ZSP44+ZSP45 ZSP41+ZSP42+ZSP43+ZSP44+ZSP45+ZSP46]; 
matcumZSP4=[0 ZSP41 ZSP41+ZSP42 ZSP41+ZSP42+ZSP43 ZSP41+ZSP42+ZSP43+ZSP44 
ZSP41+ZSP42+ZSP43+ZSP44+ZSP45]; 
 
ZP51=ZM2_51(:,2); 
ZSP51=size(ZP51,1); 
ZP52=ZM2_52(:,2); 
ZSP52=size(ZP52,1); 
ZP53=ZM2_53(:,2); 
ZSP53=size(ZP53,1); 
ZP54=ZM2_54(:,2); 
ZSP54=size(ZP54,1); 
ZP55=ZM2_55(:,2); 
ZSP55=size(ZP55,1); 
ZP56=ZM2_56(:,2); 
ZSP56=size(ZP56,1); 
 
ZP5= [ZP51; ZP52; ZP53; ZP54; ZP55; ZP56]; 
matZSP5=[ZSP51 ZSP52 ZSP53 ZSP54 ZSP55 ZSP56]; 
matCUMZSP5=[ZSP51 ZSP51+ZSP52 ZSP51+ZSP52+ZSP53 ZSP51+ZSP52+ZSP53+ZSP54 
ZSP51+ZSP52+ZSP53+ZSP54+ZSP55 ZSP51+ZSP52+ZSP53+ZSP54+ZSP55+ZSP56]; 
matcumZSP5=[0 ZSP51 ZSP51+ZSP52 ZSP51+ZSP52+ZSP53 ZSP51+ZSP52+ZSP53+ZSP54 
ZSP51+ZSP52+ZSP53+ZSP54+ZSP55]; 
 
matCUMZSP=[length(ZP1) length(ZP1)+length(ZP2) length(ZP1)+length(ZP2)+length(ZP3) 
length(ZP1)+length(ZP2)+length(ZP3)+length(ZP4) 
length(ZP1)+length(ZP2)+length(ZP3)+length(ZP4)+length(ZP5)]; 
matcumZSP=[0 length(ZP1) length(ZP1)+length(ZP2) length(ZP1)+length(ZP2)+length(ZP3) 
length(ZP1)+length(ZP2)+length(ZP3)+length(ZP4)]; 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
PP = [P1; P1(end)+P2; P1(end)+P2(end)+P3; P1(end)+P2(end)+P3(end)+P4; 
P1(end)+P2(end)+P3(end)+P4(end)+P5]; 
 
ZP = [ZP1; ZP1(end)+ZP2; ZP1(end)+ZP2(end)+ZP3; ZP1(end)+ZP2(end)+ZP3(end)+ZP4; 
ZP1(end)+ZP2(end)+ZP3(end)+ZP4(end)+ZP5]; 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
%Input cycle number, each sequence each step 
 
NP11=M2_11(:,1); 
NP12=M2_12(:,1); 
NP13=M2_13(:,1); 
NP14=M2_14(:,1); 
NP15=M2_15(:,1); 
NP16=M2_16(:,1); 
 
NP1= [NP11; NP12; NP13; NP14; NP15; NP16]; 
modNP1= [NP11(end); NP12(end); NP13(end); NP14(end); NP15(end); NP16(end)]; 
 
NP21=M2_21(:,1); 
NP22=M2_22(:,1); 
NP23=M2_23(:,1); 
NP24=M2_24(:,1); 
NP25=M2_25(:,1); 
NP26=M2_26(:,1); 
 
NP2= [NP21; NP22; NP23; NP24; NP25; NP26]; 
modNP2= [NP21(end); NP22(end); NP23(end); NP24(end); NP25(end); NP26(end)]; 
 
NP31=M2_31(:,1); 
NP32=M2_32(:,1); 
NP33=M2_33(:,1); 
NP34=M2_34(:,1); 
NP35=M2_35(:,1); 
NP36=M2_36(:,1); 
 
NP3= [NP31; NP32; NP33; NP34; NP35; NP36]; 
modNP3= [NP31(end); NP32(end); NP33(end); NP34(end); NP35(end); NP36(end)]; 
 
NP41=M2_41(:,1); 
NP42=M2_42(:,1); 
NP43=M2_43(:,1); 
NP44=M2_44(:,1); 
NP45=M2_45(:,1); 
NP46=M2_46(:,1); 
 
NP4= [NP41; NP42; NP43; NP44; NP45; NP46]; 
modNP4= [NP41(end); NP42(end); NP43(end); NP44(end); NP45(end); NP46(end)]; 
 
NP51=M2_51(:,1); 



 239  
 

NNP52=M2_52(:,1); 
NP53=M2_53(:,1); 
NP54=M2_54(:,1); 
NP55=M2_55(:,1); 
NP56=M2_56(:,1); 
 
NP5= [NP51; NP52; NP53; NP54; NP55; NP56]; 
modNP5= [NP51(end); NP52(end); NP53(end); NP54(end); NP55(end); NP56(end)]; 
 
 
ZNP11=ZM2_11(:,1); 
ZNP12=ZM2_12(:,1); 
ZNP13=ZM2_13(:,1); 
ZNP14=ZM2_14(:,1); 
ZNP15=ZM2_15(:,1); 
ZNP16=ZM2_16(:,1); 
 
ZNP1= [ZNP11; ZNP12; ZNP13; ZNP14; ZNP15; ZNP16]; 
modZNP1= [ZNP11(end); ZNP12(end); ZNP13(end); ZNP14(end); ZNP15(end); ZNP16(end)]; 
 
ZNP21=ZM2_21(:,1); 
ZNP22=ZM2_22(:,1); 
ZNP23=ZM2_23(:,1); 
ZNP24=ZM2_24(:,1); 
ZNP25=ZM2_25(:,1); 
ZNP26=ZM2_26(:,1); 
 
ZNP2= [ZNP21; ZNP22; ZNP23; ZNP24; ZNP25; ZNP26]; 
modZNP2= [ZNP21(end); ZNP22(end); ZNP23(end); ZNP24(end); ZNP25(end); ZNP26(end)]; 
 
ZNP31=ZM2_31(:,1); 
ZNP32=ZM2_32(:,1); 
ZNP33=ZM2_33(:,1); 
ZNP34=ZM2_34(:,1); 
ZNP35=ZM2_35(:,1); 
ZNP36=ZM2_36(:,1); 
 
ZNP3= [ZNP31; ZNP32; ZNP33; ZNP34; ZNP35; ZNP36]; 
modZNP3= [ZNP31(end); ZNP32(end); ZNP33(end); ZNP34(end); ZNP35(end); ZNP36(end)]; 
 
ZNP41=ZM2_41(:,1); 
ZNP42=ZM2_42(:,1); 
ZNP43=ZM2_43(:,1); 
ZNP44=ZM2_44(:,1); 
ZNP45=ZM2_45(:,1); 
ZNP46=ZM2_46(:,1); 
 
ZNP4= [ZNP41; ZNP42; ZNP43; ZNP44; ZNP45; ZNP46]; 
modZNP4= [ZNP41(end); ZNP42(end); ZNP43(end); ZNP44(end); ZNP45(end); ZNP46(end)]; 
 
ZNP51=ZM2_51(:,1); 
ZNP52=ZM2_52(:,1); 
ZNP53=ZM2_53(:,1); 
ZNP54=ZM2_54(:,1); 
ZNP55=ZM2_55(:,1); 
ZNP56=ZM2_56(:,1); 
 
ZNP5= [ZNP51; ZNP52; ZNP53; ZNP54; ZNP55; ZNP56]; 
modZNP5= [ZNP51(end); ZNP52(end); ZNP53(end); ZNP54(end); ZNP55(end); ZNP56(end)]; 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
NP = [NP1; NP1(end)+NP2; NP1(end)+NP2(end)+NP3; NP1(end)+NP2(end)+NP3(end)+NP4; 
NP1(end)+NP2(end)+NP3(end)+NP4(end)+NP5]; 
 
ZNP = [ZNP1; ZNP1(end)+ZNP2; ZNP1(end)+ZNP2(end)+ZNP3; ZNP1(end)+ZNP2(end)+ZNP3(end)+ZNP4; 
ZNP1(end)+ZNP2(end)+ZNP3(end)+ZNP4(end)+ZNP5]; 
 
modNP = [modNP1; modNP1(end)+modNP2; modNP1(end)+modNP2(end)+modNP3; 
modNP1(end)+modNP2(end)+modNP3(end)+modNP4; 
modNP1(end)+modNP2(end)+modNP3(end)+modNP4(end)+modNP5]; 
 
modZNP = [modZNP1; modZNP1(end)+modZNP2; modZNP1(end)+modZNP2(end)+modZNP3; 
modZNP1(end)+modZNP2(end)+modZNP3(end)+modZNP4; 
modZNP1(end)+modZNP2(end)+modZNP3(end)+modZNP4(end)+modZNP5]; 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
%Input p and q stresses, each sequence each step 
 
pP11=M2_11(:,3); 
qP11=M2_11(:,4); 
maxpP11=max(pP11); 
maxqP11=max(qP11); 
pP12=M2_12(:,3); 
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qqP12=M2_12(:,4); 
maxpP12=max(pP12); 
maxqP12=max(qP12); 
pP13=M2_13(:,3); 
qP13=M2_13(:,4); 
maxpP13=max(pP13); 
maxqP13=max(qP13); 
pP14=M2_14(:,3); 
qP14=M2_14(:,4); 
maxpP14=max(pP14); 
maxqP14=max(qP14); 
pP15=M2_15(:,3); 
qP15=M2_15(:,4); 
maxpP15=max(pP15); 
maxqP15=max(qP15); 
pP16=M2_16(:,3); 
qP16=M2_16(:,4); 
maxpP16=max(pP16); 
maxqP16=max(qP16); 
 
pP1=[ pP11 ; pP12 ; pP13 ; pP14 ; pP15 ; pP16]; 
qP1=[ qP11 ; qP12 ; qP13 ; qP14 ; qP15 ; qP16]; 
maxpP1=[ maxpP11 ; maxpP12 ; maxpP13 ; maxpP14 ; maxpP15 ; maxpP16]; 
maxqP1=[ maxqP11 ; maxqP12 ; maxqP13 ; maxqP14 ; maxqP15 ; maxqP16]; 
 
pP21=M2_21(:,3); 
qP21=M2_21(:,4); 
maxpP21=max(pP21); 
maxqP21=max(qP21); 
pP22=M2_22(:,3); 
qP22=M2_22(:,4); 
maxpP22=max(pP22); 
maxqP22=max(qP22); 
pP23=M2_23(:,3); 
qP23=M2_23(:,4); 
maxpP23=max(pP23); 
maxqP23=max(qP23); 
pP24=M2_24(:,3); 
qP24=M2_24(:,4); 
maxpP24=max(pP24); 
maxqP24=max(qP24); 
pP25=M2_25(:,3); 
qP25=M2_25(:,4); 
maxpP25=max(pP25); 
maxqP25=max(qP25); 
pP26=M2_26(:,3); 
qP26=M2_26(:,4); 
maxpP26=max(pP26); 
maxqP26=max(qP26); 
 
pP2=[ pP21 ; pP22 ; pP23 ; pP24 ; pP25 ; pP26]; 
qP2=[ qP21 ; qP22 ; qP23 ; qP24 ; qP25 ; qP26]; 
maxpP2=[ maxpP21 ; maxpP22 ; maxpP23 ; maxpP24 ; maxpP25 ; maxpP26]; 
maxqP2=[ maxqP21 ; maxqP22 ; maxqP23 ; maxqP24 ; maxqP25 ; maxqP26]; 
 
pP31=M2_31(:,3); 
qP31=M2_31(:,4); 
maxpP31=max(pP31); 
maxqP31=max(qP31); 
pP32=M2_32(:,3); 
qP32=M2_32(:,4); 
maxpP32=max(pP32); 
maxqP32=max(qP32); 
pP33=M2_33(:,3); 
qP33=M2_33(:,4); 
maxpP33=max(pP33); 
maxqP33=max(qP33); 
pP34=M2_34(:,3); 
qP34=M2_34(:,4); 
maxpP34=max(pP34); 
maxqP34=max(qP34); 
pP35=M2_35(:,3); 
qP35=M2_35(:,4); 
maxpP35=max(pP35); 
maxqP35=max(qP35); 
pP36=M2_36(:,3); 
qP36=M2_36(:,4); 
maxpP36=max(pP36); 
maxqP36=max(qP36); 
 
pP3=[ pP31 ; pP32 ; pP33 ; pP34 ; pP35 ; pP36]; 
qP3=[ qP31 ; qP32 ; qP33 ; qP34 ; qP35 ; qP36]; 
maxpP3=[ maxpP31 ; maxpP32 ; maxpP33 ; maxpP34 ; maxpP35 ; maxpP36]; 
maxqP3=[ maxqP31 ; maxqP32 ; maxqP33 ; maxqP34 ; maxqP35 ; maxqP36]; 
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ppP41=M2_41(:,3); 
qP41=M2_41(:,4); 
maxpP41=max(pP41); 
maxqP41=max(qP41); 
pP42=M2_42(:,3); 
qP42=M2_42(:,4); 
maxpP42=max(pP42); 
maxqP42=max(qP42); 
pP43=M2_43(:,3); 
qP43=M2_43(:,4); 
maxpP43=max(pP43); 
maxqP43=max(qP43); 
pP44=M2_44(:,3); 
qP44=M2_44(:,4); 
maxpP44=max(pP44); 
maxqP44=max(qP44); 
pP45=M2_45(:,3); 
qP45=M2_45(:,4); 
maxpP45=max(pP45); 
maxqP45=max(qP45); 
pP46=M2_46(:,3); 
qP46=M2_46(:,4); 
maxpP46=max(pP46); 
maxqP46=max(qP46); 
 
pP4=[ pP41 ; pP42 ; pP43 ; pP44 ; pP45 ; pP46]; 
qP4=[ qP41 ; qP42 ; qP43 ; qP44 ; qP45 ; qP46]; 
maxpP4=[ maxpP41 ; maxpP42 ; maxpP43 ; maxpP44 ; maxpP45 ; maxpP46]; 
maxqP4=[ maxqP41 ; maxqP42 ; maxqP43 ; maxqP44 ; maxqP45 ; maxqP46]; 
 
pP51=M2_51(:,3); 
qP51=M2_51(:,4); 
maxpP51=max(pP51); 
maxqP51=max(qP51); 
pP52=M2_52(:,3); 
qP52=M2_52(:,4); 
maxpP52=max(pP52); 
maxqP52=max(qP52); 
pP53=M2_53(:,3); 
qP53=M2_53(:,4); 
maxpP53=max(pP53); 
maxqP53=max(qP53); 
pP54=M2_54(:,3); 
qP54=M2_54(:,4); 
maxpP54=max(pP54); 
maxqP54=max(qP54); 
pP55=M2_55(:,3); 
qP55=M2_55(:,4); 
maxpP55=max(pP55); 
maxqP55=max(qP55); 
pP56=M2_56(:,3); 
qP56=M2_56(:,4); 
maxpP56=max(pP56); 
maxqP56=max(qP56); 
 
pP5=[ pP51 ; pP52 ; pP53 ; pP54 ; pP55 ; pP56]; 
qP5=[ qP51 ; qP52 ; qP53 ; qP54 ; qP55 ; qP56]; 
maxpP5=[ maxpP51 ; maxpP52 ; maxpP53 ; maxpP54 ; maxpP55 ; maxpP56]; 
maxqP5=[ maxqP51 ; maxqP52 ; maxqP53 ; maxqP54 ; maxqP55 ; maxqP56]; 
 
 
ZpP11=ZM2_11(:,3); 
ZqP11=ZM2_11(:,4); 
maxZpP11=max(ZpP11); 
maxZqP11=max(ZqP11); 
ZpP12=ZM2_12(:,3); 
ZqP12=ZM2_12(:,4); 
maxZpP12=max(ZpP12); 
maxZqP12=max(ZqP12); 
ZpP13=ZM2_13(:,3); 
ZqP13=ZM2_13(:,4); 
maxZpP13=max(ZpP13); 
maxZqP13=max(ZqP13); 
ZpP14=ZM2_14(:,3); 
ZqP14=ZM2_14(:,4); 
maxZpP14=max(ZpP14); 
maxZqP14=max(ZqP14); 
ZpP15=ZM2_15(:,3); 
ZqP15=ZM2_15(:,4); 
maxZpP15=max(ZpP15); 
maxZqP15=max(ZqP15); 
ZpP16=ZM2_16(:,3); 
ZqP16=ZM2_16(:,4); 
maxZpP16=max(ZpP16); 
maxZqP16=max(ZqP16); 
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ZpP1=[ ZpP11 ; ZpP12 ; ZpP13 ; ZpP14 ; ZpP15 ; ZpP16]; 
ZqP1=[ ZqP11 ; ZqP12 ; ZqP13 ; ZqP14 ; ZqP15 ; ZqP16]; 
maxZpP1=[ maxZpP11 ; maxZpP12 ; maxZpP13 ; maxZpP14 ; maxZpP15 ; maxZpP16]; 
maxZqP1=[ maxZqP11 ; maxZqP12 ; maxZqP13 ; maxZqP14 ; maxZqP15 ; maxZqP16]; 
 
ZpP21=ZM2_21(:,3); 
ZqP21=ZM2_21(:,4); 
maxZpP21=max(ZpP21); 
maxZqP21=max(ZqP21); 
ZpP22=ZM2_22(:,3); 
ZqP22=ZM2_22(:,4); 
maxZpP22=max(ZpP22); 
maxZqP22=max(ZqP22); 
ZpP23=ZM2_23(:,3); 
ZqP23=ZM2_23(:,4); 
maxZpP23=max(ZpP23); 
maxZqP23=max(ZqP23); 
ZpP24=ZM2_24(:,3); 
ZqP24=ZM2_24(:,4); 
maxZpP24=max(ZpP24); 
maxZqP24=max(ZqP24); 
ZpP25=ZM2_25(:,3); 
ZqP25=ZM2_25(:,4); 
maxZpP25=max(ZpP25); 
maxZqP25=max(ZqP25); 
ZpP26=ZM2_26(:,3); 
ZqP26=ZM2_26(:,4); 
maxZpP26=max(ZpP26); 
maxZqP26=max(ZqP26); 
 
ZpP2=[ ZpP21 ; ZpP22 ; ZpP23 ; ZpP24 ; ZpP25 ; ZpP26]; 
ZqP2=[ ZqP21 ; ZqP22 ; ZqP23 ; ZqP24 ; ZqP25 ; ZqP26]; 
maxZpP2=[ maxZpP21 ; maxZpP22 ; maxZpP23 ; maxZpP24 ; maxZpP25 ; maxZpP26]; 
maxZqP2=[ maxZqP21 ; maxZqP22 ; maxZqP23 ; maxZqP24 ; maxZqP25 ; maxZqP26]; 
 
ZpP31=ZM2_31(:,3); 
ZqP31=ZM2_31(:,4); 
maxZpP31=max(ZpP31); 
maxZqP31=max(ZqP31); 
ZpP32=ZM2_32(:,3); 
ZqP32=ZM2_32(:,4); 
maxZpP32=max(ZpP32); 
maxZqP32=max(ZqP32); 
ZpP33=ZM2_33(:,3); 
ZqP33=ZM2_33(:,4); 
maxZpP33=max(ZpP33); 
maxZqP33=max(ZqP33); 
ZpP34=ZM2_34(:,3); 
ZqP34=ZM2_34(:,4); 
maxZpP34=max(ZpP34); 
maxZqP34=max(ZqP34); 
ZpP35=ZM2_35(:,3); 
ZqP35=ZM2_35(:,4); 
maxZpP35=max(ZpP35); 
maxZqP35=max(ZqP35); 
ZpP36=ZM2_36(:,3); 
ZqP36=ZM2_36(:,4); 
maxZpP36=max(ZpP36); 
maxZqP36=max(ZqP36); 
 
ZpP3=[ ZpP31 ; ZpP32 ; ZpP33 ; ZpP34 ; ZpP35 ; ZpP36]; 
ZqP3=[ ZqP31 ; ZqP32 ; ZqP33 ; ZqP34 ; ZqP35 ; ZqP36]; 
maxZpP3=[ maxZpP31 ; maxZpP32 ; maxZpP33 ; maxZpP34 ; maxZpP35 ; maxZpP36]; 
maxZqP3=[ maxZqP31 ; maxZqP32 ; maxZqP33 ; maxZqP34 ; maxZqP35 ; maxZqP36]; 
 
ZpP41=ZM2_41(:,3); 
ZqP41=ZM2_41(:,4); 
maxZpP41=max(ZpP41); 
maxZqP41=max(ZqP41); 
ZpP42=ZM2_42(:,3); 
ZqP42=ZM2_42(:,4); 
maxZpP42=max(ZpP42); 
maxZqP42=max(ZqP42); 
ZpP43=ZM2_43(:,3); 
ZqP43=ZM2_43(:,4); 
maxZpP43=max(ZpP43); 
maxZqP43=max(ZqP43); 
ZpP44=ZM2_44(:,3); 
ZqP44=ZM2_44(:,4); 
maxZpP44=max(ZpP44); 
maxZqP44=max(ZqP44); 
ZpP45=ZM2_45(:,3); 
ZqP45=ZM2_45(:,4); 
maxZpP45=max(ZpP45); 
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mmaxZqP45=max(ZqP45); 
ZpP46=ZM2_46(:,3); 
ZqP46=ZM2_46(:,4); 
maxZpP46=max(ZpP46); 
maxZqP46=max(ZqP46); 
 
ZpP4=[ ZpP41 ; ZpP42 ; ZpP43 ; ZpP44 ; ZpP45 ; ZpP46]; 
ZqP4=[ ZqP41 ; ZqP42 ; ZqP43 ; ZqP44 ; ZqP45 ; ZqP46]; 
maxZpP4=[ maxZpP41 ; maxZpP42 ; maxZpP43 ; maxZpP44 ; maxZpP45 ; maxZpP46]; 
maxZqP4=[ maxZqP41 ; maxZqP42 ; maxZqP43 ; maxZqP44 ; maxZqP45 ; maxZqP46]; 
 
ZpP51=ZM2_51(:,3); 
ZqP51=ZM2_51(:,4); 
maxZpP51=max(ZpP51); 
maxZqP51=max(ZqP51); 
ZpP52=ZM2_52(:,3); 
ZqP52=ZM2_52(:,4); 
maxZpP52=max(ZpP52); 
maxZqP52=max(ZqP52); 
ZpP53=ZM2_53(:,3); 
ZqP53=ZM2_53(:,4); 
maxZpP53=max(ZpP53); 
maxZqP53=max(ZqP53); 
ZpP54=ZM2_54(:,3); 
ZqP54=ZM2_54(:,4); 
maxZpP54=max(ZpP54); 
maxZqP54=max(ZqP54); 
ZpP55=ZM2_55(:,3); 
ZqP55=ZM2_55(:,4); 
maxZpP55=max(ZpP55); 
maxZqP55=max(ZqP55); 
ZpP56=ZM2_56(:,3); 
ZqP56=ZM2_56(:,4); 
maxZpP56=max(ZpP56); 
maxZqP56=max(ZqP56); 
 
ZpP5=[ ZpP51 ; ZpP52 ; ZpP53 ; ZpP54 ; ZpP55 ; ZpP56]; 
ZqP5=[ ZqP51 ; ZqP52 ; ZqP53 ; ZqP54 ; ZqP55 ; ZqP56]; 
maxZpP5=[ maxZpP51 ; maxZpP52 ; maxZpP53 ; maxZpP54 ; maxZpP55 ; maxZpP56]; 
maxZqP5=[ maxZqP51 ; maxZqP52 ; maxZqP53 ; maxZqP54 ; maxZqP55 ; maxZqP56]; 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
pP = [pP1; pP2; pP3; pP4; pP5]; 
qP = [qP1; qP2; qP3; qP4; qP5]; 
 
ZpP = [ZpP1; ZpP2; ZpP3; ZpP4; ZpP5]; 
ZqP = [ZqP1; ZqP2; ZqP3; ZqP4; ZqP5]; 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
%Experimental data, N cycles 
 
figure(1); 
set(gcf, 'DefaultAxesFontName', 'Times New Roman'); 
 
hold on 
scatter(NP,PP,1,'k'); 
scatter(ZNP,ZP,1,'MarkerEdgeColor',[0.75, 0, 0.75]); 
 
xlabel('N , Cycle number','FontSize',16,'fontWeight','bold'); 
ylabel([char(949), '_{vp}, Accumulated vert. perm. strain 
(',char(8240),')'],'FontSize',16,'fontWeight','bold'); 
legend({'M2','M2-P'},'Location','northwest','FontSize',18); 
 
grid on 
set(gca,'XLim',[0 300000],'XTick',(0:60000:300000),'FontSize',16) 
set(gca,'YLim',[0 14],'YTick',(0:2:14),'FontSize',16) 
hold off 
 
print 01_Permanent_deformation_curves_N_cycles -djpeg 
 
figure(2); 
set(gcf, 'DefaultAxesFontName', 'Times New Roman'); 
 
hold on 
scatter(NP,PP,1,'k'); 
scatter(modNP,M2TRHM,24,'s','k'); 
scatter(modNP,M2TRUZ,24,'d','k'); 
scatter(modNP,M2TRUW,24,'p','k'); 
scatter(ZNP,ZP,1,'MarkerEdgeColor',[0.75, 0, 0.75]); 
scatter(modZNP,ZM2TRHM,24,'s','MarkerEdgeColor',[0.75, 0, 0.75]); 
scatter(modZNP,ZM2TRUZ,24,'d','MarkerEdgeColor',[0.75, 0, 0.75]); 
scatter(modZNP,ZM2TRUW,24,'p','MarkerEdgeColor',[0.75, 0, 0.75]); 
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xxlabel('N , Cycle number','FontSize',16,'fontWeight','bold'); 
ylabel([char(949), '_{vp}, Accumulated vert. perm. strain 
(',char(8240),')'],'FontSize',16,'fontWeight','bold'); 
legend({'M2','M2 Hicks&Monismith','M2 Uzan','M2 Uzan&Witczak','M2-P','M2-P 
Hicks&Monismith','M2-P Uzan','M2-P Uzan&Witczak'},'Location','northwest','FontSize',14); 
 
grid on 
set(gca,'XLim',[0 300000],'XTick',(0:60000:300000),'FontSize',16) 
set(gca,'YLim',[0 20],'YTick',(0:2:20),'FontSize',16) 
hold off 
 
print 02_Permanent_deformation_curves_N_cycles_stationary_Tresca -djpeg 
 
figure(3); 
set(gcf, 'DefaultAxesFontName', 'Times New Roman'); 
 
hold on 
scatter(NP,PP,1,'k'); 
scatter(modNP,M2VMHM,24,'s','k'); 
scatter(modNP,M2VMUZ,24,'d','k'); 
scatter(modNP,M2VMUW,24,'p','k'); 
scatter(ZNP,ZP,1,'MarkerEdgeColor',[0.75, 0, 0.75]); 
scatter(modZNP,ZM2VMHM,24,'s','MarkerEdgeColor',[0.75, 0, 0.75]); 
scatter(modZNP,ZM2VMUZ,24,'d','MarkerEdgeColor',[0.75, 0, 0.75]); 
scatter(modZNP,ZM2VMUW,24,'p','MarkerEdgeColor',[0.75, 0, 0.75]); 
 
xlabel('N , Cycle number','FontSize',16,'fontWeight','bold'); 
ylabel([char(949), '_{vp}, Accumulated vert. perm. strain 
(',char(8240),')'],'FontSize',16,'fontWeight','bold'); 
legend({'M2','M2 Hicks&Monismith','M2 Uzan','M2 Uzan&Witczak','M2-P','M2-P 
Hicks&Monismith','M2-P Uzan','M2-P Uzan&Witczak'},'Location','northwest','FontSize',14); 
 
grid on 
set(gca,'XLim',[0 300000],'XTick',(0:60000:300000),'FontSize',16) 
set(gca,'YLim',[0 20],'YTick',(0:2:20),'FontSize',16) 
hold off 
 
print 03_Permanent_deformation_curves_N_cycles_stationary_Von_Mises -djpeg 
 
figure(4); 
set(gcf, 'DefaultAxesFontName', 'Times New Roman'); 
 
hold on 
scatter(NP,PP,1,'k'); 
scatter([0:10000:300000]',M2BTRHM,24,'s','k'); 
scatter([0:10000:300000]',M2BTRUZ,24,'d','k'); 
scatter([0:10000:300000]',M2BTRUW,24,'p','k'); 
scatter(ZNP,ZP,1,'MarkerEdgeColor',[0.75, 0, 0.75]); 
scatter([0:10000:300000]',ZM2BTRHM,24,'s','MarkerEdgeColor',[0.75, 0, 0.75]); 
scatter([0:10000:300000]',ZM2BTRUZ,24,'d','MarkerEdgeColor',[0.75, 0, 0.75]); 
scatter([0:10000:300000]',ZM2BTRUW,24,'p','MarkerEdgeColor',[0.75, 0, 0.75]); 
 
xlabel('N , Cycle number','FontSize',16,'fontWeight','bold'); 
ylabel([char(949), '_{vp}, Accumulated vert. perm. strain 
(',char(8240),')'],'FontSize',16,'fontWeight','bold'); 
legend({'M2','M2 Hicks&Monismith','M2 Uzan','M2 Uzan&Witczak','M2-P','M2-P 
Hicks&Monismith','M2-P Uzan','M2-P Uzan&Witczak'},'Location','northwest','FontSize',14); 
 
grid on 
set(gca,'XLim',[0 300000],'XTick',(0:60000:300000),'FontSize',16) 
set(gca,'YLim',[0 22],'YTick',(0:2:22),'FontSize',16) 
hold off 
 
print 04_Permanent_deformation_curves_N_cycles_time_dependent_Tresca -djpeg 
 
figure(5); 
set(gcf, 'DefaultAxesFontName', 'Times New Roman'); 
 
hold on 
scatter(NP,PP,1,'k'); 
scatter([0:10000:300000]',M2BVMHM,24,'s','k'); 
scatter([0:10000:300000]',M2BVMUZ,24,'d','k'); 
scatter([0:10000:300000]',M2BVMUW,24,'p','k'); 
scatter(ZNP,ZP,1,'MarkerEdgeColor',[0.75, 0, 0.75]); 
scatter([0:10000:300000]',ZM2BVMHM,24,'s','MarkerEdgeColor',[0.75, 0, 0.75]); 
scatter([0:10000:300000]',ZM2BVMUZ,24,'d','MarkerEdgeColor',[0.75, 0, 0.75]); 
scatter([0:10000:300000]',ZM2BVMUW,24,'p','MarkerEdgeColor',[0.75, 0, 0.75]); 
 
xlabel('N , Cycle number','FontSize',16,'fontWeight','bold'); 
ylabel([char(949), '_{vp}, Accumulated vert. perm. strain 
(',char(8240),')'],'FontSize',16,'fontWeight','bold'); 
legend({'M2','M2 Hicks&Monismith','M2 Uzan','M2 Uzan&Witczak','M2-P','M2-P 
Hicks&Monismith','M2-P Uzan','M2-P Uzan&Witczak'},'Location','northwest','FontSize',14); 
 
grid on 
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sset(gca,'XLim',[0 300000],'XTick',(0:60000:300000),'FontSize',16) 
set(gca,'YLim',[0 22],'YTick',(0:2:22),'FontSize',16) 
hold off 
 
print 05_Permanent_deformation_curves_N_cycles_time_dependent_Von_Mises -djpeg 
 
figure(6); 
set(gcf, 'DefaultAxesFontName', 'Times New Roman'); 
 
hold on 
scatter(NP,PP,1,'k'); 
scatter([0:10000:300000]',M2BVMHM,24,'s','k'); 
scatter([0:10000:300000]',M2BVMHM+S11,24,'h','k'); 
scatter(ZNP,ZP,1,'MarkerEdgeColor',[0.75, 0, 0.75]); 
scatter([0:10000:300000]',ZM2BVMHM,24,'s','MarkerEdgeColor',[0.75, 0, 0.75]); 
scatter([0:10000:300000]',ZM2BVMHM+ZS9,24,'h','MarkerEdgeColor',[0.75, 0, 0.75]); 
 
xlabel('N , Cycle number','FontSize',16,'fontWeight','bold'); 
ylabel([char(949), '_{vp}, Accumulated vert. perm. strain 
(',char(8240),')'],'FontSize',16,'fontWeight','bold'); 
legend({'M2','M2 Hicks&Monismith','M2 Hicks&Monismith, creep','M2-P','M2-P 
Hicks&Monismith','M2-P Hicks&Monismith, creep'},'Location','northwest','FontSize',14); 
 
grid on 
set(gca,'XLim',[0 300000],'XTick',(0:60000:300000),'FontSize',16) 
set(gca,'YLim',[0 22],'YTick',(0:2:22),'FontSize',16) 
hold off 
 
print 06_Permanent_deformation_curves_N_cycles_time_dependent_creep_Von_Mises -djpeg 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
%Experimental data, q stress 
 
figure(7); 
set(gcf, 'DefaultAxesFontName', 'Times New Roman'); 
 
hold on 
scatter(qP./(pP-qP),PP,10,'k'); 
scatter(ZqP./(ZpP-ZqP),ZP,10,'MarkerEdgeColor',[0.75, 0, 0.75]); 
 
xlabel('q/\sigma_t (-)','FontSize',16,'fontWeight','bold'); 
ylabel([char(949), '_{vp}, Accumulated vert. perm. strain 
(',char(8240),')'],'FontSize',16,'fontWeight','bold'); 
legend({'M2','M2-P'},'Location','northwest','FontSize',18); 
 
grid on 
set(gca,'XLim',[0 2.2],'XTick',(0:0.2:2.2),'FontSize',16) 
set(gca,'YLim',[0 14],'YTick',(0:2:14),'FontSize',16) 
hold off 
 
print 07_Permanent_deformation_curves_q_p_stress -djpeg 
 
figure(8); 
set(gcf, 'DefaultAxesFontName', 'Times New Roman'); 
 
hold on 
 
for j=1:5; 
 
wP=PP(matcumSP(1,j)+1:matCUMSP(1,j)); 
wpP=pP(matcumSP(1,j)+1:matCUMSP(1,j)); 
wqP=qP(matcumSP(1,j)+1:matCUMSP(1,j)); 
[wqPmax,loc]=max(wqP); 
 
wZP=ZP(matcumZSP(1,j)+1:matCUMZSP(1,j)); 
wZpP=ZpP(matcumZSP(1,j)+1:matCUMZSP(1,j)); 
wZqP=ZqP(matcumZSP(1,j)+1:matCUMZSP(1,j)); 
[wZqPmax,Zloc]=max(wZqP); 
 
scatter(wqPmax./(wpP-wqP),wP,10,'k'); 
scatter(wZqPmax./(wZpP-wZqP),wZP,10,'MarkerEdgeColor',[0.75, 0, 0.75]); 
end 
 
xlabel('q_{max}/\sigma_t (-)','FontSize',16,'fontWeight','bold'); 
ylabel([char(949), '_{vp}, Accumulated vert. perm. strain 
(',char(8240),')'],'FontSize',16,'fontWeight','bold'); 
legend({'M2','M2-P'},'Location','northwest','FontSize',18); 
 
grid on 
set(gca,'XLim',[1 2.2],'XTick',(1:0.2:2.2),'FontSize',16) 
set(gca,'YLim',[0 14],'YTick',(0:2:14),'FontSize',16) 
hold off 
 
print 08_Permanent_deformation_curves_qmax_p_stress -djpeg 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
% Tresca model, plastic tangent modulus 
 
syms a b 
 
yTR=qP; 
SyTR=size(yTR,1); 
xTR=PP; 
 
eq1=ones(1,SyTR)*(yTR-a*ones(1,SyTR)'-b*xTR); 
eq2=xTR'*(yTR-a*ones(1,SyTR)'-b*xTR); 
 
[a,b]=solve([eq1==0,eq2==0],[a,b]); 
aTR=double(a) 
bTR=double(b) 
 
 
syms a b 
 
yTR=ZqP; 
SyTR=size(yTR,1); 
xTR=ZP; 
 
eq1=ones(1,SyTR)*(yTR-a*ones(1,SyTR)'-b*xTR); 
eq2=xTR'*(yTR-a*ones(1,SyTR)'-b*xTR); 
 
[a,b]=solve([eq1==0,eq2==0],[a,b]); 
ZaTR=double(a) 
ZbTR=double(b) 
 
syms a b 
 
yTR=qP1; 
SyTR=size(yTR,1); 
xTR=P1/1000; 
 
eq1=ones(1,SyTR)*(yTR-a*ones(1,SyTR)'-b*xTR); 
eq2=xTR'*(yTR-a*ones(1,SyTR)'-b*xTR); 
 
[a,b]=solve([eq1==0,eq2==0],[a,b]); 
bTR1=double(b) 
 
syms a b 
 
yTR=qP2; 
SyTR=size(yTR,1); 
xTR=P2/1000; 
 
eq1=ones(1,SyTR)*(yTR-a*ones(1,SyTR)'-b*xTR); 
eq2=xTR'*(yTR-a*ones(1,SyTR)'-b*xTR); 
 
[a,b]=solve([eq1==0,eq2==0],[a,b]); 
bTR2=double(b) 
 
syms a b 
 
yTR=qP3; 
SyTR=size(yTR,1); 
xTR=P3/1000; 
 
eq1=ones(1,SyTR)*(yTR-a*ones(1,SyTR)'-b*xTR); 
eq2=xTR'*(yTR-a*ones(1,SyTR)'-b*xTR); 
 
[a,b]=solve([eq1==0,eq2==0],[a,b]); 
bTR3=double(b) 
 
syms a b 
 
yTR=qP4; 
SyTR=size(yTR,1); 
xTR=P4/1000; 
 
eq1=ones(1,SyTR)*(yTR-a*ones(1,SyTR)'-b*xTR); 
eq2=xTR'*(yTR-a*ones(1,SyTR)'-b*xTR); 
 
[a,b]=solve([eq1==0,eq2==0],[a,b]); 
bTR4=double(b) 
 
syms a b 
 
yTR=qP5; 
SyTR=size(yTR,1); 
xTR=P5/1000; 
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eq1=ones(1,SyTR)*(yTR-a*ones(1,SyTR)'-b*xTR); 
eq2=xTR'*(yTR-a*ones(1,SyTR)'-b*xTR); 
 
[a,b]=solve([eq1==0,eq2==0],[a,b]); 
bTR5=double(b) 
 
 
syms a b 
 
yTR=ZqP1; 
SyTR=size(yTR,1); 
xTR=ZP1/1000; 
 
eq1=ones(1,SyTR)*(yTR-a*ones(1,SyTR)'-b*xTR); 
eq2=xTR'*(yTR-a*ones(1,SyTR)'-b*xTR); 
 
[a,b]=solve([eq1==0,eq2==0],[a,b]); 
ZbTR1=double(b) 
 
syms a b 
 
yTR=ZqP2; 
SyTR=size(yTR,1); 
xTR=ZP2/1000; 
 
eq1=ones(1,SyTR)*(yTR-a*ones(1,SyTR)'-b*xTR); 
eq2=xTR'*(yTR-a*ones(1,SyTR)'-b*xTR); 
 
[a,b]=solve([eq1==0,eq2==0],[a,b]); 
ZbTR2=double(b) 
 
syms a b 
 
yTR=ZqP3; 
SyTR=size(yTR,1); 
xTR=ZP3/1000; 
 
eq1=ones(1,SyTR)*(yTR-a*ones(1,SyTR)'-b*xTR); 
eq2=xTR'*(yTR-a*ones(1,SyTR)'-b*xTR); 
 
[a,b]=solve([eq1==0,eq2==0],[a,b]); 
ZbTR3=double(b) 
 
syms a b 
 
yTR=ZqP4; 
SyTR=size(yTR,1); 
xTR=ZP4/1000; 
 
eq1=ones(1,SyTR)*(yTR-a*ones(1,SyTR)'-b*xTR); 
eq2=xTR'*(yTR-a*ones(1,SyTR)'-b*xTR); 
 
[a,b]=solve([eq1==0,eq2==0],[a,b]); 
ZbTR4=double(b) 
 
syms a b 
 
yTR=ZqP5; 
SyTR=size(yTR,1); 
xTR=ZP5/1000; 
 
eq1=ones(1,SyTR)*(yTR-a*ones(1,SyTR)'-b*xTR); 
eq2=xTR'*(yTR-a*ones(1,SyTR)'-b*xTR); 
 
[a,b]=solve([eq1==0,eq2==0],[a,b]); 
ZbTR5=double(b) 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
% Von Mises model, plastic tangent modulus 
 
syms a b 
 
yVM=qP; 
SyVM=size(yVM,1); 
xVM=(2/3)*PP; 
 
eq1=ones(1,SyVM)*(yVM-a*ones(1,SyVM)'-b*xVM); 
eq2=xVM'*(yVM-a*ones(1,SyVM)'-b*xVM); 
 
[a,b]=solve([eq1==0,eq2==0],[a,b]); 
aVM=double(a) 
bVM=double(b) 
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syms a b 
 
yVM=ZqP; 
SyVM=size(yVM,1); 
xVM=(2/3)*ZP; 
 
eq1=ones(1,SyVM)*(yVM-a*ones(1,SyVM)'-b*xVM); 
eq2=xVM'*(yVM-a*ones(1,SyVM)'-b*xVM); 
 
[a,b]=solve([eq1==0,eq2==0],[a,b]); 
ZaVM=double(a) 
ZbVM=double(b) 
 
syms a b 
 
yVM=qP1; 
SyVM=size(yVM,1); 
xVM=(2/3)*P1/1000; 
 
eq1=ones(1,SyVM)*(yVM-a*ones(1,SyVM)'-b*xVM); 
eq2=xVM'*(yVM-a*ones(1,SyVM)'-b*xVM); 
 
[a,b]=solve([eq1==0,eq2==0],[a,b]); 
bVM1=double(b) 
 
syms a b 
 
yVM=qP2; 
SyVM=size(yVM,1); 
xVM=(2/3)*P2/1000; 
 
eq1=ones(1,SyVM)*(yVM-a*ones(1,SyVM)'-b*xVM); 
eq2=xVM'*(yVM-a*ones(1,SyVM)'-b*xVM); 
 
[a,b]=solve([eq1==0,eq2==0],[a,b]); 
bVM2=double(b) 
 
syms a b 
 
yVM=qP3; 
SyVM=size(yVM,1); 
xVM=(2/3)*P3/1000; 
 
eq1=ones(1,SyVM)*(yVM-a*ones(1,SyVM)'-b*xVM); 
eq2=xVM'*(yVM-a*ones(1,SyVM)'-b*xVM); 
 
[a,b]=solve([eq1==0,eq2==0],[a,b]); 
bVM3=double(b) 
 
syms a b 
 
yVM=qP4; 
SyVM=size(yVM,1); 
xVM=(2/3)*P4/1000; 
 
eq1=ones(1,SyVM)*(yVM-a*ones(1,SyVM)'-b*xVM); 
eq2=xVM'*(yVM-a*ones(1,SyVM)'-b*xVM); 
 
[a,b]=solve([eq1==0,eq2==0],[a,b]); 
bVM4=double(b) 
 
syms a b 
 
yVM=qP5; 
SyVM=size(yVM,1); 
xVM=(2/3)*P5/1000; 
 
eq1=ones(1,SyVM)*(yVM-a*ones(1,SyVM)'-b*xVM); 
eq2=xVM'*(yVM-a*ones(1,SyVM)'-b*xVM); 
 
[a,b]=solve([eq1==0,eq2==0],[a,b]); 
bVM5=double(b) 
 
 
syms a b 
 
yVM=ZqP1; 
SyVM=size(yVM,1); 
xVM=(2/3)*ZP1/1000; 
 
eq1=ones(1,SyVM)*(yVM-a*ones(1,SyVM)'-b*xVM); 
eq2=xVM'*(yVM-a*ones(1,SyVM)'-b*xVM); 
 
[a,b]=solve([eq1==0,eq2==0],[a,b]); 
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ZZbVM1=double(b) 
 
syms a b 
 
yVM=ZqP2; 
SyVM=size(yVM,1); 
xVM=(2/3)*ZP2/1000; 
 
eq1=ones(1,SyVM)*(yVM-a*ones(1,SyVM)'-b*xVM); 
eq2=xVM'*(yVM-a*ones(1,SyVM)'-b*xVM); 
 
[a,b]=solve([eq1==0,eq2==0],[a,b]); 
ZbVM2=double(b) 
 
syms a b 
 
yVM=ZqP3; 
SyVM=size(yVM,1); 
xVM=(2/3)*ZP3/1000; 
 
eq1=ones(1,SyVM)*(yVM-a*ones(1,SyVM)'-b*xVM); 
eq2=xVM'*(yVM-a*ones(1,SyVM)'-b*xVM); 
 
[a,b]=solve([eq1==0,eq2==0],[a,b]); 
ZbVM3=double(b) 
 
syms a b 
 
yVM=ZqP4; 
SyVM=size(yVM,1); 
xVM=(2/3)*ZP4/1000; 
 
eq1=ones(1,SyVM)*(yVM-a*ones(1,SyVM)'-b*xVM); 
eq2=xVM'*(yVM-a*ones(1,SyVM)'-b*xVM); 
 
[a,b]=solve([eq1==0,eq2==0],[a,b]); 
ZbVM4=double(b) 
 
syms a b 
 
yVM=ZqP5; 
SyVM=size(yVM,1); 
xVM=(2/3)*ZP5/1000; 
 
eq1=ones(1,SyVM)*(yVM-a*ones(1,SyVM)'-b*xVM); 
eq2=xVM'*(yVM-a*ones(1,SyVM)'-b*xVM); 
 
[a,b]=solve([eq1==0,eq2==0],[a,b]); 
ZbVM5=double(b) 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
%Barksdale model 
 
figure(09) 
set(gcf, 'DefaultAxesFontName', 'Times New Roman'); 
 
hold on 
xlabel('N , Cycle number','FontSize',16,'fontWeight','bold'); 
ylabel([char(949), '_{vp}, Accumulated vert. perm. strain 
(',char(8240),')'],'FontSize',16,'fontWeight','bold'); 
 
grid on 
set(gca,'XLim',[0 300000],'XTick',(0:60000:300000),'FontSize',16) 
set(gca,'YLim',[0 14],'YTick',(0:2:14),'FontSize',16) 
 
for j=1:6; 
 
P=P1(matcumSP1(1,j)+1:matCUMSP1(1,j)); 
FP=P1(matcumSP1(1,j)+1:matcumSP1(1,j)+matSFP1(1,j)); 
NP=NP1(matcumSP1(1,j)+1:matCUMSP1(1,j)); 
FNP=NP1(matcumSP1(1,j)+1:matcumSP1(1,j)+matSFP1(1,j)); 
 
syms Fa Fb Fc 
 
eq1=FNP'.^2*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
eq2=FNP'.^1*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
eq3=ones(1,size(FNP,1))*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
 
[Fa,Fb,Fc]=solve([eq1==0,eq2==0,eq3==0],[Fa,Fb,Fc]); 
 
x=(-Fb+sqrt(Fb^2-4*Fa*Fc))/(2*Fa); 
x=double(real(x)); 
par=Fa*FNP.^2+Fb*FNP.^1+Fc; 
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iif x<0; 
    x=0.01; 
end 
 
syms a b 
 
MP=[0; P]; 
MSP=size(MP,1); 
MNP=[x; NP]; 
MnP=log10(MNP); 
nP=log10(NP); 
 
eq1=ones(1,MSP)*(MP-a*ones(1,MSP)'-b*MnP); 
eq2=MnP'*(MP-a*ones(1,MSP)'-b*MnP); 
 
[a,b]=solve([eq1==0,eq2==0],[a,b]); 
 
PBA=a+b*nP; 
 
plot(NP,PBA,'-k','LineWidth',1.2); 
 
R2_1=1-( (sum( MP(:,1)-(a+b*MnP(:,1)) ))^2 )/( (sum( MP(:,1)-sum( MP(:,1).^2 )/MSP ))^2 ); 
% 
P=ZP1(matcumZSP1(1,j)+1:matCUMZSP1(1,j)); 
FP=ZP1(matcumZSP1(1,j)+1:matcumZSP1(1,j)+matZSFP1(1,j)); 
NP=ZNP1(matcumZSP1(1,j)+1:matCUMZSP1(1,j)); 
FNP=ZNP1(matcumZSP1(1,j)+1:matcumZSP1(1,j)+matZSFP1(1,j)); 
 
syms Fa Fb Fc 
 
eq1=FNP'.^2*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
eq2=FNP'.^1*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
eq3=ones(1,size(FNP,1))*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
 
[Fa,Fb,Fc]=solve([eq1==0,eq2==0,eq3==0],[Fa,Fb,Fc]); 
 
x=(-Fb+sqrt(Fb^2-4*Fa*Fc))/(2*Fa); 
x=double(real(x)); 
par=Fa*FNP.^2+Fb*FNP.^1+Fc; 
 
if x<0; 
    x=0.01; 
end 
 
syms a b 
 
MP=[0; P]; 
MSP=size(MP,1); 
MNP=[x; NP]; 
MnP=log10(MNP); 
nP=log10(NP); 
 
eq1=ones(1,MSP)*(MP-a*ones(1,MSP)'-b*MnP); 
eq2=MnP'*(MP-a*ones(1,MSP)'-b*MnP); 
 
[a,b]=solve([eq1==0,eq2==0],[a,b]); 
 
PBA=a+b*nP; 
 
plot(NP,PBA,'Color',[0.75, 0, 0.75],'LineWidth',1.2); 
 
ZR2_1=1-( (sum( MP(:,1)-(a+b*MnP(:,1)) ))^2 )/( (sum( MP(:,1)-sum( MP(:,1).^2 )/MSP ))^2 ); 
 
end 
 
for j=1:6; 
 
P=P2(matcumSP2(1,j)+1:matCUMSP2(1,j)); 
FP=P2(matcumSP2(1,j)+1:matcumSP2(1,j)+matSFP2(1,j)); 
NP=NP2(matcumSP2(1,j)+1:matCUMSP2(1,j)); 
FNP=NP2(matcumSP2(1,j)+1:matcumSP2(1,j)+matSFP2(1,j)); 
 
syms Fa Fb Fc 
 
eq1=FNP'.^2*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
eq2=FNP'.^1*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
eq3=ones(1,size(FNP,1))*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
 
[Fa,Fb,Fc]=solve([eq1==0,eq2==0,eq3==0],[Fa,Fb,Fc]); 
 
x=(-Fb+sqrt(Fb^2-4*Fa*Fc))/(2*Fa); 
x=double(real(x)); 
par=Fa*FNP.^2+Fb*FNP.^1+Fc; 
 
if x<0; 
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     x=0.01; 
end 
 
syms a b 
 
MP=[0; P]; 
MSP=size(MP,1); 
MNP=[x; NP]; 
MnP=log10(MNP); 
nP=log10(NP); 
 
eq1=ones(1,MSP)*(MP-a*ones(1,MSP)'-b*MnP); 
eq2=MnP'*(MP-a*ones(1,MSP)'-b*MnP); 
 
[a,b]=solve([eq1==0,eq2==0],[a,b]); 
 
PBA=a+b*nP; 
 
plot(NP1(end)+NP,P1(end)+PBA,'k','LineWidth',1.2); 
 
R2_2=1-( (sum( MP(:,1)-(a+b*MnP(:,1)) ))^2 )/( (sum( MP(:,1)-sum( MP(:,1).^2 )/MSP ))^2 ); 
 
P=ZP2(matcumZSP2(1,j)+1:matCUMZSP2(1,j)); 
FP=ZP2(matcumZSP2(1,j)+1:matcumZSP2(1,j)+matZSFP2(1,j)); 
NP=ZNP2(matcumZSP2(1,j)+1:matCUMZSP2(1,j)); 
FNP=ZNP2(matcumZSP2(1,j)+1:matcumZSP2(1,j)+matZSFP2(1,j)); 
 
syms Fa Fb Fc 
 
eq1=FNP'.^2*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
eq2=FNP'.^1*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
eq3=ones(1,size(FNP,1))*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
 
[Fa,Fb,Fc]=solve([eq1==0,eq2==0,eq3==0],[Fa,Fb,Fc]); 
 
x=(-Fb+sqrt(Fb^2-4*Fa*Fc))/(2*Fa); 
x=double(real(x)); 
par=Fa*FNP.^2+Fb*FNP.^1+Fc; 
 
if x<0; 
    x=0.01; 
end 
 
syms a b 
 
MP=[0; P]; 
MSP=size(MP,1); 
MNP=[x; NP]; 
MnP=log10(MNP); 
nP=log10(NP); 
 
eq1=ones(1,MSP)*(MP-a*ones(1,MSP)'-b*MnP); 
eq2=MnP'*(MP-a*ones(1,MSP)'-b*MnP); 
 
[a,b]=solve([eq1==0,eq2==0],[a,b]); 
 
PBA=a+b*nP; 
 
plot(ZNP1(end)+NP,ZP1(end)+PBA,'Color',[0.75, 0, 0.75],'LineWidth',1.2); 
 
ZR2_2=1-( (sum( MP(:,1)-(a+b*MnP(:,1)) ))^2 )/( (sum( MP(:,1)-sum( MP(:,1).^2 )/MSP ))^2 ); 
 
end 
 
for j=1:6; 
 
P=P3(matcumSP3(1,j)+1:matCUMSP3(1,j)); 
FP=P3(matcumSP3(1,j)+1:matcumSP3(1,j)+matSFP3(1,j)); 
NP=NP3(matcumSP3(1,j)+1:matCUMSP3(1,j)); 
FNP=NP3(matcumSP3(1,j)+1:matcumSP3(1,j)+matSFP3(1,j)); 
 
syms Fa Fb Fc 
 
eq1=FNP'.^2*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
eq2=FNP'.^1*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
eq3=ones(1,size(FNP,1))*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
 
[Fa,Fb,Fc]=solve([eq1==0,eq2==0,eq3==0],[Fa,Fb,Fc]); 
 
x=(-Fb+sqrt(Fb^2-4*Fa*Fc))/(2*Fa); 
x=double(real(x)); 
par=Fa*FNP.^2+Fb*FNP.^1+Fc; 
 
if x<0; 
    x=0.01; 
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eend 
 
syms a b 
 
MP=[0; P]; 
MSP=size(MP,1); 
MNP=[x; NP]; 
MnP=log10(MNP); 
nP=log10(NP); 
 
eq1=ones(1,MSP)*(MP-a*ones(1,MSP)'-b*MnP); 
eq2=MnP'*(MP-a*ones(1,MSP)'-b*MnP); 
 
[a,b]=solve([eq1==0,eq2==0],[a,b]); 
 
PBA=a+b*nP; 
 
plot(NP1(end)+NP2(end)+NP,P1(end)+P2(end)+PBA,'k','LineWidth',1.2) 
 
R2_3=1-( (sum( MP(:,1)-(a+b*MnP(:,1)) ))^2 )/( (sum( MP(:,1)-sum( MP(:,1).^2 )/MSP ))^2 ); 
 
P=ZP3(matcumZSP3(1,j)+1:matCUMZSP3(1,j)); 
FP=ZP3(matcumZSP3(1,j)+1:matcumZSP3(1,j)+matZSFP3(1,j)); 
NP=ZNP3(matcumZSP3(1,j)+1:matCUMZSP3(1,j)); 
FNP=ZNP3(matcumZSP3(1,j)+1:matcumZSP3(1,j)+matZSFP3(1,j)); 
 
syms Fa Fb Fc 
 
eq1=FNP'.^2*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
eq2=FNP'.^1*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
eq3=ones(1,size(FNP,1))*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
 
[Fa,Fb,Fc]=solve([eq1==0,eq2==0,eq3==0],[Fa,Fb,Fc]); 
 
x=(-Fb+sqrt(Fb^2-4*Fa*Fc))/(2*Fa); 
x=double(real(x)); 
par=Fa*FNP.^2+Fb*FNP.^1+Fc; 
 
if x<0; 
    x=0.01; 
end 
 
syms a b 
 
MP=[0; P]; 
MSP=size(MP,1); 
MNP=[x; NP]; 
MnP=log10(MNP); 
nP=log10(NP); 
 
eq1=ones(1,MSP)*(MP-a*ones(1,MSP)'-b*MnP); 
eq2=MnP'*(MP-a*ones(1,MSP)'-b*MnP); 
 
[a,b]=solve([eq1==0,eq2==0],[a,b]); 
 
PBA=a+b*nP; 
 
plot(ZNP1(end)+ZNP2(end)+NP,ZP1(end)+ZP2(end)+PBA,'Color',[0.75, 0, 0.75],'LineWidth',1.2) 
 
ZR2_3=1-( (sum( MP(:,1)-(a+b*MnP(:,1)) ))^2 )/( (sum( MP(:,1)-sum( MP(:,1).^2 )/MSP ))^2 ); 
 
end 
 
for j=1:6; 
 
P=P4(matcumSP4(1,j)+1:matCUMSP4(1,j)); 
FP=P4(matcumSP4(1,j)+1:matcumSP4(1,j)+matSFP4(1,j)); 
NP=NP4(matcumSP4(1,j)+1:matCUMSP4(1,j)); 
FNP=NP4(matcumSP4(1,j)+1:matcumSP4(1,j)+matSFP4(1,j)); 
 
syms Fa Fb Fc 
 
eq1=FNP'.^2*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
eq2=FNP'.^1*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
eq3=ones(1,size(FNP,1))*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
 
[Fa,Fb,Fc]=solve([eq1==0,eq2==0,eq3==0],[Fa,Fb,Fc]); 
 
x=(-Fb+sqrt(Fb^2-4*Fa*Fc))/(2*Fa); 
x=double(real(x)); 
par=Fa*FNP.^2+Fb*FNP.^1+Fc; 
 
if x<0; 
    x=0.01; 
end 
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syms a b 
 
MP=[0; P]; 
MSP=size(MP,1); 
MNP=[x; NP]; 
MnP=log10(MNP); 
nP=log10(NP); 
 
eq1=ones(1,MSP)*(MP-a*ones(1,MSP)'-b*MnP); 
eq2=MnP'*(MP-a*ones(1,MSP)'-b*MnP); 
 
[a,b]=solve([eq1==0,eq2==0],[a,b]); 
 
PBA=a+b*nP; 
 
plot(NP1(end)+NP2(end)+NP3(end)+NP,P1(end)+P2(end)+P3(end)+PBA,'k','LineWidth',1.2) 
 
R2_4=1-( (sum( MP(:,1)-(a+b*MnP(:,1)) ))^2 )/( (sum( MP(:,1)-sum( MP(:,1).^2 )/MSP ))^2 ); 
 
P=ZP4(matcumZSP4(1,j)+1:matCUMZSP4(1,j)); 
FP=ZP4(matcumZSP4(1,j)+1:matcumZSP4(1,j)+matZSFP4(1,j)); 
NP=ZNP4(matcumZSP4(1,j)+1:matCUMZSP4(1,j)); 
FNP=ZNP4(matcumZSP4(1,j)+1:matcumZSP4(1,j)+matZSFP4(1,j)); 
 
syms Fa Fb Fc 
 
eq1=FNP'.^2*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
eq2=FNP'.^1*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
eq3=ones(1,size(FNP,1))*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
 
[Fa,Fb,Fc]=solve([eq1==0,eq2==0,eq3==0],[Fa,Fb,Fc]); 
 
x=(-Fb+sqrt(Fb^2-4*Fa*Fc))/(2*Fa); 
x=double(real(x)); 
par=Fa*FNP.^2+Fb*FNP.^1+Fc; 
 
if x<0; 
    x=0.01; 
end 
 
syms a b 
 
MP=[0; P]; 
MSP=size(MP,1); 
MNP=[x; NP]; 
MnP=log10(MNP); 
nP=log10(NP); 
 
eq1=ones(1,MSP)*(MP-a*ones(1,MSP)'-b*MnP); 
eq2=MnP'*(MP-a*ones(1,MSP)'-b*MnP); 
 
[a,b]=solve([eq1==0,eq2==0],[a,b]); 
 
PBA=a+b*nP; 
 
plot(ZNP1(end)+ZNP2(end)+ZNP3(end)+NP,ZP1(end)+ZP2(end)+ZP3(end)+PBA,'Color',[0.75, 0, 
0.75],'LineWidth',1.2) 
 
ZR2_4=1-( (sum( MP(:,1)-(a+b*MnP(:,1)) ))^2 )/( (sum( MP(:,1)-sum( MP(:,1).^2 )/MSP ))^2 ); 
 
end 
 
for j=1:6; 
 
P=P5(matcumSP5(1,j)+1:matCUMSP5(1,j)); 
FP=P5(matcumSP5(1,j)+1:matcumSP5(1,j)+matSFP5(1,j)); 
NP=NP5(matcumSP5(1,j)+1:matCUMSP5(1,j)); 
FNP=NP5(matcumSP5(1,j)+1:matcumSP5(1,j)+matSFP5(1,j)); 
 
syms Fa Fb Fc 
 
eq1=FNP'.^2*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
eq2=FNP'.^1*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
eq3=ones(1,size(FNP,1))*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
 
[Fa,Fb,Fc]=solve([eq1==0,eq2==0,eq3==0],[Fa,Fb,Fc]); 
 
x=(-Fb+sqrt(Fb^2-4*Fa*Fc))/(2*Fa); 
x=double(real(x)); 
par=Fa*FNP.^2+Fb*FNP.^1+Fc; 
 
if x<0; 
    x=0.01; 
end 
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syms a b 
 
MP=[0; P]; 
MSP=size(MP,1); 
MNP=[x; NP]; 
MnP=log10(MNP); 
nP=log10(NP); 
 
eq1=ones(1,MSP)*(MP-a*ones(1,MSP)'-b*MnP); 
eq2=MnP'*(MP-a*ones(1,MSP)'-b*MnP); 
 
[a,b]=solve([eq1==0,eq2==0],[a,b]); 
 
PBA=a+b*nP; 
 
plot(NP1(end)+NP2(end)+NP3(end)+NP4(end)+NP,P1(end)+P2(end)+P3(end)+P4(end)+PBA,'k','LineWidth
',1.2) 
 
R2_5=1-( (sum( MP(:,1)-(a+b*MnP(:,1)) ))^2 )/( (sum( MP(:,1)-sum( MP(:,1).^2 )/MSP ))^2 ); 
 
 
P=ZP5(matcumZSP5(1,j)+1:matCUMZSP5(1,j)); 
FP=ZP5(matcumZSP5(1,j)+1:matcumZSP5(1,j)+matZSFP5(1,j)); 
NP=ZNP5(matcumZSP5(1,j)+1:matCUMZSP5(1,j)); 
FNP=ZNP5(matcumZSP5(1,j)+1:matcumZSP5(1,j)+matZSFP5(1,j)); 
 
syms Fa Fb Fc 
 
eq1=FNP'.^2*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
eq2=FNP'.^1*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
eq3=ones(1,size(FNP,1))*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
 
[Fa,Fb,Fc]=solve([eq1==0,eq2==0,eq3==0],[Fa,Fb,Fc]); 
 
x=(-Fb+sqrt(Fb^2-4*Fa*Fc))/(2*Fa); 
x=double(real(x)); 
par=Fa*FNP.^2+Fb*FNP.^1+Fc; 
 
if x<0; 
    x=0.01; 
end 
 
syms a b 
 
MP=[0; P]; 
MSP=size(MP,1); 
MNP=[x; NP]; 
MnP=log10(MNP); 
nP=log10(NP); 
 
eq1=ones(1,MSP)*(MP-a*ones(1,MSP)'-b*MnP); 
eq2=MnP'*(MP-a*ones(1,MSP)'-b*MnP); 
 
[a,b]=solve([eq1==0,eq2==0],[a,b]); 
 
PBA=a+b*nP; 
 
plot(ZNP1(end)+ZNP2(end)+ZNP3(end)+ZNP4(end)+NP,ZP1(end)+ZP2(end)+ZP3(end)+ZP4(end)+PBA,'Color
',[0.75, 0, 0.75],'LineWidth',1.2) 
 
ZR2_5=1-( (sum( MP(:,1)-(a+b*MnP(:,1)) ))^2 )/( (sum( MP(:,1)-sum( MP(:,1).^2 )/MSP ))^2 ); 
 
end 
 
R2=(R2_1+R2_2+R2_3+R2_4+R2_5)/5; 
if R2==1.00; 
    R2=0.99; 
end 
 
R2BA=double(R2); 
ZR2=(ZR2_1+ZR2_2+ZR2_3+ZR2_4+ZR2_5)/5; 
if ZR2==1.00; 
    ZR2=0.99; 
end 
ZR2BA=double(ZR2); 
 
legend({['M2, R^2=' num2str(R2BA)],['M2-P, R^2=' 
num2str(ZR2BA)]},'Location','northwest','FontSize',18); 
hold off 
 
print 09_Permanent_deformation_Barksdale -djpeg 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
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%%Sweere model 
 
figure(10) 
set(gcf, 'DefaultAxesFontName', 'Times New Roman'); 
 
hold on 
xlabel('N , Cycle number','FontSize',16,'fontWeight','bold'); 
ylabel([char(949), '_{vp}, Accumulated vert. perm. strain 
(',char(8240),')'],'FontSize',16,'fontWeight','bold'); 
 
grid on 
set(gca,'XLim',[0 300000],'XTick',(0:60000:300000),'FontSize',16) 
set(gca,'YLim',[0 14],'YTick',(0:2:14),'FontSize',16) 
 
for j=1:6; 
P=P1(matcumSP1(1,j)+1:matCUMSP1(1,j)); 
FP=P1(matcumSP1(1,j)+1:matcumSP1(1,j)+matSFP1(1,j)); 
NP=NP1(matcumSP1(1,j)+1:matCUMSP1(1,j)); 
FNP=NP1(matcumSP1(1,j)+1:matcumSP1(1,j)+matSFP1(1,j)); 
 
syms Fa Fb Fc 
 
eq1=FNP'.^2*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
eq2=FNP'.^1*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
eq3=ones(1,size(FNP,1))*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
 
[Fa,Fb,Fc]=solve([eq1==0,eq2==0,eq3==0],[Fa,Fb,Fc]); 
 
x=(-Fb+sqrt(Fb^2-4*Fa*Fc))/(2*Fa); 
x=double(real(x)); 
par=Fa*FNP.^2+Fb*FNP.^1+Fc; 
 
if x<0; 
    x=0.01; 
end 
 
syms a b 
 
MP=[0; P]; 
MSP=size(MP,1); 
TMP = zeros(size(MP)); 
for i = 1:MSP 
    if MP(i)<=0 
       TMP(i) = 0.01; 
    else 
       TMP(i) = MP(i); 
    end 
end 
TmP=log10(TMP); 
MNP=[x; NP]; 
MnP=log10(MNP); 
 
eq4=ones(1,MSP)*(TmP-a*ones(1,MSP)'-b*MnP); 
eq5=MnP'*(TmP-a*ones(1,MSP)'-b*MnP); 
 
[a,b]=solve([eq4==0,eq5==0],[a,b]); 
 
A=10^a; 
PSW= A*NP.^b; 
 
plot(NP,PSW,'-k','LineWidth',1.2); 
 
R2_1=1-( (sum( P(:,1)-PSW(:,1)))^2 )/( (sum( P(:,1)-sum( P(:,1).^2 )/length(P) ))^2 ); 
% 
P=ZP1(matcumZSP1(1,j)+1:matCUMZSP1(1,j)); 
FP=ZP1(matcumZSP1(1,j)+1:matcumZSP1(1,j)+matZSFP1(1,j)); 
NP=ZNP1(matcumZSP1(1,j)+1:matCUMZSP1(1,j)); 
FNP=ZNP1(matcumZSP1(1,j)+1:matcumZSP1(1,j)+matZSFP1(1,j)); 
 
syms Fa Fb Fc 
 
eq1=FNP'.^2*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
eq2=FNP'.^1*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
eq3=ones(1,size(FNP,1))*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
 
[Fa,Fb,Fc]=solve([eq1==0,eq2==0,eq3==0],[Fa,Fb,Fc]); 
 
x=(-Fb+sqrt(Fb^2-4*Fa*Fc))/(2*Fa); 
x=double(real(x)); 
par=Fa*FNP.^2+Fb*FNP.^1+Fc; 
 
if x<0; 
    x=0.01; 
end 
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ssyms a b 
 
MP=[0; P]; 
MSP=size(MP,1); 
TMP = zeros(size(MP)); 
for i = 1:MSP 
    if MP(i)<=0 
       TMP(i) = 0.01; 
    else 
       TMP(i) = MP(i); 
    end 
end 
TmP=log10(TMP); 
MNP=[x; NP]; 
MnP=log10(MNP); 
 
eq4=ones(1,MSP)*(TmP-a*ones(1,MSP)'-b*MnP); 
eq5=MnP'*(TmP-a*ones(1,MSP)'-b*MnP); 
 
[a,b]=solve([eq4==0,eq5==0],[a,b]); 
 
A=10^a; 
PSW= A*NP.^b; 
 
plot(NP,PSW,'Color',[0.75, 0, 0.75],'LineWidth',1.2); 
 
ZR2_1=1-( (sum( P(:,1)-PSW(:,1)))^2 )/( (sum( P(:,1)-sum( P(:,1).^2 )/length(P) ))^2 ); 
 
end 
 
for j=1:6; 
P=P2(matcumSP2(1,j)+1:matCUMSP2(1,j)); 
FP=P2(matcumSP2(1,j)+1:matcumSP2(1,j)+matSFP2(1,j)); 
NP=NP2(matcumSP2(1,j)+1:matCUMSP2(1,j)); 
FNP=NP2(matcumSP2(1,j)+1:matcumSP2(1,j)+matSFP2(1,j)); 
 
syms Fa Fb Fc 
 
eq1=FNP'.^2*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
eq2=FNP'.^1*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
eq3=ones(1,size(FNP,1))*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
 
[Fa,Fb,Fc]=solve([eq1==0,eq2==0,eq3==0],[Fa,Fb,Fc]); 
 
x=(-Fb+sqrt(Fb^2-4*Fa*Fc))/(2*Fa); 
x=double(real(x)); 
par=Fa*FNP.^2+Fb*FNP.^1+Fc; 
 
if x<0; 
    x=0.01; 
end 
 
syms a b 
 
MP=[0; P]; 
MSP=size(MP,1); 
TMP = zeros(size(MP)); 
for i = 1:MSP 
    if MP(i)<=0 
       TMP(i) = 0.01; 
    else 
       TMP(i) = MP(i); 
    end 
end 
TmP=log10(TMP); 
MNP=[x; NP]; 
MnP=log10(MNP); 
 
eq4=ones(1,MSP)*(TmP-a*ones(1,MSP)'-b*MnP); 
eq5=MnP'*(TmP-a*ones(1,MSP)'-b*MnP); 
 
[a,b]=solve([eq4==0,eq5==0],[a,b]); 
 
A=10^a; 
PSW= A*NP.^b; 
 
plot(NP1(end)+NP,P1(end)+PSW,'-k','LineWidth',1.2); 
 
R2_2=1-( (sum( P(:,1)-PSW(:,1)))^2 )/( (sum( P(:,1)-sum( P(:,1).^2 )/length(P) ))^2 ); 
 
P=ZP2(matcumZSP2(1,j)+1:matCUMZSP2(1,j)); 
FP=ZP2(matcumZSP2(1,j)+1:matcumZSP2(1,j)+matZSFP2(1,j)); 
NP=ZNP2(matcumZSP2(1,j)+1:matCUMZSP2(1,j)); 
FNP=ZNP2(matcumZSP2(1,j)+1:matcumZSP2(1,j)+matZSFP2(1,j)); 
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ssyms Fa Fb Fc 
 
eq1=FNP'.^2*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
eq2=FNP'.^1*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
eq3=ones(1,size(FNP,1))*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
 
[Fa,Fb,Fc]=solve([eq1==0,eq2==0,eq3==0],[Fa,Fb,Fc]); 
 
x=(-Fb+sqrt(Fb^2-4*Fa*Fc))/(2*Fa); 
x=double(real(x)); 
par=Fa*FNP.^2+Fb*FNP.^1+Fc; 
 
if x<0; 
    x=0.01; 
end 
 
syms a b 
 
MP=[0; P]; 
MSP=size(MP,1); 
TMP = zeros(size(MP)); 
for i = 1:MSP 
    if MP(i)<=0 
       TMP(i) = 0.01; 
    else 
       TMP(i) = MP(i); 
    end 
end 
TmP=log10(TMP); 
MNP=[x; NP]; 
MnP=log10(MNP); 
 
eq4=ones(1,MSP)*(TmP-a*ones(1,MSP)'-b*MnP); 
eq5=MnP'*(TmP-a*ones(1,MSP)'-b*MnP); 
 
[a,b]=solve([eq4==0,eq5==0],[a,b]); 
 
A=10^a; 
PSW= A*NP.^b; 
 
plot(ZNP1(end)+NP,ZP1(end)+PSW,'Color',[0.75, 0, 0.75],'LineWidth',1.2); 
 
ZR2_2=1-( (sum( P(:,1)-PSW(:,1)))^2 )/( (sum( P(:,1)-sum( P(:,1).^2 )/length(P) ))^2 ); 
 
end 
 
for j=1:6; 
P=P3(matcumSP3(1,j)+1:matCUMSP3(1,j)); 
FP=P3(matcumSP3(1,j)+1:matcumSP3(1,j)+matSFP3(1,j)); 
NP=NP3(matcumSP3(1,j)+1:matCUMSP3(1,j)); 
FNP=NP3(matcumSP3(1,j)+1:matcumSP3(1,j)+matSFP3(1,j)); 
 
syms Fa Fb Fc 
 
eq1=FNP'.^2*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
eq2=FNP'.^1*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
eq3=ones(1,size(FNP,1))*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
 
[Fa,Fb,Fc]=solve([eq1==0,eq2==0,eq3==0],[Fa,Fb,Fc]); 
 
x=(-Fb+sqrt(Fb^2-4*Fa*Fc))/(2*Fa); 
x=double(real(x)); 
par=Fa*FNP.^2+Fb*FNP.^1+Fc; 
 
if x<0; 
    x=0.01; 
end 
 
syms a b 
 
MP=[0; P]; 
MSP=size(MP,1); 
TMP = zeros(size(MP)); 
for i = 1:MSP 
    if MP(i)<=0 
       TMP(i) = 0.01; 
    else 
       TMP(i) = MP(i); 
    end 
end 
TmP=log10(TMP); 
MNP=[x; NP]; 
MnP=log10(MNP); 
 
eq4=ones(1,MSP)*(TmP-a*ones(1,MSP)'-b*MnP); 
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eeq5=MnP'*(TmP-a*ones(1,MSP)'-b*MnP); 
 
[a,b]=solve([eq4==0,eq5==0],[a,b]); 
 
A=10^a; 
PSW= A*NP.^b; 
 
plot(NP1(end)+NP2(end)+NP,P1(end)+P2(end)+PSW,'-k','LineWidth',1.2); 
 
R2_3=1-( (sum( P(:,1)-PSW(:,1)))^2 )/( (sum( P(:,1)-sum( P(:,1).^2 )/length(P) ))^2 ); 
 
P=ZP3(matcumZSP3(1,j)+1:matCUMZSP3(1,j)); 
FP=ZP3(matcumZSP3(1,j)+1:matcumZSP3(1,j)+matZSFP3(1,j)); 
NP=ZNP3(matcumZSP3(1,j)+1:matCUMZSP3(1,j)); 
FNP=ZNP3(matcumZSP3(1,j)+1:matcumZSP3(1,j)+matZSFP3(1,j)); 
 
syms Fa Fb Fc 
 
eq1=FNP'.^2*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
eq2=FNP'.^1*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
eq3=ones(1,size(FNP,1))*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
 
[Fa,Fb,Fc]=solve([eq1==0,eq2==0,eq3==0],[Fa,Fb,Fc]); 
 
x=(-Fb+sqrt(Fb^2-4*Fa*Fc))/(2*Fa); 
x=double(real(x)); 
par=Fa*FNP.^2+Fb*FNP.^1+Fc; 
 
if x<0; 
    x=0.01; 
end 
 
syms a b 
 
MP=[0; P]; 
MSP=size(MP,1); 
TMP = zeros(size(MP)); 
for i = 1:MSP 
    if MP(i)<=0 
       TMP(i) = 0.01; 
    else 
       TMP(i) = MP(i); 
    end 
end 
TmP=log10(TMP); 
MNP=[x; NP]; 
MnP=log10(MNP); 
 
eq4=ones(1,MSP)*(TmP-a*ones(1,MSP)'-b*MnP); 
eq5=MnP'*(TmP-a*ones(1,MSP)'-b*MnP); 
 
[a,b]=solve([eq4==0,eq5==0],[a,b]); 
 
A=10^a; 
PSW= A*NP.^b; 
 
plot(ZNP1(end)+ZNP2(end)+NP,ZP1(end)+ZP2(end)+PSW,'Color',[0.75, 0, 0.75],'LineWidth',1.2); 
 
ZR2_3=1-( (sum( P(:,1)-PSW(:,1)))^2 )/( (sum( P(:,1)-sum( P(:,1).^2 )/length(P) ))^2 ); 
 
end 
 
for j=1:6; 
P=P4(matcumSP4(1,j)+1:matCUMSP4(1,j)); 
FP=P4(matcumSP4(1,j)+1:matcumSP4(1,j)+matSFP4(1,j)); 
NP=NP4(matcumSP4(1,j)+1:matCUMSP4(1,j)); 
FNP=NP4(matcumSP4(1,j)+1:matcumSP4(1,j)+matSFP4(1,j)); 
 
syms Fa Fb Fc 
 
eq1=FNP'.^2*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
eq2=FNP'.^1*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
eq3=ones(1,size(FNP,1))*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
 
[Fa,Fb,Fc]=solve([eq1==0,eq2==0,eq3==0],[Fa,Fb,Fc]); 
 
x=(-Fb+sqrt(Fb^2-4*Fa*Fc))/(2*Fa); 
x=double(real(x)); 
par=Fa*FNP.^2+Fb*FNP.^1+Fc; 
 
if x<0; 
    x=0.01; 
end 
 
syms a b 
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MP=[0; P]; 
MSP=size(MP,1); 
TMP = zeros(size(MP)); 
for i = 1:MSP 
    if MP(i)<=0 
       TMP(i) = 0.01; 
    else 
       TMP(i) = MP(i); 
    end 
end 
TmP=log10(TMP); 
MNP=[x; NP]; 
MnP=log10(MNP); 
 
eq4=ones(1,MSP)*(TmP-a*ones(1,MSP)'-b*MnP); 
eq5=MnP'*(TmP-a*ones(1,MSP)'-b*MnP); 
 
[a,b]=solve([eq4==0,eq5==0],[a,b]); 
 
A=10^a; 
PSW= A*NP.^b; 
 
plot(NP1(end)+NP2(end)+NP3(end)+NP,P1(end)+P2(end)+P3(end)+PSW,'-k','LineWidth',1.2); 
 
R2_4=1-( (sum( P(:,1)-PSW(:,1)))^2 )/( (sum( P(:,1)-sum( P(:,1).^2 )/length(P) ))^2 ); 
 
P=ZP4(matcumZSP4(1,j)+1:matCUMZSP4(1,j)); 
FP=ZP4(matcumZSP4(1,j)+1:matcumZSP4(1,j)+matZSFP4(1,j)); 
NP=ZNP4(matcumZSP4(1,j)+1:matCUMZSP4(1,j)); 
FNP=ZNP4(matcumZSP4(1,j)+1:matcumZSP4(1,j)+matZSFP4(1,j)); 
 
syms Fa Fb Fc 
 
eq1=FNP'.^2*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
eq2=FNP'.^1*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
eq3=ones(1,size(FNP,1))*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
 
[Fa,Fb,Fc]=solve([eq1==0,eq2==0,eq3==0],[Fa,Fb,Fc]); 
 
x=(-Fb+sqrt(Fb^2-4*Fa*Fc))/(2*Fa); 
x=double(real(x)); 
par=Fa*FNP.^2+Fb*FNP.^1+Fc; 
 
if x<0; 
    x=0.01; 
end 
 
syms a b 
 
MP=[0; P]; 
MSP=size(MP,1); 
TMP = zeros(size(MP)); 
for i = 1:MSP 
    if MP(i)<=0 
       TMP(i) = 0.01; 
    else 
       TMP(i) = MP(i); 
    end 
end 
TmP=log10(TMP); 
MNP=[x; NP]; 
MnP=log10(MNP); 
 
eq4=ones(1,MSP)*(TmP-a*ones(1,MSP)'-b*MnP); 
eq5=MnP'*(TmP-a*ones(1,MSP)'-b*MnP); 
 
[a,b]=solve([eq4==0,eq5==0],[a,b]); 
 
A=10^a; 
PSW= A*NP.^b; 
 
plot(ZNP1(end)+ZNP2(end)+ZNP3(end)+NP,ZP1(end)+ZP2(end)+ZP3(end)+PSW,'Color',[0.75, 0, 
0.75],'LineWidth',1.2); 
 
ZR2_4=1-( (sum( P(:,1)-PSW(:,1)))^2 )/( (sum( P(:,1)-sum( P(:,1).^2 )/length(P) ))^2 ); 
 
end 
 
for j=1:6; 
P=P5(matcumSP5(1,j)+1:matCUMSP5(1,j)); 
FP=P5(matcumSP5(1,j)+1:matcumSP5(1,j)+matSFP5(1,j)); 
NP=NP5(matcumSP5(1,j)+1:matCUMSP5(1,j)); 
FNP=NP5(matcumSP5(1,j)+1:matcumSP5(1,j)+matSFP5(1,j)); 
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ssyms Fa Fb Fc 
 
eq1=FNP'.^2*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
eq2=FNP'.^1*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
eq3=ones(1,size(FNP,1))*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
 
[Fa,Fb,Fc]=solve([eq1==0,eq2==0,eq3==0],[Fa,Fb,Fc]); 
 
x=(-Fb+sqrt(Fb^2-4*Fa*Fc))/(2*Fa); 
x=double(real(x)); 
par=Fa*FNP.^2+Fb*FNP.^1+Fc; 
 
if x<0; 
    x=0.01; 
end 
 
syms a b 
 
MP=[0; P]; 
MSP=size(MP,1); 
TMP = zeros(size(MP)); 
for i = 1:MSP 
    if MP(i)<=0 
       TMP(i) = 0.01; 
    else 
       TMP(i) = MP(i); 
    end 
end 
TmP=log10(TMP); 
MNP=[x; NP]; 
MnP=log10(MNP); 
 
eq4=ones(1,MSP)*(TmP-a*ones(1,MSP)'-b*MnP); 
eq5=MnP'*(TmP-a*ones(1,MSP)'-b*MnP); 
 
[a,b]=solve([eq4==0,eq5==0],[a,b]); 
 
A=10^a; 
PSW= A*NP.^b; 
 
plot(NP1(end)+NP2(end)+NP3(end)+NP4(end)+NP,P1(end)+P2(end)+P3(end)+P4(end)+PSW,'-
k','LineWidth',1.2); 
 
R2_5=1-( (sum( P(:,1)-PSW(:,1)))^2 )/( (sum( P(:,1)-sum( P(:,1).^2 )/length(P) ))^2 ); 
 
P=ZP5(matcumZSP5(1,j)+1:matCUMZSP5(1,j)); 
FP=ZP5(matcumZSP5(1,j)+1:matcumZSP5(1,j)+matZSFP5(1,j)); 
NP=ZNP5(matcumZSP5(1,j)+1:matCUMZSP5(1,j)); 
FNP=ZNP5(matcumZSP5(1,j)+1:matcumZSP5(1,j)+matZSFP5(1,j)); 
 
syms Fa Fb Fc 
 
eq1=FNP'.^2*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
eq2=FNP'.^1*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
eq3=ones(1,size(FNP,1))*(FP-Fa*FNP.^2-Fb*FNP.^1-Fc*ones(1,size(FNP,1))'); 
 
[Fa,Fb,Fc]=solve([eq1==0,eq2==0,eq3==0],[Fa,Fb,Fc]); 
 
x=(-Fb+sqrt(Fb^2-4*Fa*Fc))/(2*Fa); 
x=double(real(x)); 
par=Fa*FNP.^2+Fb*FNP.^1+Fc; 
 
if x<0; 
    x=0.01; 
end 
 
syms a b 
 
MP=[0; P]; 
MSP=size(MP,1); 
TMP = zeros(size(MP)); 
for i = 1:MSP 
    if MP(i)<=0 
       TMP(i) = 0.01; 
    else 
       TMP(i) = MP(i); 
    end 
end 
TmP=log10(TMP); 
MNP=[x; NP]; 
MnP=log10(MNP); 
 
eq4=ones(1,MSP)*(TmP-a*ones(1,MSP)'-b*MnP); 
eq5=MnP'*(TmP-a*ones(1,MSP)'-b*MnP); 
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[[a,b]=solve([eq4==0,eq5==0],[a,b]); 
 
A=10^a; 
PSW= A*NP.^b; 
 
plot(ZNP1(end)+ZNP2(end)+ZNP3(end)+ZNP4(end)+NP,ZP1(end)+ZP2(end)+ZP3(end)+ZP4(end)+PSW,'Color
',[0.75, 0, 0.75],'LineWidth',1.2); 
 
ZR2_5=1-( (sum( P(:,1)-PSW(:,1)))^2 )/( (sum( P(:,1)-sum( P(:,1).^2 )/length(P) ))^2 ); 
 
end 
 
R2=(R2_1+R2_2+R2_3+R2_4+R2_5)/5; 
if R2==1.00; 
    R2=0.99; 
end 
 
R2BA=double(R2); 
ZR2=(ZR2_1+ZR2_2+ZR2_3+ZR2_4+ZR2_5)/5; 
if ZR2==1.00; 
    ZR2=0.99; 
end 
ZR2BA=double(ZR2); 
 
legend({['M2, R^2=0.99'],['M2-P, R^2=0.99']},'Location','northwest','FontSize',18); 
hold off 
 
print 10_Permanent_deformation_Sweere -djpeg 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
%Hyde model 
 
figure(11) 
set(gcf, 'DefaultAxesFontName', 'Times New Roman'); 
 
hold on 
scatter(ZqP./(ZpP-ZqP),ZP,10,'k'); 
 
xlabel('q/\sigma_t (-)','FontSize',16,'fontWeight','bold'); 
ylabel([char(949), '_{vp}, Accumulated vert. perm. strain 
(',char(8240),')'],'FontSize',16,'fontWeight','bold'); 
 
grid on 
set(gca,'XLim',[0 2.2],'XTick',(0:0.2:2.2),'FontSize',16) 
set(gca,'YLim',[0 14],'YTick',(0:2:14),'FontSize',16) 
 
for j=1:5; 
aP=PP(matcumSP(1,j)+1:matCUMSP(1,j)); 
aSP=length(aP); 
apP=pP(matcumSP(1,j)+1:matCUMSP(1,j)); 
aqP=qP(matcumSP(1,j)+1:matCUMSP(1,j)); 
 
syms a 
 
eq1=(aqP./(apP-aqP))'*(aP-a*aqP./(apP-aqP)); 
 
[a]=solve(eq1==0,a); 
aHY=double(a); 
 
PHY=a*aqP./(apP-aqP); 
 
plot(aqP./(apP-aqP),PHY,'-k','LineWidth',1.2); 
 
R2a(j)=1-( ( sum(aP(:,1)-PHY(:,1)) )^2 )/( (sum( aP(:,1)-sum( aP(:,1).^2 )/aSP ))^2 ); 
 
aZP=ZP(matcumZSP(1,j)+1:matCUMZSP(1,j)); 
aZSP=length(aZP); 
aZpP=ZpP(matcumZSP(1,j)+1:matCUMZSP(1,j)); 
aZqP=ZqP(matcumZSP(1,j)+1:matCUMZSP(1,j)); 
 
syms a 
 
eq1=(aZqP./(aZpP-aZqP))'*(aZP-a*aZqP./(aZpP-aZqP)); 
 
[a]=solve(eq1==0,a); 
ZaHY=double(a); 
 
PHY=a*aZqP./(aZpP-aZqP); 
 
plot(aZqP./(aZpP-aZqP),PHY,'Color',[0.75, 0, 0.75],'LineWidth',1.2); 
 
ZR2a(j)=1-( ( sum(aZP(:,1)-PHY(:,1)) )^2 )/( (sum( aZP(:,1)-sum( aZP(:,1).^2 )/aZSP ))^2 ); 
 
end 
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R2=sprintf('%0.2f',sum(R2a)/5); 
R2HY=R2; 
if R2==1.00; 
    R2HY=0.99; 
end 
 
ZR2=sprintf('%0.2f',sum(ZR2a)/5); 
ZR2HY=ZR2; 
if ZR2==1.00; 
    ZR2HY=0.99; 
end 
 
legend({['M2, R^2=0.99' ],['M2-P, R^2=' 
num2str(ZR2HY)]},'Location','northwest','FontSize',18); 
hold off 
 
print 11_Permanent_deformation_Hyde -djpeg 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
%Shenton model 
 
figure(12) 
set(gcf, 'DefaultAxesFontName', 'Times New Roman'); 
 
hold on 
xlabel('q_{max}/\sigma_t (-)','FontSize',16,'fontWeight','bold'); 
ylabel([char(949), '_{vp}, Accumulated vert. perm. strain 
(',char(8240),')'],'FontSize',16,'fontWeight','bold'); 
 
grid on 
set(gca,'XLim',[1 2.2],'XTick',(1:0.2:2.2),'FontSize',16) 
set(gca,'YLim',[0 14],'YTick',(0:2:14),'FontSize',16) 
 
for j=1:5; 
 
aP=PP(matcumSP(1,j)+1:matCUMSP(1,j)); 
aSP=length(aP); 
aTP = zeros(size(aP)); 
for i = 1:aSP 
    if aP(i)<=0 
       aTP(i) = 0.01; 
    else 
       aTP(i) = aP(i); 
    end 
end 
ay=log10(aTP); 
 
apP=pP(matcumSP(1,j)+1:matCUMSP(1,j)); 
aqP=qP(matcumSP(1,j)+1:matCUMSP(1,j)); 
[aqPmax,aloc]=max(aqP); 
ax=log10(aqPmax./(apP-aqP)); 
 
syms A B 
 
eq1=ones(1,aSP)*(ay-A*ones(1,aSP)'-B*ax); 
eq2=ax'*(ay-A*ones(1,aSP)'-B*ax); 
 
[A,B]=solve([eq1==0,eq2==0],[A,B]); 
 
aa=10^A; 
aa=double(aa) 
ab=B; 
ab=double(ab) 
aPSH=aa*(aqPmax./(apP-aqP)).^ab; 
 
plot(aqPmax./(apP-aqP),aPSH,'-k','LineWidth',1.2); 
 
R2b(j)=1-( ( sum(aP(:,1)-aPSH(:,1)) )^2 )/( (sum( aP(:,1)-sum( aP(:,1).^2 )/aSP ))^2 ); 
 
aZP=ZP(matcumZSP(1,j)+1:matCUMZSP(1,j)); 
aZSP=length(aZP); 
aZTP = zeros(size(aZP)); 
for i = 1:aZSP 
    if aZP(i)<=0 
       aZTP(i) = 0.01; 
    else 
       aZTP(i) = aZP(i); 
    end 
end 
aZy=log10(aZTP); 
 
aZpP=ZpP(matcumZSP(1,j)+1:matCUMZSP(1,j)); 
aZqP=ZqP(matcumZSP(1,j)+1:matCUMZSP(1,j)); 
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[[aZqPmax,aZloc]=max(aZqP); 
aZx=log10(aZqPmax./(aZpP-aZqP)); 
 
syms ZA ZB 
 
eq1=ones(1,aZSP)*(aZy-ZA*ones(1,aZSP)'-ZB*aZx); 
eq2=aZx'*(aZy-ZA*ones(1,aZSP)'-ZB*aZx); 
 
[ZA,ZB]=solve([eq1==0,eq2==0],[ZA,ZB]); 
 
aZa=10^ZA; 
aZa=double(aZa); 
aZb=ZB; 
aZb=double(aZb); 
ZaPSH=aZa*(aZqPmax./(aZpP-aZqP)).^aZb; 
 
plot(aZqPmax./(aZpP-aZqP),ZaPSH,'Color',[0.75, 0, 0.75],'LineWidth',1.2); 
 
ZR2b(j)=1-( ( sum(aZP(:,1)-ZaPSH(:,1)) )^2 )/( (sum( aZP(:,1)-sum( aZP(:,1).^2 )/aZSP ))^2 ); 
 
end 
 
R2=sprintf('%0.2f',sum(R2b)/5); 
R2SH=R2; 
if R2==1.00; 
    R2SH=0.99; 
end 
 
ZR2=sprintf('%0.2f',sum(ZR2b)/5); 
ZR2SH=ZR2; 
if ZR2==1.00; 
    ZR2SH=0.99; 
end 
 
legend({['M2, R^2=' num2str(R2SH) ],['M2-P, R^2=' 
num2str(ZR2SH)]},'Location','northeast','FontSize',18); 
hold off 
 
print 12_Permanent_deformation_Shenton -djpeg 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 



 264  
 

  



 265  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Research Fellows and Colleagues,  

Department of Civil and Environmental Engineering, NTNU, Trondheim 

01/09/2017 

 

 

  



 266  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Field Test Construction Team, 

Franzefoss Pukkverk avd. Vassfjell, Heimdal 

09/05/2018 

 

 


	100696_Innmat_01_1_PhDCover.greyscaled
	100696_B5_Innmat_03_0_Dissertationtext.greyscaled


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




