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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 Norwegian Public Roads Administration is currently running the “Ferry-free coastal route
E39” project, which reduces the travel time along the Norwegian highway E39 connecting
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
standard check procedures (“strong” rocks); anyway, a considerable quantity of the rocks
having different origin does not (“weak” rocks). The materials collected and used for the
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.

The research investigates how to promote the use of the “weak™ rocks using some
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.
Repeated Triaxial Load Tests (RTLT) are used to assess the additives’ effectiveness. The results
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-based additive, respectively. The development of the layers’
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-based products can enhance the mechanical properties of the “weak” crushed rocks.
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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 fere til et overskudd av sprengt stein; disse
ubundne granulaere 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 naerheten av produksjonsstedet kan det gi en bearekraftig og kostnadseffektiv
anvendelse.

Geologien langs E39 er kartlagt: det finnes flere bergarter (eruptive, sedimentere,
metamorfe) pd de stedene hvor tunnelspregning gjennomferes. Den ndvarende normalen stiller
krav til de ubundne veilagene i forhold til Los Angeles (LA) og micro-Deval (MDE) tester.
Bergartene er hovedsakelig eruptive og oppfyller standard kontroll prosedyrer (‘“sterke”
bergarter). Uansett er en betydelig mengde bergarter preget av en annen geologisk opprinnelse
og oppfyller ikke kravene (“svake” bergarter). Materialene som samles og brukes til
undersekelsen karakteriseres ved tynnslip analyse, rentgenkrystallografi (XRD),
rentgenfluorescens (XRF) og sveipelektronmikroskop (SEM). I tillegg blir knusingsegenskaper
av granulare materialer undersekt, bade i konstruksjonsfasen og levetidsfasen til en vei.

Forskningen blir utfert pa laboratoriet med formal & finne ut hvordan man kan benytte
seg av de “svake” bergartene ved & underseke noen mulige teknikker. Den forste tiln@ermingen
er & blande de forskjellige bergartene som befinner seg pa stedet. Den andre tilneermingen er &
bruke tilsetningsstoff; to forskjellige ikke-tradisjonelle stoff benyttes: ett er polymerbasert og
ett er ligninbasert. Treaksialforsek (RTLT) brukes for & vurdere effekten av tilsetningsstoffene.
Resultatene blir tolket basert pa flere modeller som er tilgjengelige i litteratur og element-
modeller blir utviklet for & beskrive treaksialforsek og sammenligne resultatene.

Til slutt blir ytelsen til tilsetningsstoffene i felt undersekt. Tre typiske barelag blir bygd
opp og tilsatt henholdsvis vann (ingen behandling), vann og polymer basert tilsetningsstoff,
vann og ligninbasert tilsetningsstoff. Forlapet av stivhet- og deformasjonsegenskaper blir
overvaket hovedsakelig med lett fallodd (FWD). Dynamic Cone Penetrometer (DCP) og
spordannelse evaluering bidrar ogsa til 4 bedemme ytelsen pé feltet.

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

tilsetningsstoffene kan forbedre de mekaniske egenskapene av de “svake” bergartene.
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MEZ (in Chinese)

PR GBI B ATE AT “REHIEE B39 BER” AH. ZABEERFEHBTS
B FET, TEAGREETHENN, AABFLLE B39 RE&EEFS
K, AREAIABAIBRT LT H LB G, EEBBAILRIBIRRIEE E
Mg, R ARSHELT, XEBRMGHFE LI EHRIATY A EZL, R,
Frix sers LA AT EDIE SR @ R ERRE (RBELEE) |, KT8 THEMERAK
B FHE

AFF AT E39 SEAGIM R F A RATMA T, AERAAA TS E XA
(K%, RBE5TRE) GAGERTOEE, ATES TR RAETHE L
AR PR B K UR A LIRS (LA) SRk RiXE (MDE) kMK, #aH K%
RKLE, MBZRERFBEELTEIHRNA “RA” %o, GRBN, HYHKEH
B RREGHEG, ZHWEET “BR" H6. TR GHAARZETEDR LHME,
X S &% &K% (XRD) 5 X HH& R ALK (XRF) , Awsriats (SEM) & 7 M4ty
Wbk Besh, BB B AR R B RS 8 I BB G B IR F T B —
AR,

AFRARNF S BHRBEGER T ERR L AR “BR” HatyRiE, §
—FERAREE, THWREGEIAGAAN AR A4, REFFEALLELRK, F=
Tk R RF ko ALK A RATIEA G RmF . —ARRAME, —ARKA
TR, BNRMF B GHH, BT R L =X 5 RTLT), B RIF4E R0 7 2t 54 5
MAE R . KILAY2E R IR B AT Uk Loy A2 Kb iT £ b, AT R L LA TR
AR AR IR B = X ey IR R,

RE, AFRAENGZE=ZANNKEBE R RRAEZ IR R, F—%K
DHARIRR T AR BRESF RS, KyEREME, KSS5RAEL. =40
RABBFHITFHEXLRT R (WD) , AARERXEZHE L THHIE, Rt
1790 2 B H# 5T AL (DCP) B ALM) & & & B 75, A R 42 A 4E A AT Ao 7| 69 M Ak o

AMRBEIREE ARG RRIEN G, KNFmB WA S KR F L EHK
BHAE, TUAKWENRSIZ “B5R7 BB FHRE.
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RIASSUNTO (in Italian)

L’Ente Nazionale Norvegese per le Strade gestisce attualmente il progetto “Autostrada costiera
E39 libera dalle connessioni traghettuali”, lo scopo € quello di ridurre il tempo di percorrenza
lungo I’autostrada norvegese E39 che collega Trondheim a Kristiansand. Il piano prevede la
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.

La geologia presente lungo I’allineamento stradale E39 ¢ 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
ha origine ignea e soddisfa queste procedure standard di controllo (rocce “forti”); d’altro canto,
una considerevole quantita di rocce di diversa origine non ottempera a tali requisiti (rocce
“deboli”). I materiali raccolti ed utilizzati per la ricerca sono caratterizzati tramite microscopia
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.

Laricerca indaga in laboratorio come consentire I’uso delle rocce “deboli” considerando
alcune possibili tecniche. Il primo approccio ¢ mescolare opportunamente i vari tipi di rocce
disponibili in situ. Il secondo approccio ¢ applicare additivi; si esaminano due diversi tipi di
additivi non tradizionali: uno ¢ derivato da polimeri, I’altro ¢ derivato da lignina. Prove di carico
ripetuto in cella triassiale (RTLT) sono impiegate per valutare 1’efficacia degli additivi. I
risultati sono interpretati secondo equazioni disponibili in letteratura; inoltre, un modello ad
elementi finiti ¢ 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 ¢ additivo a
base polimerica, acqua e additivo a base di lignina. Lo sviluppo della rigidezza e deformazione
¢ 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 1 prodotti di stabilizzazione migliorano le proprieta meccaniche delle rocce “deboli”.
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1. INTRODUCTION

1.1. THE “FERRY-FREE COASTAL ROUTE E39” PROJECT

The Norwegian Public Roads Administration (NPRA) is currently running the “Ferry-free
coastal route E39” project, which 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
of Norway’s traditional export. 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).

Trondheim

g

;
|

Kristiansand

(a) (b)

Figure 1 Map of Norway (a) and position of E39 highway alignment (b)

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

surplus of blasted rocks.



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) (©

Figure 2 Tunnelling operations: blasting (a), transporting (b) and stockpiling (c) rocks

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; Nuifiez 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; Teknologiradet 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 ( “gjenvinning og gjenbruk skal prioriteres ut fra ressurs- og
miljohensyn [...] redusere avfallsmengdene og fremme en bedre behandling av avfall”).

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



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 20" century the Norwegian project
“Quality of aggregate products” (Kvalitet av Pukk- og Grusindustriens produkter KPG) focused
on characterizing the properties of crushed rocks compared to natural gravel (Bakleokk 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,
subbase and capping layers; furthermore, an additional “frost protection layer” can be found in

Norwagian roads, UGMs may be used in this course as well.



R WU Surface course (or wearing course) — asphalt
Binder course (or basecourse) — asphalt

I Base — asphalt, hydraulically-bound (e.g. concrete),
I or granular (often in more than one layer)

I ooy

::I Sub-base - hydraulically-bound or granular

Capping (or lower sub-base) — hydraulically-bound
or granular (only used over poor subgrade;
often in more than one layer)

Subgrade (or substrate) — soil

Figure 3 Flexible pavement structure with unbound layers highlighted (Thom 2014)

UGMs have been used in roads since the beginning of pavement infrastructure construction.
The layers composing the most important Roman roads (called vice lapidibus stratce) 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, €.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).

The Norwegian road design manual “Héndbok N200” (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 procedures (“strong” rocks); anyway, some rocks do not (“weak” rocks).
The scope of the Ph.D. research is to investigate suistainable and non-traditional stabilization
methods to improve the mechanical properties of the “weak” rocks.

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



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 m?, the specific weight of the
mountain rock is assumed to be 1.6 t/m>. Therefore, the total blasted volume is around 600 000
m? and its total weight is approximately 1-10° 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 S.

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.

Figur V1.9 Tunnelprofil T10,5 (malim)

Figure 4 Tunnel profile considered to assess the beneficial impact of using blasted rocks

(dimensions in m)



Figur C.11: Tverrprofil H9, 23 m vegbredde (mal i m)

Figure 5 Highway profile considered to assess the beneficial impact of using blasted rocks

(dimensions in m)

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 (m?) 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 (I/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.



Table 3 Price for 1 tonne of crushed rocks: use of blasted rocks vs quarry production

COSTS FROM BLASTING COSTS FROM QUARRYING
(referring to 1-10° t, then divided) (directly per tonne)
mobile crushers 1200 000 quarry price 10
two workers, 2500 h 180 000 transit, 20 km 4
fuel, 125 000 1 190 000 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
discusses rocks’ crushability. Paper III illustrates the effect of the stabilizing additives from 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).
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Paper I1 E39 alignment geology
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stabilization methods:
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FE modeling
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Figure 6 Relations between the papers and the topics discussed in the thesis



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
adopted in this research to have enough load steps also for the “weak” rocks and by this make
it easier to compare with the “strong” rocks.

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



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).

(e) 6 (€9) (h)

Figure 7 RTLT specimen preparation phases
RTLT apparatus exerts a uniform confining pressure in all the directions (o, triaxial or

confining stress) and an additional vertical dynamic stress (o4, deviatoric stress), which

stepwise increases at different levels of o:. This type of triaxial test is also referred to as “biaxial
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testing” as o2 and 63, namely the intermediate and minor principal stresses, have the same value
and correspond to o. The triaxial test comprising 62 # 63 is also referred to as “true triaxial
testing”. The RTLT apparatus performs the MS LSL loading procedure: five sequences are
associated with five different o; values (o = 20, 45, 70, 100, 150 kPa). In addition, six steps
associated to six given o4 values form each sequence (CEN 2004).

The five loading sequences and the respective loading steps according to bulk stress 0
(0 =01+ 02+ 03 =04+ 30¢; 01, 02, 03 are the principal stresses) and o4 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
medium; a hydraulic jack exerts 64 according to a sinusoidal pattern, a minimum value of 5 kPa

assures contact between the specimen end plate and the jack.

—BW—seq. ] —e—seq. 2 -#—seq. 3 =—4—seq 4 =-@—seq 5

= 700 r
[ loading step
2 600 /‘*/\
"
E’: 500
% 400
<
§ 300
E 200 -
z loading sequence
= 100
& o *
0 50 100 156\/ 200 250 300 350 400

6/3, mean stress (kPa)

Figure 8 Loading sequences for the MS LSL procedure.
2.2. RESILIENT MODULUS
The deformation response of UGMs under a loading action is often conveniently separated into
two deformation types: one resilient & (recoverable or elastic) and one permanent g, (not

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

for clarity’s sake, since commonly & >> €.
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Figure 9 Strains in UGMs during one cycle of load application (Lekarp et al. 2000a)

The resilient modulus Mr expresses the stiffness of the material. The resilient modulus
associated with a change in the dynamic deviatoric stress Gqdyn and a constant confining

pressure G is

My = ~Sddm (Eq. 01)

Erv

where &y 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 and the bulk stress 6 (Hicks and Monismith 1971)

My = ki (2) (Eq. 02)

Oa
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where o, is a reference pressure (100 kPa) and ki, k> are regression parameters. This relationship
enables a clear comparison in a two-dimensional Mg - 6 plot; due to its simplicity, this is the

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 Mg, bulk

stress 0 and deviatoric stress 6q (Uzan 1985)

Mg = kinoa (2) ™ (2)™ (Eq. 03)

Oa Oa

where o, is a reference pressure (100 kPa) and ki1, ka2, 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
consideration the octahedral shear stress instead Toct of deviatoric stress o4 in order to include

full three-dimensional conditions (Uzan and Witczak 1988)

Mg = ky110, (= )km (M)km, (Eq. 04)

U_a Oa
where o, is a reference pressure (100 kPa) and ki11, 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

13



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 deformation g, 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 = 6/3) , mean deviatoric stress q (q

= (o1 - 03)/ 2) and resilient vertical deformation &, (Gidel et al. 2001)

gpy = fi(N)f2(p, 9, &) (Eq. 05)

2.3.1. Barksdale model

Barksdale has found that the accumulation of vertical permanent strain gy is proportional to

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

€pyv = apa + bpaLog(N) , (Eq. 06)

where apa and bga 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 strain gpy is proportional to the logarithm of the number N of load cycles (Sweere

1990) as follows

Log (gpv) = asw + bsw Log(N) , (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 strain gy, mean

deviatoric stress q and triaxial stress o3 (Hyde 1974) as follows
Epy = Any —, (Eq. 08)
where apyy is a regression parameter.

2.3.4. Shenton model

Shenton model establishes a relationship between the vertical permanent strain gy, maximum

mean deviatoric stress qmax and triaxial stress 63 (Shenton 1975) as follows

max\ PSH
ey = asu (122) (Eq. 09)
where asy and bsy 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 deformation €,y 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 (apa, bsa 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 such a condition is said to “shake down”. Range C is the incremental collapse range, it defines
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.

Plastic
Creep-Limit

creasing strajn rate
at a high number of
f load cycles

/B c

Plastic Shakedown Plastic creep Incremental collapse Sirain g

sfrain rate at a

Figure 10 UGMs permanent deformation behaviour according to the shakedown approach

(Werkmeister et al. 2004)
The three ranges are identified based on the accumulation of axial permanent vertical strain rate

£v,p as shown in Table 4, being &y,p, s000 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
&vp, 5000 - Evp, 3000 < 4.5 - 107 elastic zone
4.5 - 10° < &vp, 5000 - £vp, 3000 < 4.0 - 107 elastoplastic zone
gvp>4.0 - 107 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
of friction p and the failure angle @, respectively, express the degree of mobilized shear strength

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

sinp = I (Eq. 10)

o1+ 03+2a’

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 a o-7 plot.

elastic zone

A 4

e,

Figure 11 Degrees of shear strengths according to Coulomb approach
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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
bvp<2.5-10% elastic zone
25-10%<4,,<1.0-107 elastoplastic zone
vp>1.0-107 plastic (failure) zone

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

2sinp (o3+a)

oq = ZmPLItD) (Eq. 11)

1-sinp

0y = 2sin¢ (o3+a) . (Eq. 12)

1-sin¢

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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Figure 12 Bedrock geology of southern Norway and E39 highway alignment
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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
“Svegatjorn-Radal”: tunnel connections will improve the traffic condition between Bergen and
Os (NPRA 2018). These materials are collected from Lyshorn tunnel, designed to connect the
locality of Endelausmarka (Os municipality) to Radal 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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Figure 13 Mineralogy and grain sizes of M1 (a, b), M2 (c, d), M3 (e, f) and M4 (g, h).
Mineral abbrevations: Am/amphibole, Ca/calcite, Chl/chlorite,
Ep/epidote, Fs/feldspar, Mi/mica/biotite, Pl/plagioclase laths, Q/quartz, Zo/zoisite

(optical micrographs, transmitted plane-polarized light, 1 mm scale bar)
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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 10pm
and analysed as powder preparate in the XRD diffractometer. The semi-quantitative weight

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

0% 10 % 20% 30% 40% S0% 60% 70% 80% 90% 100 %

B Quartz Feldspar B Mica & Amphibole
& Chlorite @ Epidote/Zoisite B Calcite Pyroxene

Figure 14 Bulk mineralogy of the investigated crushed rocks

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).

00% 25% 5.0% 75% 100% 125% 150% 175% 20.0% 225% 25.0%

BM] BM2 BM3 BM4

Figure 15 Spectrum of M1, M2, M3 and M4 chemical composition
(percentage of the total solid mass). Element abbreviations:
Si/silicon, Al/aluminium, Ti/titanium, Fe/iron, Mn/manganese, Mg/magnesium,

Ca/calcium, Na/sodium, K/potassium, P/phosphorus

3.1.4. Standard tests characterization

The pavement design manual “Handbok N200” (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 16 Grain size distribution limit curves for base layer

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 designated as “strong”, while materials M2 and M3 are designated as “weak” in the research.
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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.

LATERAL VIEW
M1 M2 M3

300

TOP VIEW

COMPACTION
gl B [ [P
B
0 O O
11000 NO COMPACTION
‘ 7000 ‘ 7000

Figure 18 Layout of the field test to assess rocks crushability (dimensions in mm)

25



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.

Figure 19 Main stages of the field test to assess rocks crushability
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Figure 20 Bulk density of the unbound layer before and after roller compaction

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 C,, coefficient of curvature C. and particle breakage factor Bio (Lade et al. 1996).

These parameters are defined as

Dio

¢, =2, (Eq. 13)

C. = D%, (Eq. 14)
€ DigDgo ’ q.

B =1 Digf | Ea. 1
10=1—5— (Eq. 15)

b
Dioi

where Do, D30, Deo 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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Figure 21 Sieving curves referring to pre-compaction and post-compaction action

28



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

ax> + bx? + x +d = 0, (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 C,, coefficient of curvature C. and particle breakage factor Bio. In
addition, the optimum vertical translation of the pre-compaction curve towards the post-
compaction curve is estimated with the least square methods; the value { quantifies 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.
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Figure 22 Particle breakage factor of the calculated sieving curves

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

factor as follows
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LA = a By, (Eq. 17)

Mpg = BByo, (Eq. 18)

the best fitting values for parameters a, 3 in this case are o = 0.95 and § = 0.69. The displacement
along the y-axis of the pre-compaction curve assessed with the least square method is {=-0.14
for M1, { = 6.68 for M2 and { = 7.3 for M3. The pre- 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.
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Figure 23 Sieving curves referring to pre-load and post-load action

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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Figure 24 Particle breakage factor of the sieving curves

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. Figure 25 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 (CigH37).

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).
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Figure 25 Polymer-based stabilization: siloxane linkages (a) (Ugwu et al. 2013)
and formation of hydrophobic alkyl siloxane layer (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 (Alazigha et al. 2018; Chen et al. 2014; Santoni et al. 2002; Ta’negonbadi and
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; Nalsund 2014).

Figure 26 displays the results for M1 mixed with M2 (a) and for M1 mixed with M3 (b).
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Figure 26 LA and MDE results and linear trend distributions
for mixtures made of M2 and M1 (a), M3 and M1 (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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m; m]

i mj
Mpg,ivj = Mpg,; ﬁm} + Mpg,j mi+}mj (Eq. 20)

where m;, mj are the masses and LA, LA;j, Mpk,;, Mpg;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
the code requirements and, possibly, to maximize the use of the “weak” material.

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 | water (proportion P1) and 10 kg C1 + 10 kg C2 for 200 1
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 Pl-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-0 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
changing from proportion P1 to proportion P2; the “weak” rocks performance becomes
comparable with the “strong” rocks behaviour (b). The results show 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 (CaCOs3), which does not contain silicon.
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Figure 27 M1, M2 and M3 bulk density and dry density at OMC w=5% (a),
M?2 and M3 bulk density after additive application with P1, P2 proportions (b)
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Figure 28 M1, M2 and M3 resilient modulus at OMC w=5% (a),
M?2 and M3 resilient modulus after additive application with P1, P2 proportions (b)

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

depicts the mobilized angle of friction p and the failure angle ¢ for the crushed rocks without

and with the polymer-based stabilization, the additive application enhances both the angles.
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Figure 29 Mobilized angle of friction p and failure angle ¢ of M2 (a) and M3 (b)

for untreated and additive-treated conditions

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.
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Figure 30 Coating effect provided by the polymer-based additive
assessed by standard procedures: LA test (a), MDE test (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).

@ bulk density Edry density initial after S0°C-24h after 22°C-24h

2.5 223221 2.25 222

Py (t/m?

M2 M3

(2) (b)

Figure 31 M1, M2 and M3 bulk density and dry density at w=1% (a),
M?2 and M3 bulk density after additive application (b)

Resilient modulus k-0 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 angle of friction p and
the failure angle ¢ for the crushed rocks without and with the lignin-based stabilization, the

additive application enhances both the angles.
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Figure 33 Mobilized angle of friction p and failure angle ¢ of M2 (a) and M3 (b)

for untreated and additive-treated conditions

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.
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Figure 34 Coating effect provided by the lignin-based additive
assessed by standard procedures: LA test (a), MDE test (b)

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
MBDE 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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Figure 35 MDE values after overheating M2 (b) and M3 (b)
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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).
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Figure 36 Resilient modulus according to Uzan model:

polymer-based additive (a) and lignin-based additive (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).
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Figure 37 Resilient modulus according to Uzan and Witczak model.:

polymer-based additive (a) and lignin-based additive (b)

All the models clearly show that the additive application brings to higher values of resilient
modulus Mg; 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.

41



3.5
3| [—M2,R*=0.99
—M2-L, R?=0.99

121 [T—M2, R*=0.99 /
.| [—M2-P,R=0.99 /
10

25t

0.5 - /___// .

) -

0 0.6 1.2 1.8 2.4 3 0 0.6 1.2 1.8 24 3
N, Cycle number %«10° N, Cycle number %10°

vp
S
|

¢, Accumulated vert. perm. strain (%o)
zwp, Accumulated vert. perm. strain (%o)
\
N

(a) (b)

Figure 38 Accumulated vertical permanent deformation, Barskdale model:

polymer-based additive (a) and lignin-based additive (b)

35¢1
3| M2, R*=0.99 /
—M2-L, R?>=0.99

14
12| M2, R*=0.99 /
—M2-P, R*=0.99 /

S 25t

vp
=

vp
=
\

€, Accumulated vert. perm. strain (%o)
\l\
£, Accumulated vert. perm. strain (%o)

0 0.6 1.2 1.8 2.4 3 0 0.6 1.2 1.8 2.4 3
N, Cycle number %10° N, Cycle number x10°

(a) (b)

Figure 39 Accumulated vertical permanent deformation, Sweere model.:

polymer-based additive (a) and lignin-based additive (b)

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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Figure 40 Accumulated vertical permanent deformation, Hyde model:

polymer-based additive (a) and lignin-based additive (b)

Shenton model results are displayed in Figure 41 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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Figure 41 Accumulated vertical permanent deformation, Shenton model.:

polymer-based additive (a) and lignin-based additive (b)
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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,
Poisson’s ratio 0.3 and density 2300 kg/m®). A fixed boundary constraint is applied at the

bottom.

Time=0s meshvol_spatial

mm

-50
150
100
mm

50

Figure 42 Mesh of the FEM RTLT model

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) relationships have been used by researchers to interpret the UGMs’ behaviour.

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 61-63 along y-axis and &y 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
account for the gradual increase in €,y 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

fop = Aa™, (Eq. 21)

where 4 is the creep rate coefficient and 7 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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Figure 43 Accumulated vertical permanent deformation, Tresca plasticity model:

polymer-based additive (a) and lignin-based additive (b)

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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Figure 44 Accumulated vertical permanent deformation, Von Mises plasticity model.:

polymer-based additive (a) and 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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Figure 45 Accumulated vertical permanent deformation, Shenton model:

polymer-based additive (a) and lignin-based additive (b)

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
“strong” material, in the sense that it does fulfil the design guide requirements. Arranging the

field test using a “weak” material has not been possible for practical and economic reasons,

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
(“laboratory and in-field initial”’) in Figure 46; the same figure also shows in dashed line (“in-
field final”) the grading curve attained after the mixing and compaction actions necessary for
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%.
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Figure 46 Grain size distribution curve (base layer) used in the investigations

carried out in laboratory and in field

Three 0/32 base layer sections are built, they correspond to three locations which undergo
different treatments: water use (location LO0), 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 (¢). 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

P-based additive (kg)

Location water (kg) component C1 _component C2 L-based additive (kg)
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 LO 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.

49



(@) (b) (©)

(d

Figure 47 Construction of the first 15-cm part of the base layer:
laying of the material (a), spreading water (b), spreading polymer-based additive (c),
spreading lignin-based additive (d), mixing (e) and compacting (f)

Figure 48 Construction completion of the road base sections:

with water (L0), with polymer-based additive (L1) and with lignin-based additive (L2)
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3.7.2. Measurement procedures

The main device adopted in the field to assess the additives’ effectiveness is the Light Weight
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 Erwp are evaluated. ELwp 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.

Another instrument used to evaluate the additives’ performances is the Dynamic Cone
Penetrometer (DCP), the test provides a measure of the material’s in situ resistance to
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
method to assess the additives’ performances in addition to LWD. Finally, the resistance against
permanent deformation is assessed by measuring the rutting formation due to a single vehicle’s
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/m®) is included. The liquid quantity used for location L2 has been significantly higher
than in the other two locations LO 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 LO (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 49 Bulk density (a), dry density (b) and water content (c)

for materials tested in the field after construction and after 115 days

53



(@ (b) (©

Figure 50 Surface appearance after 50 days:
untreated (a), with polymer-based additive (b) and with lignin-based additive (c)
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Figure 51 Weather conditions in the field during the first 50 days after construction:

average, minimum, maximum temperature and precipitation

Figure 52 shows the LWD results regarding the dynamic modulus Erwp (a) and the settlement
Stwp (b). During the initial 50 days after construction, the polymer-based additive brings to the
highest ELwp value (163.5 MPa) and the lowest Stwp 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 LO 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 ELwp value and 0.18 as the lowest SLwp. 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 penctrate. Some observations
regarding the lignin-based additive can be drawn: while the lignosulfonate on the outermost
part of layer is hardened forming a bonded “crust” with very few pores, the 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
lignosulfonate “droplets” reaching the surface during sunny days (c); moreover, this may also
imply that improving the ELwp values for location L2 takes a longer time. The “crust” 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 LO is the area most vulnerable to water because there are
meaningful changes in its ELwp and Scwp 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 Erwp values are 63.5
MPa for location L0, 133.7 MPa (2.1 times Erwp, Lo) for location L1 and 88.1 MPa for location
2 (1.4 times ELwp, 10).

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 LO are reported up to 4 sequences (i.e. 12 blows), because a higher number of blows is
sufficient to reach the layer’s bottom in the major part of the measurement points. Both the
treated locations L1 and L2 perform better than the untreated location LO. 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

can be connected to the “crust” effect of the lignin-based treatment previously discussed.
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Figure 52 LWD measurements results during the first 50 days after construction:

dynamic modulus Erwp (a) and settlement Sywp (D)
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Figure 53 Polymer-based additive: water poured on the top does not seem to penetrate (a);

lignin-based additive: “crust” effect (b), “droplet” effect (c) and dissolution with water (d)
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Figure 54 Average depth from layers’ surfaces with increasing number of DCP blows
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Figure 55 shows the average total number of blows necessary to reach the layers’ bottoms,
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.
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Figure 55 Average number of DCP blows necessary to reach the layers’ bottoms

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 LO, 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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Figure 56 Rutting formation: stimulating procedure (a) and measured values (b)
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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
necessary for the treated materials to exceed the untreated materials’ performance. On the other
hand, the liquids amount used in laboratory and field have led to oversaturation and “crust”

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
oversaturation and “crust” formation in field; 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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Laboratory investigation on unbound materials used in a highway with

premature damage

D. M. Barbieri & I. Hoff & H. Mork

Norwegian University of Science and Technology, Trondheim, Norway

ABSTRACT: A highway road section was built from 2004 to 2006 in the southern part of Norway. Soon after
the opening significant damage in form of alligator cracking and rutting occurred. The aim of the research
described in this paper is to characterize the behaviour of the pavement unbound layers that may have possibly

caused the issue.

Atafirst stage, a collaboration among different partners carried out field surveys and samplings in five locations

with and without visible surface damage.

At a second stage, laboratory analyses investigated the properties of the base layer and especially focused on
repeated triaxial load testing. The specimens were analysed with varying moisture content and degree of com-
paction. These laboratory tests gave significantly lower stiffness and resistance to permanent deformation for
the damaged sections; this could partly explain why distresses are more evident just on some parts of the road.

1 INTRODUCTION

The research described in this paper focuses on a
highway section situated in the southern part of Nor-
way. The new road link was built in 2004; the length
is about 17.5 km, including a bridge and several tun-
nels.

Damage in form of both alligator cracking and rut-
ting occurred soon after the opening to traffic in 2006:
a series of interconnecting cracks developed along the
wheel paths.

This type of damage is uncommon in new asphalt

pavements in Norway: excessive rutting and uneven-
ness are the typical damage sometimes seen early in
a pavement life.
A collaboration comprising NTNU (Norwegian Uni-
versity of Science and Technology), NPRA (Norwe-
gian Public Roads Administration) and the contractor
organized a field investigation in September 2014 in
five areas. Three locations had clear distresses: site I
(km 0.844), site I (km 1.195), site III (km 1.547). Al-
ligator cracking was distinctly visible and the fracture
pattern was approximately 10 x 10 cm.

Two locations had no visible distresses: site IV
(km 8.709), site V (km 9.720). Table 1 describes the
road pavement structure designed according to the
pavement design manual in use at the time (Statens
Vegvesen 1998).
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Table 1. Section designs as derived from Handbook
018. Construction of the wearing course was post-
poned.

Layer Thickness (mm) Material
wearing course 35 hot-mixed asphalt
binder course 45 hot-mixed asphalt
upper base 50 paved gravel
lower base 150 crushed rock
subbase 550 blasted rock

The aim of the research presented is to analyse the
mechanical behaviour of the unbound layers in the
pavement and highlight any possible relationships be-
tween their properties and the premature damage en-
countered. RTLT (Repeated Triaxial Load Test) was
used to characterize the materials.

2 METHODOLOGY
2.1 Material sampling

Figure 1 portrays the condition of the wearing
course related to sites I, IT, III, V.



site I (damaged)

site [II (damaged)

site V (not damaged)

Figure 1. Road surface condition of the surveyed sites.
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The ruts along the wheel paths were measured us-
ing a three-meter straightedge. The condition of the
road pavement was inspected according to a preset
excavation pattern (Figure 2).

lane

| minor excavations

Figure 2. Framework of excavation and its fulfilment.

The excavation surface was rectangular with 4 m
X 5 m in size. The asphalt layer was sawn with a dia-
mond blade and removed using an excavator. A trans-
versal excavation ca. 0.5 m deep took place in the cen-
tral area to examine both base and subbase layers.
There were also some lesser digs extending longitu-
dinally from the main excavation to compare the base
course materials along the inner and outer as well as
between the wheel-paths.

The lower base course material was so hard to dis-
place that the use of a pneumatic drill was necessary.
This action could have generated some extra fines.
However, it is believed that this did not significantly
change the grain size distribution; it is reasonable to
assume any crushing happened in the same proportion
for all the sites.

2.2 Sieving analysis

Laboratory tests enabled a more careful examination
of the materials extracted from each location, the un-
bound lower base course (crushed rock) were studied.

The sieving analysis identifies the grain sizes and
highlights possible significant discrepancies among
the five locations and the grading envelope specified
by the code Handbook 018 (also defined in EN 933-
1, CEN 2012).

2.3 RTLT (Repeated Triaxial Load Test)

RTLT is the main testing procedure used in this re-
search. It gives a comprehensive insight into the prop-
erties of the material by assessing the stiffness (resil-
ient modulus, which replaces the modulus of
elasticity to indicate the nonlinearity of the behav-
iour) and the resistance to permanent deformation.

Barksdale (1971) found that the RTLT is one of
the best methods available for laboratory simulation
of traffic loading on unbound materials. It reproduces
the stress conditions in flexible pavements more ade-
quately than other available methods like the CBR
test.

A confining pressure and a vertical load are the ac-
tions exerted on the specimen. For unbound granular



aggregates, it is often convenient to separate defor-
mations into two types: one elastic (recoverable or re-
silient) and one permanent (not recoverable or resid-
ual). Rutting is the most common damage caused by
permanent deformations.

Seed et al. (1962) and Hicks & Monismith (1971)
discussed the main factors influencing the stiffness
and the deformation for unbound materials; Lekarp et
al. (2000a, b) presented a thorough state-of-the-art of
the mechanical behaviour. They found that the resili-
ent modulus and the permanent deformation were
mainly influenced by the same factors (Uthus 2009):
mineralogy, stress level, moisture content, dry den-
sity, grading, particle size and fines content.

2.3.1 Sample preparation

Stress level, moisture content and dry density are the
input parameters used in this research to analyse the
sensitivity of the collected materials. The amount of
water in the samples varies between 3%, 5% and 7%.
A Kango 950X vibratory hammer (total weight 35 kg,
frequency 25 + 60 Hz, amplitude 5 mm) compacts the
specimen layers for 20 s or 40 s leading to different
densities. Both the mineralogy and the grading are
given.

In order to prepare the sample, the desired amount
of water is added to the testing material, which rests
for 24 h to let the moisture distribute uniformly. Five
equal layers are compacted with the vibratory ham-
mer according to the desired time. The bulk density
and dry density are assessed as specified by EN
13286-4 (CEN 2003).

All the samples have a diameter of 150 mm and
the height of the mould is 240 mm. This parameter
differs from the indication given by EN 13286-7
(CEN 2004) where the height is recommended to be
twice the diameter of the sample. Dongmo-Engeland
(2005) studied the influence of the height to diameter
ratio with respect both to resilient modulus and the
resistance against permanent deformations. It was
concluded that samples with a ratio ranging from 1:1
to 1.5:1 showed little difference.

Water is the confining medium, the triaxial cham-
ber is made of plexiglass. There is one metal plate at
each end of the specimen, two rubber membranes sur-
round it and prevent the entrance of water.

2.3.2 Loading procedure

Two and three LVDTs (Linear Variable Differential
Transducer) measure the axial and radial defor-
mations, respectively.

The code EN 13286-7 (CEN 2004) specifies dif-
ferent ways to apply the load. The multi-stage loading
procedure gathers data regarding the resistance
against permanent deformation and the resilient prop-
erties from one sample. The alternative of testing one
sample for each stress combination would be very
time consuming (Gidel et al. 2001).
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The confining medium applies a uniform constant
pressure in all directions (o, triaxial or confining
stress). The hydraulic jack exerts an additional verti-
cal dynamic stress (64, deviatoric stress), which step-
wise increases at different levels of confining stress.

The triaxial test apparatus performs the multi-stage
loading procedure in five different sequences with
different confining stresses (o, = 20, 45, 70, 100, 150
kPa). In addition, six steps form a given sequence and
each of them has a different increasing deviator stress.
Table 2 contains the five loading sequences and the
respective loading steps (combination of confining
and deviatoric stresses). The hydraulic jack applies
the deviatoric stress according to a sinusoidal pattern.
It ranges from a minimum value of 5 kPa to assure
contact between the end plate and the jack itself to the
maximum values specified in Table 2. Each load step
consists of 10,000 load pulses at 10 Hz frequency. A
loading sequence is interrupted if the axial permanent
deformation reaches 0.5%; the operator then contin-
ues with the next loading sequence.

Table 2. Loading sequences for the multi-stage low
stress procedure (data in kPa).

Seq. 1 Seq. 2 Seq. 3 Seq. 4 Seq. 5
o Ca o o4 o Ca o Oa O Ca
20| 20 [ 45| 60 | 70 | 80 | 100 | 100 | 150 | 100
20| 40 [ 45| 90 | 70 | 120 | 100 [ 150 | 150 | 200
20 | 60 | 45 | 120 [ 70 | 160 | 100 | 200 [ 150 | 300
20 | 80 [ 45 [ 150 ] 70 | 200 | 100 [ 250 | 150 | 400
20 | 100 | 45 | 180 [ 70 | 240 | 100 | 300 | 150 | 500
20 | 120 | 45 | 210 | 70 | 280 | 100 | 350 | 150 | 600
2.3.3 Interpretation of results

The resilient modulus Mr expresses the stiffness of
the material. The resilient modulus associated with a
change in the dynamic deviatoric stress o4 and a
constant confining pressure oy is:

Ao";y"

el
&

M= M
where &, is the axial resilient strain.

There are models describing the relationship be-
tween the resilient modulus and the applied stress.
The k-6 model is a well-known curve-fitting equation
based on the sum of principal stresses or bulk stress.
The k-0 model is a non-linear, stress-dependent
power function model described by Hicks & Mon-
ismith (1971). The model is given as follows in its
dimensionless form:

A
- @

MR:klo'u[

where 0 is the bulk stress sum of the principal
stresses, 0. is a reference pressure (100 kPa) and k;



and k» are model parameters assessed from the regres-
sion of the test results.

Figure 3 is a typical RTLT output. The resilient
modulus is evaluated as expressed by equation 1.

0
) a, = 150kPa
Z F‘_
é - WGF LOREEES
3™ = T0KkPa
E

4
T a,=45kPa
E 30
£ 5= 20kPa
ERR]
= n

0 10B0 20000 3000 4000 SKOM GO

N, number of load excles

Figure 3. Example of resilient modulus data obtained from a re-
peated triaxial load test.

Figure 4 portrays a distribution of the resilient
moduli obtained when using the bulk stress as the ab-
scissa. The continuous line is the general trend ob-
tained from the k-6 model (Equation 2) adopted as the
regression curve.

o m=20kPa
Dor=48 kP
4ot =T0KPa
o= 100kPa
«m= 150kPa
ko4 madel

My, resilient motulus (MPu)

0 0 am ) S0 1m0
@, bulk stress (kPa)

Figure 4. Example of a k-6 regression curve from the resilient
modulus data obtained from a repeated triaxial load test.

There are several models used to interpret the per-
manent deformation behaviour of an unbound granu-
lar material tested in a cyclic load apparatus; the
shakedown approach (Werkmeister et al. 2001) and
the Coulomb approach (Hoff et al. 2003) are two of
them. The Coulomb criterion relates the mobilized
shear strength to the development of permanent de-
formations and the maximum shear strength to fail-
ure. The mobilized angle of fiiction p and the failure
angle @, respectively, express the degree of mobilized
shear strength and the maximum shear strength. The
mobilized angle of friction is:

g — T 3)

o,toyt+2a

where o; is the maximum principal stress, 63 is the
minimum principal stress and a is the apparent attrac-
tion of the material. The angle of friction and of fail-
ure identify three different ranges of material behav-
iour: elastic, elasto-plastic and failure. The Coulomb
criterion is shown in Figure 5 in a 6-t plot.

The strain rate € is a measure of the speed of the
permanent deformation and is used as the parameter

T A

failure zone " ¥

clastic zonc

- c

Figure 5. Degrees of mobilized shear strength p and maximum
shear strength ¢: different ranges of material behaviour.

to define failure. The strain rate & here refers to the
development of permanent deformation per cycle.

Table 3 defines the two boundary lines between
the three ranges (Figure 5): each load step is catego-
rized considering the average strain rate for the last
5000 to 10,000 cycles (Hoff at al. 2003).

Table 3. Permanent strain rate values defining the
ranges of material behaviour.

Permanent strain rate Range
£<2.5-10% elastic zone
25-10%<¢<1.0-10" elasto-plastic zone
£>1.0-107 plastic (failure) zone

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

B 2sinp-(o-3+a) (4)

Gu 1-sinp

_ 2sinq0-(o-3+a) S

Ga~ 1-sing
A regression analysis is used to find the two best fit
boundary lines. As a simplification, the apparent at-
traction is interpreted to be 20 kPa for all the samples
to make comparison easier between them.

Unbound granular materials develop some perma-
nent deformations at each load step. Figure 6 shows a
typical output obtained from a RTLT. The permanent
deformation is assessed at every load step of each
load sequence. The strain rate is normally highest for
the first few pulses of loading and then decreases
gradually. There are five loading sequences corre-
sponding to five confining (triaxial) stresses. It is
quite common to have extra permanent deformation
for the first load sequence indicating that the follow-
ing sequences are influenced by the load history of
the previous steps.



a, =20 kPa
a, = 45 kPa

o= M kPa

4= 100 kPa

/ &, = 150 kPa

0000 G0
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0 10000 20000 30000 40000

N, number of load cyeles
Figure 6. Example of permanent deformation data obtained from
a repeated triaxial load test.

The limits given in Table 3 are the criteria defining
the boundaries between the different ranges accord-
ing to the Coulomb approach. The steps in the elastic,
elasto-plastic and failure range are respectively
marked by square, triangle and circle symbols.
The first load sequence is interpreted as part of the
compaction procedure of the material, thus only the
other four load sequences contribute to the assess-
ment of the boundary lines (Uthus et al. 2007). Figure
7 portrays a typical output.

600 L]
500 -
400

dg deviatoric stress (kKPa)

40 o 40 a0 10 160
a,, triaxial stress (kPa)

Figure 7. Example of permanent deformation data treatment ac-
cording to the Coulomb approach. The shapes of the points
(square, triangle, circle) stand for the deformation range. The
two boundary lines corresponds to the degree of mobilized shear
strength p and degree of maximum shear strength ¢.

3 RESULTS AND DISCUSSION
3.1 Material sampling

Table 4 lists the results obtained from the field inves-
tigations.

Table 4. Field surveys data collection.

{ h h 2
Wi 1eel(i),f:; ; depth dsphdhi L::::] er
Site | Condition layer E
) base
inner outer (mm)
(mm)
I damage 24 17 80 135
il damage 24 20 84 158
111 damage 13 13 96 123
IV_| no damage 17 15 101 95
V| no damage 15 16 94 148

3.2 Sieving analysis

The sieving test describes the grain dimensions of the
lower base relating to all the five inspected sites. The

wsite st 11 e site 11T
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sieving curves according to the standard EN 933-1
(CEN 2012) are displayed in Figure 8.

Figure 8. Sieving test of the materials.

The grain sizes for the base layer are between the
oversize and the undersize specified by Handbook
018 (Statens Vegvesen 1998) for site I, IV and V. The
grain size distribution for sites II and III is very close
to the oversize limit, and the quantity of material
smaller than 2 mm is higher than the allowed limit.
Even if these grain size distributions were somewhat
outside of requirements for some of the samples, it
was difficult to explain the difference in performance
among the five sites from these tests.

3.3 RTLT, resilient modulus

The first RTLTSs inspect the materials coming from
site I and from site IV to establish some initial com-
parisons between a damaged site and a not damaged
site. The compression time (tc) is 20 s and the water
contents are 3%, 5% and 7%. Figure 9 portrays the
dry density corresponding to each water content after
compaction.

il site | -8-site [V
24
E 23
=
Z 22
21
2 3 4 6 7 8

5
w (%)

Figure 9. Dry densities for samples coming from site I, IV; w =
3%, 5%, 7%; t. = 20 s.

Both site I and IV show a little variation in density
and the optimum water content determined from these
samples is around 5%. The field densities were not
measured.



The k-0 regression curves for site I are displayed in
Figure 10. Table 5 specifies the ki and k> parameters
corresponding to the curves.
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Figure 10. k-0 regression curves for site I; w = 3%, 5%, 7%; t. =
20s.

Table 5. Model parameters ki and ko for site I; tc = 20
s.

compaction time of 20 s. Table 7 specifies the ki and
ko parameters corresponding to the curves.

~@esite ] ~4-site ]l -a-site 1 -@-site [V -®-site V'

My, resilient modulus (MPa)
- FEEEEEZ
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Figure 12. k-6 regression curves for site I, IL I, IV, V; w= 7%;
t.=20s.

Table 7. Model parameters ki and ko for site I, II, III,
IV, Viw=7%.

The k-0 regression curves for site IV are displayed in
Figure 11. Table 6 specifies the ki and k> parameters
corresponding to the curves.

—T ——i ——a=30

My resilient madulus (VIPa)

210 C] B0 i

o
@, bulk stress (kPa)
Figure 11. k-6 regression curves for site IV; w= 3%, 5%, 7%; t.
=20s.

Table 6. Model parameters ki and k» for site IV tc =
20 s.

Site w (%) ky k>
v 7 1.5 0.7
v 5 1.2 0.5
v 3 3.1 0.5

The resilient moduli data from site I and IV show a
sensitivity to water content. Further analyses are con-
sidering just w = 7% because this is sufficient to high-
light discrepancies among the five sites; moreover,
running RTLTs with further water content values
would be quite time consuming. The specimens from
sites I and III reach the maximum permanent defor-
mation of 0.5% just after some tens of cycles. Figure
12 shows the different k-0 regression curves with

Site 1 (s) ki k2

Site w (%) ki k> 1 20 1.4 0.7
1 7 1.4 0.7 I 20 1.1 0.5

1 5 2.0 0.7 111 20 0.6 0.6

1 3 247 04 v 20 1.5 0.7
v 20 1.5 0.6

Figure 13 shows the different k-6 regression curves
with compaction time of 40 s. Table 8 specifies the
ki and k parameters corresponding to the curves.
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Figure 13. k-6 regression curves for site I, IL, III, IV, V; w= 7%;
te=40s.

Table 8. Model parameters ki and ko for site I, II, III,
IV, V; w=7%.

Site te(s) ki k2
I 40 0.9 0.8
il 40 0.8 0.4
1II 40 1.1 0.5
v 40 1,2 0.8
Vv 40 25 0.6

The stiffness values in Figure 12 and 13 underline
a significant variation in the resilient properties of the
materials. The specimens from sites II and III have
the lowest curves throughout the bulk stress range:
their resilient modulus values are almost one third of



those belonging to the other sites when tc = 20 s. The
not damaged sites IV and V always have the highest
stiffness values, the damaged site I presents high val-
ues when the compaction time is 20 s.

3.4 RTLT, permanent deformation

As specified in section 3.3, the specimens coming
from sites I and IV are tested initially with compres-
sion time (tc) of 20 s and water contents equal to 3%,
5% and 7%. The elastic limit line and the failure line
for site I are displayed in Figure 14. Table 9 specifies
the angle of mobilization p and the angle of failure ¢
corresponding to site L.

ggtese

oy, devintorie stress (kPa)

a,, triaxial stress (kPa)

Figure 14. Range boundary lines for site I; w= 7%, 5%, 3%; t.
=20s.

Table 9. Angle of mobilization p and angle of failure
o forsite I; te =20 s.

The permanent deformation data from site I and IV
also show a sensitivity to water content. Moreover,
the specimen from site IV has higher range boundary
limits than specimens from site I. As for the resilient
modulus, further analyses are performed just consid-
ering w = 7%. The specimens from sites II and III
reach the maximum permanent deformation of 0.5%
just after some tens of cycles. The analyses regarding
these two locations are not given because they reach
the failure very quickly (they would lie along the X
axis). Figure 16 shows the different range boundary
lines with compaction time of 20 s. Table 11 specifies
the corresponding angle of mobilization p and angle
of failure ¢.
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Figure 16. Range boundary lines for site I, IV, V; w = 7%; t. =
20s.

Table 11. Angle of mobilization p and angle of failure
¢ forsite LIV, Vi w =7%.

Site w (%) p(°) (%) Site 1. (s) p(°) 2(°)
1 7 32 50 1 20 32 50
1 5 59 65 v 20 53 61
1 3 66 68 \ 20 64 67

The elastic limit line and the failure line for site IV
are displayed in Figure 15. Table 10 specifies the an-
gle of mobilization p and the angle of failure ¢ corre-
sponding to site I'V.

ay, deviatoric stress (kPa)
w
H

o 40 120 160

8
4, triaxial stress (kPa)
Figure 15. Range boundary lines for site IV; w = 7%, 5%, 3%;
. =20s.

Table 10. Angle of mobilization p and angle of failure
o for site IV te = 20 s.

Figure 17 shows the different range boundary lines
with compaction time of 40 s. Table 12 specifies the
corresponding angle of mobilization p and angle of
failure ¢.
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Figure 17. Range boundary lines for site I, IV, Vi w = 7%; t. =
40 s.

Table 12. Angle of mobilization p and angle of failure
¢ forsite LIV, Vi w =7%.

Site w (%) 209 2(°) Site te(s) p(°) ()
v 7 53 61 I 40 29 48
v 5 48 58 v 40 62 66
v 3 68 71 4 40 67 70




Figures 16 and 17 show a significant variation in
the permanent deformation. The performances of
sites IV and V are similar. The angle of mobilization
from site I is approximately 50% of the corresponding
value of sites IV and V, the ratio becomes approxi-
mately 15% when considering the angle of failure.
The specimens from sites II and III reaches the 0.5%
limit very quickly and they are not reported in the
graphs.

4 CONCLUSION

This research has dealt with the road distresses which
occurred in a highway in southern part of Norway.
Five locations with and without visible damage were
chosen to survey the conditions. Laboratory tests
evaluated the properties of the unbound base layer.
Specimens from two sites contained somewhat more
material smaller than 2 mm than allowed in the design
guidelines.

The curves resulting from the k-0 regression model
highlighted that the base layers of not damaged loca-
tions were much stiffer than the ones from damaged
areas.

The permanent deformation results also under-
lined a significant discrepancy in damaged and not
damaged sites: both the angle of mobilization and of
failure from site I were lower than the respective ones
from sites IV and V. Sites II and III reached the max-
imum permanent deformation of 0.5% just after some
tens of cycles in the triaxial test apparatus.

The overall performance of the damaged sites
proved to be significantly different from the ones
which did not undergo distresses.

However, the differences in stiffness and re-
sistance against permanent deformation in the base
materials are not likely to represent the only explana-
tion for the distresses observed. The research could be
extended by inspecting more areas of the road and
testing the fatigue properties of the asphalt mix. The
estimation of the stress and strain levels for the total
structure could be a basis for deciding on the best re-
habilitation strategy.
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ABSTRACT: The Norwegian Public Roads Administration is currently running the
“Ferry-free coastal route E39” project, which reduces the travel time along the Norwegian
coast from Trondheim to Kristiansand. The plan includes the creation of several long
tunnels, which will generate a surplus of blasted rocks; these could be used in the road
unbound layers close to the place of production. The research presented here has three
goals. The first aim is to map the geology encountered along the E39 road alignment. The
second aim is to check whether the rocks fulfil the existing code requirements for road
unbound layers, defined in terms of Los Angeles and micro-Deval limit values. The third
aim is to investigate the crushing and the variation in grain size of the unbound materials
during both construction phase and service life phase. The construction stage is achieved
by a full scale testing to assess rock soundness after rolling, the service life stage is
simulated by the repetition of a specific load in the triaxial cell apparatus. The current
tunnelling operations located south of Bergen are producing blasted rocks, they adequately
represent the geology spread along the entire E39 alignment. Three types of crushed rocks
are selected and tested. The major part of the rocks excavated are suitable for direct use
in pavement unbound layers. The most significant modification in grain size distribution
curve takes place during the compaction phase for all the materials.

INTRODUCTION AND BACKGROUND

Norwegian Public Roads Administration (NPRA) is curently running the “Ferry-free
coastal route E39” project, which improves the viability along the Norwegian coast for a
total length of about 1100 km from Trondheim to Kristiansand (NPRA 2017; Dunham
2016). The project includes the building of several bridges and tunnels, while aiming for
creating a sustainable infrastructure. The extended tunnelling systems will generate a
surplus of blasted rocks. They could be used as viable substitutes for natural aggregates
in the road unbound layers close to the place of production. This is beneficial from both
economic and environmental point of views (Aatheesan et al. 2008; Arulrajah et al. 2013;
Niifiez et al. 2008; Onyango et al. 2007; Otto et al. 2015). The usage of demolition
materials in pavement applications is a sustainable option to minimise the waste while
reducing the demand for scarce quarried materials and lowering carbon footprints
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(Fladvad et al. 2017). The transport distance should be within 20 - 30 km to represent a
competitive solution (Neeb 1992).

The need for recycling and reusing materials is a topic of global interest and concern. In
Norway the production of natural aggregate has been declining since 1997, while the
production of crushed rocks has been increasing since 2003. In 2015 almost 70 million
tons of crushed rocks were produced in Norway. The average yearly aggregate
consumption per capita is 11 tons; approximately half part of this figure is used for road
construction (Erichsen and Aasly 2016).

The existing requirements for road unbound layers are connected to relatively simple tests:
the Norwegian pavement design manual N200 (NPRA 2014) sets limits in terms of sieving
curve (CEN 2012), Los Angeles (CEN 2010) and micro-Deval (CEN 2011) values. By
respecting the specified thresholds, the road should perform adequately without
encountering premature damage (Barbieri et al. 2017).

The research presented here has three goals. In the first place, the geology encountered
along the E39 road alignment is mapped, this task is essential to identify the bedrock
distribution where the tunnels are excavated. In the second place, the study investigates
whether the blasted rocks fulfil the existing requirements for road unbound layers
established by the design manual. In the third place, the crushing and variation in grain
size of unbound materials is investigated during both construction phase and service life
phase. The grain size distribution curve is closely connected to the material performance
in terms of resilient modulus and deformation (Hicks and Monismith 1971, Lekarp et al.
2000a, Lekarp et al. 2000b, Li and Selig 1994), therefore the variation in grain size largely
affects the material behaviour. Furthermore, this investigation could bring to a better
understanding between the mentioned standard tests and the behaviour of the crushed
rocks in situ.

The building site “Svegatjern-Réadal” is located south of Bergen and the current tunnelling
operations are producing blasted rocks; which adequately represent the geology spread
along the entire E39 alignment. Three types of crushed rocks (designated as material M 1,
M2, M3) are selected and tested.

METHODOLOGY
Geology and materials

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 1
displays the geology of the southern part of Norway and the alignment of E39 highway.

The highway alignment comes across different types of bedrocks. The major part of the
rocks is igneous and supracrustal of Precambrian ages (1700 - 900- 10° years); 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 geology aforementioned. Igneous and metamorphic rocks occur close to
Bergen, where various brownish and red colours stand for gabbro, diorite, anorthosite,
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granite and augen gneiss. Low grade metamorphic rocks such as phyllite occur in the
Boknafjord area close to Stavanger.

NPRA is responsible for the current operations in the construction site “Svegatjorn-
Rédal”: tunnel connections will improve the traffic condition between Bergen and Os.
Tunnels are excavated with means of explosive slurry injected by drilling jumbos. The
blasted rocks are in size up to one meter. The material is then crushed by mobile impact
crushers, sieved and stored in large areas. The blasted rocks derived from this building
site adequately represent the variety in the geology spread along the entire highway
alignment.

The materials collected come from Lyshorn tunnel, designed to connect the locality of
Endelausmarka (Os municipality) to Radal with a length of 9.3 km. Three types of rocks
are selected and tested.

- Material M 1. Mafic igneous origin, partly modified by metamorphism (amphibolite);
- Material M2. Metamorphic origin, fine-grained felsic and micaceous rocks;
- Material M3. Metamorphic origin, very fine-grained felsic and micaceous rocks.

Thin-section microscopy images of selected rock samples show mineralogy and grain
sizes (Figure 2). 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.

Standard tests for road unbound layers materials

The pavement design manual N200 (NPRA 2014) allows 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 3). The distribution curve of the subbase layer must
be within 20/120 mm. The major part of the E39 highway corresponds to traffic class F,
which is associated to a minimum of 10 million repetitions of 10-ton equivalent standard
axle load.

Materials M1, M2, M3 are tested according to the Los Angeles standard test (CEN 2010)
and the micro-Deval standard test (CEN 2011).

Modelling construction phase and service life phase
The crushed rocks behaviour is studied according to two phases: construction phase and

service life phase. These steps are respectively represented by the compaction action of a
drum roller and the repetition of a 10-ton standard axle load. The variation in grain size
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due to crushing largely affects the most important engineering properties of granular
materials in terms of resilient modulus and deformation.

The crushing of a subbase layer is investigated for this purpose. Materials M1, M2, M3
have gradation 20/120 mm.

Bomag BW 213 DH is the single steel drum roller taken into consideration for 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 3.55 kg/mm and the working width is 2.1 m. The compactor
is interpreted with a one-degree-of-freedom lumped parameter scheme (Figure 4). ma and
my are the drum and frame masses, Fc is the centrifugal force, Fs is the contact force
between drum and soil and g is the acceleration of gravity, frame inertia is neglected
(Mooney and Dietmar 2007; Yoo and Selig 1980). For the compactor considered, the
parameters are mq = 7560 kg, m¢= 1475 kg, Fc = 284 kN. The drum acceleration aq varies,
a cautious value of 3- g is considered (Gorman and Mooney 2003). The contact force Fs is
then assessed per equilibrium of forces and it is equal to 150 kN.

COMSOL software is used to simulate the two mentioned stages to assess the stress
distribution; 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).

In the former stage, the subbase is subjected to the compaction load. The layer is 300 mm
thick, 3 m wide, 0.5 m long and the drum is 2.1 m wide; the drum contact area is
rectangular. The widths are halved thanks to the symmetry of the problem (Figure 5a).

In the second stage, the subbase and the other layers of the road are subjected to the vehicle
loads, these are considered as repetitions of the 10-ton standard axle load. This
configuration is modelled by adding a base layer and a top layer, respectively 100 mm and
200 mm thick, on the previous subbase layer. The distance between the axes of the wheels
is 1.7 m and the tyre contact area is circular. The model parameters for the top layer are
Young’s modulus E=3 GPa, Poisson’s ratio v = 0.4 and density p = 2300 kg/m?. The
problem is symmetric so the widths are halved (Figure 5b).

Both subbase and base are unbound layers and their mechanical behaviour can be properly
described by a non-linear law defining the resilient modulus Mr. The k-6 model is a non-
linear, stress dependent power function (Hicks and Monismith 1971). The model is given
as follows in its dimensionless form:

k2
My = ko, (7). M
where 6 1s the bulk stress sum of the principal stresses, o, is a reference pressure (100 kPa)
and ki and k> are model parameters assessed from the regression of the test results.

Repeated Triaxial Load Test (RTLT) can define the resilient modulus parameter. The
RTLT equipment available can be used to test materials up to 30 mm in size: all the
samples are prepared according to the sieving curve reported as dashed line in Figure 3,
which corresponds to a base layer. In order to prepare a specimen, the desired amount of
water is added to the material and rests for 24 h to let the moisture distribute uniformly.
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Four equal layers are compacted with the vibratory hammer. Each material set comprises
two specimens, they have a diameter of 150 mm and height of 240 mm, the amount of
water is 1%. A Kango 950X vibratory hammer (total weight 35 kg, frequency 25 + 60 Hz,
amplitude 5 mm) is used to compact the specimen layers for 30 s. Figure 6 displays the
average bulk density for each material set (CEN 2003). RTLTs are performed according
to the multi-stage loading procedure in five different sequences with different confining
stresses (CEN 2004). Water is the confining medium and applies a uniform constant
pressure in all directions (triaxial or confining stress), a hydraulic jack exerts an additional
vertical dynamic stress (deviatoric stress), which stepwise increases at different levels of
confining stress. Two and three Linear Variable Differential Transducers (LVDTs)
measure the axial and radial deformations, respectively. Figure 7 displays the resilient
modulus curves and the values of ki, ko parameters for the three materials under
investigation.

Road construction phase

Field operations investigate the crushing of the materials M1, M2, M3: the sieving curves
referring to before and after drum roller action are compared. The crushing of a subbase
layer is studied: materials M1, M2, M3 have dimension 20/120 mm. They are placed in
three areas close to each other: each area is approximatively 7 m long, 5 m wide and 300
mm high, it is made of about 15 t of rocks. The compactor exerts its action just on one
side of the rocks (Figure 8). 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 width, 300 mm high, weighs about 200 kg and numbered from 1 to 12.

Figure 9 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 (Figure 9a), 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. A single steel drum roller then compacts one side of the placed crushed rocks
(Figure 9b). Bomag BW 213 DH accomplishes four passages as specified in the manual
code (NPRA 2014).

Figure 10 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 (Figure 9c). The rocks are collected from these portions by hand to keep the
gradation as unaltered as possible and moved into plastic bags (Figure 9d); finally, the
material is sieved. 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) or as the shift of the whole grain
size distribution curve (Hardin 1985). This research refers to coefficient of uniformity Cu,
coefficient of curvature Cc and particle breakage factor Bio (Lade et al. 1996). These
parameters are respectively defined as
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where Dio, D3o, Deo are respectively the grain diameter at 10%, 30%, 60% passing,
subscript f and i respectively stand for final and initial gradation.

Road service life phase

According to the pavement design manual N200, traffic class F entails at least 10 million
repetitions of 10-ton standard axle load (NPRA 2014). 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. These values
derive from the modelling outcomes referring to service life scenario (Figure 12d, 12e,
12f).

Two specimens are tested for each material M1, M2, M3. 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 figure is sufficient enough to highlight
discrepancies among the three materials.

TEST RESULTS AND DISCUSSION
Standard acceptance tests outcomes

Los Angeles and micro-Deval are the standard tests when it comes to accept crushed rocks
as building materials in the pavement unbound layers. Three and two specimens for each
material are respectively tested, Figure 11 displays the average results with standard
deviation.

Material M1 fulfils the code requirements, therefore it can be directly used for road
construction. Both material M2 and M3 have LA values lying close to the limit, but both
of them exceed the threshold when it comes to MDE values.

90



Stress magnitudes during construction phase and service life phase

The contact length between the drum and the soil is the remaining parameter to be defined
for modelling purposes. Figure 12 displays the vertical stress in the symmetry plane for
respectively 25 mm (a), 75 mm (b) and 125 mm (c).

The vehicle load is the 10-ton standard axle load: each wheel exerts 5 ton. Figure 12 shows
the vertical stress in the subbase plane under the wheel for different lengths of tyre contact
radius: 130 mm (d), 150 mm (e) and 170 mm (f).

The stress distributions depicted in Figure 12 refer to M1 resilient curve, as the results
connected to M2, M3 resilient curves are highly similar.

The subbase experiences the largest stresses during the compaction phase, moreover, the
roller-soil contact length has a large impact on the results regarding stress distribution.
The stress values connected to the service life phase are one order of magnitude smaller;
in addition, they are not particularly sensible to the tyre contact radius: major crushing is
expected to take place during the former stage than during the latter stage (Gupta 2016).

Crushed rocks performance during construction phase

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 13
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.

From Figure 13 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).

Figure 14 displays the increment in passing for each sieve size used in the sieve analyses;
the increment is assessed as the difference in passing values between post-compaction
curve and pre-compaction curve, divided by the passing value referring to pre-compaction
curve. The maximum increment for material M1 is 31.6 % referring to sieve size 20 mm,
both materials M2 and M3 have much higher maximum increment, respectively 83.1 %
and 64.3 % referring to sieve size 25 mm. Material M1 crushes less than the other two
materials M2 and M3 under compaction load. Each sieving curve is fitted by a third-order
equation
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ax® + bx* + cx +d = 0, 5)

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 Cy, coefficient of curvature C. and particle breakage factor
Bio.

In addition, the optimum vertical translation of the pre-compaction curve towards the post-
compaction curve is estimated with the least square methods; the value { quantifies this
translation and also contributes to evaluating the overall difference in the curve shapes.
Figure 15 displays the coefficient of uniformity, coefficient of curvature and particle
breakage factor for each material. Material M1 experiences the lesser modifications in
coefficient of uniformity and curvature, its particle breakage factor is smaller than the
values referring to M2, M3.

Itis possible to establish a relationship between the standard tests and the particle breakage
factor as follows

LA=aBy, (6)
Mpg = BBy, @]

the best fitting o, B parameters values in this case are oo = 0.95 and B = 0.69. The
displacement along the y-axis of the pre-compaction curve assessed with the least square
method is { = -0.14 for M1, { = 6.68 for M2 and { = 7.3 for M3. The pre- and post-
compaction curves for material M1 are much closer compared to the ones concerning
materials M2, M3.

Crushed rocks performance during service life phase

Specimens made of crushed rocks M1, M2, 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 16 depicts six sieving curves. The trends of pre- and post-load curves are very
similar for all the material types.

Figure 17 shows the passing values after the loading action. It generates new grain sizes
(smaller than 20 mm) with approximately the same percentage for all the materials, even
if M1 crushes less than M2, M3. Figure 18 shows the coefficient of uniformity, coefficient
of curvature and particle breakage factor. The first two parameters do not undergo
remarkable changes due to the loading action. The particle breakage factors are 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
significative crushing.
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CONCLUSIONS

The research has focused on the mechanical assessment of crushed rocks derived from
blasted rock surplus as a result of tunnel installations along E39 highway. Possible use in
the road unbound layers close to the place of production would provide a sustainable cost-
benefit application. Three material types M1, M2, M3 have been chosen to represent
adequately the bedrock geologies encountered along the entire highway alignment.
Material M1 complies with the requirements set by the pavement design manual N200 in
terms of Los Angeles and micro-Deval limit values; vice versa materials M2 and M3 do
not fulfil them. Material M1 stands for the major part of the geology encountered along
the highway, therefore there is a huge potential for the excavated rocks to be directly used
in pavement unbound layers.

The research has also investigated the ability of the three materials to withstand
compaction and trafficking while used in the unbound layers of a road structure. The
crushing process of the materials is investigated during the construction phase, achieved
by a full scale testing to assess aggregate soundness after rolling, and during service life
phase, simulated with the triaxial cell apparatus. The modelling connected to these two
scenarios highlights a remarkable difference in the stress state. The crushing is
substantially more significant in the former stage than in the latter stage for all the
materials.

Coefficient of uniformity C,, coefficient of curvature C, particle breakage factor B1o and
optimum vertical translation ¢ are the parameters selected to describe the grain size
distribution curves before and after drum roller compaction. There is a good correlation
between the crushing standard tests and the crushing taking place in situ. Moreover, two
relationships involving Los Angeles value, micro-Deval value and particle breakage factor
have been proposed. These parameters clearly show material M1 performs better than
materials M2, M3.

No significant differences in grain size have been observed due to the service life phase
loading: all the materials perform similarly in this scenario.

93



REFERENCES

Aatheesan, T. ef al. (2008). Beneficial use of brick rubble as pavement subbase material.
Advances in Transportation Geotechnics.
https://doi.org/10.1201/9780203885949.pt 10

Arulrajah, A. et al. (2013). Geotechnical and geoenvironmental properties of recycled
construction and demolition materials in pavement subbase applications. Journal of
Materials in Civil Engineering.
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000652

Barbieri, D. M. et al. (2017). Laboratory investigation on unbound materials used in a
highway with premature damage. Bearing capacity of Roads, Railways and Airfields.

CEN (2003). EN 13286-4. Unbound and hydraulically bound mixtures. Part 4: test
methods for laboratory reference density and water content. Vibrating hammer.

CEN (2004). Unbound and hydraulically bound mixtures. Part 7: cyclic load triaxial
test for unbound mixtures.

CEN (2010). EN 1097-2. Tests for mechanical and physical properties of aggregates.
Part 2: methods for the determination of resistance to fragmentation.

CEN (2011). EN 1097-1. Tests for mechanical and physical properties of aggregates.
Part 1: determination of the resistance to wear (micro-Deval).

CEN (2012). EN 933-1. Tests for geometrical properties of aggregates. Part 1:
determination of particle size distribution. Sieving method.

Dunham, K. K. (2016). Coastal highway route E39 - extreme crossings. Transportation
Research Procedia. https://doi.org/10.1016/j.trpro.2016.05.102

Erichsen, E. and Aasly, A. (2016). Mineralressurser i Norge 2015. Mineralstatistikk
og bergindustriberetning. (In Norwegian).

Fladvad, M. et al. (2017). Comparison of practice for aggregate use in road
construction - results from an international survey. Bearing Capacity of Roads,
Railways and Airfields.

Gorman, P. B. and Mooney, M. A. (2003). Monitoring roller vibration during

compaction of crushed rock. 20th International Association for Automation and
Robotic in Construction.

94



Gupta, A. K. (2016). Effects of particle size and confining pressure on breakage factor
of rockfill materials using medium triaxial test. Journal of Rock Mechanics and
Geotechnical Engineering. https://doi.org/10.1016/j.jrmge.2015.12.005

Hardin, B. O. (1985). Crushing of soil particles. Journal of Geotechnical Engineering.
https://doi.org/10.1061/(ASCE)0733-9410(1985)111:10(1177)

Hicks, R.G. and Monismith, C. L. (1971). Factors influencing the resilient response
of granular materials. Highway Research Record.

Kwon, J. et al. (2008). Aggregate base residual stresses affecting geogrid reinforced
flexible pavement response. International Journal of Pavement Engineering.
http://dx.doi.org/10.1080/10298430701582347

Lade, P. V. er al. (1996). Significance of particle crushing in granular materials.
Journal of Geotechnical Engineering.
https://doi.org/10.1061/(ASCE)0733-9410(1996)122:4(309)

Lekarp, F. et al. (2000). State of the art. I: resilient response of unbound aggregates.
Journal of Transportation Engineering.
https://doi.org/10.1061/(ASCE)0733-947X(2000)126:1(66)

Lekarp, F. et al. (2000). State of the art. II: permanent strain response of unbound
aggregates. Journal of Transportation Engineering.
https://doi.org/10.1061/(ASCE)0733-947X(2000)126:1(76)

Li, D. and Selig, E. T. (1994). Resilient modulus for fine-grained subgrade soils.
Journal of Geotechnical Engineering.
https://doi.org/10.1061/(ASCE)0733-9410(1994)120:6(939)

Mooney, M. and Dietmar, A. (2007). Vibratory roller integrated measurement of
earthwork compaction: an overview. Seventh International Symposium on Field
Measurements in Geomechanics. https://doi.org/10.1061/40940(307)80

Neeb, P. R. (1992). Byggerastoffer. (In Norwegian).

NGU (Norges Geologiske Undersgkelse, Geological Survey of Norway). Accessed 1
October 2017. http://www.ngu.no/

NPRA, Norwegian Public Roads Administration (2014). Handbok N200
Vegbygging. (In Norwegian).

95



NPRA, Norwegian Public Roads Administration (2017). The E39 Coastal Highway
Route. 10 May 2017, accessed 1 October 2017.
http://www.vegvesen.no/vegprosjekter/ferjefriE39/English

Nifiez, W. P. et al. (2008). Using unbound aggregates resulting from amethyst
mining in low volume roads. Advances in Transportation Geotechnics.
https://doi.org/10.1201/9780203885949.ch28

Onyango, M. and Busch, C. (2007). Use of naturally occurring pozzolans for road
construction in Tanzania. Transportation Research Record: Journal of the
Transportation Research Board. https://doi.org/10.3141/1989-61

Otto, A. et al. (2015). Method for increasing the use of locally available materials for
road construction in Ethiopia by allowing for climatic variations. Transportation
Research Record: Journal of the Transportation Research Board.
https://doi.org/10.3141/2474-13

Ramberg, L. B. et al. (2013). Landet blir til. (In Norwegian).

Yoo, T. S. and Selig, E. T. (1980). Dynamics of vibratory-roller compaction.
International Journal of Rock Mechanics and Mining Sciences and Geomechanics.

96



FIGURES
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FIG. 1. Bedrock geology of southern Norway and alignment of E39 highway
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FIG. 2. Mineralogy and grain sizes M1 (a, b), M2 (c,d), M3 (e,f).
Mineral abbrevations: Am/amphibole, Ca/calcite, Chl/chlorite,
Ep/epidote, Fs/feldspar, Q/quartz, Mi/mica/biotite, Zo/zoisite
(optical micrographs, transmitted plane-polarized light, 1 mm scale bar)

— lower limit ——upper lmit == -avcrage

100
90
80
70
60
50
H)
30
20
10

Percentage passing (%)

100 0.01

Sieve size (mm)

FIG. 3. Grain size distribution curve for base layer
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FIG. 5. Modelling of the subbase (a) and subbase, base, top layers (b)
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1000
—M1
800 —M2
— M3 P
600 = L Material k; k,
Ml 6378 0.52
400 M2 2816 0.66
M3 3737 0.54
200

0
0 200 400 600 800 10001200
0, Bulk stress (kPa)
FIG. 7. Resilient modulus k-6 model: curves and model parameters

M., Resilient modulus (MPa)

99



25 LATERAL VIEW e
M1 M2 M3 E
805 ¥

o faric
TOP VILW
coMpacTION | 1
g -+ O s+ O
- . e WS S W
40 Ok O O O
{000} N0 COMPACTION | H
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FIG. 9. Main stages of the field test
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101



Values (-)

S = N W oao;m

— Ml M1 post —M2pre

====M2 post —\M3 pre ====M3 post

Passing (%)

100 Sieve size (mm)

FIG. 13. Sieving curves referring to pre-compaction and post-compaction action

=Ml sM2 mM3

5
%
H
&

e
B
g
E
H
4
3
2

75 50 38 25 20 125 9 6.3 B
Sieve size (mm)

FIG. 14. Increment in passing for each sieve size after compaction

©Cupre BCu post ©Cepre 8Ce post - By
437 ) 4221
' o 120 125 g 3460
I e |
z z |
s ERE Y 7] ;
10 1 I |
0
M1 M2 M3
(a) (b) (O]

FIG. 15. Coefficient of uniformity (a), coefficient of curvature (b) and particle
breakage factor (c) of the calculated sieving curves before and after compaction
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Nanoscale Technology Enhancement of Crushed Rocks’
Mechanical Properties for Pavement Applications

ABSTRACT

The Norwegian Public Roads Administration is currently running the “Ferry-free
coastal route E39” project; this highway plan includes the creation of several long
tunnels, which will generate a surplus of blasted rocks. They could be used in the road
unbound layers close to the place of production providing a sustainable cost-benefit
application. A considerable quantity of the excavated rocks does not satisfy the
existing code requirements. Two different additive products can enhance the
mechanical properties of these “weak” rocks. One additive is polymer-based and the
other additive is lignin-based. Los Angeles tests, micro-Deval tests and repeated
triaxial load tests thoroughly evaluate the mechanical properties (resilient modulus and
permanent deformation) of two investigated “weak” rock types. Scanning electron
microscope images display the rock surfaces before and after the treatment. Additive
applications show promising positive results.

1. INTRODUCTION AND BACKGROUND

The “Ferry-free coastal route E39” project improves the viability along the Norwegian
coast from Trondheim to Kristiansand (NPRA, 2017). The project entails the creation
of an extended tunnelling system, which will generate a tremendous quantity of blasted
rocks. These rocks could be used as viable aggregates in the road unbound layers
close to the production site, which is beneficial from environmental, economical and
social points of views (Gomes Correia et al., 2016).

The Norwegian pavement design manual N200 (NPRA, 2014) sets certain
requirements regarding unbound layers pavement materials: grain size distribution
curve (CEN, 2012), Los Angeles (LA) value (CEN, 2010) and micro-Deval (MDE) value
(CEN, 2011).

The major part of the blasted rocks has igneous origin (“strong” rocks) and they could
be suitable for the application if they were produced in a quarry. Tunnel blasting
induces significant weakening of the rock from microcracks due to the high released
energy in a confined situation (Raina et al., 2000): a considerable quantity of the rocks
has metamorphic and sedimentary origin and they trespass the limit values connected
to the mentioned standard check procedures (“weak” rocks). The goal of the research
is to improve the mechanical properties of the “weak” rocks by additive application. LA
tests, MDE tests and repeated triaxial load tests (RTLTs) thoroughly evaluate the
mechanical material properties, which are resilient modulus and permanent
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deformation. Scanning electron microscope (SEM) images testify the change of the
rocks surface before and after the additive products application.

2. METHODOLOGY

2.1 GEOLOGICAL MATERIAL CHARACTERIZATION

The E39 highway alignment comes across different types of bedrocks (NGU, 2017).
The major part of the rocks has igneous origin: they mainly comprise granite,
granodiorite and granitic to dioritic gneiss; metamorphic and low-grade metamorphic
rocks occur close to Bergen and Stavanger.

Three types of crushed rocks are collected close to Bergen at Lyshorn tunnel. The
rocks are selected to properly represent the variety in the geology spread along the
entire highway alignment and they are designated as M1, M2, M3 (Barbieri et al.,
2018). Since material M1 fulfils the code requirements, this research focuses on
materials M2 and M3:

- Material M2: metamorphic origin, fine-grained felsic and micaceous rocks.
- Material M3: metamorphic origin, very fine-grained felsic and micaceous rocks.

2.2 STANDARD TESTS MATERIAL CHARACTERIZATION

Crushed rocks can be used in the road base layer as paved crushed rocks and in the
road subbase layer as unsorted crushed rocks if the LA value and the MDE value are
low enough (NPRA, 2014). The LA limit values are respectively 30 and 35 for base
layer and subbase layer, whereas 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 1). The distribution curve of the subbase layer must be within
20/120 mm. Figure 1 displays that both materials M2 and M3 have LA values lying
close to the limit, and exceed the threshold regarding MDE values: M2 and M3 are
designated as “weak” in this research.

The repeated triaxial load test (RTLT) gives a comprehensive insight into material
properties by assessing the stiffness and the resistance to permanent deformation.

—Ilower limit ——upper limit  ---average ULA wMDE

LA limit (subbuse)

40
20

Percentage passing (%)
Values (-)

=

=
H

10 Al 0.01

Sieve slize (mm) 5
Fig. 1. (left) Grain size distribution limit curves for base layer and (right) Los Angeles
and micro-Deval values of the investigated materials (Barbieri et al., 2018).

The preparation of the specimen follows a defined procedure. Firstly, 7300 g of
material are prepared according to the grading curve displayed in Figure 1.
Consequently, the desired amount of water, and additive if needed by the test, is
added. The optimum moisture content (OMC) for materials M2 and M3 is w=5% in
weight. All the samples are compacted with a vibratory hammer; they have a diameter
of 150 mm and the height varies between 170 and 190 mm.

2

108



RTLT apparatus exerts a uniform confining pressure in all the directions (o, triaxial or
confining stress) and an additional vertical dynamic stress (oq, deviatoric stress),
which stepwise increases at different levels of o. The RTLT apparatus performs the
multi-stage low stress level (MS LSL) loading procedure: five sequences are
associated with five different o values (ot = 20, 45, 70, 100, 150 kPa). In addition, six
steps associated to six given oy values form each sequence (CEN, 2004). Each load
step consists of 10 000 load pulses at 10 Hz frequency. A hydraulic jack exerts oy
according to a sinusoidal pattern, a minimum value of 5 kPa assures contact between
the specimen end plate and the jack. The resilient modulus Mg associated with a
change in the dynamic deviatoric stress 04" and constant ot is defined as follows

269
My = 24—, ©)

€a

where €2 is the axial resilient (or elastic) strain. Several non-linear relationships have
been proposed to describe Mg with reference to bulk stress 8; the following k-6
relationship is adopted in this study (Hicks and Monismith, 1971)
k.

My = koo (Z) @
where oais a reference pressure (100 kPa) and k1, k2 are regression parameters. This
study presents the accumulated permanent vertical strain as obtained from the RTLTs
as they clearly highlight the improvement in M2 and M3 performance after the additive
application. Replicate specimens are used and average results are displayed: two
samples for a MDE test (each MDE test requires a double sample in turn), three
samples for a LA test and two samples for a RTLT are considered for each testing
condition described below.

2.3 SEM MATERIAL CHARACTERIZATION

Scanning electron microscopy (SEM, Hitachi S-5500) was employed to characterize
the morphology and microstructure of the rocks without any further processing and
S(T)EM mode was used to determine the modification in surface after the polymer-
based and lignin-based additive application. Analysis with secondary electrons was
employed at an acceleration voltage of 10 kV and emission current of 10 pA while
30 kV was employed for bright field transmission mode in S(T)EM mode.

2.4 ADDITIVE PRODUCTS DESCRIPTION

Two additive products are tested in this research; one is polymer-based, the other one
is lignin-based.

The polymer-based additive is water soluble, non-leachable, and UV and 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 (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. It chemically converts the water absorbing silanol groups presented on the rocks
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surface to a 4-6 nm layer of water resistant alkyl siloxane. Components C1 and C2
impart water resistance, better lubrication for compaction and bonding action at
ambient temperature. The product is mixed at OMC and added to M2 or M3 according
to the proportion 10 kg C1 + 10 kg C2 for 200 | water; no special curing procedures
are necessary. Materials M2 and M3 enhanced performances are assessed by RTLTs.
Furthermore, the beneficial coating effect promoted by the additive is evaluated by 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.
The lignin-based additive is a product of the pulping industry. 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). The product is mixed at OMC
and added to M2 or M3; the mass percentage of additive added to the crushed rocks
is 1.5%. RTLTs assess the materials M2 and M3 enhanced performances.
Lignosulfonate needs a curing time to dry and attach properly to the material particles.
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, whereafter the
specimen is finally tested. LA and MDE tests assess the beneficial coating effect
provided by the lignosulfonate. Materials M2 and M3 are soaked with the product and
undergo the same curing procedure.

3. TEST RESULTS AND DISCUSSION
3.1 POLYMER-BASED ADDITIVE APPLICATION

RTLTs assess the stiffness and the deformation properties of the investigated
materials at OMC w=5%; the behaviour of non-treated M2 and M3 serves as a
comparison basis. Figure 2 shows the resilient moduli of M2 and M3 at OMC with and
without additive; black and magenta colours correspond to not-treated and treated
materials in the following plots, respectively.
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Fig. 2. Resilient modulus (M2, M3) before and (M2-P, M3-P) after polymer-based
additive application for (left) M2 and (right) M3.

The materials’ resilient moduli increase after the product treatment. Moreover, the
results show that the additive is slightly more effective on M2 than M3 due to the rock
geological composition, as the product performance is dependent on the quantity of
silicate minerals located on the top of the rocks’ surfaces.

Figure 3 displays the accumulated vertical permanent (plastic) strain data: the additive
entails smaller deformations.
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Fig. 3. Permanent vertical deformation (M2, M3) before and (M2-P, M3-P) after
polymer-based additive application for (left) M2 and (right) M3.

LA and MDE tests assess the coating effect provided by the additive. Figure 4 shows
that the product supplies a significant beneficial effect.

Wwithout additive i with additive Bwithout additive  © with additive
0 30.0 2.3 o}
< 30 3 £ ;g 30
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0 = 0
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Fig. 4. Coating effect provided by the polymer-based additive assessed by standard
procedures: (left) LA test and (right) MDE test.

3.2 LIGNIN-BASED ADDITIVE APPLICATION

RTLTs assess the stiffness and the deformation properties of the investigated
materials, which are mixed with 1.5% lignin in mass at OMC w=5%; the measured
water contents after the curing process are between 2% and 2.5%. The behaviour of
the non-treated materials at w=1% serves as a cautious comparison basis (Erlingsson
etal.,2017). Figure 5 shows the resilient moduli for M2 and M3 at w=1%. The materials
resilient moduli increase after the product treatment.
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Fig. 5. Resilient modulus (M2, M3) before and (M2-L, M3-L) after lignin-based additive
application for (left) M2 and (right) M3.

Figure 6 displays the accumulated vertical permanent (plastic) strain data: the additive
entails smaller deformations.
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Fig. 6. Permanent vertical deformation (M2, M3) before and (M2-L, M3-L) after lignin-
based additive application for (left) M2 and (right) M3.
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LA and MDE tests assess the coating effect when soaked with the additive. The
improvement in MDE values is not as pronounced as one would expect because lignin
is highly susceptible to running water, as in the case of MDE tests.

Ewithout additive & with additive @without additive 0 with additive
29.8

w
S

Values LA (-)
s

Values My (-)
8

0

M3

Fig. 7. Coating effect provided by the lignin-based additive assessed by standard
procedures: (left) LA test and (right) MDE test.

3.3 SEM IMAGES

Figure 8 displays SEM images of M2 (left) natural surface, change in surface after the
(middle) polymer-based and (right) lignin-based additive application. Figure 9 displays
SEM images of M3 (left) natural surface, change in surface after the (middle) polymer-
based and (right) lignin-based additive application. Both the additives modify the
material surface by coating the smaller fragmented particles, which are no longer
visible: the products’ matrices cover the crushed rocks and promote the formation of
a more homogeneous substance.

Fig. 8. Surface of material M2 (left, scale bar = 10 um) without additive, (middle, scale
bar = 10 um) with polymer-based additive and (right, scale bar = 100 um) with lignin-
based additive.
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Fig. 9. Surface of material M3 (left, scale bar = 10 um) without additive, (middle, scale
bar = 10 pm) with polymer-based additive and (right, scale bar = 10 um) with lignin-
based additive.

CONCLUSIONS

The use of nanoscale technology additives to enhance the mechanical properties of
crushed rocks shows promising results, as both the resilient modulus and vertical
permanent deformation parameters testify in this study. The rocks, which do not fulfil
the design code requirements, could be used in pavement unbound layers after
additive treatment. The following considerations may be drawn:

(1) Los Angeles (LA) tests, micro-Deval (MDE) tests and repeated triaxial load tests
(RTLTs) testify the beneficial effect of the additives.

(2) Both polymer-based additive and lignin-based additive are non-traditional
stabilization techniques. Furthermore, the tested additives are environmentally friendly
solutions.

(3) The investigated additives coat and bond the material particles together; the
polymer-based product has an immediate effect, the lignin-based product needs a
curing time.

The promising results obtained by laboratory tests and discussed in this study should
be further investigated, for instance by means of a field-test campaign.
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ABSTRACT

The “Ferry-free coastal highway route E39” project includes building several long tunnels
along the southwestern Norwegian coast. The tunnelling operations will generate a large
quantity of blasted rocks; these could be used in the road unbound layers close to the place of
production to provide a sustainable cost-benefit application. The existing design guidelines
define strength requirements for road unbound layers in terms of Los Angeles and micro-Deval
tests. Even if the major part of the rocks has igneous origin and could potentially fulfil the
standard tests, the damage induced by the confined heavy blasting makes the materials fail the
check procedures. The research investigates how to enable the use of the “weak” rocks by
investigating three possible techniques. The first approach is the mixture between the different
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.
The third approach is the attempt to modify the rocks mineralogical structure by overheating.
The research test campaign uses both the aforementioned standard tests and repeated triaxial
load tests. Rocks mixture and additives application are viable and sustainable methods to
improve the mechanical properties of the “weak” crushed metamorphic rocks.

Keywords: Stabilization, Crushed rock, Pavement unbound, Los Angeles test, Micro-Deval
test, Repeated triaxial load test.
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1 INTRODUCTION AND BACKGROUND

Norwegian Public Roads Administration (NPRA) is currently running the “Ferry-free coastal
highway route E39” project, which improves the viability along the southwestern Norwegian
coast for a total length of about 1100 km from Trondheim to Kristiansand (NPRA, 2017). The
project includes the building of several bridges and tunnels, while aiming for creating a
sustainable infrastructure. The project is crucial to regional and national development as the
industries located along the route generate about half of Norway’s traditional export (Dunham,
2016).

The extended tunnelling systems will generate a very large quantity of blasted rocks.
They could potentially be used as viable substitutes for natural aggregates in the road unbound
layers close to the place of production. Previous experience regarding the recycling strategies
of tunnel excavation materials highlighted the importance of this challenge for construction
management and economics (Burdin and Monin, 2009; Haritonovs et al., 2016; Lieb, 2009;
Resch et al., 2009).

Using the excavated geomaterials is beneficial from economic, environmental and
social points of views (Chittoori et al., 2012; Petkovic, 2005; 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; Niifiez
et al., 2008). The usage of blasted materials in pavement applications is a sustainable solution
to minimise the waste 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 and crushed rocks should be within 20 - 30 km to represent a
competitive solution compared to the purchase of quarry virgin aggregates (Berger, 1978; Neeb,
1992). Furthermore, the concern about environmentally-friendly and sustainable constructions
is becoming more and more relevant in Norway, as it pledges to become climate neutral by
2030 (Teknologiradet, 2012).

The existing strength requirements for road unbound layers are connected to relatively
simple tests: the Norwegian pavement design manual N200 (NPRA, 2014a) sets limits in terms
of grain shape (CEN, 2012a), flakiness index value (CEN, 2012b), Los Angeles (LA) value
(CEN, 2010) and micro-Deval (MDE) value (CEN, 2011). By respecting the specified
thresholds, the road is expected to perform adequately without encountering premature damage
(Barbieri et al., 2017).

The goal of the research is to explore techniques to improve the mechanical properties
of the crushed rocks not complying with the standard requirements; the aim is to enable their
use in the road unbound layers close to the place of production. This would entail savings on
the consumption of natural resources and transport reduction; thus promoting a beneficial
impact on sustainability.

The research examines mechanical and chemical treatments to make the weak materials
suitable for the application. Three types of crushed rocks are chosen and investigated. One type
meets the code requirements (“strong” rocks), while the other two do not (“weak™ rocks); XRD
diffractometer (XRD) analyses describe the mineralogy.

The first studied technique is to mix the weak rocks with the strong ones available in
situ. The second considered approach is additive application. Currently there are several
stabilization methods, i.e. cement, bitumen, lime, fly ash, gypsum (Behnood, 2018; Jiang and
Fan, 2013; Myre, 2014; NPRA, 2014b; Siripun et al., 2010). Two non-traditional stabilization
techniques are examined: one is polymer-based and the other one is lignin-based. The third
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investigated method is to overheat the rocks to check for any possible induced changes in the
mineralogical composition, which may strengthen the rocks. Both the standard tests (LA and
MDE) and Repeated Triaxial Load Tests (RTLTSs) are used to assess the materials performance.

2 METHODOLOGY
2.1 MATERIALS INVESTIGATED
2.1.1 GEOLOGICAL CHARACTERIZATION

The E39 highway alignment comes across different types of bedrocks (NGU, 2017; Ramberg
etal., 2013). The major part of the rocks is igneous and supracrustal of Precambrian ages (1700
- 900-10° 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.
Three types of crushed rocks produced by the current tunnel excavations close to Bergen are
investigated: they properly represent the variety in the geology spread along the entire highway
alignment (Barbieri et al., 2019). The three materials are denominated M1, M2 and M3, all
being mixtures of different local rocks:

- Material M 1. 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.

Batches of each material type are prepared for XRD diffractometer analyses to identify the
main mineralogical compositions according to Rietveld mineral quantification. Samples are
crushed, split, milled to 10um and analysed as powder preparate in the XRD diffractometer.
Figure 1 displays semi-quantitative weight proportions of the most abundant minerals.

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

B Quartz @Feldspar BMica BAmphibole @ Chlorite ®Epidote/Zoisite ® Calcite

Fig. 1. Bulk mineralogy of the investigated crushed rocks.
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Quartz, feldspar and amphibole are the predominant minerals in all M1, M2 and M3 mixtures
(and main constituents of amphibolites and gneisses). 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. 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.

2.1.2 STANDARD TESTS CHARACTERIZATION

The pavement design manual N200 (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 2). The distribution curve of the subbase layer must be
within 20/120 mm.

---upper limit  — -lower limit - average
X
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- o X D
S e e @
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Fig. 2. Grain size distribution limit curves for base layer.

Figure 3 displays the materials values related to LA and MDE standard check procedures.
Material M1 fulfils the code requirements. Both materials M2 and M3 have LA values lying
close to the limit, and exceed the threshold regarding MDE values. Material M1 is designated
as “strong” and materials M2 and M3 are designated as “weak” in the research.

HLA ®MDE

LA limit (subbase)

29.8 26.3

R
4

%>
ofels

RS
R

Values (-)
13
=}

0%

%
25
3

v,.,:
3
X3

293
0292

R
(R
RS

R

RSRIARRRRKE

'.v
LK
Set0%s
%%
X3

R
05
R

o’

o2els

%S
X
%

5

F—
6093
o263}
R
0%
%

o2

M2

Fig. 3. Los Angeles and micro-Deval values of investigated materials (Barbieri et al., 2019).
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2.1.3 REPEATED TRIAXIAL LOAD TEST

The Repeated Triaxial Load Test (RTLT) gives a comprehensive insight into material
properties by assessing the stiffness and the resistance to permanent deformation. RTLT is one
of the best methods available for laboratory simulation of traffic loading on unbound granular
materials (UGMs); it reproduces the stress conditions in flexible pavements more adequately
than other available methods like the CBR test (Barksdale, 1971). UGMs behaviour is
connected to the following parameters: stress level, moisture content, dry density, grading and
mineralogy, etc. (Lekarp et al., 2000a, 2000b; Uthus et al., 2007).

The preparation of the specimen follows a defined procedure. Firstly, 7300 g of material
are prepared according to the grading curve displayed in Figure 2. Consequently, the desired
amount of water, and additive if needed by the test, is added. The mixture is divided into four
parts and rests in as many impermeable bags for 24 h. The operator then compacts the four
layers inside a steel mould; the bulk density and dry density are assessed (CEN, 2003).

The optimum moisture content (OMC) evaluated for all the materials M1, M2 and M3
is w=5%. A Kango 950X vibratory hammer (total weight 35 kg, frequency 25 - 60 Hz,
amplitude 5 mm) is used to compact the layers inside the mould, the compaction time is 30 s
per layer. 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 demonstrates that samples with a ratio ranging from 1:1 to 1.5:1 show little
differences (Dongmo-Engeland, 2005).

RTLT apparatus exerts a uniform confining pressure in all the directions (g, triaxial or
confining stress) and an additional vertical dynamic stress (os, deviatoric stress), which
stepwise increases at different levels of ;. The RTLT apparatus performs the multi-stage low
stress level (MS LSL) loading procedure: five sequences are associated with five different o;
values (o; = 20, 45, 70, 100, 150 kPa). In addition, six steps associated to six given gy values
form each sequence (CEN, 2004). Figure 4 displays the five loading sequences and the
respective loading steps according to bulk stress € (6 = a; + 62 + 63 = 64 + 301 ; 61, 02, 03 are
principal stresses) and g4. Each load step consists of 10,000 load pulses at 10 Hz frequency. A
loading sequence is interrupted if the axial permanent deformation reaches 0.5%. Pressurised
water is the confining medium; a hydraulic jack exerts o4 according to a sinusoidal pattern, a
minimum value of 5 kPa assures contact between the specimen end plate and the jack.
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Fig. 4. Loading sequences for the MS LSL procedure.

The resilient modulus M associated with a change in the dynamic deviatoric stress 6" and
constant g; is defined as follows

dyn
_ A4gg

Mg = ) (1

st

where ¢ is the axial resilient strain. Several non-linear relationships have been proposed to
describe Mr with reference to bulk stress 6 (Lekarp et al., 2000a). The following k-6
relationship is adopted (Hicks and Monismith, 1971)

M = koo (2)° @)

where o, is a reference pressure (100 kPa) and &/, k2 are regression parameters. The relationship
enables a clear comparison in two-dimensional plots between the materials performances.

The permanent deformation is investigated through the Coulomb approach (Hoff et al.,
2003). The Coulomb criterion relates the mobilized shear strength to the development of
permanent deformations and the maximum shear strength to failure. The mobilized angle of
friction p and the failure angle ¢ respectively express the degree of mobilized shear strength
and the maximum shear strength. The angle of friction and the angle of failure identify three
different ranges of material behaviour: elastic, elasto-plastic and failure. The strain rate £ is a
measure of the speed of the permanent deformation; this parameter refers to the development
of permanent deformation per cycle. Table 1 defines the two boundary lines between the three
aforementioned ranges: each load step is categorised considering the average strain rate for the
cycles from 5000 to 10,000 (Hoff at al. 2003).

Permanent strain rate Range
£<25-10% elastic zone

2.5-10%<£<1.0- 107 elasto-plastic zone
£>1.0-107 plastic (failure) zone

Table 1. Permanent strain rate values defining the material range boundary lines.
The equations defining the elastic limit line and failure line are respectively
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a regression analysis is used to assess the boundary lines. As a simplification, the apparent
attraction a is assumed to be 20 kPa for all the samples (Uthus et al., 2007).

2.2 TECHNIQUES TO IMPROVE THE MECHANICAL PROPERTIES

The research investigates different approaches to improve the mechanical properties of the
“weak” metamorphic rocks, namely materials M2 and M3. Both standard tests and RTLTs
evaluate the performance related to the assessed techniques. Replicate specimens are used and
average results are estimated: two samples for a MDE test (each MDE test requires a double
sample in turn), three samples for a LA test and two samples for a RTLT are considered for
each testing condition described below.

2.2.1 MIXTURE OF THE ROCKS AVAILABLE IN SITU

The major part of the rocks spread along the highway alignment have mafic igneous origin and
are 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):
these standard procedures validate the appropriateness of the mixing approach.

2.2.2 POLYMER-BASED ADDITIVE APPLICATION

The tested polymer-based additive 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; Roco, 2003; Sobolev and Shah, 2015).

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. 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. Therefore, component C2
converts the water absorbing silanol groups presented on the rocks surface to a 4-6 nm layer of
hydrophobic alkyl siloxane. Components C1 and C2 impart water resistance, better lubrication
for compaction and bonding action bonds at ambient temperature. The existing positive
experience refers to silty and clayey soils (Daniels and Hourani, 2009; Ugwu et al., 2013),
therefore the research experiments with a new application context. The additive loses its effect
in conditions that are seldom achieved in road construction: prolonged exposure to base
(Wasserman et al., 1989) or air temperature above 200°C (Kim et al., 2003).
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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 1 water (proportion P1) and 10 kg C1 + 10
kg C2 for 200 I 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.
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.

2.2.3 LIGNIN-BASED ADDITIVE APPLICATION

The lignin-based additive (also referred to as lignosulfonate) is a renewable product of pulp
and paper 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 tons
(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 (Alazigha et al.,
2018; Chen et al., 2014; Santoni et al., 2002; Ta’negonbadi and Noorzad, 2018; Zhang et al.,
2018). As in the case for the polymer-based additive, the product application to crushed rocks
could bring to a wider acceptance of this admixture.

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. 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.

2.2.4 OVERHEATING

The temperature sensitivity of rocks is subject to the geological formation process and
mineralogical composition; they can achieve increased mechanical strength by heating (Zhang
etal., 2009). Research done on diabase shows an enhanced compressive strength after heating
at 190°C and 345°C compared to the investigation results referring to 27°C and 110°C
(Simpson and Fergus, 1968). Another study is related to drying six different rocks (marble,
limestone, granite, slate and two sandstones) with a temperature higher than 100 °C: an
irreversible average 6% increase in the compressive strength properties is attained (Obert et al.,
1946). These experiences prove that exposing the materials to high temperatures may change
the original mechanical strength. Materials M2 and M3 are conditioned at 175°C and 250°C
for 24 hours and 48 hours. After cooling down, micro-Deval standard tests are accomplished.
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3 TEST RESULTS AND DISCUSSION
3.1 MIXTURE OF THE ROCKS AVAILABLE IN SITU
Three proportions in mass (25%, 50%, 75%) of “weak” material M2 or M3 are tested in

combination with “strong” material M1. Figure 5a and Figure 5b display the results for M2 and
M3 respectively.

o 20 40 60 80 100
Mass M2 (%) Mass M3 (%)

Fig. 5. LA and MDE results and linear trend distributions
for mixtures made of M2 and M1 (a), M3 and M1 (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
mi

LA — ®

mg+m; T mig+m;

LAL'+]' = LAl

m; m;
Mz ="My Mg s
DE,i+j DE,i m+m; + DE,j my+m; .

(6)
where m;, m; are the masses and LA;, LAj, Mpk,i, Mpe, are the standard test values assessed for
materials i, j. A proper mixture of different crushed rocks types is an effective method to meet
the code requirements and, possibly, to maximize the use of the “weak” material.

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 the local specific
conditions. The mixed materials are not tested in the RTLT device, but it is reasonable to
believe that the mechanical properties show similar linear trends.

3.2 POLYMER-BASED ADDITIVE APPLICATION
RTLTs assess the stiffness and the deformation properties of the investigated materials at OMC
w=5%; the behaviour of untreated M1, M2 and M3 serves as a comparison basis. Figure 6a

displays the bulk density and dry density at OMC, Figure 6b illustrates the bulk density after
the addition of the polymer-based product according to proportions P1, P2,
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Fig. 6. M1, M2 and M3 bulk density and dry density at OMC w=5% (a),
M2 and M3 bulk density after additive application with P1, P2 proportions (b).

Resilient modulus k-6 relationships are evaluated (equation 2) through data regression, Figure
7 displays the results. Figure 7a shows the performance of M1, M2 and M3 at OMC without
additive; material M1 is stiffer than materials M2 and M3. Figure 7b illustrates the enhanced
behaviour of M2 and M3: they get stiffer and stiffer when changing from proportion P1 to
proportion P2; the “weak” rocks performance becomes comparable with the “strong” rocks
behaviour. The results show 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 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.

1000 ¢ '

m—=M3-P2

Mr 5 Resilient modulus (MPa)

M , Resilient modulus (MPa)

v )
.QN
e

0
0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600
¢ , Bulk stress (kPa) ¢, Bulk stress (kPa)

Fig. 7. M1, M2 and M3 resilient modulus at OMC w=5% (a),
M2 and M3 resilient modulus after additive application with P1, P2 proportions (b).

The additive effects also pertain to the deformation properties of the materials. Figure 8 depicts

the mobilized angle of fiiction p and the failure angle ¢ for the crushed rocks without and with
the polymer-based stabilization; the additive application enhances both the angles.
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Fig. 8. Mobilized angle of fiction p and failure angle ¢ of M2 (a) and M3 (b)
for untreated and additive-treated conditions.

Table 2 reports the k-8 model regression parameters and the values of the boundary angles.

Mitiial II(\/Iodel parameters R? Range boundary angl

1 k2 P )
M1 2994 0.59 0.99 58.4 64.9
M2 2467 0.56 0.99 57.2 65.8
M2-P1 3314 0.48 0.99 64.4 67.3
M2-P2 5206 0.65 0.99 64.6 67.8
M3 2184 0.62 0.99 58.5 65.3
M3-P1 3142 0.44 0.99 60.4 64.4
M3-P2 2576 0.78 0.99 61.6 68.0

Table 2. Regression parameters of Mz model and p, ¢ angles for M1, M2 and M3.

LA and MDE standard tests are used to assess the coating effect provided by the polymer-based
product. Figure 9 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.

Cwithout additive O with additive Bwithout additive @ with additive

30.0

SR8 R 88

Values LA (-)

o »

Figure 9. Coating effect provided by the polymer-based additive
assessed by standard procedures: LA test (a) and MDE test (b).
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3.3 LIGNIN-BASED ADDITIVE APPLICATION

RTLTSs assess the stiffness and the deformation properties of the investigated materials, which
are mixed with 1.5% lignosulfonate in mass at OMC w=5%; 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 Mg gradually reduces as w
increases (Erlingsson et al., 2017). Figure 10a displays the bulk density and dry density at
w=1%, Figure 10b illustrates the bulk density relative to the main stages of the curing process
after additive application.

Gbulk density Edry density Zinitial 2 after 50°C-24h after 22°C-24h

2.54 250 2.50
2.23 221 2.25 2.

M1 M2

Fig. 10. M1, M2 and M3 bulk density and dry density at w=1% (a),
M2 and M3 bulk density after additive application (b).

Resilient modulus k-6 relationships are evaluated (equation 2) through data regression, Figure
11 displays the results. Figure 11a shows the performance for M1, M2 and M3 at w=1%;
material M1 is stiffer than M2 and M3. Figure 11b illustrates the enhanced stiffer resilient
curves of materials M2 and M3.
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Fig. 11. M1, M2 and M3 resilient modulus at w=1% (a),
M2 and M3 resilient modulus after additive application (b).

The additive effects also pertain to the deformation properties of the materials. Figure 12

depicts the mobilized angle of friction p and the failure angle ¢ for the crushed rocks without
and with the lignin-based stabilization; the additive application enhances both the angles.

129



548

549 e M2p M2¢ —-M2Lp =—M2Lg " M3p Mig —M3Lp = -M3Lg
550 £ e Z w0
551 Mom 2= | § i
552 ,:300 /,/,’,—”’ Zwo ,—-’.—,,—”/
553 £ Lamfder™ R e pa
554 -:'i 100 = £ 10 -
555 ¢ o ¢

0 40 80 120 160 0 40 80 120 160
556 ©,, triaxial stress (kPa) ©,, triaxial stress (kPa)
557
558 Fig. 12. Mobilized angle of fiction p and failure angle ¢ of M2 (a) and M3 (b)
559 for untreated and additive-treated conditions.
560

561  Table 3 reports the k-6 model regression parameters and the values of the boundary angles.
562

Model parameters Range b dary i

Material R? =
ki k2 P [
M1 6378 0.52 0.99 62.1 67.3
M2 2816 0.66 0.99 65.4 68.9
M2-L 4530 0.52 0.99 64.4 70.3
M3 3737 0.54 0.99 64.3 69.2
M3-L 3869 0.59 0.99 65.0 70.2
563
564 Table 3. Regression parameters of Mg model and p, ¢ angles for M1, M2 and M3.
565

566 LA and MDE standard tests are used to assess the coating effect when soaked with the lignin-
567  based additive. Figure 13 shows that the product provides a beneficial effect in terms of LA
568  fragmentation; there is also a small enhancement in terms of MDE wearing. The improvement
569  in MDE values is not as pronounced as one would expect because lignosulfonate is highly
570  moisture susceptible (Santoni et al., 2002); this property is especially relevant when referring
571  to running water, as in the case of MDE test.

572
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582 Figure 13. Coating effect provided by the lignin-based additive
583 assessed by standard procedures: LA test (a) and MDE test (b).
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3.4 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. 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 (Figure 14). 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.

25 30
24 29
______________ | - *

0 R T * < . e

- P — e, v - 28 . A 3
g T ¥ e e ——— o X240 4 7 ¥ 24
H 2 S & 27 e e o
= (;. # &

21 26

20 25

100 150 200 250 100 150 200 250
Conditioning T (°C) Conditioning T (°C)

Fig. 14. MDE values after overheating M2 (b) and M3 (b).
4 CONCLUSIONS

The research investigated different approaches to improve the mechanical properties of crushed
rocks to serve as construction materials in the road unbound layers. Three types of crushed
rocks M1, M2 and M3 were tested; M1 satisfies the code requirements, while M2 and M3 do
not meet them. The following conclusions can be drawn, they could be generalized by further
testing of more materials:

(1) Both RTLTs and LA, MDE tests identify that material M1 has a better performance than
materials M2 and M3. RTLTs can also assess the beneficial effect of the additive; on the other
hand, there are no standard LA and MDE test procedures concerning an additive application.

(2) 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.

(3) Both polymer-based additive and lignin-based additive are non-traditional stabilization
approaches to improve the mechanical properties of crushed rocks and enable their use in the
pavement unbound layers.

(4) The investigated additives coat and bond the material particles closely together; the
polymer-based product has a rapid effect, the lignin-based product needs a curing time. The
effect of the polymer-based additive is dependent on the silicate content presented on the rocks

15
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surface. The lignin-based additive application may need to consider the environmental
conditions, as it is water susceptible.

(5) The attained overheating procedure does not produce a substantial improvement in the
materials performance.
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THE COASTAL HIGHWAY ROUTE E39

SMART USE OF LOCAL MATERIALS
FOR ROAD CONSTRUCTION
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EDUCING THE CONSTRUCTION COSTS OF THE ROAD PAVEMEN

The construction plan of the new E39 highway improves the viability Beneficial goals:

1 9,
along the Norwegian coast for a total length of about 1100 km. The -
infrastructure connects Trondheim to Kristiansand (Fig. 1) linking the | | = smart use of environmental resources
major coastal cities. \‘ => reduce time of material transport

= better economy of the system

LABORATORY TESTING: repeated load triaxial test

Stiffness, resilient modulus and resistance to permanent deformation.
Behaviour under repeated loads for different stress state, moisture
content and density variation (Fig. 4).

Fig. 1. E39 highway plan'

The extended tunnelling system (Fig. 2a) is an important part of the
infrastructure: the excavations will generate a surplus of blasted rocks
(Fig. 2b).

Fig. 4b. Triaxial test results"
Fig. 4a. Triaxial test apparatus

FIELD TESTING: static plate load test (SPLT)

Characterize the stiffness of the subgrade (Fig. 5).

V=04 E-?

Fig. 5b. SPLT layout testing"

Fig. 2b. Blasted rocks'

Fig. 2a. Tunnel excavation

. £
Is it possible to take of these in p it Fig. 5a. SPLT apparatus
structures close to the place of production?

0

NUMERICAL ANALYSES: FEM modelling

Is it possible to adjust the design of layer thicknesses and
construction methods to enable the local use of these materials? FEM models (Fig. 6) to compare laboratory and field test results.

Today the pavement design manual sets certain requirements for L] £
flexible pavement layers. Different thicknesses of base and subbase i
(pavement unbound layers) could be adjusted taking into consideration
the different types of rock geology crossed by the highway (Fig. 3).

A
Fig. 6. Example of 3D model of the soil

s SHEE | wearing course
Rz i | binder course CREDITS
bas course

|. Statens Vegvesen; http://www.vegvesen.no/
Il. Yang H., Pavement analysis and design, 1997
111 lowa State University; http://www.ctre.iastate.edu/

p— ViaNordica @NTNU %

Norwegian University ol
Science and Technology Statens vegvesen

| subbase course

Ii
Fig. 3. Flexible pavement structure 2016
with unbound layers in evidence

Via Nordica
8-10 June 2016, Trondheim, Norway
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THE COASTAL HIGHWAY ROUTE E39

Laboratory investigation on unbound materials
used in a highway with premature damage

Diego Maria Barbieri, Ph.D. candidate, NTNU diego.barbieri@ntnu.no
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Helge Mork, Associate Professor, NTNU helge.mork@ntnu.no

The research focuses on a highway section situated in the southern part of
Norway. The new road link was built in 2004; the length is about 17.5 km,
including a bridge and several tunnels. Damage in form of both alligator
cracking and rutting occurred soon after the opening to traffic in 2006: a
series of interconnecting cracks developed along the wheel paths. A
collaboration comprising Norwegian University of Science and Technology
(NTNU), Norwcgian Public Roads Administration (NPRA) and the
contractor organized a field investigation at five areas. Three locations had
clear distresses (Figure 1): site I, site II, site IIl. Two locations had no
visible distresses: site IV, site V.

Site T
Figure 1. Investigated sites with visible distresses.

Site Il

The condition of the road pavement was further inspected according to a
pre-set excavation patiern of rectangular size 4 m x 5 m (Figure 2).

In the wiaxial cell the conflining medium applies a uniform constant
pressure in all the directions (q)); the hydraulic jack exerts an additional
sinusoidal vertical dynamic stress (o). which stepwise increases at
different levels of confining stress (multistage loading procedure, EN
13286-7 2004). The results showed here just consider w = 7% because that
is sufficient to denote discrepancies in the behaviour among the five sites.
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Figure 2. Excavation pattern and fulfillment. mobilized shear strength. :’i’ i
The thickness of each layer was measured and compared to the limits s 5 p = & =
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Table 1. Thickness values of HMA top layer and lower base layer.

The unbound lower base course made of crushed rock was investigated.
The grain size distribution for sites 11 and 11 is very close to the upper
limit specified by Handbook 018, moreover the quantity of material smaller
than 2 mm is a little higher than the allowed limit (Figure 3).
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EREN) e V

k
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Sieve size (mm)

Figure 3. Sieve analysis of the lower base layer.

Repeated Triaxial Load Tests (RTLT) enables a more careful examination
of the materials. The amount of water in the samples varies between 3%,
5% and 7%. A vibratory hammer compacts the specimen layers fort, =20 s
or t, = 40 s leading to different density values.

deformation limit in the RTLT.  w = 7%; 1. = 20 s (top) and 40 s (bottom).

The research highlights differences between the areas having visible
damage and the areas not having visible damage.

<+ Grading curve: the damaged sites are much closer to the code limits,
site 11 and 11T partly exceed the upper limit for material smaller than 2 mm;
< Stiffness: the resilient modulus k-8 regression curves denote that the
damaged sites are less stiff than the not damaged ones;

< Permanent deformation: site I has range boundary limits which are
significantly lower than those referring to sites IV and V.

This could partly explain the observed damage; other factors could also
have contributed, ¢.g. weak design compared to the real traffic situation.
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FINDING A METHOD TO USE CRUSHED ROCKS: FROM THE TUNNEL TO TH

PAVEMEN

The aim of the research is to find a method to enable the use
of crushed rocks not satisfying the current requirements
in the E39 highway pavement.

Different approaches are now under investigation:

MIXING CRUSHED ROCKS

The construction plan of the new E39 highway
improves the viability along the Norwegian
coast for a total length of about 1100 km.

Mixing strong and weak crushed rocks in order to get the right resource.

The project includes
the building of several bridges and tunnels,
# while aiming for creating a sustainable infrastructure.

The extended tunnelling system Granite and diorite Mica schist

will generate a surplus of blasted rocks.

USE THE WEAK MATERIAL IN A BIGGER SIZE

The construction phase can be the most damaging during the road life:

the weak material experiences more crushing than the strong one, the

former can be used in bigger size.

the major part of the bedrock encountered
is igneous rocks

(strong rocks — pink and red)’:

granite and granodiorite

granitic and dioritic gneiss
Compacting the different materials with the same procedure

+ some areas show lesser incidence

of metamorphic rocks
(weak rocks — green)’:

ADDITTIVE STABILIZATION

Polymeric emulsion coating
could enhance properties:

mica schist i
resilient modulus
and permanent deformation
could be improved.
> Isit possible to take advantage of these materials Aggregate surface silicate structure reaction

in the unbound layers of the pavement structure
close to the place of production? GEOGRID
Tm:Jay thevpavement deslgf\ manual N200 7 Geogrids could improve shear transfer { /L\-\
sets certain req for flexible p: layers . (lateral confinement) and reduce el B

L aad
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THE COASTAL HIGHWAY ROUTE E39

USE OF LOCAL MATERIALS FOR ROAD CONSTRUCTION
P EEEIE 5 ARy A i H

FINDING A METHOD TO USE CRUSHED ROCKS: FROM THE TUNNEL TO THE PAVEMENT

~ | = smart use of environmental resources
= reduce time of material transport
=> better economy of the system

LR} %Y
The construction plan of the new E39 highway
improves the viability along the Norwegian coast
for a total length of about 1100 km.

The project includes
the building of several bridges and tunnels,
while aiming for creating a sustainable infrastructure.

~

The extended tunnelling system
will generate a surplus of blasted rocks.

the major part of the bedrock encountered «  some areas show lesser incidence

is igneous rocks of metamorphic rocks
(strong rocks — pink and red): (weak rocks — green):

» Isit possible to take advantage of these materials
in the unbound layers of the pavement structure
close to the place of production?

Today the pavement design manual N200
sets certain requirements for flexible pavement layers.

The igneous material satisfies these requirements.

» How is it possible to enable
the use of the weak material as well?

A S

@ NTNU
s ntnu'no Faculty of Engineering %
(=5 : A . -
EVE  diego.barbieri@ntnu.no

Teknologidagene
23-26 October 2017, Trondheim, Norway
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APPENDIX B
EXAMPLE OF MATLAB SCRIPT TO ASSESS RESILIENT MODULUS
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%RESILIENT MODULUS

clc
clear
close all

%Input.txt files (---> data in kPa)

Toad M2.txt;
load zM2.txt;

X=M2(:,1);
Y=M2(:,3);
Z=M2(:,2);
T=(X-Y.

% measured bulk stress, kpPa

% measured deviatoric stress, kpa
% measured resilient modulus, kPa
% measured triaxial stress, kPa

TAU= sq%é( (2/3) * ( -2*T.*(Y4T) - T.A2 + (1/3)*X.A2 ));

ZX=zM2(:,1);
zv=zM2(:,3);
7z=2M2(:,2);
ZT=(ZX-ZY

% measured octahedral stress, kPa

% measured bulk stress, kpPa

% measured deviatoric stress, kPa
% measured resilient modulus, kPa
% measured triaxial stress, kPa

31
ZTAU=sqrt( (2/3) * ( -2*ZT.*(ZY+ZT) - ZT.A2 + (1/3)*ZX.A2 ))

sigmaa=100;

% measured octahedral stress, kpa

% reference stress, kPa

Cthetabmax=1200;
Csigmadmax=600;
Ctaumax=600;
Cdeltathetab=25;
Cdeltasigmad=25;
Cdeltatau=25;

Pthetabmax=1000;
Ps1gmadmax=600;
Ptaumax=600;
Pmodresmax=1000;
Pdeltathetab=200;
Pdeltasigmad=100;
Pdeltatau=100;
Pdeltamodres=200;

thetab=(0:Cdeltathetab:Cthetabmax)';
sigmad=(0:Cdeltasigmad:Csigmadmax)';
taurange=(0:Cdeltatau:Ctaumax)';

% max bulk stress for computation, kPa

% max deviatoric stress for computation, kPa
% max octahedral stress for computation, kPa
% delta bulk stress for computation, kPa

% delta deviatoric stress for computation, kPa
% delta octahedral stress for computation, kPa

% max bulk stress for plot, kPa

% max deviatoric stress for plot, kPa
% max octahedral stress for plot, kPa
% max resilient modulus for plot, MPa
% delta bulk stress for plot, kPa

% delta deviatoric stress for plot, kPa
% delta octahedral stress for plot, kPa
% delta resilient modulus for plot, MPa

x=10910(X/sigmaa) ;
y=10g10(Y/sigmaa) ;
tau=10g10(TAU/sigmaa) ;
z=10g10(2);

xdim=length(x);
ydim=length(y);
zdim=length(z);

Zx_1oglogzx/s1gmaa3
Zy=10910(zZY/sigmaa
Ztau= oglO(ZTAU/s1gmaa);
zz=10910(z2);

zxdim=1ength(zx) ;
Zyd1m_1engthEZy3
Zzdim=1ength

2z

%Experimental data, 2D
figure(1l)

set(gcf, 'DefaultAxesFontName', 'Times New Roman');

hold on
scatter(X,Zz./1000,10, k')

scatter(zx zz. /1000 10 'Markeredgecolor',[0.75, 0, 0.75])

hold o
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x1abe1( \theta , Bulk stress (kra)', 'FontS1ze 16 'fontwe1ght' 'bo1d');
¥ MLr , Res111ent modu1us (MPa) , "Fontsize' ,16, fontwe1ght 'bold");
egend({ M2','M2-P'}, "Location’, northeast','FontS1ze ,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); i

set(ggg 'DefaultAxesFontName', 'Times New Roman');
az = i

el =

v1ew(az, el);

hold on

scatter3(Y,X,z./1000,10, 'k')

ﬁc?gte¥3(ZY zx zz. /1000 10, MarkerEdgecoTor ,[0.75, 0, 0.751);
(o]

xlabel('\sigma_d , Deviatoric stress (krPa)', 'FontS1ze ,16, 'fontwe1?ht ,'bold");
ylabel('\theta , Bulk stress (kPa)', 'FontS1ze 16 fontWe1ght' 'bold

zlabel('M_r , Res111ent modu1us (MPa)' FontS1ze ,16, fontWe1ght' 'bo1d Dk
Tegend({'M2','M2-P'}, "Location’, "northeast' D "FontSize' ,18);

grid on

set(gca, 'XLim', [0 600] XT1ck"(0 100:600), FontS1ze 16)
set(gca,'yLim', [0 1oooj 'YTick', (0:200: 000) FontS1ze ,16)
set(gca,'zLim', [0 7000], ZTick', (0:1000: 7000) 'FontSize',16)

print 02_Resilient_modulus__data_3D -djpeg

%H1cks&Monismith model
syms a b

eql=ones(1,xdim)*(z- a*ones(l xdim) '-b*x) ;
eq2=x"*(z- a*ones(l xdim) '-b*x);

[a,b]=solve([eql==0,eq2==0], [a,b]);

kl=double(10A(a-1ogl0(sigmaa)));
k2=double(b);

syms Za zb

eql=ones(1,zxdim)*(Zz-za*ones(1,zxdim) '-zb*zx) ;
eq2=2zx"'*(Zz-za*ones(1,2Zxdim) '-zb*zx) ;

[za,zb]=solve([eql==0,eq2==0],[Za,zb]);

Zk1l=double (10A(Za-T1ogl0(sigmaa)));
Zk2= doub1eE Zb); 9 g

HMk=[k1l k2 zkl zk2]

MrHM=k1*sigmaa*(thetab/sigmaa) . Ak2/1000; %MPa
ZMrHM=zk1*sigmaa* (thetab/sigmaa) . AZk2/1000 %MPa

figure(3);

set(gcf, 'DefaultAxesFontName', 'Times New Roman');

hold on

plot(thetab,MrHM, 'k', 'Linewidth',1);
1?§(t2$tab,ZMrHM,'co1or',[0.75, 0, 0.75], 'Linewidth',1);
old o

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(1)=z(i)A2;
end

SAVE=sum(AVE) ;

for i=1l:xdim
RSS(1)=(Z(i)-k1*sigmaa* (X(i)/sigmaa) .Ak2)A2;
TSS(i)=(zZ(i)-SAVE/xdim)A2;

end

R2=1-sum(RSS) /sum(TSS) ;

for i=1:Zxdim
ZAVE(i)=2Z(i)A2;

end

ZSAVE=sum(ZAVE) ;

for i=1:Zxdim
ZRSS(1)=(zz(1)-zk1l*sigmaa* (zx(i)/sigmaa) .Azk2)A2;
ZTSS(i)=(22 (i) -ZSAVE/Zxdim)A2;

end

ZR2=1-sum(ZRSS) /sum(ZTSS) ;

Tegend({'M2, RA2= 0.99','M2-P, RA2= 0.99'},'Location’', 'northeast', 'FontSize',18);

print 03_Resilient_modulus_Hicks&onismith -djpeg

%Uzan model
syms a b c

eql=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([eql==0,eq2==0,eq3==0], [a,b,c]);

kkl=double(10A(a-10g10(sigmaa)));
kk2=double(b) ;
kk3=double(c);

syms Za zb Zc

eq1=onesEl,Zxdim)*(Zz—Za*qnes(l zxdim) '-zb*zx-zc*zy) ;
eq2=zx'* Zz—Za*ones(l,Zxd1m)'—Zﬁ*zx—Zc*Zy);
eq3=2y'*(Zz-za*ones(1,2zxdim) '-zb*zZx-zc*zy) ;

[za,zb,zc]=solve([eql==0,eq2==0,eq3==0], [za,zb,zc]);

Zkkl=double(10A(Za-10g1l0(sigmaa 8
Zkk2=doub1eEZ g PRI
Zkk3=double(zc) ;

Uzkk=[kkl kk2 kk3 zkkl zkk2 zkk3]

Mruz=kk1*sigmaa*((thetab/sigmaa).Akkza*((si mad/sigmaa) ' .Akk3) /1000; % MPa
ZMruz=zkkl*sigmaa* ((thetab/sigmaa) .Az kZ)*(%sigmad/sigmaa)'.AZ k3)/1000; % MPa

figure$4)i

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 O 0], 'Linewidth',0.3);
Zss = surf(XX,YY,zMmruz, 'FaceAlpha',0.5, 'Edgecolor',[0.75, O, 0.75], 'Facecolor',[0.75, O,
g.%g],;#inewidth',0.7);

old o

xlabel('\sigma_d , Deviatoric stress (kPa)','Fontsize',16,'fontwei?ht','bo1d');
ylabel('\theta , Bulk stress (kPa)','FontSize',16,'fontweight"','bold"');
zlabel('M_r , Resilient modulus (MPa)', 'Fontsize',16,'fontwWeight', '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(1)=z(i)A2;
en

SAVE=sum(AVE) ;
for i=1:xdim
RSS(i):(Z(i)—kkl*sigmaa* ((X(i)/sigmaa) .Akk2) * ((CY(i)/sigmaa)'.Akk3) )A2;
T5S(1)=(Z(i)-SAVE/xdim)A2;
en
R2=1-sum(RSS) /sum(TSS) ;
for i=1l:Zxdim
ZAVE(i)=2Z(i)A2;
end
ZSAVE=sum(ZAVE) ;
for i=1l:Zxdim
ZRSS(1)=(zZz(1)-zkkl*sigmaa* ((zX(1)/sigmaa).Azkk2) * ((zY(i)/sigmaa)'.Azkk3) )A2;
g ZTSS(i)=(2z (i) -ZSAVE/Zxdim)A2;
en
ZR2=1-sum(ZRSS) /sum(ZTSS) ;

Tegend({'M2, RA2= 0.99','M2-P, RA2= 0.99'},'Location’', 'northeast', 'FontSize',18);

print 04_Resilient_modulus_Uzan -djpeg

%Uzan&Witczak model
syms a b c

eql=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([eql==0,eq2==0,eq3==0], [a,b,c]);

kkkl=double(10A(a-logl0(sigmaa)));
kkk2=doub1eEbg;
kkk3=double(c

syms Za zb zc

eql=ones(1,zxdim)*(Zz- Za*ones(l,zxdim)'—Zb*Zx—Zc*Ztau);
eq2= Zx'*EZz Za*onesgl Zxd1m; Zb*ZX—ZC*Ztau;;
eq3=zy'*(Zz-za*ones(1,2Zxdim) '-zb*Zx-zZc*Ztau);

[za,zb,zc]=solve([eql==0,eq2==0,eq3==0], [za,zb,zc]);

Zkkkl—doub1e(10A(Za Tlogl0(sigmaa)));
Zkkk2= doub1eE Zb
Zkkk3=double(zc);

Uwkkk=[kkkl kkk2 kkk3 zkkkl zkkk2 zkkk3]

Mruw=kkk1*sigmaa* ((thetab/sigmaa) . Akkk2)* ((taurange/sigmaa) ' .Akkk3)/1000; % MPa
ZMruw=zkkk1*sigmaa* ((thetab/sigmaa) .Azkkk2)* ((taurange/sigmaa) ' .Azkkk3)/1000; % MPa

figure(S);

set(gcf, 'DefaultAxesFontName', 'Times New Roman');
[xX, YY]—meshgr1d(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 O

o], L1neW1dth' 3);

Zsss = surf(XX YY ZMrUW 'FaceAlpha’,0.5, '"Edgecolor',[0.75, 0, 0.75], 'Facecolor',[0.75, O,
v %g],fk1neW1dth ,0.7

old o

xlabel('\tau_{oct} , Octahedral stress (kpPa)', FontS1ze ,16, 'fontwe1ght' 'bo1d");
ylabel('\theta , Bulk stress (kpa) ', 'FontS1ze 16 fontWe1ght' 'bold
zlabel('M_r , Resilient modulus (MPa)' "Fontsize' ,16, fontWe1ght' 'bo1d Dk

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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set(gca,'zLim', [0 Pmodresmax],'zTick', (0:Pdeltamodres:Pmodresmax),'FontSize',16)
%coefficient of determination
for i=1:xdim
AVE(i)=z(i)A2;
end
SAVE=sum(AVE) ;
for i=1:xdim
RSS(i)=(z(i)-kkkl*sigmaa* ((X(i)/sigmaa).Akkk2) * ((TAU(i)/sigmaa)'.Akkk3) )A2;
TSS(i)=(z(i)-SAVE/xdim)A2;
end
R2=1-sum(RSS) /sum(TSS) ;
for i=1l:Zxdim
ZAVE(i)=2z(i)A2;
end
ZSAVE=sum(ZAVE) ;
for i=1l:Zxdim
ZRSS(1)=(zz(1)-zkkkl*sigmaa* ((zxX(i)/sigmaa).Azkkk2) * ((ZTAU(i)/sigmaa)’'.Azkk3) )A2;
Z1SS(1)=(ZZ(i)-ZSAVE/Zxdim)A2;
end
ZR2=1-sum(ZRSS) /sum(ZTSS) ;
Tegend({'M2, RA2= 0.99','M2-P, RA2= 0.99'},'Location’', "northeast', 'FontSize',18);

print 05_Resilient_modulus_Uzan&witczak -djpeg
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APPENDIX C
EXAMPLE OF MATLAB SCRIPT TO ASSESS PERMANENT VERTICAL STRAIN
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%PERMANENT VERTICAL STRAIN

clc
clear
close all

SRR GRRIER T SR T T ST S S Yo T R T ST S K KT ST 6 ST T BT ST T B T s KT YT S 1 4
%Input.txt files (---> data in kPa)

load M2_11.txt;
load M2_12.txt;
load M2_13.txt;
Toad M2_14.txt;
load M2_15.txt;
Tload M2_16.txt;

load M2_21.txt;
load M2_22.txt;
Toad M2_23.txt;
load M2_24.txt;
load M2_25.txt;
Tload 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;

Toad 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;
Tload M2_56.txt;

load zmM2_11.txt;
load zM2_12.txt;
load zM2_13. txt;
load zmM2_14.txt;
load zM2_15. txt;
load zM2_16.txt;

load zM2_21.txt;
load zM2_22.txt;
load zmM2_23.txt;
load zZM2_24.txt;
load zM2_25. txt;
Toad 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;

Toad zM2_41.txt;
load zZM2_42.txt;
load zZM2_43.txt;
load zM2_44.txt;
load ZM2_45.txt;
load ZM2_46.txt;

load zM2_51. txt;
load zZM2_52.txt;
load zm2_53. txt;
load ZM2_54.txt;
load zZM2_55. txt;
Toad zM2_56. txt;

Toad AM2_TR_HM. txt;
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M2TRHM=AM2_TR_HM(:,4);
Toad AM2_TR_UZ.txt;
M2TRUZ=AM2_TR_UZ(:,4);
Toad AM2_TR_UW.txt;
M2TRUW=AM2_TR_UW(:,4);
Toad AM2_VM_HM. txt;
M2VMHM=AM2_VM_HM(: ,4);
Toad AM2_VM_UZ.txt;
M2VMUZ=AM2_VM_UZ(:,4);
Toad AM2_VM_UW.txt;
M2VMUW=AM2_VM_UW(:,4);

Toad AZM2_TR_HM.txt;
ZM2TRHM=AZM2_TR_HM(:,4);
load AZM2_TR_UZ.txt;
ZM2TRUZ=AZM2_TR_UZ(:,4);
Toad AZM2_TR_UW.txt;
ZM2TRUW=AZM2_TR_UW(: ,4);
Toad AZM2_VM_HM.txt;
ZM2VMHM=AZM2_VM_HM(: ,4);
Tload AZM2_VM_UZ.txt;
ZM2VMUZ=AZM2_VM_UZ(:,4);
load AZM2_VM_UW. txt;
ZM2VMUW=AZM2_VM_UW(: ,4);

Toad BM2_TR_HM. txt;
M2BTRHM=BM2_TR_HM(:,2);
Tload BM2_TR_UZ.txt;
M2BTRUZ=BM2_TR_UZ(:,2);
Toad BM2_TR_UW.txt;
M2BTRUW=BM2_TR_UW(:,2);
Toad BM2_VM_HM. txt;
M2BVMHM=BM2_VM_HM(: ,2);
Tload BM2_VM_UZ.txt;
M2BVMUZ=BM2_VM_UZ(:,2);
Toad BM2_VM_UW. txt;
M2BVMUW=BM2_VM_UW(:,2);

Toad BZM2_TR_HM.txt;
ZM2BTRHM=BZM2_TR_HM(:,2);
Toad BZM2_TR_UZ.txt;
ZM2BTRUZ=BZM2_TR_UZ(:,2);
Toad BZM2_TR_UW.txt;
ZM2BTRUW=BZM2_TR_UW(:,2);
Toad BZM2_VM_HM. txt;
ZM2BVMHM=BZM2_VM_HM(:,2);
load BZM2_VM_UZ.txt;
ZM2BVMUZ=BZM2_VM_UZ(:,2);
Toad BZM2_VM_UW.txt;
ZM2BVMUW=BZM2_VM_UW(:,2);

load S11.txt;
S11=511(:,4);

load zS9.txt;
Z59=259(:,4);

%Number of step first values to be considered for time hardening

SFP11=100;
SFP12=100;
SFP13=100;
SFP14=100;
SFP15=100;
SFP16=100;

matSFP1=[SFP11l SFP12 SFP13 SFP14 SFP1l5 SFP16];

SFP21=100;
SFP22=100;
SFP23=100;
SFP24=100;
SFP25=100;
SFP26=100;
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matSFP2=[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=[ZSFP11l 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;

matzZSFP5=[ZSFP51 ZSFP52 ZSFP53 ZSFP54 ZSFP55 ZSFP56];

b S S S S S S S S S S G S S S S S S S S S G S S S S S S B S S S S S 5 S S o 575 4
%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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P14=M2_14(:,2);
SP14-s1ze(P14 1),
P15=M2_15(:,

SP15= s1ze(P15 1),
P16=M2_16(:,
SP16—s1ze(P16 1),

Pl= [P11; P12; P13; P14; P15; P16];

matSPl—[SPll SP12 SP13 SP14 SP15 SP16] ;

matCuUMSP1=[SP11l SP11+SP12 SP11+SP12+SP13 SP11+SP12+SP13+SP14 SP11+SP12+SP13+SP14+SP15
SP11+SP12+SP13+SP14+SP15+SP16];

matcumSP1=[0 SP11l SP11+SP12 SP11+SP12+SP13 SP11+SP12+SP13+SP14 SP11+SP12+SP13+SP14+SP15];

P21=M2_21(:,2);
SP21—s1ze(P21 1),
P22=M2_22(:,

SP22= s1ze(P22 1),
P23=M2_23(:, )
SP23= s1ze(P23 1),
P24=M2_24(:,
SP24—s1ze(P24 1),
P25=M2_25(:,

SP25= s1ze(P25 1),
P26=M2_26(:,
SP26—s1ze(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 SP214+SP22+SP23+SP24 SP21+SP22+SP23+SP24+SP25];

P31=M2_31(:,
SP31—s1ze(P31 1),
P32=M2_32(:,
SP32= s1ze(P32 1),
P33=M2_33(:,
SP33= s1ze(P33,1),
P34=M2_34(:,2);
SP34—s1ze(P34,1),
P35=M2_35(:,2);
SP35= s1ze(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€
SP42=size P42 1),
P43=M2_43(:,

SP43= s1zegP43 1),
P44=M2_44
SP44=size(P44, 1),
P45=M2_ 45€
SP45=size(P45, 1),
P46=M2_46(:,
SP46-s1ze(P46 1),

P4= [P41; P42; P43; P44; P45; P46];

matSP4=[SP41 SP42 SP43 SP44 SP45 SP46];

matCUMSP4=[SP41l 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-s1ze(P51 1),
P52=M2_52(:,

SP52= s1ze(P52 1),
P53=M2_53(:,

SP53= s1ze(P53 1),
P54=M2_54(:,
SP54—s1ze(P54 1),
P55=M2_55(:,

SP55= s1ze(P55 1),
P56=M2_56(:,2
SP56—s1ze(P56 1),

P5= [P51; P52; P53; P54; P55; P56];
matSP5=[SP51 SP52 SP53 SP54 SP55 SP56];

NN
uu
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matCUMSP5=[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=[1ength(P1) length(Pl)+length(P2) length(Pl)+length(P2)+1ength(P3)
length(P1l)+1ength(P2)+1ength(P3)+length(P4)
1ength(P1)+1ength(P2)+1ength(P3)+1ength(P4)+1ength(P )1;

matcumsP=[0 length(Pl) length(Pl)+length(P2) length (P1)+1 ength(P2)+1ength(P3)
Tength(P1)+1ength(P2)+1ength(P3)+1ength(P4)];

ZP11=zM2_11(:,2);
ZSPll—s1ze(ZP11 1),
ZP12=zM2_12(:,
ZSP12= s1ze(ZP12 1),
zP13=zM2_13(:,
ZSP13= s1ze(ZP13 1),
ZP14=zM2_14(:,
ZSP14= s1ze(ZP14 1),
ZP15=zM2_15(:,
ZSP15= s1ze(ZP15 1),
ZPl6=zM2_16(:,
ZSP16= s1ze(ZP16 1),

ZP1= [zP1l; zP12; zP13; zP14; zP1l5; ZP16];

matzsP1=[zSP1l zSP12 zSP1l3 zSP14 zSP1l5 zSP16];

matCUMZSP1l=[zsP1l zSP11+zSP12 zSP11+zSP12+zSP13 zSP11+zSP12+zSP13+zSP14
ZSP114+ZSP12+2SP13+ZSP14+ZSP15 ZSP11+ZSP124ZSP13+2SP14+ZSP15+ZSP16] ;
matcumzsP1=[0 zSP1l zSP11+zSP1l2 zSP11+zZSP12+zSP13 ZSP11+ZSP12+ZSP13+ZSP14
ZSP11+zSP12+zSP13+zSP14+2SP15] ;

ZP21=zM2_21(:,2);
ZSP21_s1ze(ZP21 1),
ZP22=zM2_22(:,
ZSP22= s1ze(ZP22 1),
ZP23=zM2_23(:,
ZSP23= s1ze(ZP23 1),
ZP24=2ZM2_24(:,
ZSP24= s1ze(ZP24 1),
ZP25=zM2_25(:,
ZSP25= s1ze(ZP25 1),
ZP26=2zM2_26(:,
ZSP26= s1ze(ZP26 1),

ZP2= [zP21; zP22; zP23; ZP24; zZP25; 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+2SP23+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(:,
ZSP32= s1ze(ZP32 1),
ZP33=zM2_33(:,
ZSP33= s1ze(ZP33 1),
ZP34=zM2_34(:,
ZSP34= s1ze(ZP34 1),
ZP35=zM2_35(:,
ZSP35= s1ze(ZP35 1),
ZP36=zM2_36(:,
ZSP36= s1ze(ZP36 1),

ZP3= [zP31; zP32; zP33; ZP34; zP35; ZP36];

matzsP3=[zSP31 zsP32 zSP33 ZSP34 ZSP35 zZSP36];

matCuMzSP3=[zSP31 zSP31+zSP32 zSP31+zSP32+zSP33 zSP31+zSP32+ZSP33+ZSP34
ZSP314+ZSP32+2SP33+ZSP34+2ZSP35 ZSP31+ZSP3242SP33+2SP34+ZSP35+ZSP36];
matcumzsP3=[0 zSP31 zSP31+zSP32 zSP31+zZSP32+zSP33 ZSP31+ZSP32+ZSP33+ZSP34
ZSP31+ZSP32+2SP33+ZSP34+2ZSP35] ;

ZP41=zM2_41(:,2);
ZSP41—s1ze(ZP41 1),
ZP42=zM2_42(:,
ZSP42= s1ze(ZP42 1),
ZP43=zM2_43(:,
ZSP43= s1ze(ZP43 1),
ZP44=2ZM2_44(:,
ZSP44= s1ze(ZP44 1),
ZP45=zM2_45(:,
ZSP45= s1ze(ZP45 1),
ZP46=2zM2_46(:,
ZSP46= s1ze(ZP46 1),

ZP4= [ZP4l; zP42; zP43; zP44; zP45; ZP46];
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matZSP4=[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 ZSP41l ZSP41+ZSP42 ZSP41+ZSP42+ZSP43 ZSP41+ZSP42+ZSP43+ZSP44
ZSPA41+ZSP42+ZSP43+ZSP44+ZSP45] ;

ZP51=zM2_51(:,2);
ZSP51-s1ze(ZP51 1),
zZp52=zM2_52(:,

ZSP52= s1ze(ZP52 1),
ZP53=zM2_53(:,
ZSP53= s1ze(ZP53 1),
ZP54=zM2_54(:,

ZSP54= s1ze(ZP54 1),
ZP55=zM2_55(:,
ZSP55= s1ze(ZP55 1),
ZP56=zM2_56(:,
ZSP56= s1ze(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+2SP53+ZSP54+ZSP55+ZSP56] ;
matcumzSP5=[0 zSP51 ZSP51+ZSP52 ZSP51+ZSP52+ZSP53 ZSP51+ZSP52+ZSP53+25P54
ZSP51+ZSP52+ZSP53+ZSP54+ZSP55] ;

matCuMzsP=[1ength(zP1l) length(zPl)+length(zP2) length(zPl)+1ength(zP2)+length(zP3)
length(zP1l)+1ength(zP2)+1ength(zP3)+1ength(zP4)
1ength(ZP1)+1ength(ZP2)+1ength(ZP3)+1ength(ZP4)+1ength(ZP5)]

matcumzsP=[0 length(zPl) length(zPl)+length(zP2) 1ength(ZP1)+1ength(ZP2)+1ength(ZP3)
Tength(zP1)+1ength(zP2)+1ength(zZP3)+length(ZP4)];

TN e eI I JeIe I e Io I 66T 6666 66T 6 Te 6 166 6666 6676666966 0606 6666 0606 66 D66 6067666636 9606766

PP = [P1; Pl(end)+P2; P1l(end)+P2(end)+P3; Pl(end)+P2(end)+P3(end)+P4;
P1(end)+P2(end)+P3(end)+P4(end)+P5] ;

ZP = [zP1l; zP1(end)+zP2; zZP1l(end)+zP2(end)+zP3; zP1l(end)+zP2(end)+zP3(end)+ZP4;
zP1(end)+zP2 (end)+zP3 (end)+zP4(end)+zP5] ;

YL SIS S S SIS S SIS S SIS SR S S S S S SRS S SRS S S S S S S S
%Input cycle number, each sequence each step

NP11=M2_11£: ;;
NP12=M2_12(:,1);
NP13=M2_13(:,1);
NP14=M2_14E:,1 B
NP15=M2_15(:,1);
NP16=M2_16(:,1);

NP1= [NP11l; NP12; NP13; NP14; NP15; NP16];
modNP1= [NPll(end) NP12(end) NP13(end) NP14(end); NP15(end); NP1l6(end)];

NP21=M2_21(:,1);
NP22=M2_22(:,1);
NP23=M2_23E:,1 B
NP24=M2_24(:,1);
NP25=M2_25(:,1);
NP26=M2_26(:,1);

NP2= [NP21; NP22; NP23; NP24; NP25; NP26];
modNP2= [NPZl(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= [NP41l; NP42; NP43; NP44; NP45; NP46]
modNP4= [NP4l(end) NP42(end) NP43(end) NP44(end), NP45(end) ; NP46(end)];

NP51=M2_51(:,1);

==
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NP52=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_13C:,1);
ZNP14=zM2_14C:,1);
ZNP15=zM2_15C:, 1)}
ZNP16=zM2_16C:,1);

ZNP1l= [zNP11; zNP12; zNP13; 2ZNP14; ZNP15; ZNP16];
modzZNP1= [ZNPll(end) ZNP12(end) ZNPl3(end) ZNPl4(end), ZNP15(end); zNP16(end)];

ZNP21=zM2_21(:,1);
ZNP22=zM2_22(:,1);
ZNP23=zM2_23(:,1);
ZNP24=zM2_24(C:,1);
ZNP25=zM2_25(:,1);
ZNP26=zM2_26(:,1);

ZNP2= [ZNP21; ZNP22; ZNP23; ZNP24; ZNP25; ZNP26];
modzZNP2= [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);
ZNPA2=zM2_42(:,1D);
ZNP43=zM2_43(:,1);
ZNP44=ZM2_44(:,1);
ZNP45=ZM2_45E:,13;
ZNP46=2M2_46(:,1);

ZNP4= [ZNP41l; ZNP42; ZNP43; ZNP44; ZNP45; ZNP46];
modZNP4= [ZNP41(end) ZNP42(end) ZNP43(end) ZNP44(end), ZNP45(end) ; zZNP46(end)];

ZNP51=2ZM2_ 512 13,
ZNP52=ZM2_52
ZNP53=zM2_53(:,1);
ZNP54=2ZM2_ 542 13,
ZNP55=ZM2_55
ZNP56=zM2_56(:,1);

ZNP5= [ZNP51; ZNP52; ZNP53; ZNP54; ZNP55; ZNP56];
modzZNP5= [ZNP51(end); zZNP52(end); zZNP53(end); zZNP54(end); zZNP55(end); ZNP56(end)];

NP = [NP1; NP1l(Cend)+NP2; NP1l(end)+NP2(end)+NP3; NPl(end)+NP2(end)+NP3(end)+NP4;
NP1(end)+NP2 (end)+NP3 (end)+NP4 (end)+NP5] ;

ZNP = [2NP1; ZNP1(end)+zZNP2; ZNP1l(end)+ZNP2(end)+zZNP3; ZNP1l(end)+zZNP2(end)+ZNP3(end)+ZNP4;
ZNP1(end)+zNP2 (end)+ZNP3(end)+zNP4 (end) +ZNP5] ;

modNP = [modNP1l; modNP1l(end)+modNP2; modNP1(end)+modNP2(end)+modNP3;
modNPl(end)+modNP2(end)+modNP3(end)+mo NP4 ;
modNPl(end)+modNP2(end)+modNP3(end)+modNP4(end)+modNP5],

modzNP = [modzNP1l; modzNPl(end)+modzNP2; modzNP1l(end)-+modzNP2(end)+modzNP3;
modzNP1 (end)+modZNP2 (end) +modzNP3 (end) +modZNP4 ;
modzNP1 (end) +modZNP2 (end) +modzNP3 (end) +modzNP4 (end) +modzNP5] ;

HICIHICHICKIIHIEK
%Input p and gq stresses, each sequence each step

pP11=M2_11(:,3);
qPl11=M2_11(:,4);
maxpPll=max(pP1l) ;
maxqPll=max(gqPll);
pP12=M2_12(:,3);
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qP12=M2_12(:,4);
maxpP12=max(pP12) ;
maxqP12=max(qP12) ;
pP13=M2_13(:,3);
qP13=M2_13(:,4);
maxpP13=max(pP13) ;
maxqP13=max(gP13);
pP14=M2_14(:,3);
qP14=M2_14(:,4);
maxpPl4=max(pP14) ;
maxqPl4=max(qP14) ;
pP15=M2_15(:,3);
qP15=M2_15(:,4);
maxpP15=max(pP15) ;
maxqP15=max(qP15) ;
pP16=M2_16(:,3);
qP16=M2_16(:,4);
maxpPl6=max(pP16) ;
maxqP16=max(qP16) ;

pPl=[ pPl1l ; pPl2
qP1=[ qP1l ; qPl2
maxpP1l=[ maxpPll ;
maxqP1l=[ maxqPll ;

pP21=M2_21(:,3);
qpP21=M2_21(:,4);
maxpP21=max(pP21) ;
maxqP21=max(gqP21) ;
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);
maxpPZS:maprPZGg;
maxqP26=max (qP26

pP2=[ pP2l ; pP22
qP2=[ qP21 ; qP22
maxpP2=[ maxpP2l ;
maxqP2=[ maxqP2l ;

pP31=M2_31(:,3);
qP31=M2_31(:,4);
maxpP31=max(pP31) ;
maxqP31=max(gP31) ;
pP32=M2_3ZE:,3 B
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(gP35) ;
pP36=M2_36(:,3);
qP36=M2_36(:,4);
maxpP36=max(pP36) ;
maxqP36=max(qP36) ;

pP3=[ pP31 ; pP32 ;

qP3=[ qP31 ; qP32
maxpP3=[ maxpP3l ;
maxqP3=[ maxqgP3l ;

; pP13 ; pP1l4 ; pPl5 ; pPl6];
; qP13 ; gP14 ; qPl5 ; qPl6];
maxpP1l2 ; maxpPl3 ; maxpPl4 ; maxpPl5 ; maxpPl6];
maxgP12 ; maxqPl3 ; maxqPl4 ; maxqPl5 ; maxqPl6];

; pP23 ; pP24 ; pP25 ; pP26];
; P23 ; gqP24 ; P25 ; qP26];
maxpP22 ; maxpP23 ; maxpP24 ; maxpP25 ; maxpP26];
maxqP22 ; maxqP23 ; maxqP24 ; maxqP25 ; maxqP26];

pP33 ; pP34 ; pP35 ; pP36];
; P33 ; gP34 ; qP35 ; qP36];
maxpP32 ; maxpP33 ; maxpP34 ; maxpP35 ; maxpP36];
maxqP32 ; maxqP33 ; maxqP34 ; maxqP35 ; maxqP36];
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pP41=M2_41(:,3);
qP41=M2_41(:,4);
maxpP41=max(pP41) ;
maxqP41=max(gqP4l) ;
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),
maqu43—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=[ qP4l ; qP42 ; qP43 ; qP44 ; qP45 ; QqP46];

maxpP4=[ maxpP4l ;

maxpP42 ;

maxpP43 ;

maxpP44 ;

maxpP45 ;

maxpP46] ;

maxqP4=[ maxgP4l ; maxqP42 ; maxqP43 ; maxqP44 ; maxqP45 ; maxqP46];

pP51=M2_51(:,3);
qP51=M2_51(:,4);
maxpP51=max(pP51) ;
maxqP51=max(gP51) ;
pP52=M2_52(:,3);
aP52=M2_52(:,4);
maxpP52=max(pP52) ;
maxqP52=max(gqP52) ;
pP53=M2_53(:,3);
qP53=M2_53(:,4);
maxpP53=max(pP53) ;
maqu53-max(qP53),
pP54=M2_54(:,3);
qP54=M2_54(:,4);
maxpP54=maprP54g;
maxqP54=max qP54 H
pP55=M2_55(:,3);
qP55=M2_55(:,4);
maxpPSS—max(pPSS),
maqu55—max(qP55),
pP56=M2_ SGE
qP56=M2_56
maxpP56—max(pP56),
maxqP56=max(qP56) ;

pP5=[ pP51 ; pP52 ; pP53 ; pP54 ; pP55 ; pP56];
qP5=[ qP51 ; qP52 ; gP53 ; qP54 B qP55 ; qP56];
maxpP5=[ maxpP51 ; maxpP52 , maxpP53 , maxpP54 , maxpP55 ; maxpP56];

maxqP5=[ maxgP51 ; maxqP52 ; maxgP53 ; maxqP54 ; maxqP55 ;

ZpPl1l=zM2_11(:,3);
ZqPl1l=zM2_. 11E 4)
maxzpPll=max ZpPll),
maxzZqPll=max(zqP1ll);
ZpP12=zM2_12(:,3);
zqPl2=zmM2_12(: )
maprPlZ-max(ZpPlZ),
maquPlZ-max(ZquZ),
ZpP13=zm2_13(:,3);
ZqP13=zmM2_13(: 4),
maprP13—max(ZpP13),
maxzqPl3=max(zqP13);
ZpP14=zM2_14(:,3);
ZqPl4=zmM2_14(:,4);
maxzpPl4=max(zpP14);
maxzZqPl4=max (ZqP14) ;
ZpP15=zM2_15(:,3);
ZqP15=zM2_15(:,4);
maxzZpP15=max(zpP15) ;
maxzqP15=max(ZqP15) ;
ZpPl6=zm2_16(:,3);
ZqP1l6=zmM2_16(:,4);
maxzZpPl6=max(ZpP16) ;
maxzqPl6=max(zqP16) ;
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maxqP56] ;



ZpP1=[ zpPl1l ; zpPl2
zqPl=[ zqrPll ; zqPl2
maxzpPl=
maxzqPl=[ maxzqPll ;

ZpP21=zM2_21(:,3);
zqP21=zM2_21(:,4);
maxZpP21=max(zpP21);
maxzZqP21=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) ;
maquP24=max(ZqP24);
ZpP25=zM2_25(:,3);
ZqP25=zM2_25(C:,4) }
maprP25—max(ZpP25),
maxzqP25=max(ZqP25) ;
ZpP26=zM2_26(:,3);
ZqP26=ZM2_26(: 4)
maprP26—max(ZpP26),
maxzqP26=max(ZqP26) ;

ZpP2=[ zpP2l ; ZpP22 ;
zqpP2=[ zqP21 ; zqP22
maxzpP2=[ maxzpP21 ;

maxzqP2=[ maxzqP21 ;

ZpP31=zM2_31(:,3);
ZqP31=zmM2_31(:,4);
maxZpP31=max(zpP31);
maxzZqP31=max(ZqP31);
ZpP32=zM2_32(:,3);
ZqP32=2M2_32(:,4) }
maprP32—max(ZpP32),
maxzqP32=max(ZqP32) ;
ZpP33=2ZM2_ 33E 33,
ZqP33=zM2_33
maprP33—max(ZpP33),
maquP33-maxEZqP33),
ZpP34=zM2_34(:,3);
ZqP34=zM2_34(:,4) ;
maprP34—maxEZpP34;
maxzZqP34=max (ZqP34
ZpP35=zM2_35(:,3);
ZqP35=zM2_ BSE 4)
maxzpP35=max ZpP35),
maquP35—max(ZqP35),
ZpP36=2zM2_36 3
ZqP36=2zM2_36
maprP36=max(ZpP36);
maxzqP36=max(ZqP36) ;

ZpP3=[ zpP31 ; zpP32
zqp3=[ zqP3l ; zqP32
maxzpP3=[ maxzpP31 ;
maxzqP3=[ maxzqP31 ;

ZpP41=zM2_41(:,3);
ZqP41=zM2_41(:,4);
maxzZpP41=max(zpP41) ;
maxzqP41=max(zqrP41) ;
ZpP42=ZM2_42(:,3);
ZqpPa2=zM2_42(:.4) ;
maprP42—max(ZpP42),
maxzZqP42=max(ZqP42) ;
ZpP43=zM2_43(:,3);
ZqP43=zM2_43(: )
maprP43—max(ZpP43),
maquP43—max(ZqP43),
ZpP44=zM2_44(:,
ZqP44=7M2_44(:.2) ;
maprP44—max(ZpP44);
maxzqP44=max(zqrP44) ;
ZpP45=ZM2_45(:,3);
ZqP45=zM2_45(: ,4);
maxzpP45=max (ZpP45) ;

; ZpP13 ; zpPl4 ; zpPl5 ; ZzZpP1l6];
3 ZqPl3 ; zqPl4 ; zqPl5 ; zqPl6];

maxzqPl2 ; maxzqPl3 ; maxzqPl4 ;

ZpP23 ; ZpP24 ; ZpP25 ; ZpP26];
3 ZqP23 ; zqP24 ; zqP25 ; zqP26];
maxzZpP22 ; maxzZpP23 ; maxzZpP24 ;
maxzqP22 ; maxzqP23 ; maxzqP24 ;

; ZpP33 ; ZpP34 ; zpP35 ; ZpP36];
3 ZqP33 ; zqP34 ; zqP35 ; zqP36];
maxZpP32 ; maxzZpP33 ; maxzZpP34 ;
maxzqP32 ; maxzqP33 ; maxzqP34 ;
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maxZpPll ; maxZpPl2 ; maxzZpPl3 ; maxZpPl4 ; maxZpPl5 ; maxzZpPl6];

maxzqP1l5 ; maxzqPl6];

maxZpP25 ; maxzZpP26];
maxzqP25 ; maxzqP26];

maxzZpP35 ; maxzZpP36];
maxzqP35 ; maxzqP36];



maxzZqP45=max (ZqP45) ;
ZpP46=ZM2_46(:,3);
ZqP46=zM2_46(: ,4) ;
maxzZpP46=max (ZpP46) ;
maxzqP46=max (ZqP46) ;

ZpP4=[ ZpP4l ; ZpP42 ; ZpP43 ; ZpP44 ; ZpP45 ; ZpP46];
ZqP4=[ zqP41l ; zqP42 ; zqP43 ; ZqP44 ; zqP45 ; ZqP46];
maxzZpP4=[ maxzZpP41l ; maxZpP42 ; maxzZpP43 ; maxzZpP44 ; maxZpP45 ; maxzZpP46];
maxzZqP4=[ maxzZqP41l ; maxZqP42 ; maxZqP43 ; maxZqP44 ; maxZqP45 ; maxzZqP46];

ZpP51=zmM2_51(:,3);
ZqP51=zM2_51(:,4);
maxzpP51=max(zpP51) ;
maxzqP51=max(zqP51) ;
ZpP52=zZM2_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(zZpP55) ;
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 ; zgP52 ; zqP53 ; ZgqP54 ; zZqP55 ; ZqP56];
maxzZpP5=[ maxzpP51 ; maxZpP52 ; maxzZpP53 ; maxzZpP54 ; maxzZpP55 ; maxzZpP56];
maxzZqP5=[ maxzZgP51 ; maxZqP52 ; maxZqP53 ; maxzZqP54 ; maxZqP55 ; maxzZqP56];

[pP1; pP2; pP3; pP4; pP5];
[aP1l; gP2; qP3; qP4; qP5];

[zpPl; zpP2; ZpP3; ZpP4; ZpP5];
[zqPl; zqP2; zqP3; zqP4; zZqP5];

%Experimental data, N cycles

figure 1); i
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','bo1d')i
Tegend({'M2', 'M2-P'}, 'Location', 'northwest', 'Fontsize',18);

grid on
set(gca,'xLim"', [0 3000001, 'xTick', (0:60000:300000), 'FontSize',16)
set(gca,'yLim',[0 14],'vTick',(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,l,'MarkerEdgeCo1or',[0.75, 0, 0.751);
scatter(modzNP,ZM2TRHM, 24, 's', 'Markeredgecolor',[0.75, 0, 0.751);
scatter (modzNP,ZM2TRUZ,24, 'd', 'MarkerEdgecolor',[0.75, 0, 0.75]1);
scatter (modzNP,ZM2TRUW,24, 'p', 'MarkerEdgecolor',[0.75, 0, 0.75]1);

)
)}
)
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xlabel('N , Cycle number', 'Fontsize',16,'fontweight', ' 'bold');

y1abe1([char(949), _{vp} Accumu1ated vert. perm. strain

(' [d ar(8240)| )']1, 'FontSize' 16' fontweight', "bold');

Tegend({'M2'", 'M2 H1cks&Mon1sm1th , "M2 Uzan','MZ Uzan&W1tczak','M2—P','M2—P
H1cks&Mon1sm1th' "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 of

print 02_pPermanent_deformation_curves_N_cycles_stationary_Tresca -djpeg
figure(3); A

set(gcf, 'DefaultAxesFontName', 'Times New Roman');

hold on

scatter(NP,PP,1, 'k');

scatter(modNP MZVMHM 24,'s",'k");

scatter (modNP,M2VMUZ, 24, 'd','k ),

scatter (modNP, M2VMUW, 24, 'p','k");

scatter(zNP,zP,1, MarkerEdgeCo1or ,[0.75, 0, 0.75]);
scatter(modZNP ZM2VMHM 24,'s' 'MarkerEdgeCo1or [0.75, 0, 0.751);
scatter(modzNP,zM2VMUZ, 24, 'd' 'MarkerEdgeco1or',[0.75, 0, 0.75]);
scatter(modZNP,ZM2VMuw,24,'p','MarkerEdgeCo1or',[0.75, 0, 0.75]);

xlabel('N , Cycle number', 'FontSize',16,'fontweight', 'bold");

y1abe1([char(949), '_{vp}, Accumulated vert. perm. strain

(' char(8240) '], 'Fontsize',16,'fontWeight' 'bold");

egend({ M2', 'M2 Hicks&Monismith' 'M2 Uzan', M2 Uzan&W1tczak P','M2-P
H1cks&Mon1sm1th' 'M2-P Uzan','MZ— P Uzan&witczak'}, 'Location’, northwest' 'FontSize',14);

grid on
set(gca, 'XL1m , [0 300000] 'xTick', (0: 60000 300000) 'FontSize',16)
set(gca 'YLim', [0 20], "YTick' ,(0:2:20), 'FontSize' 16)

hold of

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");

scatterg 0:10000: 300000 ,MZBTRHM 24, 's','k'g;

scatter([0:10000:300000]' ,M2BTRUZ,24,'d", 'k’

scatter([0:10000: 300000]' MZBTRUW 24,'p','k");

scatter%ZNP ,ZP,1, MarkerEdgeco1or ,[0 75 0, 0. 751);

scatter([0: 10000+ 300000] ' ,ZM2BTRHM, 24, 's', '"MarkerEdgecolor',[0.75, 0, 0.751);
scatter([0:10000:300000]"',ZM2BTRUZ,24, 'd’ 'MarkerEdgeCo1or [0.75, 0, 0.75]);
scatter([0:10000:300000]',ZMZBTRUW,24,'p', Markeredgecolor' ,[0.75, , 0.751);

xlabel('N , Cycle number', 'FontSize',16,'fontweight', ' 'bold');

y1abe1(Echar(949) '_{vp}, Accumu1ated vert. perm. strain

(',char(8240),")"' j "Fontsize' ,16, 'fontweight', 'bold"');

Tegend({'M2'", 'M2 H1cks&Mon1sm1th , "M2 Uzan','MZ Uzan&W1tczak','M2—P','M2—P
Hicks&Monismith', M2-P Uzan', 'M2-P Uzan&witczak' },'Location', 'northwest','FontSize',14);

grid on

setggca 'XLim' ,EO 300000] 'XTick', (0 60000 300000), FontSize',16)

set gca 'yLim', [0 22], YT1ck' (0:2:22), 'FontSize',16)

hold of

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, MarkerEdgeCo1or ,[0 75 0, 0. 751);

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');

y1abe1([char(949), '_{vp}, Accumu1ated vert. perm. strain

, char(8240) '], "Fontsize' ,16, fontWe1ght 'bold");

1egend({ M2', 'M2 H1cks&Mon1sm1th , "M2 Uzan','MZ 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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set(gca, 'XLim"', [0 300000], 'xTick', (0:60000:300000), 'Fontsize',16)
ﬁe%ggci#'YLim',[O 22],'YTick',(0:2:22), '"Fontsize',16)
old o

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]' MZBVMHM+511 24 'h', 'k');

scatter(zNP,zP,1, MarkerEdgeco1or [0.75, O, 0.75]);
scatter([0:10000:300000]',ZMZBVMHM,24,'s','MarkerEdgeCo1or [0. 7 0, 0.751);
scatter([0:10000:300000]',ZMZBVMHM+ZSQ,24,'h','MarkerEdgeCoior ,[0.75, 0, 0.751);

xlabel('N , Cycle number', 'FontSize',16,'fontweight','bold");

y1abe1([char(949), '_{vp}, Accumu1ated vert. perm. strain

(' char(8240) ')'], 'FontSize',16, fontwe1 ht', "bold");

egend({ M2', ‘M2 H1cks&Mon1sm1th 'M2 Hic s&Mon1sm1th creeg 'M2-P", 'M2-P
H1cks&Mon1sm1th' 'M2-P H1cks&Mon1sm1th creep'},’ Location' y northwest' 'FontSize',14);

grid on

set(gca, 'XL1m , [0 300000] 'xTick', (0: 60000 300000) 'FontSize',16)
ﬁe%égca 'YLim', [0 22], "YTick' ,(0:2:22), "FontSize' 16)

ol1d of

print 06_Permanent_deformation_curves_N_cycles_time_dependent_creep_Von_Mises -djpeg

%Experimental data, q stress

figure(7); i
set(gcf, 'DefaultAxesFontName', 'Times New Roman');

hold on
scatter(qP./(pP-qP),PP,10, 'k’ )
scatter(zZqP./(ZpP- ZqP) zpP,10, MarkerEdgeCo1or ,[0.75, 0, 0.75]);

xlabel('q/\sigma_t (-)','FontSize',16, 'fontweight’, "'bold');
y1abe1([char(949), ' {vp} Accumu1ated vert. perm. "strain
(",char(8240),")"' ],'FontS1ze 16 fontWe1ght 'bold");
Tegend({'M2','M2-P'}," Location’ , 'northwest"', 'Fontsize' ,18);

grid on

setggca 'XLim' ,EO 2. 2] 'XTick', (0:0.2:2. 2), FontS1ze ,16)
ﬁe%dgc% 'yLim', [0 14], YT1ck' (0 2:14), 'FontSize',16)

old o

print 07_Permanent_deformation_curves_q_p_stress -djpeg

figure 8) i
set(gcf, ! pefaultAxesFontName' , 'Times New Roman');

hold on
for j=1:5;

wP=PP(matcumsP(1,j)+1:matcuMsP(1,3));
pr—pP(matcumSP(l j)+1: matCUMSP(l,J))
wgP=gP(matcumsP(1l,Jj)+1:matCuMsP(l,3J));
[wgPmax, 1oc]—max(qu)
wZP=ZP(matcumzsP(1, i)+l :matCuMzspP(1, i))'
WZpP=zpP (matcumzSP(1, j)+1:matCumzsP(l, j)
wzZqP=zZqP (matcumzsP(1, j)+1:matcumMzspP(l,])
[wzqPmax, Z1oc]—max(quP),

s
DH

scatter (wgPmax./(wpP-wgP) ,wP,10, 'k');
scgtter(quPmax ./ (WZpP- quP) wZP 10, 'Markeredgecolor',[0.75, 0, 0.75]);
en

x1abel('q_{max
ylabel([char(9
(',char(8240),
Tegend({'M2","

grid on

set(gca, 'XLim"',[1 2.2], 'XTick", (1:0.2:2.2),'FontSize',16)
ﬁe%ggc%%'YLim',[O 14], 'yTick',(0:2:14), '"FontSize',16)

old o

\s1gma_t (-)','Fontsize',16, 'fontweight', 'bold");
), '_{vp}, Accumu1ated vert. perm. strain

1, 'FontS1ze 16 fontWe1ght 'bold");

P'},’ Location’ , '"northwest' 'FontS1ze ,18);

/
9
)
mM2-

print 08_prermanent_deformation_curves_gmax_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(l SyTR) ' -b¥*XTR) ;

eq2=xTR' *(yTR a*ones(1,SyTR)' B*xTR

[a,b]=solve([eql==0,eq2==0], [a,b]);

aTR=double (a)
bTR=double(b)

syms a b
YTR=ZqP;
SyTR=size(yTR,1);
XTR=ZP;

eql=ones(1,SyTR)*(yTR-a*ones(1,SyTR) '-b*xTR) ;
eq2=xTR'*(yTR-a*ones(1,SyTR) "'-b*XTR) ;

[a,b]=solve([eql==0,eq2==0], [a,b]);
ZaTR=double(a

ZbTR=doub1e(b)

syms a b

yTR=gP1;

syTR—s1ze(yTR 1);

XTR=P1/1000;

eql_ones(1 SYTR)* (yTR- a*ones(l SYTR) ' -b¥*XTR) ;
eq2=xTR' *(yTR a*ones(1,SyTR)' B*XTR

[a,b]=solve([eql==0,eq2==0], [a,b]);
bTR1=double(b)

syms a b

YTR=qP2; ¢ D
SyTR=size(yTR,1);
X¥{—P2/100%T

eql=ones(1,SyTR)* (yTR- a*ones(l SyTRg -b*xTR) ;
eq2—xTR'*(yTR a*ones(1,SyTR)' b

a,b]=solve([eql==0,eq2==0], [a,b]);
Freblgonbyechs =0 caz==01, [a,b1;

syms a b
§;$Eqs1ze( R,1);
Rep3/1000;

eql=ones(1,SyTR)* (yTR- a*ones(l SyTRg -b*xTR) ;
eq2—xTR'*(yTR a*ones(1,SyTR)' “b*XTR

[a,b]=solve([eql==0,eq2==0], [a,b]);
bTR3=double(b)

syms a b
{Trsize(yTR, 1);
SyTR=size(yTR,1);
x¥{-P4/1005T

eql=ones(1,SyTR)*(yTR-a*ones(1,SyTR) '-b*xTR) ;
eq2=xTR'*(yTR-a*ones(1,SyTR) "'-b*XTR) ;

[a,b]= so'Ive([eq1==0 eq2==0], [a,b]);
bTR4—doub1e(

syms a b
YTR=QP5;

SyTR=size(yTR,1);
x¥{-P5/1005T
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eql-ones(l SYTR) * (yTR- a*ones(l SYTR) ' -b*XTR) ;
eq2=xTR' *(yTR a*ones(1,SyTR) ' b*xTR

[a,b]= so1ve([eq1 =0,eq2==0], [a,b]);
bTR5= doubTe(b)

syms a b

yTR=ZqP1;
SyTR=size(yTR,1);
XTR=2ZP1/1000;

eql=ones(1,SyTR)* (yTR- a*ones(l SyTR) ' -b¥*XTR) ;
eq2—xTR'*(yTR a*ones(1,SyTR) ' B*xTR),

[a,b]=solve([eql==0,eq2==0]1, [a,b]);
ZbTR1=double(b)

syms a b

yTR=2q
syTR—s1ze(yTR 1);
XTR=ZP2/1000;

eql=ones(1,SyTR)* (yTR- a*ones(l SYTR) ' -b¥*XTR) ;
eq2—xTR'*(yTR a*ones(1,SyTR)' B*XTR

[a,b]=solve([eql==0,eq2==0]1, [a,b]);
ZbTR2=double(b)

syms a b
yTR=ZqP3;
SyTR=size(yTR,1);
XTR=2P3/1000;

eql_ones(1 SYTR)* (yTR- a*ones(l SYTR) ' -b¥*XTR) ;
eq2=xTR' *(yTR a*ones(1,SyTR)' B*XTR

[a,b]=solve([eql==0,eq2==0], [a,b]);
ZbTR3=double(b)

syms a b

YTR=ZqP4; ’ n
SyTR=size(yTR,1);
xTR—2P4/1053-

eql=ones(1,SyTR)* (yTR- a*ones(l SyTRg -b*xTR) ;
eq2—xTR'*(yTR a*ones(1,SyTR)' b

[a,b]=solve([eql==0,eq2==01, [a,b]);
ZbTRa= doub1eE g a

syms a b
yTR=ZqP5; ” D
SyTR=size(yTR,1);
XTR—ZPS/lO%g'

eql=ones(1,SyTR)* (yTR- a*ones(l SyTRg -b*xTR) ;
eq2—xTR'*(yTR a*ones(1,SyTR)' “b*XTR

[a,b]=solve([eql==0,eq2==0], [a,b]);
ZbTR5=double(b)

YIS SIS SIS S S S S S TS S S S S S S S S SIS S S SIS S S S S S S S S S S S S S
% Von Mises model, plastic tangent modulus

syms a b

yVM=qP

SyVM—s1ze(yVM 1;

XVM=(2/3) *PP;

eql=ones(1,SyvM)*(yvM-a*ones(1,SyvM) '-b¥*xvM) ;
eq2=xVM'*(yvM-a*ones(1,SywM) '-b*xvM) ;

[a,b]=solve([eql==0,eq2==0], [a,b]);

avM=double(a)
bvM=double(b)
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syms a b

yVM=ZqP;
SyVM—s1ze(yVM 1);
xVM=(2/3)*Z

eql=ones(1,SyvM)* (ywM- a*ones(l Syw) '
qu—XVM'*(yVM a*ones(1,Syw)’ b*XVM

[a,b]=solve([eql==0,eq2==0], [a,b]);
ZavM=double(a
ZbvM=doub1e(b)

syms a b

yVM=qP1;
SyVM—s1ze(yVM 1);
XVM= (2/3)*P1/1000

eql—ones(l SyvM) * (yVM- a*ones(l SyVM)
eq2=xvM' *(yVM a*ones(1,Syw)’ “h*x

[a,b]=solve([eql==0,eq2==0], [a,b]);
bvMl=double(b)

syms a b

yVM=qP2;
SyVM—s1ze(yVM
XVM= (2/3)*P2/1000

eql=ones(1,SyvMm)* (yvM- a*ones(l SyVM)
eq2—xVM'*(yVM a*ones(1,SyvM) '-b*xvM) ;

[a,b]=solve([eql==0,eq2==0], [a,b]);
bvM2=double(b)

syms a b

yVM=qP3;
SyVM—s1ze yWM, 1) ;
XVM= (2/3)*P3/1000

eql=ones(1,SyvM)* (ywM- a*ones(l SyVMg
eq2—xVM'*(yVM a*ones(1,SyvM) '-b*xvM

il gsrie. st e

syms a b

yVM=qP4;
SyVM-s1ze(yVM 1);
XVM= (2/3)*P4/1000

eql-ones(l SywM) * (yVM- a*ones(l SyVMg
eq2=xvM' *(yVM a*ones(1,SywM) '-b*xvM

a,b]=solve([eql==0,eq2==0], [a,b]);
VM41doub1eE£)q g ol

syms a b

YVM=qP5;
SyVM—s1ze(yVM 1);
XVM=(2/3)*P5/1000;

eql—ones(l SywM) * (yVM- a*ones(l SyVM)
eq2=xvM' *(yVM a*ones (1,SyvM) "-b*xvM)

[a,b]= so1ve([eq1==0 eq2==0], [a,b]);
bVM5 double(b)

syms a b

yVM=ZqP1;

SyVM—s1ze(
XVM= (2/3)*ZP1/1000

eql=ones(1,SyvMm)*(yvM-a*ones(1l,Syv™m)"
eq2=xVM'*(yvM-a*ones(1,SywM) '-b*xvM) ;

[a,b]=solve([eql==0,eq2==0], [a,b]);

-b*xvM) ;

-b*xvM) ;

-b*xvM) ;

~-b*xvM) ;

-b*xvM) ;

-b*xvM) ;

-b*xvM) ;
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ZbwMl=double(b)
syms a b

yVM=ZqP2;
SyVM—s1ze(y

XVM= (2/3)*ZP2/1000

eql=ones (1, SyvM)* (yvM- a*ones(l SyvM) ' -b¥*xVM) ;
eq2—xVM'*(yVM a*ones(1,Syw)’ B*xVM

[a,b]=solve([eql==0,eq2==0]1, [a,b]);
ZbvM2=double(b)

syms a b

yVM=ZqP3;
SyVM—s1ze(yVM 1);
XVM= (2/3)*ZP3/1000

eql—ones(l SyvM) * (yVM- a*ones(l
eq2=xvM' *(yVM a*ones(1,Syw)’ “h*x

[a,b]l=solve([eql==0,eq2==0],[a,b]);
ZbwM3=double(b)

syms a b

SyVM) -b*xvM) ;

YVM=ZqP4;
syVM—s1ze(yVM
XVM= (2/3)*ZP4/1000

eql=ones (1, SyvM)* (yvM- a*ones(l SyVM) -b¥*xVM) ;
eq2—xVM'*(yVM a*ones(1,Syw)’ “b*x

[a,b]=solve([eql==0,eq2==0]1, [a,b]);
ZbvM4=double(b)

syms a b

YVM=ZqP5;
syVM—s1ze(yVM
XVM= (2/3)*ZP5/1000

eql=ones(1,SyvM)* (ywM- a*ones(l SyVMg ~-b*xvM) ;
eq2—xVM'*(yVM a*ones(1,SyvM) '-b*xvM

[a,b]l=solve([eql==0,eq2==01, [a,b]);
ZbVM5= doub1eEbg a

ST SIS SIS S S SRS S S S S S S S S S S S S SRS S S S S S S S S S S S S ST S SRS 5SS
%Barksdale model

figure(09)
set(gcf, 'DefaultAxesFontName', 'Times New Roman');

hold on

xlabel('N , Cycle number , 'Fontsize', 16, 'fontweight','bold");
y1abe1(Echar(949) {vp}l Accumu1ated vert. perm. strain
(',char(8240),")"' j 'FontSize',16, 'fontweight', 'bold');

grid on
set(gca, 'XL1m' [0 3000007, 'xTick', (O: 60000 300000) 'FontSize',16)
set(gca,'YLim' ,[0 14], 'YT1ck' (0: 3: 14), 'FontSize' 16)

for j=1:6;

P=P1(matcumsP1(l,j)+1:matCuMsP1(1l,3));

FP—Pl(matcumSPl(l J)+1: matcumSPl(l ])+matSFP1(1 i));
NP—NPl(matcumSPl(l ID+1: matCUMSPl(l 3));

FNP—NPl(matcumSPl(l J)+1: matcumSPl(l J)+matSFPl(1 3));

syms Fa Fb Fc

eql=FNP'.A2* (FP-Fa*FNP.A2-Fb*FNP.Al-Fc*ones(l,size(FNP,1))");
eq2=FNP"'.A1*(FP-Fa*FNP.A2-Fb*FNP.Al-Fc*ones(1,size(FNP,1))');
eq3=ones(1,size(FNP,1))*(FP-Fa*FNP.A2-Fb*FNP. AL- Fc*ones(l s1ze(FNP iD)OH
[Fa,Fb,Fc]=solve([eql==0,eq2==0,eq3==0], [Fa,Fb,Fc]);

x=(-Fb+sqrt (FbA2-4*Fa*Fc))/(2%Fa);

x=double(real(x));
par=Fa*FNP.A2+Fb*FNP.AL+Fc;
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if x<0;

x=0.01;
end
syms a b
MP=[0; P];
MSP=size(MP,1);
MNP=[x; NP];
MnP=10g10 (MNP) ;
nP=10g10(NP) ;

eql=ones (1,MSP)* (MP-a*ones (1,MSP)'-b*MnP) ;
eq2=MnP"'*(MP-a*ones (1,MSP) "-b*MnP) ;

[a,b]=solve([eql==0,eq2==0], [a,b]);
PBA=a+b¥*nP;

plot(NP,PBA, '-k', 'Linewidth',1.2);

;2 _1=1-C (sum( MP(:,1)-(Ca+b*MnP(:,1)) ))A2 )/(C (sum( MP(:,1)-sum( MP(:,1).A2 )/MSP ))A2 );

P=zP1l(matcumzspPl(1l,j)+1:matCcumzspPl(1l, j
FP—ZPl(matcumZSPl(l J)+1: matcumZSPl(l ])+matZSFP1(1 i));
NP—ZNPl(matcumZSPl(l J)+1: matCUMZSPl(l i);
FNP_ZNPl(matcumZSPl(l,J)+1 matcumZSPl(l,J)+matZSFP1(1,])),
syms Fa Fb Fc
eql=FNP'.A2* (FP-Fa*FNP.A2-Fb*FNP.Al-Fc*ones(1,size(FNP,1))");
eq2=FNP'.A1* (FP-Fa*FNP.A2-Fb*FNP.Al-Fc*ones(1,size(FNP,1))");
eq3=ones(l,size(FNP,1))*(FP-Fa*FNP.A2-Fb*FNP. Al- Fc*ones(l s1ze(FNP iB)ADH
[Fa,Fb,Fc]=solve([eql==0,eq2==0,eq3==0], [Fa,Fb,Fc]);
x=(-Fb+sqrt(FbA2-4*Fa*Fc))/(2*Fa) ;
x=double(real(x));
par=Fa*FNP.A2+Fb*FNP.A1+FC;
if x<0;

x=0.01;
end
syms a b
MP=[0; P];
MSP=size(MP,1);
MNP=[x; NP];
MnP=10g10 (MNP) ;
nP=10g10(NP);

eql=ones (1,MSP)*(MP-a*ones (1,MSP)'-b*MnP) ;
eq2=MnP"'*(MP-a*ones (1,MSP) "-b*MnP) ;

[a,b]=solve([eql==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(C MP(:,1)-Ca+b*MnP(:,1)) ))A2 )/C (sum( MP(:,1)-sum( MP(:,1).A2 )/MSP ))A2
end
for j=1:6;
P=P2 (matcumsP2(1,j)+1:matCuMsP2(1,3));
FP-PZ(matcumSPZ(l J)+1: matcumSPZ(l J)+matSFP2(l i));
NP—NP2(matcumSP2(1 J)+1: matCUMSPZ(l,J))
FNP—NP2(matcumSP2(1 j)+1:matcumspP2(1, J)+matSFP2(1 3));
syms Fa Fb Fc
eql=FNP'.A2*(FP-Fa*FNP.A2-Fb*FNP.Al-Fc*ones(1,size(FNP,1))");
eq2=FNP'.A1* (FP-Fa*FNP.A2-Fb*FNP.Al-Fc*ones(1l,size(FNP,1))");
eq3=ones(1,size(FNP,1))*(FP-Fa*FNP.A2-Fb*FNP.Al-Fc*ones(l,size(FNP,1))");
[Fa,Fb,Fc]=solve([eql==0,eq2==0,eq3==0], [Fa,Fb,Fc]);
(-Fb+s rt(FbAZ 4*Fa*Fc))/(2*Fa),
x—doub1e%rea1 )
par=Fa*FNP. A2+Fb*FNP Al+Fc;

if x<0;
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x=0.01;
end

syms a b

MP=[0; P]
MSP—s1ze(MP 1;
MNP=[x; NP];
MnP=1oglO(MNP);
nP=10g10(NP);

eq1-ones(1 MSP) * (MP- a*ones(l MSP) ' -b*MnP) ;
eq2=MnpP' *(MP a*ones(1,MSP)"' ﬁ*MnP

[a,b]=solve([eql==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)) ))A2 )/(C (sum( MP(:,1)-sum( MP(:,1).A2 )/MSP ))A2 );
P=zP2(matcumzsP2(1,j)+1:matCcuMzspP2(1,3));
FP_ZPZ(matcumZSPZ(l 3)+1: matcumZSPZ(l ])+matZSFP2(1,J)),
NP—ZNP2(matcumZSP2(1 J)+1: matCUMZSPZ(l
FNP—ZNP2(matcumZSP2(1 j)+1: matcumZSPZ(l J)+matZSFP2(l i));
syms Fa Fb Fc
eql=FNP'.A2%* (FP-Fa*FNP.A2-Fb*FNP.Al-Fc*ones(l,size(FNP,1))"');
eq2=FNP"'.A1*(FP-Fa*FNP.A2-Fb*FNP.Al-Fc*ones(1,size(FNP,1))');
eq3=ones(1,size(FNP,1))*(FP-Fa*FNP.A2-Fb*FNP. AL- Fc*ones(l s1ze(FNP iID)DH
[Fa,Fb,Fc]=solve([eql==0,eq2==0,eq3==0], [Fa,Fb,Fc]);

(-Fb+sqrt(FbA2- 4*Fa*Fc))/(2*Fa),
x—doub1e%rea1(x
par=Fa*FNP. A2+Fb*FNP.A1+Fc;
if x<0;

x=0.01;
end
syms a b
MP=[0; P];
MSP—s1ze(MP 1;
MNP=[x; NP];
MnP= oglO(MNP);
nP=10g10(NP);

eql=ones (1,MSP)* (MP-a*ones (1,MSP) ' -b*MnP) ;
eq2=MnP"'*(MP-a*ones (1,MSP) "-b*MnP) ;

[a,b]=solve([eql==0,eq2==0], [a,b]);
PBA=a+b*nP;
plot(zNP1l(end)+NP,zP1(end)+PBA, 'Color',[0.75, 0, 0.75], 'Linewidth',1.2);

ZR2_2=1-(C (sum( MP(:,1)-(a+b*MnP(:,1)) ))A2 )/( (sum( MP(:,1)-sum( MP(:,1).A2 )/MSP ))A2 );
end

for j=1:6;

P=P3(matcumSP3(1,j)+1:matCcumMspP3(1,3));
FP=P3(matcumsP3(1,j)+1:matcumsP3(1,]j)+matsFP3(1,3));
NP=NP3(matcumsP3(1,j)+1:matcumspP3(1,3));

FNP=NP3 (matcumsP3 (1, j)+1:matcumsP3 (1, j)+matsSFP3(1,3));
syms Fa Fb Fc
eql=FNP'.A2*(FP-Fa*FNP.A2-Fb*FNP.Al-Fc*ones(1,size(FNP,1

N!
eq2=FNP'.Al*(FP—Fa*FNP.AZ—Fb*FNP.Al—Fc*ones(l,size(FNP,li)

08
8
eq3=ones(1,size(FNP,1))*(FP-Fa*FNP.A2-Fb*FNP.Al-Fc*ones(1,si

size(FNP, 1)) ");

[Fa,Fb,Fc]=solve([eql==0,eq2==0,eq3==0], [Fa,Fb,Fc]);
x=(-Fb+sqrt(FbA2-4*Fa*Fc))/(2*Fa);

x—doub1e real(x));

par=Fa*FNP. A2+Fb*ENP. Al+Fc;

if x<0;
x=0.01;
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end

syms a b

MP=[0; P];
MSP—s1ze(MP 1;
MNP=[x; NP];
MnP=1oglO(MNP);
nP=10g10(NP);

eql=ones (1,MsP)*(MP-a*ones(1,MSP) ' -b*MnP) ;
eq2=MnP'*(MP-a*ones (1,MSP) '-b*MnP) ;

[a,b]=solve([eql==0,eq2==0], [a,b]);
PBA=a+b*nP;
plot(NP1(end)+NP2 (end)+NP,P1l(end)+P2(end)+PBA, 'k',"Linewidth',1.2)
R2_3=1-( (sum( MP(:,1)-(a+b*MnP(:,1)) ))A2 )/C (sum( MP(:,1)-sum( MP(:,1).A2 )/MSP ))A2 );
P=zP3(matcumzsP3(1,j)+1:matcumMzspP3(1,3));
FP—ZP3(matcumZSP3(l Jj)+1: matcumZSPB(l J)+matZSFP3(1 i));
NP—ZNP3(matcumZSP3(1 j)+1: matCUMZSP3(1
FNP—ZNP3(matcumZSP3(1 j)+1: matcumZSP3(1 J)+matZSFP3(1 i));
syms Fa Fb Fc
eql—FNP' A2*(FP-Fa*FNP.A2-Fb*FNP.Al-Fc*ones(l,size(FNP,1))"');
eq2=FNP'.A1* (FP-Fa*FNP.A2-Fb*FNP.Al1-Fc*ones(1,size(FNP,1))');
eq3= ones(l size(FNP,1))*(FP-Fa*FNP.A2-Fb*FNP. AL- Fc*ones(l s1ze(FNP iI5)DH
[Fa,Fb,Fc]=solve([eql==0,eq2==0,eq3==0], [Fa,Fb,Fc]);

(-Fb+s rt(FbAZ 4*Fa*Fc))/(2*Fa),
x-doub1e%rea1 x)
par=Fa*FNP. A2+Fb*FNP Al+Fc;
if x<0;

x=0.01;
end
syms a b
MP=[0; P];
MSP—s1ze(MP 1;
MNP=[x; NP],
MnP=10g10(MNP) ;
nP=10g10(NP);

eql=ones (1,MSP)* (MP- a*ones(l MSP) b*MnP),
eq2=| MnP'*(MP a*ones(1,MSP)"' “b*M

[a,b]=solve([eql==0,eq2==0], [a,b]);

PBA=a+b*nP;

plot(zNP1(end)+zZNP2(end)+NP,ZP1l(end)+ZP2(end)+PBA, 'Color',[0.75, 0, 0.75], 'Linewidth',1.2)
ZR2_3=1-C (sum( MP(:,1)-(Ca+b*MnP(:,1)) ))A2 )/(C (sumC MP(:,1)-sum( MP(:,1).A2 )/MSP ))A2 );
end

for j=1:6;

P=P4(matcumsP4(1,j)+1:matCuMsP4(1,3));

FP—P4(matcumSP4(1 J)+1: matcumSP4(1 ])+matSFP4(1 i));

NP—NP4(matcumSP4(1 3)+1:matCumMsP4(1,

FNP—NP4(matcumSP4(l J)+1: matcumSP4(1 J)+matSFP4(1 3));

syms Fa Fb Fc

eql=FNP'.A2* (FP-Fa*FNP.A2-Fb*FNP.Al-Fc*ones(l,size(FNP,1))");
eq2=FNP"'.A1*(FP-Fa*FNP.A2-Fb*FNP.Al-Fc*ones(1,size(FNP,1))"');
eq3=ones(1,size(FNP,1))*(FP-Fa*FNP.A2-Fb*FNP. AL- Fc*ones(l s1ze(FNP iD)DH
[Fa,Fb,Fc]=solve([eql==0,eq2==0,eq3==0], [Fa,Fb,Fc]);

x=(-Fb+sqrt (FbA2-4*Fa*Fc))/(2%Fa);

x=double(real(x));

par=Fa*FNP.A2+Fb*FNP.Al+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-1oglO(MNP),
nP=10g10(NP);

eql=ones (1,MSP)* (MP-a*ones (1,MSP)'-b*MnP) ;
eq2=MnP"'*(MP-a*ones(1,MSP) "-b*MnP) ;

[a,b]=solve([eql==0,eq2==0], [a,b]);
PBA=a+b*nP;
plot(NP1(end)+NP2 (end)+NP3(end)+NP,P1l(end)+P2 (end)+P3(end)+PBA, 'k', 'Linewidth',1.2)
R2_4=1-( (sum( MP(:,1)-(Ca+b*MnP(:,1)) ))A2 )/C (sum( MP(:,1)-sum( MP(:,1).A2 )/MSP ))A2 );
P=zP4(matcumzsP4(1,j)+1:matCuMzSP4(1,3));
FP=zZP4 (matcumzsP4(1l,j)+1:matcumzsP4(1l, ])+matZSFP4(1 i));
NP—ZNP4(matcumZSP4(1 j)+1: matCUMZSP4(1 i));
FNP_ZNP4(matcumZSP4(1,J)+1 matcumZSP4(1,J)+matZSFP4(1,])),
syms Fa Fb Fc
eql=FNP'.A2*(FP-Fa*FNP.A2-Fb*FNP.Al-Fc*ones(1,size(FNP,1))");
eq2=FNP'.A1*(FP-Fa*FNP.A2-Fb*FNP.Al1-Fc*ones(1,size(FNP,1))");
eq3=ones(l,size(FNP,1))*(FP-Fa*FNP.A2-Fb*FNP. Al- Fc*ones(l s1ze(FNP iB)ADH
[Fa,Fb,Fc]=solve([eql==0,eq2==0,eq3==0], [Fa,Fb,Fc]);
x=(-Fb+sqrt(FbA2-4*Fa*Fc))/(2*Fa) ;
x=double(real(x));
par=Fa*FNP.A2+Fb*FNP.A1+FC;
if x<0;

x=0.01;
end
syms a b
MP=[0; P];
MSP=size(MP,1);
MNP=[x; NP];
MnP—1oglO(MNP),
nP=10g10(NP);

eql=ones (1,MSP)* (MP-a*ones (1,MSP)'-b*MnP) ;
eq2=MnP"'*(MP-a*ones (1,MSP) "-b*MnP) ;

[a,b]=solve([eql==0,eq2==0], [a,b]);
PBA=a+b*nP;

81ot(ZNPl(end)+ZNP2(end)+ZNP3(end)+NP ,ZP1(end)+zP2 (end)+zP3(end) +PBA, 'Ccolor', [0.75, O,
751, 'Linewidth',1.2)

ZR2_4=1-C (sum( MP(:,1)-(a+b*MnP(:,1)) ))A2 )/(C (sumC MP(:,1)-sum( MP(:,1).A2 )/MSP ))A2 );
end

for j=1:6;

P=P5(matcumsP5(1,j)+1:matCuMsSP5(1,3));

FP=P5 (matcumsP5(1, j)+1:matcumspP5(1l,j)+matSFP5(1,3));
NP=NP5(matcumsP5(1,j)+1:matcumMspP5(1,3));

FNP=NP5 (matcumsP5 (1, j)+1:matcumsP5(1, j)+matsFP5(1,3));

syms Fa Fb Fc

eql=FNP'.A2* (FP-Fa*FNP.A2-Fb*FNP.Al-Fc*ones(l,size(FNP,1))");
eq2=FNP"'.A1*(FP-Fa*FNP.A2-Fb*FNP.Al-Fc*ones(1,size(FNP,1))');
eq3=ones(1,size(FNP,1))*(FP-Fa*FNP.A2-Fb*FNP. AL- Fc*ones(l s1ze(FNP iD)DH
[Fa,Fb,Fc]=solve([eql==0,eq2==0,eq3==0], [Fa,Fb,Fc]);

x=(-Fb+sqrt (FbA2-4*Fa*Fc))/(2%Fa);

x=double(real(x));

par=Fa*FNP.A2+Fb*FNP.Al+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-1oglO(MNP),
nP=10g10(NP);

eql=ones (1,MSP)* (MP-a*ones (1,MSP)'-b*MnP) ;
eq2=MnP"'*(MP-a*ones(1,MSP) "-b*MnP) ;

[a,b]=solve([eql==0,eq2==0], [a,b]);
PBA=a+b*nP;

p1gt§§P1(end)+NP2(end)+NP3(end)+NP4(end)+NP,Pl(end)+P2(end)+P3(end)+P4(end)+PBA,'k','Linewidth
R2_5=1-( (sum( MP(:,1)-(Cat+b*MnP(:,1)) ))A2 )/(C (sum( MP(:,1)-sum( MP(:,1).A2 )/MSP ))A2 );

P=zP5(matcumzsP5(1,3)+1:matCuMzsP5(1,3));
FP—ZPS(matcumZSPS(l,J)+1 matcumZSPS(l ])+matZSFP5(1,J)),
NP=ZNP5 (matcumzsP5(1,3j)+1: matCUMZSPS(l,J))
FNP-ZNPS(matcumZSPS(l j)+1l:matcumzspP5(1, J)+matZSFP5(l i));

syms Fa Fb Fc
eql=FNP'.A2%* (FP-Fa*FNP.A2-Fb*FNP.Al-Fc*ones(l,size(FNP,1))"');
eq2=FNP"'.A1*(FP-Fa*FNP.A2-Fb*FNP.Al-Fc*ones(1,size(FNP,1))');
eq3=ones(1,size(FNP,1))*(FP-Fa*FNP.A2-Fb*FNP. AL- Fc*ones(l s1ze(FNP iD)DH
[Fa,Fb,Fc]=solve([eql==0,eq2==0,eq3==0], [Fa,Fb,Fc]);
(-Fb+sqrt(FbA2- 4*Fa*Fc))/(2*Fa),
x—doub1e%rea1(x
par=Fa*FNP. A2+Fb*FNP.A1+Fc;
if x<0;
x=0.01;
end
syms a b
MP=[0; P];
MSP—s1ze(MP 1;
MNP=[x; NP];
MnP= oglO(MNP);
nP=10g10(NP);

eql=ones(1,MSP)*(MP-a*ones(1,MSP) ' -b*MnP) ;
eq2=MnP"'*(MP-a*ones (1,MSP) "-b*MnP) ;

[a,b]=solve([eql==0,eq2==0], [a,b]);
PBA=a+b*nP;

91ot(ZNPl(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-(C (sum(C MP(:,1)-Ca+b*MnP(:,1)) ))A2 )/C (sum( MP(:,1)-sum( MP(:,1).A2 )/MSP ))A2 );
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;
en
ZR2BA=double(ZR2) ;
Tegend({['M2, RAZ— num25tr(RZBA)] ['M2-P, RA2='
ﬂusttr(ZRZBA)]}, Location', northwest' 'FontS1ze ,18);
old o
print 09_prermanent_deformation_Barksdale -djpeg
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%sweere model

figure(10) i
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, 'xXLim', [0 300000] 'xTick', (0: 60000 300000), FontSize',16)
set(gca,'yLim',[0 14], "YTick' ,(0:2:14), "FontSize',16)

for j=1:6;

P—Pl(matcumSPl(l j)+1:matcumMspPl(l,3));
FP-Pl(matcumSPl(l J)+1: matcumSPl(l J)+matSFP1(1 i));
NP—NPl(matcumSPl(l,J)+l matCumMsPl(l,3));
FNP=NP1(matcumsP1l(l,j)+1: matcumSPl(l J)+matSFPl(1 3));

syms Fa Fb Fc

eql=FNP'.A2*(FP-Fa*FNP.A2-Fb*FNP.Al-Fc*ones(l,size(FNP,1))');
eq2=FNP' .A1* (FP-Fa*FNP.A2-Fb*FNP.Al-Fc*ones(l,size(FNP,1))");
eq3= ones(l size(FNP,1))*(FP-Fa*FNP.A2-Fb*FNP. AL- Fc*ones(l s1ze(FNP i5)DH

[Fa,Fb,Fc]=solve([eql==0,eq2==0,eq3==0], [Fa,Fb,Fc]);

x=(-Fb+sqrt(FbA2-4*Fa*Fc))/(2*Fa);
x=double(real(x)) ;
par=Fa*FNP.A2+Fb*FNP.Al+Fc;

if x<0;
x=0.01;
end

syms a b

MP=[0; P];
MSP—s1ze(MP 1;
TMP = zeros(s1ze(MP)),
for i = 1:m
if MP(1)< =0
TMP(i) = 0.01;
else
TMP(i) = MP(i);
end
end
TmP=10g10(TMP) ;
MNP=[x; NP];
MnP—1oglO(MNP),

eqg4=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=10Aa;
PSW= A*NP.Ab;

plot(NP,PSW, '-k', 'Linewidth',1.2);
%2_1:1—( (sum( P(:,1)-PSW(:,1)))A2 )/C (sumC PC:,1)-sum( P(:,1).A2 )/Tlength(P)
P=zP1(matcumzsP1(1l,j)+1:matCcumMzspP1l(l,3j));
FP—ZPl(matcumZSPl(l j)+1: matcumZSPl(l J)+matZSFP1(1 i));
NP—ZNP1(matcumZSP1(1 J)+1: matCUMZSPl(l
FNP—ZNPl(matcumZSPl(l J)+1: matcumZSPl(l J)+matZSFP1(1 i));
syms Fa Fb Fc
eql—FNP' A2*(FP-Fa*FNP.A2-Fb*FNP.Al-Fc*ones(l,size(FNP,1))"' ),
eq2=FNP' .A1l*(FP-Fa*FNP.A2-Fb*FNP.Al-Fc*ones(l,size(FNP,1))"
eq3= ones(l size(FNP,1))*(FP-Fa*FNP.A2-Fb*FNP. AL- Fc*ones(l s1ze(FNP i5)DH
[Fa,Fb,Fc]=solve([eql==0,eq2==0,eq3==0], [Fa,Fb,Fc]);
(-Fb+s rt(FbAZ 4*Fa*Fc))/(2*Fa),
x—doub1e%rea
par=Fa*FNP. A2+Fb*FNP Al+Fc;
if x<0;

x=0.01;
end
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syms a b

MP=[0; P];
MSP—s1ze(MP 1;
TMP = zeros(s1ze(MP)),
for i = 1:m
if MP(1)< =0
T™MP(i) = 0.01;
else
TMP(i) = MP(i);
end
end
TmP=10g10(TMP) ;
MNP=[x; NP];
MnP—1oglo(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=10Aa;
PSW= A*NP.Ab;

plot(NP,PSW, 'Color',[0.75, 0, 0.75], 'Linewidth',1.2);
ZR2_1=1-C (sum( P(:,1)-PSW(:,1)))A2 )/( (sum( P(:,1)-sum( P(:,1).A2 )/Tength(P) ))A2 );
end

for j=1:6;

P—P2(matcumSP2(1 j)+1:matcumMspP2(1,3));
FP_PZ(matcumSP2(1,3)+1 matcumSPZ(l ])+matSFP2(1,])),
NP=NP2(matcumsP2(1,j)+1:matcumsP2(1,3));
FNP—NP2(matcumSP2(l j)+1:matcumspP2(1, J)+matSFP2(1 3));

syms Fa Fb Fc

eql=FNP'.A2* (FP-Fa*FNP.A2-Fb*FNP.Al-Fc*ones(l,size(FNP,1))"');
eq2=FNP'.A1*(FP-Fa*FNP.A2-Fb*FNP.Al-Fc*ones(1,size(FNP,1))");
eq3=ones(1,size(FNP,1))*(FP-Fa*FNP.A2-Fb*FNP. AL- Fc*ones(l s1ze(FNP i5)OH

[Fa,Fb,Fc]=solve([eql==0,eq2==0,eq3==0], [Fa,Fb,Fc]);

é Fb+sqrt(FbA2-4*Fa*Fc))/(2*Fa);
oub1e%rea1 x));
par Fa*FNP.A2+FD*FNP. Al+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
T™P(i) = 0.01;
else
T™P(i) = MP(i);
end
end
TmP=10g10(TMP) ;
MNP=[x; NP];

MnP=10g10(MNP) ;

eqg4=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=10Aa;
PSW= A*NP.Ab;

plot(NP1(end)+NP,P1(end)+PSW, '-k', 'Linewidth',1.2);

R2_2=1-( (sum( P(:,1)-PSW(:,1)))A2 )/C (sum( P(:,1)-sum( P(:,1).A2 )/Tength(P) ))A2 );
P=zP2(matcumzsP2(1, j)+1:matcuMzspP2(1,3));

FP—ZP2(matcumZSP2(1 J)+1: matcumZSPZ(l ])+matZSFP2(1 3));

NP—ZNP2(matcumZSP2(1 J)+1: matCUMZSPZ(l i));
FNP—ZNP2(matcumZSP2(1 j)+1: matcumZSPZ(l J)+matZSFP2(l i));
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syms Fa Fb Fc

eql=FNP'.A2%*(FP-Fa*FNP.A2-Fb*FNP.Al-Fc*ones(1,size(FNP,1))"');
eq2=FNP'.A1* (FP-Fa*FNP.A2-Fb*FNP.Al-Fc*ones(1,size(FNP,1))");
eq3=ones(1,size(FNP,1))*(FP-Fa*FNP.A2-Fb*FNP. Al- Fc*ones(l s1ze(FNP i5)DH

[Fa,Fb,Fc]=solve([eql==0,eq2==0,eq3==0], [Fa,Fb,Fc]);

(-Fb+s rt(FbAZ 4*Fa*Fc))/(2*Fa),
x—doub1e%rea1 x)
par=Fa*FNP. A2+Fb*FNP Al+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
T™MP(i) = 0.01;
else
TMP(i) = MP(i);
end
end
TmP=10g10(TMP) ;
MNP=[x; NP];

MnP=10g10(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]1, [a,b]);

A=10Aa;
PSW= A*NP.Ab;

plot(zNP1l(end)+NP,zP1(end)+PSW, 'Ccolor',[0.75, 0, 0.75], 'Linewidth',1.2);
ZR2_2=1-C (sum( P(:,1)-PSW(:,1)))A2 )/(C (sum( P(C:,1)-sum( P(:,1).A2 )/Tength(P) ))A2 );
end

for j=1:6;

P—P3(matcumSP3(1 j)+1l:matCumsp3(1,J g,
FP—P3(matcumSP3(1 J)+1: matcumSP3(1, +matsFP3(1,3));
NP—NP3(matcumSP3(1 I)+1: matCUMSP3(1 i));
FNP=NP3(matcumSP3(1,J)+1:matcumSP3( ,3)+matsFP3(1,3));

syms Fa Fb Fc

eql=FNP'.A2*(FP-Fa*FNP.A2-Fb*FNP.Al-Fc*ones(1,size(FNP,1))");
eq2=FNP'.A1* (FP-Fa*FNP.A2-Fb*FNP.Al-Fc*ones(1,size(FNP,1))"');
eq3=ones(1,size(FNP,1))*(FP-Fa*FNP.A2-Fb*FNP. Al- Fc*ones(l s1ze(FNP DY)

[Fa,Fb,Fc]=solve([eql==0,eq2==0,eq3==0], [Fa,Fb,Fc]);

x=(-Fb+sqrt(FbA2-4*Fa*Fc))/(2*Fa);
x=double(real(x));
par=Fa*FNP.A2+Fb*FNP.Al+Fc;

if x<0;
x=0.01;
end

syms a b

MP=[0; P];
MSP=size(MP,1);

TMP = zeros(s1ze(MP)),
for i = 1:MSP

if MP(i)<=0
T™P(i) = 0.01;
else
T™MP(i) = MP(i);
end
end
TmP=10g10(TMP) ;
MNP=[X; NP];

MnP-1oglO(MNP),
eg4=ones (1,MSP) * (TmP-a*ones (1,MSP) ' -b*MnP) ;
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eq5=MnP"'*(TmP-a*ones(1,MSP) ' -b*MnP) ;
[a,b]l=solve([eq4==0,eq5==0], [a,b]);

A=10Aa;
PSW= A*NP.Ab;

plot(NP1(end)+NP2(end)+NP,P1(end)+P2(end)+PSW, '-k', 'Linewidth",1.2);
R2_3=1-( (sum( P(:,1)-PSW(:,1)))A2 )/( (sum(C P(:,1)-sum( P(:,1).A2 )/Tength(P) ))A2 );

P=zP3(matcumzsP3(1,j)+1l:matCuMzsSP3(1,3));

FP=zP3 (matcumzsP3(1l,j)+1:matcumzsP3 (1, ])+matZSFP3(1 i));
NP-ZNP3(matcumZSP3(1 j)+1: matCUMZSP3(l i));
FNP—ZNP3(matcumZSP3(1,J)+1 matcumZSP3(1,J)+matZSFP3(1,J)),

syms Fa Fb Fc

eql=FNP'.A2*(FP-Fa*FNP.A2-Fb*FNP.Al-Fc*ones(l,size(FNP,1))');
eq2=FNP"'.A1*(FP-Fa*FNP.A2-Fb*FNP.Al-Fc*ones(1,size(FNP,1))");
eq3= ones(l size(FNP,1))*(FP-Fa*FNP.A2-Fb*FNP. Al- Fc*ones(l size(FNP,1))");

[Fa,Fb,Fc]=solve([eql==0,eq2==0,eq3==0], [Fa,Fb,Fc]);

x=(-Fb+sqrt(FbA2-4*Fa*Fc))/(2*Fa) ;
x=double(real(x));
par=Fa*FNP.A2+Fb*FNP.A1+FC;

if x<0;
x=0.01;
end

syms a b

MP=[0; P];
MSP=size(MP,1);
TMP = zeros(s1ze(MP)),
for i = 1:MSP
if MP(1)< =0
0 TMP(i) = 0.01;
e

TMP(i) = MP(i);
end
end
TmP=10g10(TMP) ;
MNP=[x; NP];
MnP—1oglO(MNP),

eqg4=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=10Aa;
PSW= A*NP.Ab;

plot(zNP1l(end)+zNP2(end)+NP,ZP1l(end)+zP2(end)+PSw, 'color',[0.75, 0, 0.75], 'Linewidth',1.2);
ZR2_3=1-C (sum( P(:,1)-PSW(:,1)))A2 )/( (sum( P(:,1)-sum( P(:,1).A2 )/Tength(P) ))A2 );
end

for j=1:6;

P—P4(matcumSP4(1 j)+1:matcuMspP4(1,3));
FP—P4(matcumSP4(1 J)+1: matcumSP4(1 ])+matSFP4(1 i));
NP—NP4(matcumSP4(1 I)+1: matCUMSP4(1 3));
FNP—NP4(matcumSP4(1 J)+1: matcumSP4(1 J)+matSFP4(1 i));

syms Fa Fb Fc

eql=FNP'.A2*(FP-Fa*FNP.A2-Fb*FNP.Al-Fc*ones(1,size(FNP,1))");
eq2=FNP'.A1*(FP-Fa*FNP.A2-Fb*FNP.Al1-Fc*ones(1,size(FNP,1))');
eq3=ones(1l,size(FNP,1))*(FP-Fa*FNP.A2-Fb*FNP.Al-Fc*ones(1l,size(FNP,1))");
[Fa,Fb,Fc]=solve([eql==0,eq2==0,eq3==0], [Fa,Fb,Fc]);

x=(-Fb+sqrt(FbA2-4*Fa*Fc))/(2*Fa);
x=double(real(x));
par=Fa*FNP.A2+Fb*FNP.Al+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
TP(i) = 0.01;
else
T™P(i) = MP(i);
end

end
TmP=10g10(TMP) ;
MNP=[x; NP];
MnP=10g10(MNP) ;

eqg4=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=10Aa;
PSW= A*NP.Ab;

plot(NP1(end)+NP2 (end)+NP3(end) +NP,P1l(end)+P2(end)+P3(end)+Psw, '-k', "Linewidth',1.2);
R2_4=1-( (sum( P(:,1)-PSW(:,1)))A2 )/C (sum(C P(:,1)-sum( P(:,1).A2 )/Tlength(P) ))A2 );

P=zP4(matcumzsP4(1,j)+1:matCuMzspP4(1,3));
FP—ZP4(matcumZSP4(l j)+1: matcumZSP4(l J)+matZSFP4(1 i));
NP—ZNP4(matCumZSP4(1,J)+1 matCUMZSP4(1,J))

FNP=ZNP4 (matcumzsP4 (1, j)+1:matcumzsP4(1, J)+matZSFP4(1 i));

syms Fa Fb Fc

eql—FNP' A2*(FP-Fa*FNP.A2-Fb*FNP.Al-Fc*ones(1l,size(FNP,1))");
eq2=FNP ' .A1* (FP-Fa*FNP.A2-Fb*FNP.Al-Fc*ones(l,size(FNP,1))");
eq3= ones(l size(FNP,1))*(FP-Fa*FNP.A2-Fb*FNP. AL- Fc*ones(l s1ze(FNP i5)DH

[Fa,Fb,Fc]=solve([eql==0,eq2==0,eq3==0], [Fa,Fb,Fc]);

(-Fb+s rt(FbAZ 4*Fa*Fc))/(2*Fa),
x-doub1e%rea1 x)
par=Fa*FNP. A2+Fb*FNP Al+Fc;

if x<0;
x=0.01;
end

syms a b

MP= [0 P];
MSP—s1ze(MP 1;
TMP = zeros(s1ze(MP));
for i = 1:MSP
if MP(i)<=0
TP(i) = 0.01;
else
T™MP(i) = MP(i);
end
end
TmP=10g10(TMP) ;
MNP=[x; NP];
MnP=10g10 (MNP) ;

eqg4=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=10Aa;
PSW= A*NP.Ab;

p1ot(ZNPl(end)+ZNP2(end)+ZNP3(end)+NP zP1(end)+zP2(end)+zP3(end)+PSw, 'color',[0.75, O,
0.75], 'Linewidth',1.2);

ZR2_4=1-( (sum( P(C:,1)-PSW(:,1)))A2 )/(C (sum( P(:,1)-sum( P(:,1).A2 )/Tength(P) ))A2 );
end

for j=1:6;

P—P5(matcumSP5(1 j)+1:matCcuMsP5(1,3));

FP—PS(matcumSPS(l J)+1: matcumSPS(l ])+matSFP5(1 i));

NP—NP5(matcumSP5(1 3)+1:matCuMspP5(1,3));
FNP—NPS(matcumSPS(l j)+1:matcumspP5(1, J)+matSFP5(1 3));
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syms Fa Fb Fc

eql=FNP' .A2*(FP-Fa*FNP.A2-Fb*FNP.Al-Fc*ones(l,size(FNP,1))");
eq2=FNP' .A1*(FP-Fa*FNP.A2-Fb*FNP.Al-Fc*ones(1,size(FNP,1))');
eq3=ones (1,size(FNP,1))*(FP-Fa*FNP.A2-Fb*FNP.Al-Fc*ones (1, size (FNP, 1)) ');

[Fa,Fb,Fc]=solve([eql==0,eq2==0,eq3==0], [Fa,Fb,Fc]);

(-Fb+s rt(FbAz 4*Fa*Fc))/(2*Fa)'
x—doub1e%rea1 x)
par=Fa*FNP. A2+Fb*FNP Al+Fc;

if x<0;
x=0.01;
end

syms a b

MP=[0; P];
MSP=s1ze(MP,1);

TMP = zeros(size(MP));
for i = 1:MSP

if MP(i)<=0
T™P(1) = 0.01;
else
T™P(i) = MP(i);
end
end
TmP=10g10(TMP) ;
MNP=[x; NP];

MnP=10g10(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=10Aa;
PSW= A*NP.Ab;

E1°t(NP1(end)+NP2(e"d)+NP3(e"d)+NP4(end)+NP ,P1(end)+P2(end)+P3(end)+P4 (end)+PSW, '-
'Linewidth',1.2);

R2_5=1-( (sum( P(:,1)-PSW(:,1)))A2 )/( (sum( P(:,1)-sum( P(:,1).A2 )/Tength(P) ))A2 );

P=zP5(matcumzsP5(1, j)+1:matcuMzspP5(1,3));
FP—ZP5(matcumZSP5(l J)+1: matcumZSPS(l ])+matZSFP5(1 i));
NP—ZNPS(matcumZSPS(l J)+l matCUMZSPS(l J)g
FNP—ZNPS(matcumZSPS(l j)+1:matcumzsP5(1, j)+matzsFP5(1,3));

syms Fa Fb Fc

eql=FNP'.A2*(FP-Fa*FNP.A2-Fb*FNP.Al-Fc*ones(1,size(FNP,1))');
eq2=FNP' .A1*(FP-Fa*FNP.A2-Fb*FNP.Al-Fc*ones(1,size(FNP,1))");
eq3=ones(1,size(FNP,1))*(FP-Fa*FNP.A2-Fb*FNP.Al-Fc*ones (1, s7ze (FNP, 1)) ");
[Fa,Fb,Fc]=solve([eql==0,eq2==0,eq3==0], [Fa,Fb,Fc]);

x=(-Fb+sqrt(FbA2-4*Fa*Fc))/(2*Fa);
x-doub]e real(x));
par=Fa*FNP .A2+F| *ENP. Al+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
T™P(i) = 0.01;
else
T™P(1) = MP(i);
end
end
TmP=10910(TMP) ;
MNP=[x; NP];
MnP=10g10 (MNP) ;

eg4=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=10Aa;
PSW= A*NP.Ab;

91ot(ZNPl(end)+ZNP2(end)+ZNP3(end)+ZNP4(end)+NP zP1(end)+zP2 (end)+zP3 (end)+zP4(end)+PSW, 'Color
[0.75, O, 0.75],'Linewidth"' 2);

ZR2_5=1-C (sum( P(:,1)-PSW(:,1)))A2 )/( (sum( P(:,1)-sum( P(:,1).A2 )/Tength(P) ))A2 );
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;
en
ZR2BA=double(ZR2) ;

1e?end({['M2, RA2=0.99'], ['M2-P, RA2=0.99']}, 'Location', "northwest', 'FontSize',18);
hold off

print 10_Permanent_deformation_Sweere -djpeg

%Hyde model

figure(1l)
set(gcf, 'DefaultAxesFontName', 'Times New Roman');

hold on
scatter(zqP./(ZpP-2qP),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
setggca 'XLim' ,EO 2. 2] 'XTick', (0:0.2:2. 2), FontS1ze ,16)
set(gca,'yLim', [0 14], YT1ck' (0 2:14), 'FontSize',16)

for j=1:5;

aP—PP(matcumSP(l j)+1:matcumMspP(1,3));
asP=1ength(aP);

apP—pPgmatcumSPgl ]g+1 matCUMSPgl Jg;
agP=qP(matcumsP(1,3j)+1:matCuMsSP(1,]

syms a
eql=(aqP./(apP-agP))'*(aP-a*aqP./(apP-agP));

[a]=solve(eql==0,a);
aHY=double(a);

PHY=a*aqP./(apP-agP);

plot(agP./(apP-agP),PHY, " '-k", 'Linewidth',1.2);

R2a(j)=1-C ( sum(aP(:,1)-PHY(:,1)) J)A2 )/( (sum(C aP(:,1)-sum( aP(:,1).A2 )/aSP ))A2 );
azP=zP(matcumzsP(1,j)+1:matcumzspP(l,3));

azsP=length(azpP);

azZpP=ZpP matcumZSP(l j)+1l:matCumMzsP(l,3));

azqpP=zqP(matcumzspP(l, j)+1:matcumzspr(l, ])),

syms a

eql=(azqP./(azpP-azqP)) '*(azP-a*azqP./(azZpP-azZqP));

[a]l=solve(eql==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(§)=1-( ( sum(azP(:,1)-PHY(:,1)) )A2 )/( (sum( azP(:,1)-sum( azP(:,1).A2 )/aZSP ))A2 );

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

Tegend({['M2, RA2=0.99' ],['M2-P, RA2='
ﬂuTgst;$ZR2HY)]},'Location','northwest','Fontsize',18);
old o

print 11_Permanent_deformation_Hyde -djpeg

%Shenton model

figure(12)
set(gcf, 'DefaultAxesFontName', 'Times New Roman');

hold on

x1abe1('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',lG)
set(gca,'yLim',[0 14], 'yTick',(0:2:14), 'FontSize',16)

for j=1:5;

aP=PP(matcumsP(1l,j)+1:matCcumMspP(1,3));
aspP=1ength(aP);

aTP = zeros(size(aP));

for i = 1:aspP

if aP(i)<=0
aTP(i) = 0.01;
else
aTP(i) = aP(i);
end
end
ay=10g10(aTP);

apP=pP(matcumSP(1,j)+1:matCuMsSP(1,3));
agP=qP(matcumsP(1,3j)+1:matCuMsP(l,3))
[agPmax,aloc]=max(aqP) ;
ax=1og10(agPmax./(apP-aqP));

syms A B

eq1=onesEl,aSP)*(ay—A*ones(l,aSP)'—B*ax);
eq2=ax'*(ay-A*ones(1,asP) '-B*ax);

[A,B]=solve([eql==0,eq2==0], [A,B]);

aa=10AA;
aa=double(aa)

ab=B;
ab=double(ab)
aPSH=aa* (agPmax./(apP-aqP)) .Aab;
plot(agPmax./(apP-agP) ,aPSH, '-k', 'Linewidth',1.2);
R2b(3)=1-( ( sum(aP(:,1)-aPSH(:,1)) )A2 )/( (sum( aP(:,1)-sum( aP(:,1).A2 )/asP ))A2 );
azP=zP(matcumzspP(1,3)+1:matcumMzsp(l,3));
azsp=1ength(azp) ;
azTP = zeros(size(azP));
for i = 1:azspP

if azp(i)<=0

azTP(i) = 0.01;

se i i
azTP(i) = azr(i);
en

end
azy=1ogl0(azTP);

azpP=zpP(matcumzSP(1, j)+1:matCuMzsP(1,3));
azqpP=zqP(matcumzspP(l,j)+1l:matCuMzsP(1,3));
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[azqPmax,azloc]=max(azqP) ;
azx=10g10(azgPmax./(azpP-azqP));

syms ZA ZB

eql=ones(1,azSP)*(azy-zA*ones(1,azSP) '-ZB¥*azx) ;
eq2=azx'*(azy-zA*ones (1,azsP) '-ZB*azx) ;

[zA,zB]=solve([eql==0,eq2==0],[zA,ZB]);

aza=10AZA;

aza=double(aza);

azb=7B;

azb=double(azb) ;

ZaPSH=aza* (azqPmax./(azpP-azqgP)) .Aazb;

plot(azgpPmax./(azpP-azqP),ZaPSH, 'color',[0.75, 0, 0.75], 'Linewidth',1.2);
ZR2b(§)=1-C ( sum(azP(:,1)-zZaPSH(:,1)) )A2 )/C (sum( azP(:,1)-sum( azP(:,1).A2 )/azsP ))A2 );
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

Tegend({['M2, RA2=" num2str(R2SH) ],['M2-P, RA2='
ﬂuTsst;$ZRZSH)]},'Location','northeast','Fontsize',18);
old o

print 12_prermanent_deformation_shenton -djpeg
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