University of Studies of Cagliari

PhD

in STRUCTURAL ENGINEERING
Cycle XXVIII

Granite By-Products
for Inverted Pavement Technique

Learning scientific field of reference
ICAR /04

Written by: Andreina Etzi
Coordinator of PhD: Francesco Ragnedda

Tutor: Mauro Coni

Final Exam Academic Year 2014 — 2015



Andreina Etzi - Granite Byrroducts for Inverted Pavem Technique

UNIONE EUROPEA
Fondo sociale europeo

~3POR

obiettive competitivita regionale @ occupazione

Andreina Etzigratefully acknowledges Sardinia Regional Goverrimien the financial
support of his PhD scholarship (P.O.R. Sardegna.E.®perational Programme of ti

Autonomous Region of Sardinia, European Social F@@d7-2013 Axis IV Huma
Resources, Objective |.Bine of Activity 1.3.1.



Andreina Etzi - Granite By-Products for Inverted/@aent Technique

INDEX
AB S T R A T e e s 8
KEY WORDS ...ttt 9
1. INTRODUCTION ...ttt mmmm e s 10
2. MINING Lo 13
3. ITALIAN REGULATION FOR MINING .......oiiiiiiiiiiiiiiiiiiiiii e 4.1
4. GRANITE BY-PRODUCTS .......coiiimmmmm 17
5. ENVIRONMENTAL SUSTAINABILITY ..ooiiiiiiiiiiiiimm e 20
5.1. GREEN PUBLIC PROCUREMENT (GPP) ...ottiiiiiiiieeeeeiiieeeee e 21
6. USE OF INERTS IN ROAD FIELD.......uuuiiiiiii i 23
6.1. CNR REGULATION FOR AGGREGATES ..., 23
6.1.1. GRANULOMETRIC RULES........oitiiiii i 24
6.1.2. THE SHAPE INDEX ... 26
6.1.3. RESISTANCE TO CHIPPING AND TO FRICTION.......mmmreeeiiiiiiiieeeeeenn 27
6.1.4. RESISTANCE TO ABRADIBILITY ..coiiiiiiiiiiiiiiien i 27
6.2. HIGHWAY STANDARDS FOR ITALY ..o 28
6.2.1. FOUNDATION LAYER. ... .o 28.
6.2.2. SUB-BASE LAYER ... 29
6.2.3. BASE LAYER ...t 30
6.3. MINISTRY OF INFRASTRUCTURE AND TRANSPORT- TECHNICAL
STANDARDS OF PERFORMANCE ........ooiiiiiiiiimmmmm e 31
6.3.1. QUALIFICATION OF MATERIALS FOR ROAD EMBANKMENT .......... 31
6.3.2. FOUNDATION LAYER. ... ..ot 31
6.3.3. SUB-BASE LAYER IN CEMENT MIX .....cooiiiiiiini 33
6.3.4. BASE LAYER ...t 34
. ITALIAN PAVEMENT CLASSIFICATION ....cciiiiiiiiiiiie e 36
8. SOUTH AFRICAN ROAD PAVEMENT CLASSIFICATION.....cccooiiiiiiiiiiiiiiiin 39
9. LITERATURE REVIEW ....cooiiiiiiiiiiiiiei et 43
9.1. SOUTH AFRICAN EXPERIENCE .......coiiiiiiiiiiii e 43
9.2. CONSTRUCTION PROCEDURES OF INVERTED PAVEMENT BASEAYER
45
9.2.1. COMPACTION TECHNIQUE DEVELOPMENT ......covviiiiiiiiiiiiiiiiiiiiieiiiins 51
9.3. MORGAN COUNTY TEST SECTION........cottiiiiiiimmmmneeiiiicieiii e 54
9.4. LAGRANGE TEST SECTION ....ccoiiiiiiiiiiiiiiii e 56
10, MATERIALS ... e e e e e r e e e e e e ae e e e e eeeanrane 57
10.1. DOLERITE MINERALOGY ...ccoiiiiiiiiiiiiiiiiiiitte e snnneean i 0 O
10.2. GRANITE MINERALOGY ...ttt e e 58.



Andreina Etzi - Granite By-Products for Inverted/@aent Technique

11. METHODOLOGY AND PROCEDURES .......cccooiiiiiir s 61
11.1. CHARACTERIZATION OF GRANITE FROM CALANGIANUS QUARRY..61
11.1.1. PETROGRAPHIC ANALISYS ...t 61
11.1.2.  CHEMICAL TEST ..o 63
11.2. THE IMPORTANCE OF GRADING........cciiiiiiiiiiimmcceeii e 66
11.3. ENVIRONMENTAL CHARACTERIZATION OF DIGGING MATERIALS....74
12. PHYSICAL - MECHANICAL TEST ...oiiiiiiiiiiievevvvvvnen LB
12.1.  ATTERBERG LIMIT ..ooiiiiiii e 77
12.2.  FLAKINESS INDEX.... .o e 79
12.3. DRY DENSITY AND OPTIMUM MOISTURE CONTENT .......cevviiiiiiiinnn. 80
12.4. LOS ANGELES ABRASION TEST ....coiviiiiiiiiimmmmm e 81
12.4.1. TEST PROCEDURES........cotttiittiiii i 2.8
12.5. AGGREGATE CRUSHING VALUE (ACV) ..cccoiiiitiiieimmmieeeee e 82
12.6. FINE AGGREGATE CRUSHING TEST (10%FACT) ..eevvieeieeiiiiiieeeeeeeee 86
12.7. SOME TEST CONCLUSIONS ......cooiiiiiiiiiiiiitmmmmm et 87
13. SOFTWARE SIMULATION USING MePADS. ..........cooiiiiiiiiiii s 88
13.1.  TRIAXIAL TEST .o 90
13.2.  MePADS SIMULATIONS ... rreee e 95
13.2.1. SOUTH AFRICAN INVERTED PAVEMENT .......cotiiiiii e 96
13.2.2.  ITALIAN FLEXIBLE PAVEMENT ... 98
13.2.3. MORGAN COUNTY INVERTED PAVEMENT TEST SECTION.........99
13.2.4. LAGRANGE INVERTED PAVEMENT TEST SECTION ......cceeeene.. 101
13.2.5. ITALIAN INVERTED PAVEMENT SIMULATION........oooiiiiiiiiiiiinn, 103
13.3. SOME CONCLUSIONS ABOUT SOFTWARE SIMULATION .................. 105
14. ECONOMIC BENEFITS ....coiiiiiiiiiiii e 105
15. CRITICAL DISCUSSION AND CONCLUSIONS ........cciiiiiiiiiiiiiiciciin 108
16. RECOMMENDATIONS FOR FURTHER RESEARCH........cccoommiiiiiiiiiin 109
REFERENCES ... 111



Andreina Etzi - Granite By-Products for Inverted/@aent Technique

LIST OF FIGURES

1o T T30 R\ F= U o] o F= U o T (= 12
Figure 2 Active and ceased Caves and MINES. . coeeaieeeeeeeeiiieeeeeiiiiii s 14
Figure 3 Example of “open air” mining and stockifgextracted blocks.......................... 18.
Figure 4 Cava Usai and Punta Molentis, in VIllaSIB............ccccoeeieiiiiiiiiiiiiiiiiiieeeee 18
Figure 5 Extracted minerals iN SArdiNial.. ..o« .eeeeererrrmmmeeeeeeeeeeeeeeeeeeeeeereeeeee.. 19
Figure 6 Percent division of natural aggregateslypced between 2009 and 2013. ............... 20
Figure 7 Grading Curves for FOUNdation Layer .. ..uvveeeiiieiieieeeeeeeeeeeeeeeveeeeeeeeee 24
Figure 8 Grading Curves for Foundation Layer witttaimum Aggregates 30 mm .............. 25
Figure 9 Grading Curves for CemMent MiX Al .. .occceeeiiiiiiiii e 25
Figure 10 Grading curves for CEMENT MIX A2 . s eernaaaieeeeeeee ettt s 26
Figure 11 Italian Catalogue for Freeways with hot asphalt base layer. (CNR, 1995) ...... 37
Figure 12 Italian Catalogue for Freeways with cetmex base layer. ... 38
Figure 13 Italian Pavement Design for Road CIag8WaY .............ccccceeviieiieeeeeeeeeeeeeinnnn. 39
Figure 14 Structural Design for flexible pavementroderate and dry region...................... 41
Figure 15 Structural Design for flexible pavemennt fvet region .. . w42
Figure 16 South African Design for Freeways in Bggion with trafflc category ESBO ...... 43
Figure 17 Inverted Pavement Design (Araya, 2011).....ccceiiiieeeeeeeeiieieeeeeeiiiiieneaaenenns 44
Figure 18 Inverted Pavement STIUCTUIE ... oo eee e 45
Figure 19 Vibratory ROIIET .......ccoooiiiieee et e e e e s 48
Figure 20 Heavy Pneumatic-Tired ROIEY ... 48
Figure 21 Steel-Tired ROIIEIS .......coovieeeeee e eer e e e e e e e e e e e e e e e eaaenes 48
Figure 22 Fines appearing 0N the SUMaCe ... 50
Figure 23 Sheepfoot ROIIET .........coooiii e err e e e e e e e e e e eeeaaeees 51
Figure 24 Flat Wheel Steamrollers ..o 52
Figure 25 Wobble Wheel ROIIET........cooo e 52
Figure 26 CBR vs. density of G1 crushed stone (Selmk) 1988)...........cccovvvvviviiiiinnnnnn. 54
Figure 27 Morgan County Inverted Pavement TeSt@®CL............ccceevvvvvvveiiiviiiiiiiiienn, 55
Figure 28 LaGrange Inverted Pavement DeSigN. ... 56
Figure 29 Dolerite from Kwazulu Natal........cccccocoiiiiiiiiiiieceee e 57
Figure 30 The New Lithological map database GLiMurhann & Moosdorf, 2012) .......... 59
Figure 31 Granite Ghiandone from Calangianus QUaITy..........cccceeeeeeiieereeeeeriirinnnnnnnns 61
Figure 32 Granite by-products thin SECHON.............oiiiiiiiiiiiii e 63
Figure 33 ICP-OES Perkin ElImer Optima 7000 DV..eeieiieeeeeeeeieeeeieeeeiiiiiisnees 63
Figure 34 Parallel on the chemical analysis of @eaand Dolerite. .............coovvvvvvvivvieeens 65
Figure 35 Specific gravity Weighing aPParatus . ...ccceeeeeeeeeriiiiiiiaraeneeeeeeeeeeeeeeeeeeeeeees 65
Figure 36 Vacuum PYCNOMELEN ........ciiiiiieeeeeeeeiiiiiiiiiisss s e e e e e e e e e e e eeeeeeeeeeeaennnneesesnnnnnnes 66
Figure 37 Comparison between Fuller grading cuaresG1 base layer grading curves ...... 67
Figure 38 Different grading curves used by Hussefmeriment ..............cccccoevvvevveiiiiiicems 68
Figure 39 Comparing Material Performance varyimgsst States- Drained Conditions ........ 69
Figure 40 Comparing Material Performance varyimgss States Un-Drained Conditions ...69
Figure 41 Coarse and fines particles distribution.................ciiiiniiiiiiieeeeeeeeeeeiies 70
Figure 42 Dolerite grading fOr DASE [QYEr .. eeeeeeereiiiiiiiiiiieee e e e e ee e evieeeeee e eeeeeeaneanns 72
Figure 43 La Grange Grading for DASE QY . cveeeeeeiiuiiiiiiiiieee e 73
Figure 44 Morgan County grading for base layer.........c..ooovvvviiiiiiiiiii e, 73
Figure 45 Sardinian Granite grading for base layer.........ccciiiiiiiiiii s 74
Figure 46 Histogram of Leachate teSt reSUIS e eevvvrvveeeiiiiiiee e eeeeeeeeeeeeeveeeeee e 75
Figure 47 Test by Casagrande for liquid limit value...............ccooeiiiiiiiiiiiiies 78
Figure 48 Determination of Plastic lIMit.............oooeeeiiiiiiiiiii e 78
Figure 49 Flakiness INdeX APPAratus ...........ooeiiiiiiiiiiiiiiiiiiaaa e e e e e e e e eeeeeeeeeeeeeeeeeeennnnee 79



Andreina Etzi - Granite By-Products for Inverted/@aent Technique

Figure 50 FIakiNeSS INAEX TES.........uuutceeemmeiiiiaiieeeeeeeeeeeeeeeeeeteeaas s e e e e e e eaaeeeees 80
Figure 51 Moisture - Density relationship for gt@my-products...........cccceeeeeeeiiiiiiiinnnne. 81
Figure 52 Los Angeles Abrasion TeSt EQUIPMENL... ... . .eiiiiiiieeeeeeeeeeeeeeeeevvee e 82
Figure 53 Equipment for Aggregate Crushing ValustTe..............coviiiiiiiiiiiiiiiiiiii e 83
Figure 54 Volcan Quarry of LaGrange and Morgan @@@UArry ............ccccceeeeeeeeeeeeeeennn 4.8
Figure 55 Granite deriving from Morgan County arafdrange Quarry .........cccceeeeevveeeeeennnnns 85
Figure 56 Triaxial QPPaAratUS.............uuuemmmreereeeeeieeeiiiasaaseeeeeeeeeeeeeesaeerenreereersnnnnn 91
Figure 57 Multi-layered Elastic Model Scheme...............coiiiiiiiiees 92
Figure 58 Triaxial test diagram with 100 kPa Coefirent Pressure.............cccccevvvvvvvinen 93.
Figure 59 Triaxial test diagram with 250 kPa Coefitrent Pressure.............ccccovvvvvvviinn 93.
Figure 60 Triaxial test diagram with 350 kPa Coefirent Pressure..............cccccevvvvvvvnes 94.
Figure 61 Young’s modulus obtain from triaxial teSt...........ccoooiiiiiiiiiiiii e, 95
Figure 62 Scheme of the Infrastructure and Loattidigion for software simulation .......... 96
Figure 63 MePads Screen Video with South Africavetted pavement layers and relative
V22 11U TP 96

Figure 64 Trend of Normal Strain in a vertical @aof South African Inverted Pavement....97
Figure 65 Trend of Displacement in a vertical plah&outh African Inverted Pavement ....97
Figure 66 MePads Screen Video with Italian Flexfm&ement layers and relative values... 98

Figure 67 Trend of Normal Strain in a vertical @aof Italian Flexible Pavement................ 98
Figure 68 Trend of Displacement in a vertical plahéalian Flexible Pavement................. 99
Figure 69 MePads Screen Video with Morgan Countgiited pavement test section values.
...................................................................................................................................... 100
Figure 70 Trend of Displacement in a vertical plah&lorgan County test section............ 100
Figure 71 Trend of Normal Strain in a vertical @asf Morgan County test section. .......... 101
Figure 72 MePads Screen Video of LaGrange invgréagment test section values.......... 101
Figure 73 Trend of Normal Strain in a vertical @aof LaGrange test section .................... 102
Figure 74 Trend of Displacement in a vertical plaheaGrange test section..................... 102
Figure 75 MePads Screen Video of Italian Invertadgment simulation values................. 103
Figure 76 Trend of Normal strain in a vertical @aof Italian inverted pavement simulation
...................................................................................................................................... 104
Figure 77 Trend of Displacement in a vertical plafdtalian inverted pavement simulation
...................................................................................................................................... 104
Figure 78 Economic Benefits using Inverted Paverieshnicque...........ccccccvvvvveieennn. 071



Andreina Etzi - Granite By-Products for Inverted/@aent Technique

LIST OF TABLES

Table 1 Grain size grading per foundation layer...........cccceeeiiiieeieiieeiieeeeeeeeeeeeeeeaees 28
Table 2 Grain size grading per subbase [yl ............ooviiiiiiiiiiiiii e 29
Table 3 Grain size grading per bound base layer.............cceeiiiiiiiiieiiiiieeeeeeeees 30
Table 4 Coarse aggregate CharaCteriStiCS. . cauammmmruuumuiiiiaiie ettt 31
Table 5 Characteristics Of fiNe agQregate ..o o eeeeeiiiieieeeer e 32
Table 6 Granulometry grading per Foundation Layer.............oovvveiiiiiiiviiiiiinnneeeeeeeeennn 32
Table 7 Characteristics Of COarse agQregate . uuurrrrrniiieiieeeeeeeeeeeereeeeeiennnneeeenneannnnns 33
Table 8 Characteristics Of fiNe aggregate ..ccce oo oe i 33
Table 9 Grading for the subbase layer in cement.miX..........ccccoooeeeeiiiiiiiiiiieeieeeeeeins 34
Table 10 Hot mix Asphalt Base Layer — Coarse ARG .........couvurrurrmmniiiiiaeeeeeeeeees 34
Table 11 Characteristics of fine aggregate forrnotasphalt base layers ...................... 35.
Table 12 Filler CharacCteriStiCS.........ouuiuuuiiiiei e r e e e eeeeaeeees 35
Table 13 South African Road Categories (DOT, 1996).........ccceeeeiiiiiieeeeeeeeeeeeeeeeieeeene 40
Table 14 Resistance by compression of granite framous mining sites of Sardinia (U.
Y= ] = T2 0101 ) PRSPPI 60
Table 15 Chemical Composition of Granite by-produstcomparison with Dolerite........... 64
Table 16 Leachate teSt reSUILS............commm e ee oo 75
Table 17 Aggregates classification for Base Layer...........cuuuvvuiiiiiiiiiineeeeeeeeeeeeeeeeeeeeee 76
Table 18 Grading of graded crushed Stone, soilnataral gravel..................ovvvviiiinrs e 76
Table 19 Atterberg Limits for graded crushed storadural gravel..............ccviiiiieivvcene 77
Table 20 Limit test values for G1 material....ccc....uvveiiiiiiiiiiiiiii e 77
Table 21 Flakiness INdeX teSt rESUILS ......caaammmriiiii i 80
Table 22 Los Angeles Abrasion Test Medium Values...........cccccceeviiiiiiieeeiieveceeeeeeeeee, 82
Table 23 ACV dry test results on granite DY-product.............cceeeeeieeiiieeiiiiiieeees e 84
Table 24 ACV wet test results on granite by proJuCt............ccceeeevieeeieeeeeeeeeeeees e e 84
Table 25 ACV wet test results on granite from Mor@aounty..............oeueiiiiiiinnneeeeeee i 85
Table 26 ACV dry test results on granite from Mar@aounty ..............eeeeiieiiieeeeeeeees e 85
Table 27 ACV wet test results on granite from Vol@uarry .............ccoooeiiieiiiiiiinnnnns o 85
Table 28 ACV dry test results on granite from VOIGUAITY..............cooeeviiieeiiiiiiennees o 85
Table 29 10% FACT dry teSt rE@SUILS ... oo 87
Table 30 10% FACT Wet teSt r@SUILS....... oot 87
Table 31 Triaxial test consolidated Drained of Geahby-products ............cooevvvviiveinnnn e 94
Table 32 Comparison between every Inverted Pavesignidation values.......................... 105
Table 33 Costs Analysis of Inverted Pavemenu . ......uuueiiiiiiiieeeeeeeeceeveeviveeeeaeaienens 106



Andreina Etzi - Granite By-Products for Inverted/@aent Technique

ABSTRACT

As mentioned by Sardinia Region: "Sustainable @reent is what satisfies present's needs
without shattering those of future generationsnkisato smart use of environmental resources
and without waists". This research aims to usareent resource available in high quantities
in Sardinia to optimize the uses of the extractedienials and not to take just advantage of the
Region. The mining activity in Sardinia, which isry important since ‘60s, during these
years, has produced huge amounts of granite bydptedThe ornamental use of granite is an
important money source for Sardinia. Unfortunately, the virgin material extracted must
have high aesthetic qualities, many rock blocksrajected. This research has the aim of
making the most of the material stored in a quaitigs and of optimizing the uses of resource
stone examined.

The target is the use of granite by-products asnatwith high mechanical featured to be
used for road pavements, from the foundation tdasar This research gives you the
opportunity to make the most of regional resourt¢esminimize the thickness of asphalt,
reducing the maintenance and realization costss iBha good start for the Island to make
money of something easy to export.

Granite by-products will be used for the constauttof innovative road pavement design.
The Inverted Pavement Technique, studied and deeédlon South Africa since 1950, is
going to be used for road infrastructure. In pattic, | have focused the attention on the
behavior of granular base layer. Thanks to thishr&pe is actually possible to take
advantage of mechanical features of base layeatiogebase layers that assure high and long
lasting performances with almost zero environmentats. The Project is finalized to a
sustainable design by using resources, consideyeglaate so far, present in the Sardinian
Land and the minimal use of exhaustible and expersiw materials as asphalt layers.

The increasing costs of petrol products and theitéd availability leaded to find alternative
solutions to flexible infrastructure everywherefe world.

Another target was to make sure that European amdhSAfrican Regulation matched
regarding granular aggregates. Through laboratstyntg physical, chemical, and mechanical
features of granite by-products were analyzed coimgpdo Dolerite, used in South Africa in

the Inverted Pavement Technique.
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1. INTRODUCTION

The mining of granite for ornamental use is impatrtr the economy of Sardinia since the
‘70s. There are more than 1900 active mines in iSardhat produce 200 million cubic
meters of granite by-products. The mining of gma@hd of the other stone materials is not
only a source of growing perspectives, but alsaldatermines a temporary and/or final
alteration of the environment; actually, all thepst of the productive cycle, from the
preliminary investigations to the most advancedsphanvolve and change the environment
causing a strong impact on it.

Right after the mining it was obtained a huge amaifrwaste materials stocked in areas of
landscape and naturalistic importance as many naireecated on the mountains. (S. Portas,
2002). According to directive 75/442/CE the wordasté is defined as follows: Any
substance or object whose owner wants to get rat afust get rid &f

In the chapter 1 of the same directive we find: Steacoming from prospecting, mining from
mine or quarry as well as from chemical or physissdtment of the minerals”.

In the specific field of granite culture, the wastaterial is about 55% of the total inert
mining. This is due to the fact that not all exteatblocks have excellent aesthetical features.
They are actually ranked in first choice, second tird choice blocks and still waste blocks.
The effects on the environment are of differentdkirOne of the main permanent
consequences is the landscape impact, due eitliee tnining and to the relative landfills left
in place.

The placing of the quarry leavings always represanproblem inside the mining and for the
community. With this research it is taken into ddegation the possibility to use the wasted
materials of the granite processing, which are maya out of market — but not for this
reason without value — to build infrastructures smdeduce environmental exploitation.

We actually know that for the realization of anrastructure besides the partial use of the
materials in situ, most of the inert come from amqy (F. Leuzzi, 2009) .

The total length of ANAS roads in Sardinia is 2.2 km (Anas source) and they are all
flexible infrastructures.

The 2015 maintenance plan foresees 31 extraordimaipntenance projects and 11 new
constructions. The total cost of the works is Edé2%.884.407,34. The 60% of the costs is
given by the supplying of building materials. lkés 30.000 tons of inert for one kilometer of
road. The majority of the inerts comes from thelexation of mines, the remaining part

comes from the construction site. This researcls @aorcharacterize, from the structural point

10
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of view, the granite by-products coming from quasky that it is considerably reduced the
amount of virgin aggregates extracted.

Granite by-products stocked in quarry will be usedbuild layers of the infrastructure, not a
basic “flexible” or “rigid” infrastructure. It haveen taken into consideration the Inverted
Pavement technique developed in South Africa, dtaraed by a sub-base layer in cement
mix, a granular base layer and a thin surface laf/aot mix asphalt.

The “secrets” of the success of these pavementhardiigh quality, abundantly available,
crushed material used for the base and sub-basthartdgh levels of compaction achieved
(Molenaar, 2009).

The goal of this research is to investigate ontki@®retical and experimental aspects of the
best use and performances of granular layers meggigrding the regional situation. Sardinia
has the ideal candidates such as granite by-prodndt marble for the production of
innovative materials with high and low cost perfaroes.

South Africa has developed the Inverted Pavemaiinique in the ‘70s and it keeps on
studying this technology according to the contirsiguowing of the axial loads that burden
on to the infrastructure. The study of flexible penents has grown considerably from 1978 to
1994, thanks to the introduction of new machinarghsas HVS (Heavy Vehicle Simulator)
that allowed to perform simulations of the loadmigto the flexible pavements to improve
some of their characteristics. The building methogies of South Africa highlight the
importance of having a good structural supporthef foundation materials and from all the
layers made of granular or stabilized material. ifieastructure is usually characterized of a
sub-base layer with a thickness of 150 - 300 mstabilized cement mix, on top of which is
built a very rigid layer of unbound granular mix, X0 mm thickness, compacted to obtain
high density through the Slushing process. Thyglrlayer is now covered by an hot mix
asphalt of low thickness (40-50 mm). The N1 highwathe northern Pretoria is an example
of the efficiency of South African highways createih the Inverted Pavement technique 23
years ago and it is nowadays in use and in goodittons.

11
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Figure 1 National Route 1

This study gives considerable importance to thehaeical behavior of granular mix.

Granular mix is a mixture of grains, not only ofors¢ origin, which has growing
performances related to energy and compaction ymessin South Africa the material used is
a result of crushed Dolerite rock available in higlantities, which mechanical characteristics
have been studied with laboratory tests accordimg Technical Recommendation for
Highway (TRH). The results of the material usedSouth Africa have been compared to
those of the same tests made for granite by-prediitie study was carried analyzing first of
all the different types of South-African flexiblexé semi-rigid pavements according to the
pavement catalog (TRH, 1996), and also testingtiess status attached to each layer of the
pavement. Secondly, it was analyzed the chemidsjsipal, mechanical and mineralogical
characteristics of Dolerite. Afterwardsve explored the mechanical and mineralogical
characteristics and the particle size range sjpscfbor the creation of the unbound granular
mix base layer. The efficient use of granite byguats makes interesting this study as well as
the economic savings coming from the low thicknafsthe hot mix asphalt and the growing
of the useful life foreseen for the infrastructutes not enough to have excellent mechanical
and grain size characteristics of the materiald@io an artfully base layers. Machinery used
and the steps for the making of the layers covarargable importance. The use of the
Inverted Pavement technique is nowadays a cuttigg enethod in the modern South African

pavements.

12
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2. MINING

Sardinia represents the tenth region in Italy fier tumber of enterprises and the eleventh for
the number of people serving as mining. Venetocdog and Lombardy are the three most
important regions of Italy. In 2001, accordingth@ census, the 4,4% of Italian enterprises
and the 4,1 of the occupants of this sector weaegal in Sardinia, with a majority in the city
of Sassari, Nuoro and Cagliari. Sardinia is charézd by the presence of two important
districts acknowledged by the Region: the Granit&allura and the Marble of Orosei, in
which are centered the mines and the majority efatmamental stone companies. (Structural
Analysis: mining and working stones, 2006). Theingrand working areas of the ornamental
stones of Sardinia is mainly consisted of small ancro enterprises, the 84% has less than
ten workers and the 15,7% has between 10 and 4fbgess. Furthermore, the business with
more than 50 workers are very few: only one compar004 and two companies in 2005. In
2005 the employment of mining area and stone wgrkirea was of 2.592 units and the
revenue was 144 millions of Euros.

Commercial companies linked to mining and stonekimgr enterprises are also placed in
Sardinia followed by a minor number of companiethvgitores in other Italian regions (and
particularly in the main stone districts of Verarad Massa Carrara).

In 2004 the most of the companies working in Saadworks only on the transformation of
the ornamental stone and it does not have pers@avals and it buys raw materials on the
market. It belongs to this category of company 8a&rprises, equal to 74,9% of the total.
The next important companies are those who catinglemining and transformation aaty.

We are talking about 60 companies with a revends8@ millions of Euros.

There are different types of cultivation, not ohhked to mining and geological aspects, but
also linked to local morphological conditions. lar&inia the mining of rocks for ornamental
use is carried basically on "open air cultivatiaifigt inevitably causes a permanent change of
the sites and an impact on the local eco systeneavidonment.

The Regional Law 30/89 set the mining and the ¢ié&schedule.

This law foresees the planning of the mining anthatsame time the recovery of the areas at
the end of the cultivation. With the directivestbé European Union CE91/156, 91/689 and
94/62, which govern the waste sector, Italian Goremt has issued a D.Lgs.™Bebruary
1997 with title "Waste Management”. The purposehi Decree is to ensure, through a
careful waste management, a high protection oetheronment. From thjsarises the need of
introducing new techniques and new building metlhagies able to reduce the amount of

13
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waste materials. From here it also comes the neededuce the exploitation of the
environment as well as the use of natural mateciaising from the new mines. In the Figure
2 Active and closed Caves and Mines. It is possiblédentify the percentage of closed,
active, closing and decommissioned mines until 2007

Closed Mines Ceased
11% Extraction
Active Sites post LR
Extraction 30/89

Sites
38%

10%

_ Miniere
Dismesse
10%

Ceasead
Extraction
Active Mines Sites before

15% LR 30/89
16%

Figure 2 Active and ceased Caves and Mines.

3. ITALIAN REGULATION FOR MINING

Mining is regulated by the “Regio Decreto” n. 14U&R27 that is the main source of the Italian
rules concerning the mining. Such Decree sortsutbe of the minerals establishing two
different working categories:

e the first category, called mine, is about the galion and research of mineral
substances of strategic importance and of unavailaritage of the Country whose
practice is under concession;

e the second category, called cave, is about thévatiin of materials that belong to
the owners of the lands and they are allowed tdogxihem under the authorization
or concession of the government.

With the regional law n. 30 of 1989 without a palframework law, Regions prepared a

regulatory and administrative system of planningharizing and checking. Even though this
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system is mnscellaneous and uneven on the national territarycertainly limited the
environmental and hydrogeological destruction t@tld have been caused by the messy
exploitation of caves. The regional law 30/89 setthe Regional Plan of Mining (PRAE),
the tool of the sector programming and the opematioeference. The PRAE, planned by
Department of Industry, has not been presenteldendgional Council for the main approval
yet; without the approval it applies the so callddano Stralcio" approved in regional
Council on 38 June 1993 and published on the BURAS n.29 dh 28y 1993. Sardinian
Region has, according its own statute (L. Cost. Rébruary 1948, n. 3), legislative power on
mineral and thermal waters and power on patrimasal state property law of mines, caves
and salterns and therefore it provided to ruleni@ng trough Law n.30 of the 7th June 1989
and amended. In this law there are different gsoofpmaterials according to the intended
use:

e ornamental rocks (marbles, granites, alabasteess! limestones, travertines,

trachites, basalts, porphyry, etc.) to be usedddyrce blocks, plates and related;
e materials for industrial use (marls, limestones)odutes, diatomaceous earth,
siliceous sands, earth colors, clays, peats, jetc.)

e materials for civil works and buildings (sands,\ga, granulates, blocks, etc.).
Caves can be “ornamental”, “industrial” and “cividiccording to this selection of groups
referring to the main destination or origin. Thtlype, depending on the characteristics, can
give place to different kind of caves. One depasih be given license for multiple
destinations (according to the fact that one cawgdcgive its only product different uses).
The license for cultivation activity is ruled bytl& IV, art.19 of the above mentioned
Regional Law.
The application for the license must be equippeth whe cultivation project including the
description of the geological characteristics of toncerned lands, the description of the
preparing, mining and restoration steps. The apfitin must also include the description of
the landfill sites (ruled by D.Lgs. 117/2008) ahe illustrative paper of the main elements of
operations (estimated duration time, annual prodogctestimated yield, employment,
possible arrangement in vertical order).
The cultivation project has to define preventivéihe amount and the type of materials
produced and refused (making the “extraction waatebrding to D.Lgs. 117/2008).
To release the license it must be acquired thessacg clearance such as environmental,

forest, archeological permission and all controlcedures.
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With the entry of the D.Lgs. $0May 2008, n. 117, Directive 2006/21/CE relating thaste
management of mine industry, there are new speuaifies to ensure environmental and
sanitary protection of the waste coming from thespecting, the mining, the treating and
stacking of mineral sources and from cave exploitat

This topic is not included in the application ofrpp&/ of D.Lgs. 3% April 2006, n. 152,
according to art. 185 and application field of DsLd3" January 2003, n. 36 as foreseen by
paragraph 6 of art. 2 of D.Lgs. 117/2008. The Dedsepart of the special rules of the mining
sector as per R.D. $july 1927, n. 1443, and the relating safety rofeB.P.R. 08' April
1959, n. 128 and from D.Lgs. 624/1996 in tune wiikcial European directives.

The D.Lgs. 117/2008 sets the procedures and negessizons to prevent or reduce as much
as possible negative impacts on the environmeraiticular for water, air, land, flora, fauna
and risks for human health coming from the managenoé waste produced by mining
industries.

It is important to know that this law is limited tole the management of wastes coming from
the inside of the sites and in the facilities wathmit on the application.

Whether the managing of waste is done outside itee o8 outside the facility, it will
automatically be covered by part IV of D.Lgs. 18106.

All other kind of waste that are not specific ofnas are excluded from application of the law
even if originally coming from the normal miningtiaty and they are subject to general
discipline of waste management of part IV of D.l1gR/2006.

One of the news inserted in D.Lgs. 117/2008 is'BHan of management of wastes" which is
an integral part of cultivation project to achidlie license.

The Waste Management Plan aims to:

e prevent or reduce the dangerousness of producfiomaste coming from mining,
previously when planning properly either the mghand treating methods foreseeing
to possibly relocate the wastes in the same ldsdffleated by the excavation; the
choices of the project must be technically achievadnd sustainable from the
economical and environmental point of view;

e stimulate the recovery of wastes by possible réngabr salvaging always according
to the law and if it does not involve a problenthie environment;

e ensure the secure short and long-term disposabetes planning, during the design
phase, the waste management either during the gnamd after the end.

The 1¢" August 2010 it was issued regulation nr. 161 Igytime rules on the using of lands

and rocks for mining which defines excavation mateas "working residuals of stone
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materials (marble, granite, stones, etc.) also not relatethe creation of works and not
containing dangerous substances (such as flocowittmacrylamide or polyacrylamide). It is

also specified that such materials of result mayused to replace virgin materials coming
from cave if a Using Plan was expected.

The Using Plan must include:

requirement of material which is originated by adarction process whose main
purpose is not the production of it (DLgs. 152/2006
- production site, deposit and future use;
- place in the territory;
- prescribe possible industrial treatments usefuinjorove the characteristics of the by-
product.
According to these characteristics the body respm$ARPA) gives an opinion about the

use of the by-products.

4. GRANITE BY-PRODUCTS

Granite is one of the most popular building materiti has been used for thousands of years
in both interior and exterior applications. Grandenension stone is used in buildings,
bridges, paving, monuments and many other extprgects. Indoors, polished granite slabs
and tiles are used in countertops, tile floorsir dteaads and many other design elements.
Granite is a prestige material, used in projectrtmuce impressions of elegance and quality.
The blocks classified as top quality will produdabs that present no flaws or discontinuities
that might diminish exploitation possibilities aagsthetic quality. Blocks classified as of
inferior quality do exhibit some discontinuity dadv but may be exploited so as to obtain an
acceptable economic return. Here, the transformagiguipment available is important in
determining the minimum size of the blocks. Finalhe part of the bank considered not to be
exploitable is that which incorporates such a gtyof discontinuities that it is not possible
to extract even minimally sized blocks. (J. Tabod®®9).

The ornamental rock processing industry uses largeunts of rocks in a wide variety of
finished products (e.g. granite, marble, slatejsmeauartzite, etc.). As a result, this industry
produces worldwide huge amounts of by-product&rheil, in 2007 about 1.8 million tons of
waste was generated every year (A. J. Souza, 2D1@ng the years it was observed how the

environment has changed after the mining. As shiovthe Figure 3fronts are always wider,
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without vegetation and visible from far away. Aeteame time hills are covered by waste
barren materials from mining and the work of blacks

Sardinia has an area of 24090 km?, 25% of whidrasite. The mining of granite has great
importance for Sardinian economy tank to the exgtian of granite blocks.

il b ik

Figure 3 Example of “open air’ ining and stockxtracted blocks.

One of the effects of mining is the waste productid granite by products and low quality
blocks. During the years it was produced a comalille amount of inert material stored in the
landfills of each cave. Even though this materialsprves the qualities of the subgrade it can
only be discarded because of its aesthetic defease to the inappropriate size of the blocks
to be worked for ornamental use. In Sardinia theee 40 million cubic meters of stored

inerts to which are added 1,5 million of cubic neteore each year of mining.

Granite by-products preserve the same chempatglsical mechanical characteristics of the
rocks whence they are extracted but they must opmujth technical standards foreseen by
UNI EN 13285, UNI EN 14688-1, UNI EN 13242 and UNI1531 to be used for building
infrastructure. To obtain the CE marking they mustet standards UNI EN 13242 and DM
11/04/2007 and to achieve the environmental apptbesy must meet requirements of DM
5/02/1998 and DM 5205/2003.
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Sardinia has a natural heritage of great valuedmuisions taken regarding the intended use
of the territory cover an important role particljyaalong the coasts where there are sundry

natural reserves Figure 4.
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Figure 5 Extracted minerals in Sardinia

In the Figure 5 is the geological map of Sardifiiae mining of ornamental stones covers the
50,6% of the mining of non-energy regional minegld it is one of the mining carried in the
territory (Movimprese 2005). The plan is to stutlg compatibility of granite by-products
stored in each extraction site in Sardinia to buildastructure. These aim to minimize the
environmental impact thanks to the use of wastedemads and the reduction of non-
renewable sources such as bitumen to realize gietidayer.

With the chart below (Figure 6) it is possible tderstand how the percentage of aggregates
extracted covers the 49% of the total inerts preduor the infrastructures only.
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Uses of Aggregates
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Figure 6Percent division of natural aggregates produceddsst 2009 and 201

The distribution in the territory of the ornameng&dnes extraction es is almost equable a
this makes the costs of the transportation of tieetifrom the cave to the infrastructure :
considerably reduced. When the main intent was hexhc that was the sustaina
infrastructure built by minimizing the use of r-renrewable sources and by optimizing the
of material considered as waste, there have bdfematit obstacles among whi
e (ifficulties on how to find advice of each cave &ese quarryman are not willing
give information regarding the pduction and mizrial waste da;
e (ifficulties on the perfrmance evaluation of granite Ipyeduct as the high number
granite types (11 different kinds of granite) makdsard to select the right material
each cave;

e |ow sustainable expees from privates and plit administration

The Sardinia Region with resolution n°22/19 0" May 2012 issued the guide lines for
application of ecological public outgoings in war&ntracts with title: Use of Granite and

Marble byproducts for the Infrastructure Trad.

5. ENVIRONMENTAL SUSTAINABILITY

The environmental sustainability is the ability@osure the long last of the environmel
functions, such as: source of natural resourcegiver of waste and pollution, supplier

necessary conditions for the maintenance of lifend@pts of sustaability were first
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introduced with Brundtland report (Brundtland, 1888hich researched a balance between
economic development and life quality through tbeect exploitation of natural resources.
After the first oil crisis of the Seventy’s it waeveloped a new way to build, aiming to save
the remaining natural resources. The use of swaikEnresources becomes the main target
together with the topics about the pollution, tbahcerns our planet with its consequences,
climate changes, greenhouse effect etc. This neywofdhinking and interacting with the
environment has had a great impact on the markat $tudied and developed new
technologies.

In Italy in 2002 the Resolution CIPE 57/08/2002raduced the “Environmental Impact
Evaluation” as a valuation tool for every singleilthng work. Whilst the principle of
sustainable development in the engineering desigs imtroduced with D. Lgs. 4/2008 and
renewed then by the D.P.R. 207/2010, these rulesde that during the planning phase it
must be given considerable importance to the athergpand water aspects, to eco-system
evaluation, to the entity of the noise and vibnagiproduced, as well as the change of the soill
and subsoil. An infrastructure that covers alllgsia fields must interact and incorporate
with the environmental contest, becoming an ingidamnomic development for the territory.
Infrastructures are basic for the modern societyels as they were since the beginning of
Roman Empire, they connected Rome with suburbadsl@amcouraging commerce and the
meeting with new cultures.

The VII Program of action for the environment betwe014 and 2020 of European Union is
called: “Living well inside the limits of our platie The file sets the concept of “life cycle”
as basis of strategic choices for sustainable distheo resources, prevention and wastes
recycling. The Community Directive 98/08/CE diis target of the recycling of inert wastes
to be achieved before 2020, equal to 70% of thed tohount of wastes produced.

5.1.GREEN PUBLIC PROCUREMENT (GPP)

The Green Public Procurement introduced, thankisddook “Green Book about the politics
produced” in February 2001, is the whole of envin@ntal considerations regarding the
expenses procedures of Public Administration. Elmope the Directive 2004/81/CE of®31
March 2004 inserts the “environmental” variableaastandard for the evaluation of the offer.
In Italy the Green Public Procurement is not corspry, though there are rules that urge to
insert it according to specific requirements anddts for the purchasing and using of certain
products. In Sardinia it was enacted the “Guidedifor the ecological public purchases in the
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work contracts: the use of by-products from marlded granite caves to build
infrastructures”.

With the Regional Resolution 37/16 of"™30uly 2009 Sardinia has set its own politics about
the Green Public Procurement that represents #anrfor a sustainable development aimed
at reviewing the public administration expensese Green Public Procurement encourages
the use of goods and services that involve lesslesxinatural resources, the production of
waste, pollutant emissions, danger and risks fa& émvironmental health and use of
nonrenewable sources. This politics involves theption of a method to plan and realize
interventions by respecting the life cycle of usedterials, aiming to reduce as much as
possible the environmental impacts and to ensuré¢hatsame time the safety of the
infrastructure. This policy is willing to ensureetimealth of workers and users as well as the
quality of the intervention regarding the terrisdrcontext.

The choice of materials and technologies to applyinfrastructures has to be made
considering those environmentally friendly produbist meet several requirements such as:

e Hygiene and health safety: material must be fremfpollutant and harmful emissions
either during production, while using it and durmegnoval;

e Durability: that is the ability of maintaining ovéime its own physical features and
performance, but also the adaptability and easioesgintenance;

e Environmental friendliness: the product has to cdrmen plentiful raw materials; it
must have low Energy consumption related to trartapon, but most products have
to encourage traditions and experience of localditaaft and industry to protect
formal aspects and choice of materials that aregytw characterize the identity of the
territory;

e Endurance: that is the ability to bear with stresthout damages or breakage, either

during the implementation and during the work life.

The target pursued in this research is to work oamite by-products, by the chemical
mechanical and physical point of view to make us@&m on infrastructures, ensuring:
e Full respect of the rules foreseen by the Regulatio
e To give an economic value a material considerethsgust a processing waste and
therefore stored in huge garbage dump, which preslficst of all a storage cost and
it represents an uneconomic use of the territory;

e To give a new profitability to existing mines;
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e To avoid the opening of new extraction sites whdidfigure the environment.
It is clear how the creation of a road requiregdamovements of soil not only for the basic
layout of the solid road but also for the reclamatof the substratum, shallow layer and
improvement of foundations. (F. Leuzzi, 2009).
Stone materials, coming from ornamental work precafdow to make them more desirable
for other markets such as infrastructure field. fé&«®seen by the last regulations on “Use of
excavation soils and rocks”, it is necessary tongra granite by-products by the chemical
and physical point of view to establish their colmpte. At the end of the examination, every
mine will be able to draw up its own “Using Plarg foreseen by DM 10 August 2010
n°161.

6. USE OF INERTS IN ROAD FIELD

To create infrastructures we must consider somei&lpeas:
» Consiglio Nazionale delle Ricerche (CNR) regulasion
e HIGHWAYS FOR ITALY (AUTOSTRADE PER L’ITALIA): mainenance and
construction of pavements — technical regulatiensébntract performances;
* Ministry of Infrastructure and Transport (Ministedelle Infrastrutture e dei Trasporti)

“Capitolato Speciale d’Appalto Tipo per Lavori Stedi”;

6.1. CNR REGULATION FOR AGGREGATES

Inerts are the most conspicuous part of the médegiaployed in the road engineering. Their
origin, their provenience and their mechanical praps can be different and for this reason
they must be monitored constantly with extremengsite. Depending on the use in the
building of the various layers of the superstrueiuhe stone aggregates must have different
geometric, physical-chemical and mechanical featudepending on the size of granules, we
can distinguish aggregates, in a conventional wayhree classes with a decreasing size:
granulated or crushed, sands, filler. It is alwagsessary to monitor the inert clearing, above
all if is considered the use with any alloying. Tdiecks that are required concern:

e granulometry;

e shape;

* angularity;

» resistance to chipping;
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* resistance to consumption by friction;
e resistance to abradibility;
« freezing;

« alterability.

6.1.1. GRANULOMETRIC RULES

For the base layer the granulometry which is albweethat into the granulometric melt of
reference, based on the connections between thenonmdiameter of inert (d) and maximum
diameter of inert (D). The melts of reference ame tand are distinguished based on the
maximum diameter of inert. In the first case repdrin the Figure 7, the maximum diameter
of inert is 71 mm; in the second granulometric medported in the Figure 8, the maximum

diameter of inert is 30 mm.
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Figure 7 Grading Curves for Foundation Layer
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Figure 8 Grading Curves for Foundation Layer wittsammum Aggregates 30 mm

The grading of the granular mixture has a remagkabportance, because, despite imposing a
rather narrow grading melt, the mixture conducamewhat different. For this reason, CNR,
on the rules about cemented blends, proposed tagirgy melts to use for two different kinds
of cemented blends: the type Al with narrow mett tHre type A2 with wide melt. The curve
of type 1 provides some higher values of thickerang resistance to compression; instead,
the curves of type 2 generate, the contents ofialijpbeing equal, better resistances to curve.
About cemented blends that are used as layersbabase, the grading melts of reference are

those reported in the Figure 9 and in the Figure 10
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Figure 9 Grading Curves for cement mix Al
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Figure 10 Grading curves for cement mix A2

About the base layers with not alloyed granulartari, they are some blends completely
alike to those described for the base layers wiimglar mixture. Obviously, being layers
nearer to the traffic action, are ordered narroweshulometric melts and a control of
resistance of elements, through tles Angeles teshat must have a coefficient minor of 25-
30 %. The rules of plasticity and of minimum resiste CBR of 80 must be kept, above all if

surface layers alloyed by bitumen will have a thieks minor of 10 cm.

6.1.2. THE SHAPE INDEX

The shape of material is determined using sievdssdters with elongated gaps or rod sieves.
Elements, exposed to vibration, pass through ghgesng themselves according to the minor
of three sizes L (length), G (width), E (thicknesEhe shape coefficient is given by the
division between the volume of the single elem®ifentd and the volume of sphere §\)

that has, as a diameter, the size bigger thané¢heeat itself, as reported in the formula:

elemento

2
’ Vyera(d - max L,G, E)

The angularity of material increases the resistandke inert cut. It is determined by the
division between the elements with sharp edggs, (Erushed elements) and those round

(Etong), as reported in the formula:
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6.1.3. RESISTANCE TO CHIPPING AND TO FRICTION

Resistance to chipping is evaluated through ieval test whereas, resistance to
consumption by friction is evaluated through thes Angeles testThe first one is done
inserting material (about 50 pieces of stone chigg) into a keyed cylinder tilted of 30°
towards the horizontal side that is made rotatelfd000 turns. At the end, is removed the
dust produced through washing on a sieve of 2 nime.résult of the test is tlo@efficient by
Deval namely the percentage of dust compared to thialinveight of sample. The second
test consists in inserting a specific predetermigadntity of granulometric mixture into a
hollow cylinder, that has a prominence. Into thdincher, there are some steel spheres
according to the quantity of aggregate; cylindemigde rotate. At the end of the test, it is
possible to measure the quantity of material thastnpass through a sieve of 1.7 mm.
Through this test, it is possible to measure thaifitation of the original granulometry,
given to the chipping of material, both by frictibetween particles and by the impact against

metal spheres. This test will be developed in # ohapters.

6.1.4. RESISTANCE TO ABRADIBILITY

Resistance to abradibility is measured through @A test (Coefficient de Polissage

Accéléré). You must glue a layer of the materinhttmust be evacuate, on some metal
laminas, that, then, are placed out of a metal WhHées wheel is made rotate in very close
contact with a pneumatic, thanks to the presencevaibr and of an abrasive mixture,

composed of dust of emery and sand. After six hoare extracted laminas and on the
material, that is present on them, is done a tesugh the skid test. The division with the
value obtained of the not treated sample, throhghskid test, is the measure of abradibility
of the mixture of inert tested. Through this tastis possible to evaluate the reduction of

microscopic roughness of material.
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6.2. HIGHWAY STANDARDS FOR ITALY
6.2.1. FOUNDATION LAYER

Highways for Italy (“Autostrade per I'ltalia”) fosees several instructions starting from the
foundation layer to choose the suitable materiafsttie creation of an unbound foundation
layer.
“Highways for Italy” “Autostrade per ['ltalia” defies the foundation as follows: “The
foundation is made of a mix of granulometricallststized soils; the granular fraction of this
mixture (kept in sieve UNI 2 mm) may be formed brg\gls, crashed, quarry debris, wastes
or other suitable materials as well. The foundatiall be made of suitable filler material or
made of materials that will have to be correctethwiroper machinery in fixed mixing
system or other systems”.
The inerts used must be qualified according to ctimy 89/106/CEE on the building
products. The inerts will have the following regunrents:

- Aggregate does not have to be flattened, washgicidar or bigger than 71mm;

- Granulometry (standard UNI EN 933-1) must be inetliégh the grading of the chart

Table 1 below and it has to have a continuous &idrend, practically accordant to

those of the limit curves:

Table 1 Grain size grading per foundation layer

UNI EN 933-1 mm Total Passing %
Sieve 40 95-100
Sieve 31.5 75-100
Sieve 16 53-80
Sieve 8 36-66
Sieve 6.3 31-61
Sieve 2 16-39
Sieve 0.5 8-23
Sieve 0.063 3-10

- The relation between the sieve passing UNI 0,075ancththe sieve passing UNI 0,4
mm is lower than 2/3;

- Weight loss at Los Angeles test is lower than 30%;

- The equivalent of sand measured on the fractioreupdssing sieve UNI 0,2 mm is
between 25-65;

- CBR lift index after four days of imbibition in wet (carried on passing sieve UNI 25

mm) is not lower than 50.
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After the lying of the layer it is evaluated therfoemance of the foundation through the
assessment of the Real Dynamic Elastic Modulusrthet be greater than or equal to the

project value and anyway higher than 185 MPa.

6.2.2. SUB-BASE LAYER

Concerning the sub-base layer in cement mix thesivell have to be qualified according

to directive 89/106/CEE on the building productsa¥&ls and sands from cave or river
can be used with an overall percentage of crusinederstood as inert that do not have
any round face, from 30 to 60% of weight of thekaterts.

They must respect the following requirements:

- Aggregates not bigger than 40mm, neither flatter@dstretched, nor lenticular;

- Granulometry must be included in the grading ofc¢hart (Table 2) below and it has

to have a continuous and flat trend:

Table 2 Grain size grading per subbase layer

UNIEN 933-1| mm Total passing percentage
Sieve 31.5 100-100
Sieve 20 70-87
Sieve 16 62-77
Sieve 10 46-61
Sieve 6.3 35-48
Sieve 4 28-40
Sieve 2 18-30
Sieve 0.5 9-19
Sieve 0,25 7-16
Sieve 0.063 5-10

- Weight loss at Los Angeles Test non higher than 80%eight;

- Equivalent in sand between 30 and 60;

- Plasticity index equal to zero.

After the lying of the layer it is evaluated therfpemance of the sub-base layer through
the assessment of the Real Dynamic Elastic Modthas will be calculated through

BACAN program.
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6.2.3. BASE LAYER

“Highways for Italy” foresees a bound base layehatimen for flexible pavements and a
cement mix for rigid pavement.
Inerts must be qualified according to Directive I88B/CEE on building products. The

Granulometry must be included in the grading ofdhart Table 3 below.

Table 3 Grain size grading per bound base layer

UNI EN 933-1 mm Total passing percentage
Sieve 63 100-100
Sieve 31,5 90-100
Sieve 20 71-98
Sieve 10 49-80
Sieve 6,3 39-69
Sieve 4 30-59
Sieve 2 120-40
Sieve 0.5 10-22
Sieve 0,25 7-17
Sieve 0,063 4-8

Inerts must meet the following requirements:
- Percentage of crushed in the inert mixture highant2mm greater than 65%;
- Percentage of crushed in the inert mixture lowantBmm greater than 60%;
- Weight loss from Los Angeles Test lower than 30%;
- Sensitivity to frost (directive UNI EN 1097-2) lowthan or equal to 2%;
- Coefficient of imbibition (directive CNR file IVA53) lower than or equal to 0,015;
- Coefficient of shape (directive UNI EN 933-4) lawikan or equal to 10;
- Coefficient of flattening (directive UNI EN 933-8)wer than or equal to 10;
- Equivalent in sand (directive UNI EN 933-8) musttigher than or equal to 70%.
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6.3. MINISTRY OF INFRASTRUCTURE AND TRANSPORT-
TECHNICAL STANDARDS OF PERFORMANCE

6.3.1. QUALIFICATION OF MATERIALS FOR ROAD EMBANKMENT

Natural dissolved materials may be result of deawsitipn of the formation of lands and
stone rocks in the area where the project foregeedevelopment of the solid road in trench,
that is the mining of lent caves. The foundatiérihe infrastructure will have to guarantee
the stability of the superstructure, the Deformafidodulus (called “compressibility” as well)

Md, set on the laying base (reclaimed or naturatpeding to directory CNR 146/92, at the

, : , 2 .
first loading cycle, in the range between 0,05+\Imm , it mustn’t be lower than :

- 15 N/mm2 (minimum value to allow the correct compactionlayers above)
when distance from foundation to the support layéigher than 2,00 m;

- 20 N/mm2, when distance from foundation to support layentuded between
1,00 and 2,00 m;

- 30 N/mm2, when distance from foundation to support layentuded between

0,50 and 1,00 m;
For distances lower than 0.50 m it is applied rezyuents for the sub-base.

6.3.2. FOUNDATION LAYER

The coarse aggregate could be made of elements@thtay the massive crush of rocks from
cave or alluvial, from natural elements with shadge or rounded. Such elements could have

different origin as long as requirements of Table 4are satisfied:

Table 4 Coarse aggregate characteristics

MAIN HIGHWAYS AND HIGHROADS
Quality Indicators Layer
Parameter Directive Unit of measur¢  Foundation
Los Angeles UNI EN 1097/2 % <30
Micro Deval umida CNR 109/85 % -
Amount of crashed - % > 60
Maximum dmension UNI EN 933/1 Mm 63
Sensitivity to frost CNR 80/80 % <20
(*) Not Suitable material save from exceptionalesas
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Fine aggregatemust be constituted by natural elements or crashatdhave characteristics

resumed in the Table 5.

Table 5 Characteristics of fine aggregate

MAIN HIGHWAYS AND HIGHROADS
Passing Sieve UNIn. 5
Quality Indicators Layer
Parameter Directive Unit of Foundation
measure
Equivalent in sand CNR 27/72 % >50
Plasticity Index CNR-UNI 10014 % N.P.
Liquid Limit CNR-UNI 10014 % <25
Passing to 0.075 CNR 75/80 % <6

The mix of aggregates to be used for the granular must have a granular composition

between the grading of the Table 6:

Table 6Granulometry grading per Foundation Layer

Sieve series UNI Passing (%)
Sieve 70 100 -
Sieve 30 70 - 100 100
Sieve 15 - 70 - 100
Sieve 10 30-70 50 - 85
Sieve 5 23 - 55 35-65
Sieve 2 15 - 40 25-50
Sieve 0.4 8-25 15 - 30
Sieve 0.075 2-15 5-15

The CBR bearing ratio (CNR-UNI 10009) after fouyslaf water imbibition (performed on
passing sieve UNI 25 mm material) does not havgettower than the value obtained for the
pavement calculation and anyway not lower than Bferefore it is required that this
condition is evaluated in a range of +2% accordangptimum humidity of compaction.
Theresilient modulus (M) of the mixture must be the one set in the paverpejéct and it

is determined by applying the standard AASHTO Ta@4nother methodology suggested by
the designer.

Thedeformation modulus (My) of the layer must be the one inserted in the pavermproject
and it is determined by applying the standard CMB/92.

The reaction module (k) of the layer must be the one inserted in the catmr of the

pavement and it is determined by applying the stethdNR 92/83.
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The different components, particularly the sandsstbe without organic, soluble, friable and
alterable materials at all.

6.3.3. SUB-BASE LAYER IN CEMENT MIX

The cement mix is made of a mixture of virgin st@ggregates (granular mix) processed
with an hydraulic binder (cement). After an adegquaine of seasoning, the mixture has to
have a long-lasting mechanical resistance throbghests performed on specimens of given
shape, also in the presence of water and ice.

The coarse aggregatanust be made of elements obtained by the crushirgjone rocks,
natural roundish elements, roundish crushed elesramd natural sharpened elements. Such
elements may have different petrographic originlaagy as each type of them meets the

requirements indicated in tAable 7:

Table 7 Characteristics of coarse aggregate

Parameter Standard Unit of
measure |Value

Los Angeles CNR 34/73 % <30
Amount of crushed - % > 30
Maximum dimention CNR 23/71 mm 40
Sensitivity to frost CNR 80/80 % <30
Passing Sieve 0.075 CNR 75/80 % <1
Content of:

- Rocks reacting with cement alkalis % <1

The fine aggregatemust be made of natural or crushed elements tinat kthe following
characteristics (Table 8):

Table 8 Characteristics of fine aggregate

Parameter Standard Unit of
measure | Value
Equivalent in sand CNR 27/72 % > 30;<60
Liquid Limit CNR-UNI % <25
10014
Plasticity index CNR-UNI % NP
10014
Content of:
-Schistose, alterated, soft rocks CNR 104/(84 % <1
-Sulphatic or degradable rocks CNR 104/84 % <1
- Rocks reacting with cement alkalis CNR 104/84 % <1
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The mix of aggregates (granular mix) to be usedHercreation of the cement mix must have

a granular composition according to the gradinth@lable 9.

Table 9 Grading for the subbase layer in cement mix

UNI Sieve series Main Highways Secondary | District urban and Loca)
and Highroads | Highroadsand urbans Roads
Urban Road
Passing (%)
Sieve 40 100 100
Sieve 30 80 - 100 -
Sieve 25 72 - 90 65 - 100
Sieve 15 53 -70 45 - 78
Sieve 10 40 - 55 35 - 68
Sieve 5 28 - 40 23 - 53
Sieve 2 18 - 30 14 - 40
Sieve 0.4 8-18 6 -23
Sieve 0.18 6-14 2-15
Sieve 0.075 5-10 -

6.3.4. BASE LAYER

The base layer of Italian Infrastructures is matibad mix asphalt if the street is of flexible
kind or it is made of concrete slabs if the strigetf rigid kind. The characteristics of the
aggregates to be used in this layer are therefoked to resistance and adherence type

expected either by the hot mix asphalt and by eacr

6.34.1. Hot Mix Asphalt Base Layer
Characteristics required by the Hot mix Asphaltrasaimed in the Table 10:

Table 10Hot mix Asphalt Base Layer — Coarse Aggregate
MAIN HIGHWAYS AND HIGHROADS
UNI n. 5 Sieve keeping

Quality Indicators Layers
Parameter Standard Unit of Base Binder| Surfacip
measure g
Los Angeles (1) CNR 34/73 % <25 <25 <20
Micro Deval humid (1) CNR 109/85 % <20 <20 <15
Amount of crashed - % > 90 > 90 100
Max Dimension CNR 23/71 mm 40 30 20
Sensitivity to frost CNR 80/80 % <30 <30 <30
Spogliamento CNR 138/92 % <5 <5 0
Passing at 0.075 CNR 75/80 % <1 <1 <1
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Flakiness Index CNR 95/84 % <25 <20
Porosity CNR 65/78 % <15 <15
CLA CNR 140/92 % >42

(LJ) One of the values of Los Angeles and Micro Ddvyaimid tests could be higher (
to two points) than the indicated limit as long adrtsem is lower than or equal to t
limit values indicated.

The content offine aggregatemust be of natural and crushed elements.

According to the type of street, the fine aggregdte traditional hot mix asphalt must meet

the requirements in the Table 11:

Table 11Characteristics of fine aggregate for hot mix atighase layers

MAIN HIGHWAYS AND HIGHROADS

UNI n. 5 Passing Sieve

Quality Indicators Layers
Parameter Standard Unit of Base Binder| Surfaci
measure g

Sand Equivalent CNR 27/72 % > 50 > 60 > 80
Plasticity Index CNR-UNI 10014 % N.P.

Liquid Limit CNR-UNI 10014 % <25

Passing at 0.075 CNR 75/80 % <2 <2
Amount of crashed CNR 109/85 % >50 >70

Thefiller, passing sieve 0,075 mm, comes from the fineibmaaf aggregates or it may be
consisting of rock dust, preferably calcareousmfroement, hydrated lime, hydraulic lime,

asphalt dust or flying ashes. Anyway it must mbetrequirements resumed in fhable 12:

Table 12Filler Characteristics

ALL ROADS
Filler
Quality Indicators Layer
Parameter Standard Unit of Base Binder Surfacing
measure

Stripping CNR 138/92 % <5
Passing to 0.18 CNR 23/71 % 100
Passing to 0.075 CNR 75/80 % >80
Plasticity Index CNR-UNI 10014 N.P.
Rigden Gaps CNR 123/88 % 30-45
Stiffening Power CNR 122/88 APA >5
Relation filler/asphalt +
1,5
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6.3.4.2. Concrete Base Layer

Aggregates are components of concrete charactebyeehtire or crushed stone elements.
These stone elements may be artificial or naturdlthey are of proper size and shape for the
making of the concrete. According to the catedbey are used in, aggregates must meet the

basic characteristics foreseen by standard UNI-82@rospectus 1, part 2.

7. ITALIAN PAVEMENT CLASSIFICATION

The Italian Highway Code sets out a rigorous cfecsdion of road types according to their
technical and functional features. Roads are ¢ladsn different categories:

« A= afreeway is a dual carriageway with at least lanes for each direction, paved
shoulder on the right, no cross-traffic and noraidg intersections. Speed Limit is 130
km/h

« B =amain inter-urban road is a dual carriageway waitleast two lanes for each
direction, paved shoulder on the right, no croaffitrand no at-grade intersections.
Speed Limit is 110 km/h.

o C = asecondary inter-urban road is a single camageaoad. Speed Limit is 90
km/h.

« D= aurban freeway is a dual carriageway urban vatdsidewalk. Speed Limit is
70 km/h.

« E = aurban district road is a single carriagewayuaroad with sidewalk, this kind
of road travels across an urban area. Speed Lsrbid km/h.

« F=alocal road is a urban road without sidewalk.eBplemit is 50 km/h.

The Italian Regulations provided a pavement desajalogue that you can see in the Figure
11 and in the Figure 12 in function of:

- Resilient Modulus of Sub-grade;

- Number of commercial vehicles;

- Different Base: hot mix asphalt or cement mix.

Italian pavement is designed according to 120 ki ak¥owing a maximum of 45 million
vehicles in the heavy load lane.
In this research, | have studied the possible agiptin of Inverted Pavement technique as

Category A Freeways, for heavy traffic.
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Figure 11 Italian Catalogue for Freeways with hot asphalt base layer. (CNR, 1995)
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Figure 12 Italian Catalogue for Freeways with cehmeix base layer.

The term flexible pavement is derived by the faeit the total pavement structure deflects, or

flexes, under loading. A flexible pavement struetis typically composed of several layers of

material. Each layer receives the loads from tlevaltayer, spreads this load, then passes on

these loads to the next layer below. The typiatilile pavement structure consisting of the
38
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surface course underlying base, foundation andgsatte that are usually in situ aggregates.
Each of these layers contributes to structural supgnd drainage. The surface course is the
stiffest and contributes the most to pavement gtrerThe underlying layers are less stiff but
are still important to pavement strength as weldesnage and frost protection. A typical
structural design results in a series of layers gnadually decrease in material quality with
depth (A. Montuschi, 2012). As you can see in tlgaie 13 the Young’s Modulus decrease

from the top to the sub-grade, this is the secti@t | have compared with Inverted Base

Pavement.
Italian pavement
Road Class Freeway
L -Miadudus {hiPa) Poissan's Ratia
Surfacing & Omrm HVA
Binder Tomm HMA
3504 .44
2E0mm HAA
Base 710 mim
Foundaticn 150mm Geanular Aggregates (G2) .
[ 50 0,35
Subgrade 150mm So 100 035

Figure 13 Italian Pavement Design for Road ClasgWway

8. SOUTH AFRICAN ROAD PAVEMENT CLASSIFICATION

South African road authority has a number of roatkgories to suit the different levels of
service. Each road categories will necessitataicegeometrical and structural standards to
ensure that the service objectives of the road m@ammet and maintained throughout its
analysis period. Roads Categories are classified aviletter from A to D, as shown in the

Table 13 from high performance to low performar{®T, 1996)
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Table 13 South African Road Categories (DOT, 1996)

ROAD CATEGORY

A B C D

Description Major Interurban Lightly Rural access

interurban collectors and trafficked rural roads

Freeways and rural roads roads, strategic

major rural roads

roads
Importance Very important  important Less important Less impott
Service Level Very high level High level of Moderate level Moderate to low

service service of service level of service

In South Africa the standard axle load is 80 kNwidwaer, the legally permissible axle load is

88 kN (DOT, 1996)

In the Pavement Design Catalogue, pavements aimdedivnto ten different classes, namely

ESO0.003 to ES100, covering extremely light tratbcextremely heavy traffic. There are a

different catalogue in function of climate condit® in particular there are three climatic

regions: dry region, moderate regions and wet reggiand also in function of kind of base

layer that could be: granular aggregates, hot nsphalt base and cemented base. | am

interesting in granular base layer and in the Fdi# and irthe Figure 15 | have reported the

inverted pavement catalogue.
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Figure 14 Structural Design for flexible pavemeniioderate and dry region
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Figure 15 Structural Design for flexible pavemaeott fvet region
As you can see in the Figure 14 and in the Figiré s possible to use inverted pavement

technique for different road category and for dif& entity of traffic.

In this research, | have focused the attentiongustoad freeways classified into category A

and in particular for heavy traffic class ES30, dndave analyzed the catalogue for dry
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region. This kind of structure are design for 2&rgeuseful life. In the Figure 16 | have
reported the pavement design that | have considered

South African pavement
Road Class ES30
E-Modulus (MPa) Polsson's Ratlo
Surfacing | I 50mm HVA 3500 0.44
=S+ Ml e v B v I - { ’
Granular base towywwy 150mmGl 300 0.35
Subbase ‘ ; ! " : . - g L 250 €3 1500 0.35 750 mm

Foundation 150mm G7 120 0.3
SUbErBdE 150mm Soil 1001 0.35

Figure 16 South African Design for Freeways in Bggion with traffic category ES30.

9. LITERATURE REVIEW

9.1. SOUTH AFRICAN EXPERIENCE

Inverted Pavement systems represent an innovasivenpent technology developed in South
Africa in the 1970. The motivation behind expandihg use of inverted pavement system is
more than initial cost savings, although that isc@l in these economic times. Doing more
with less also means using designs which have eebllife cycle cost and which are

sustainable. (Buchanan, 2010) Pavements in devegjamuntries do have only thin asphalt
surfacing, and as a consequence the granular bdssub-base layers provide the bulk of the
bearing capacity.

During '80s and '90s pavements have been testbdthvatHeavy Vehicle Simulator that has
allowed us to better study the behavior of the psam at higher cycles load (Jooste &
Sampson, July 2005). The effectiveness of this tcocison technique is largely entrusted to
the bearing capacity of the base layer made of engranular unbound. Road Infrastructure
made according to the technique of the Invertede®awnt, which provides a foundation in

mixed concrete, a base layer of high stiffness laad-bearing capacity, put in work with
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super-compaction techniques and a final layer of hot agphalt very thin. lthe Figure 17
it is possible to observe a pattern of paving nwith thetechnique of the Inverted Pavem

Wheel eSO

Asphalt layer(s)

Mostly unboumne R T et b )
Mostly lI1II'|.\I:‘IlI{ILI 1 }- 2k :?;:: Uiess 207 '-.’Jf;
high L[ual_w_\- crishes w3 2 Base gt
aggregate T TR AT

Hydraulically bound s Subbase
or unbound mixture

Soil. fill and wnbound
nmixmres

_?-.':'
Figurel7 Inverted Pavement D

es@hraya 2011

It is apparent from thé&igure 17 the reduced thickness of the asphalt layerich varies
between 3 and 5 cm.his layer is not entrusted any load capacity. ltecbase pavemer
with thin asphalt layers were found to barticularly susceptible to shear loading at
pavement surface due tiie high tensile strains in the asphalt lay(Santamarina &
Papadopoulus, 2014)

While the base layer in granular mix of high qualhas a thickness 15 cm and has the job
of distributing the loads to the underlying layeFbe high stiffness and durability of the b
layer of the infrastructure is obtained thanks lie tuse of a rock, which Dolerite wi
excellent physicatnechanical performancKleyn & Bergh, 2008) This technique allows 1
reduce the costs related to the thickness of ymrdawith hot mix asphalt, South Africa
reported a 2@5% cost savings compared with conventional hot asphalt pavements, tl
in our country are of the order of-20 cm, butit is particularly importanthe fact that the
granular mixture that we will use are granites--productsderiving from stockpile at th
extraction sites of stone material for ornamentsé, utherefore, yc should reduce the

extraction of virgin rock, thereby conserving oamndiscape
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9.2. CONSTRUCTION PROCEDURESOF INVERTED PAVEMENT BASE
LAYER

An inverted base pavement i pavement structure that consists of an unbounceggtg bas
between a stiff cementeated foundation layer and a thin asphalt c

Constructing a G1 Crushed Stone base layer isyaexacting process and the specificati
must be stringently applikeif it is to perform as expected and be a-effective option. The
major expert of Inverted Pavement Technique in IS@ftica is Edward KleynHe have
studied and monitored the realization process/éars and he has reported a step by
process:

Step 1 The importance of accepting only-specification G1 material on site cannot be -
stressed # can mean the difference between getting thedte cos-effectively and going
bankrupt. Inspect the target grading from the ceu$br compliane with the specification fc
the project (or COLTO) before ordering. Suggest andotiate corrections to the crush
plant manager timely before ordering. Inspect daatch of crushed material delivered
compliance with the target grading and otlpecifications agreed upon, before accepta
Stockpile the material from the crusher onto a areg@ site from which it can be reloac

without the danger of being contaminated/degradedtockpile it directly onto the rose

3-5¢m IIMA

Unbound
Aggregates
Base

15 ¢cm

Cemented-Treated
20-25cm Base

Subgrade

Figure 18 Inverted Pavement Structure

Step 2 Provide a clean, dampened and well stabilized lamdled subbase as anvil ug
which to construct the G1 basecou— keeping in mind that a G1 layer requires copi

amounts of water and high compaction energy to @mingnd interlock. A poorly level and
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rough subbase surface will encourage segregatiotmeofaggregate during placing of the
material and affect the slush-interlocking procasgersely, even to the point of impossibility.
Note: It is strongly recommended that a G1 testiaecprepared similarly to the pavement
under construction, be laid to familiarize one witle material from and the most suitable
compaction process for, the particular crusher/reckrce and ultimately to demonstrate
competence.

Step 3 Calculate the spacing of the truck loads to belgiiled in the middle of the road on
the subbase according to the truck load volumectoese the compacted layer thickness.
Avoid using varying truck sizes, which will causarying dump spacing and material
movement which may cause aggregate segregatiotagedthickness variation. If possible
have the aggregate being transported damp to tnhébgregation during loading,
transportation and dumping. Do not hose it dowrhwaitstream of water, either in the main
stockpile or on the truck, since this will certgimause segregation of the fines and lengthen
the on-site mixing process and/or complicate thalfslush-compaction process. Just dampen
the material enough to cause the fines to adhetieetéarger aggregate. Visually inspect the
material for obvious grading non-conformity andedefious content.

Step 4 Moisten the stockpiled aggregate again one dagr plat least 12 hours) to
constructing the layer, if it has dried out in thean time, once more taking care not to induce
segregation of the fines. This is done by onlyrgligflattening the aggregate dumps with a
motor grader such that a watering truck can justedover the dumps at crawling speed to
moisten the material to below, but as close asilplest®, optimum moisture content (OMC).
Check visually that the fines are not washed affrfithe larger aggregate.

Step 5 Spreading of the damp material on the day of wooson is done with a motor grader
by gently taking successive fully laden blade-sikeatls off the stockpiles on the subbase
across the full width of the available subbase. Thaterial must not be disturbed
unnecessarily — rather place it in close proxintythe stockpile from which it was cut. Do
not storm into the dump and try to flatten it ineofell swoop. This will only succeed in
segregating the material. If the spread materipkays to be too dry it may be moistened and
mixed-in to the full depth of the layer and withetbrader blade sweeping the surface of the
subbase. (Do not use a disc harrow for this purposz it will tend to segregate the material
as well as damage the subbase.) If the materid$ staforming under compaction, it usually
is too wet. Let it dry out sufficiently before camting. If the moisture content is just right,

the material may be placed as soon as possibls.iJkdione at an even paee8km/hr) to the
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correct thickness, allowing for a bulking factor b#t to 1,5, as well as a small windrow of
material on one side of the road for unforeseearl#lyickness correction purposes.

Note: The OMC of G1 material usually lies betweéf dnd 6%. A very low OMC indicates
a lack of fines in the mix, which means that theafislush-compaction process will be
difficult to accomplish, whereas a very high OMQlicates excessive fines, which will
lengthen the slush-compaction process becauseeodtitional fines that will have to be
extracted to achieve proper interlock. (Keep in dnithat the OMC of a material is
roller/compaction equipment sensitive.)

Step 6 The layer can now be shaped according to theifggon by motor grader.
Depressions may be corrected by mixing in additionaterial. If the shortage of material
occurs over a short distance (< 15m), Crushed Stwaterial may be spread on the area with
the ripper teeth of a motor grader and mixed irrdhghly. If the depression is longer than
about 15m it is advisable to remix all the mateaaér a distance of at least 100m after the
additional material has been added. Excess mateaglbe removed similarly. Be careful not
to contaminate the G1 material with the shouldeteni@ where it consists of normal gravel.
All layer thickness corrections must be done is fftiase, before any compaction is done.
Step 7 The compaction process must start as soon ataykee thickness and shape is to
specification. To avoid rolling the layer out ofagde, always initiate the process with the first
pass on the outer edge of the layer and move ssigebswith each pass towards the centre
line or highest point of the cross section. Wheitiating the compaction process with a
vibratory roller, do the first pass in “static’ madThis can be followed by two passes with
the vibration at relatively low frequency and higgnplitude at a speed of 3 to 4 km/hour.
Step 8 Do any layer/shape corrections at this point teefois too firmly compacted. Initiate
the first cut at the windrow on the side of thed@nd always with the grader blade fully
laden with the graded material. The layer must hmgped again to specification. Apply the
vibratory roller (Figure 19) again for two passés @peed of 4 to 6 km/hour, but this time at
a relatively high frequency and low amplitude. Hdter, the layer should have the correct
elevation/thickness and shape and be stable entugkeceive its final “windrow fines
distribution cut”, if necessary. A visually evenglwgraded, appearance will enhance the

slushing process.
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Figure 19 Vibratory Roller

Step 9 The layer should now be rolled with a heavy pnaticrtired roller (upwards of 17 m ton)
in combination with heavy static steel-tired radleshown in théigure 20and in the~igure 21.
Ensure that the moisture content is correct foretipgipment used. It is important to lead with the
driven wheel/s of the roller, especially initiallyp avoid the formation of a compaction negating

“bow wave” of material in front of the roller-drum.

Figure 21Steel-Tired Rollers
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Step 10 Rolling must continue until the layer exhibits (@ very little) movement under the
wheels of a heavy roller, before the slushing pseamay begin. At this stage the density of
the G1 material should be in the order of 85% oDSHRD. If the slushing process is started
too early the layer will become unstable and evwgrekthe larger (sandy) fines, which will
further complicate and delay the slushing process.
Step 11 The slushing process can commence immediatelyhieslayer is stable enough, or
delayed for a day or two to dry out and regainistgbHowever, do not let the layer dry out
unnecessarily before starting with the slushingssithis might delay the onset of the actual
slushing action itself. Basically the slushing mse is initiated by thoroughly wetting and
rolling 40 to 60m sections of the layer at a tidegending on the number of rollers available)
with heavy static rollers. The water must be apbhé the highest points of the cross section
or gradient and utilized as it runs down to thedowoints. Keep in mind that using relatively
light rollers can result in only the upper partlo¢ layer being properly slushed. The fines (<
0.075 mm!) expelled must be broomed to areas @eticn fines, and eventually off the road.
Finally all slush-fines must be removed from thadavith heavy duty hand brooms or light
mechanical brooms before it dries out and harders ¢rust. Take care not to overdo the
brooming and so loosen/destroy the aggregate mosaic
Step 12 If one keeps in mind what the slushing actiosupposed to accomplish it will not
be difficult to monitor the process and observe nvtiee goal has been achieved. Hence, look
out for the following indicators:
» Slight movement of the layer under the rollers nilgh observed at the onset but
should decrease and stop as soon as the air butaddmes start being expelled.
* Observe that air bubbles will appear on the suréscgoon as the slushing process
takes hold — indicating that the aggregate is beioged closer together, expelling
the air from the voids in the matrix. This phenowmrewill cease during the final

stages of the slushing process. As you can séeiRigure 22:
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Figure 22 Fines appearing on the surface

« Similarly, observe that fines (creamy in naturel) stiart appearing on the surface and
should be broomed to the side of the road or tosevareas. Keep just enough slush
on the road to assist with the slushing processiga that the slushing process has
been completed and should be stopped is when tisd $leing expelled clears up
until it is mainly water. If this indicator is igned, sandy textured fines (the fraction
above the minus 0.075mm) usually starts being éegbel

As the aggregate becomes more interlocked the causkall increasingly exhibit a densely
knitted aggregate mosaic with a minimum of finesgeisible in between particles.

Step 13 After the above has been done the layer shouldlbeed to dry out somewhat for
about 12 hours and no traffic should be allowedt.ohhe layer can then receive its final “dry
roll” to bed the surface aggregate even bettersialthough not visible, the aggregate
particles will be slightly raised because of theess water around and under the aggregate
which should now have evaporated.

Step 14 Density/quality control should be done withint2durs when the material is still
damp (moisture content of about 50% OMC in the ujppetion of the layer) and the
possibility of disturbance minimized. COLTO adoptihsity control by nuclear apparatus,
mainly because the possibility of disturbing thenpacted aggregate matrix is less than when
excavating a sand replacement hole. This is a paiat since both have their pros and cons.
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(It delivers an “indicator” with which to “enginéeipretty much the same as any other
material specification and quality control meagitieyn, Successful G1 Crushed Stone
BaseCourse Construction, 2012).

At the base of the success of Inverted Pavemerd tdre some qualities of stone materials

that were used and sediment and compaction teabsiqu

9.2.1. COMPACTION TECHNIQUE DEVELOPMENT

Compaction of soils has been used for as long askim@& had the need to improve the

properties of the soil. Properties such as strerajil bearing capacity increase with

compaction, while the compressibility and permeghbikeduce. The earliest road builders did

not understand the principles of modern day soichmaics; instinctively they applied

mechanical compaction to improve the propertiesals to be used for road construction

purposes. In this regard, compaction, through histbas proven to be one of the key

processes in road construction. (L. J. Ebels, 2004)

From the turn of the fBcentury the developments in compaction equipmenelamated.

Below a brief summary of the important developmes@ven (Schwartz, 1984):

* By 1920 the sheepfoot roller, shown in the Figue had been developed to a size,

which is now termed ‘light’. The mass was in thaga of between 6,000 and 10,000
Ibs (2.7 - 4.5 ton) and footprint pressure in twege of 60 to 100 psi (414 - 690 kPa);

Nlnﬁ%m& + ‘Mq‘-} 5
Figure 23 Sheepfoot Roller
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By the late 1920’s, the flat wheel steamrollerspveh in the Figure 24, had been

converted to internal combustion engines and hached masses of up to 30 tons;
& e

Figure 24 Flat Wheel Steamrollers

During the 1930s small rubber tired roller of 8ttons, often called the wobble wheel
roller (Figure 25), came into use for compactinm tlayers of base course and for
smoothing and knitting the surfaces of compactgdria

-

Figure 25 Wobble Wheel Roller

The present day ‘heavy’ sheepfoot rollers were kbpesl in the 1930s for the
highway and earth dam construction. The roller Aadass of up to 30,000 Ibs (13.6
tons) and could be used at footprint pressure06ft8 600 psi (2070 to 4140 kPa).
Subsequent developments in sheepfoot rollers haea lsoncerned more with the
shape of the foot and mechanical developmentsrritha the size of the roller;
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» Compaction by vibratory and dynamic techniques deeloped in Germany during
the 1930s. A self-propelled caterpillar type vibrgtplate compactor with a total mass
of 25 tons was developed as early as 1933. Thelajguents in Germany produced
the so-called ‘frog’ tamper just before World War |

e During the Second World War the technology requfcgdairfield pavements resulted
in the development of ‘heavy’ compaction equipmddiring 1943-1944 the U.S.
Army Corps of Engineers developed several rublped tollers equipped with 24 tires
capable of being loaded up to 100 tons;

* The first self-propelled and tractor towed vibratoollers were constructed during the
1940s. Since the Second World War the most sigmifidevelopment has been in the
field of vibratory compaction. At present vibratingllers feature very prominent in
road construction and they are very effective indpicing high density pavement
layers.

The development of devices and techniques of congpacarries on still today, because it is
one of the most important factors for the estabtisht of pavements performances.
Depending on the ease through which it is possthfgroduce the raw material in a mine, the
cost for compaction is about 10% of the total @dshe material used for the base layer, that
includes provision of granular mixture in a constron site, chipping, transportation and
machineries for working. The increase, of about 10%he costs for the realization of layer,
compensates considerably the framework in termsarease of resistance to break and of
increase of useful life. A pioneering work in thechanic of lands happened during 1930s
through the introduction of thEBR testthe Proctor test and then of thdASHO testthat
gave information about the real increase of thesta@sce of not alloyed materials, after the
compaction process. Proctor, a field engineer lier Bureau of Waterworks and Supply in
Los Angeles in California, conducted a research ihé relationships between density of soill,
the compaction energy and the moisture contentt@®rpublished a series of four articles in
the Engineering News Record concerning soil conm@acin 1933.In these articles he
introduced his so-called Proctor curve, the refabetween moisture content and maximum
dry density, which formed the basis of the Bureaampaction control procedures and which
is still in use today. Due to the simplicity of tegquipment and procedure the Proctor test
became widely used. The American Association ofteStdighway Officials (AASHO)
adopted the Proctor test and redefined it as tR&SHAO standard laboratory method of test
for the compaction and density of soil’ in theiraSdard Specification published in 1942.
Another very important milestone in understandimgltehavior of soils was the development
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of the triaxial test by Casagrande, also duringdhdy 1930s. This test was developed to
assess the shear strength of soils more accurately.

The effect of compaction on the bearing capacity gfanular material is clearly shown in the
Figure 26 by the relationship between the CBR drad density to which the material is

compacted:
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Figure 26 CBR vs. density of G1 crushed stone (Selmk) 1988)

It is important to note that for crushed stoneitiegease in shear strength as indicated by the
CBR test is more rapid as the maximum achievahisiteis approached.

The G1 crushed stone base layer is probably otieeofital layers in modern day high quality
pavements in South Africa. (L. J. Ebels, 2004)

The effect and the entity of compaction must notibderestimated, because, with quite low
costs, compaction increases the bearing capabilitayer, increasing very much the useful

life of superstructure.

9.3.MORGAN COUNTY TEST SECTION

In the spring of 1999, Georgia Department Of TransfGDOT) engineers became familiar
with IP technology while attending an internatiotrahsportation symposium in South Africa
and this experience was followed by the constractib 244 meters of an Inverted Pavement

test section at the Lafarge Morgan County (E.L. Dey&2012).
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Based on the success of the Morgan County Pragect,due to the rising cost of aspt
cement, in 2008 Georgia Department Of Transporideecto fund and build its own Invert
Pavementest section on the South LaGrange Loop in TroupnBo This project, hereafter
referred to as the LaGrange Bypass Pr.

The road test section was constructed at a quamgad by Lafarge North America in Morg
County, in Georgia, 60 miles east of anta. The road test section contains the follow
sections:

e first section: 300 meters of traditional haul rppeparecsub-grad¢ with minimum
CBR of 5.1 cm of Granular Aggregate -base, 15.2 cm of surge stone, 20.3
Granular Aggregate Base, and topped with 7.6 crhlbfA;

e second section: 4-ft (1204m) length of inverted pavement with a South Afridease:
prepared sub-gradg,1 cm of unbound granular aggregates; 20,3 crmasfudar
aggregates with 4% to 5% cement by volume; 15,2tunbound granule
aggregates base and 7,6 cm of hot mix asj

e third section: 40Gt length of inverted pavement with a Georgia bgsepaed sub-
grade 5,1 cm of unbound granular aggregates; 20,3 crmaofuyar aggregates wi
4% to 5% cement by volume; 15,2 cm of unbound dearaggregates base and
cm of hot mix aspha

The only difference between the South African S#ctind Georg Section is the slushin
process that was used just in south African se( (R.G. Terrel, 2002)The material used i
the UAB layer for all three sections is classifigdthe GDOT 1993 Specifications as Gr¢
Il - slag, gavel, granitic and gneissic rocks, quartzite, sgtithaggregate, or any combinati

thereof. In the Figure 2&e can see the design of Inverted Pavement tesbis.

7.6 cm Asphalt Concrete Paving
15 cm Graded Aggregate Base ounty)

20 cm Cement Treated Base (5%)

5 cm Graded Aggregate Base (filler)

Prepared Subgrade (minimum CBR value of 15)

Figure27 Morgan County Inverted Pavement Test Se:
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Actually the test section is not really conform&outh African road catalogue, in fact in
Morgan County test section the HMA layer is morantfive centimeters.

After 13 years the total ESAL’s per one month ag5%.733,10. Rutting measuremewere
made in 2003 and 2006 for each section. The ruttisgrved in the two inverted pavement
sections was insignificant; however, minor and majtting was found within the
conventional section. Annual inspections contirmpdrform well with no rutting or cracking
being observed (E.L. Dwane, 2012).

It was found that the Georgia section was as gedatie@South African section, but that the

traditional section was the stiffest.

9.4. LAGRANGE TEST SECTION

A full-scale field study was conducted in LaGranGeporgia. The laboratory and field studies
conducted as part of this project advance botlctient state of knowledge on the behavior
of inverted base pavement systems and the statkeopractice in terms of construction
processes and quality assurance. The test sedctilohitn 2009 is part of an industrial parkway
intended to serve the growing car manufacturingistiy in south-west Georgia. The inverted
base pavement test section is a two-lane 1036 snel@ng stretch of the south LaGrange
loop. The inverted base pavement was designed as yoseeaim thd=igure 28using empirical
guidelines from the South African experientle sub-base mix contained 4% cement by weight
and was compacted to 98% of Proctor (Cortes, 20L0¢ aggregate used for base layer is

granite.

it
Super Pave D.089m

b . .
¢ 0.158m

0.254m

Stabilized Subgrade 0.158&m

—

Figure 28 LaGrange Inverted Pavement Design

Also in this test section the HMA layer is 8,9 cgamst 5 cm of South African Catalogue.
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10.MATERIALS

The geology of base course aggregates is an inmpoaspect which can influence the
performance of aggregates in pavement and the esgng properties of aggregates can be
assessed if the type of the source rock is knowth@gocks are classified based on their
mineralogy, grain size, and texture. The type efribck along with a petrographic description
provides a sound foundation to judge the enginggsimoperties of the source rocks. The type
of the source rocks can be identified by the mioopg investigation of the rock by making
thin sections. (Higgins, 2000) Thin sections cannspected under the electron microscope to
identify various types of minerals present in tbekr The strength of aggregates is dependent
on the shape of grains, arrangement of grains,tl@dementitious nature of the abundant
mineral found in the matrix of the aggregate. Tinetted Pavement was developed in South

Africa in 1970 and the material used to build ug structure is Dolerite.

10.1. DOLERITE MINERALOGY

Dolerite is one of the most abundant natural roakajlable in South Africa, used to build up
road infrastructure. Doleritic intrusions in Nagadd adjoining areas of South Africa are very
numerous, and are associated with the brgakf Gondwana which took place some 187 to
155 million years agoThese dolerites (Figure 29) generally possesseld bigvery high
strength and densities, and corresponding low oy YWew porosities. (F.G. Bell, 1998)
Dolerite is a basic crystalline igneous rock tessentially minerals are plagioclase feldspar
and pyroxene, which together constitute betweerutalb0% and 80% of the total rock
composition. The accessory minerals are quarthooldse, chlorite and magnetite. Quartz,
orthoclase and chlorite may comprise 20% to 40%thef rock while the magnetite

composition may be 2% to 3%. (Leaman, 1973)

Figure 29 Dolerite from Kwazulu Natal
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The hardness of dolerite and its propensity fordpoing insufficient fines implies that
sometimes the gravel material cannot easily bedsra@own even by aggressive grid rolling
(E. G. Kleyn, 2008). Unfortunately, in Sardinia andtaly we do not have this kind of rock,
therefore | have investigated the possible useariite by-products to replace a base layer of

inverted pavement section.

10.2. GRANITE MINERALOGY

The granitoids of Sardinia represent a geologieslource of great economic relevance,
providing for the most part the Italian export diceous ornamental stones. A large part of
the Sardinia production comes from the Galluraaegwhere granite quarrying is known
from the roman age, and where from the early 196@ijern granite extraction supplied
national and international ornamental stones markgt Tocco, 2007)

The most confirmed definition is that of officioigneous rock, namely rock with volcanic
origin: it is possible to think to the liquid lavthat, not being able to come out from the
depths of the Earth, became slowly cold into thettEarust. During its very long
transformation process (called metamorphic), theenal impurities — present as granules or
as sedimentary layers into the lava flows — the&yraoved and crystallized again because of
the pressure and warmth effect. These processatedra hard, solid and strong material, but
with very beautiful veining able to satisfy the mosfined aesthetic tastes. Impurities as clay,
loam, sand, iron oxide and flint nodules, generdtedvarious colors of granite, from white to
light grey to pink to yellowish wholesale, seldoogreen. The basic components of this rock
are quartz and potassium feldspar (orthoclase,oclioe), plagioclase (albite, oligoclase),
mica, biotite. Instead, the accessory minerals mmagnetite, apatite, pyrite, zircon, ortite,
tourmaline and those accidental are mica, muscowateeblenda, pyroxene, garnet. (A.
Mottana, 1987)

From the commercial point of view, "granite" reets a wide class of rocks also more
different from the petrographic-classifying point vwew, including officious and effusive
igneous rocks, sedimentary and metamorphic rocle gtanites of Sardinia represent the
Sardinian Hercynian batholit that emerges from NeotSouth, mainly in the East side and in
a subordinate way in the South-West side of trentsl occupying an area of about 6000 kmz2.
(U. Sanna, 2009)
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The granite is the most spread rock of the Eartistcrgiven that it is present in the big
Scandinavian, Canadian, Russian, Brazilian andcadfri In Italy is very peculiar the granite
of Novara, a part of a massif between metamorptks of the “series of the Lakes” from the
Lago D’Orta to the Lago Maggiore, and of Sardifi&.S. Mackenzie, 1994)

As you can see in the Figure 30 the terrestriattEanrface is covered by 64% sediments,
13% metamorphics, 7% plutonics, and 6% volcaAmd plutonicsrepresent plutonic rocks
containing quartz, Granites and their relativesgaoriped in this class in particular, but also

quartz-diorites and quartz-monzonites. (Hartmanvd@osdorf, 2012)

I Ho Data (ND) Evaporites (EV) P intermediate Volcanic R. (V1)
Unconsolidated Sediments (SU) - Metamorphic Rocks (MT) - Basic Volcanic Rocks (VB)

Siliciclastic Sedimentary Rocks (S8) - Acid Plutonic Rocks (PA) Ice and Glaciers (I1G)

E= Mixed Sedimentary Rocks (SM) B intermediate Piutonic R, (Pl} | Water Bodies (WB)

- Carbonate Sedimentary Rocks (SC) - Basic Plutonic Rocks (PB)

- Pyroclastics (PY) Acid Volcanic Rocks [(VA)

Figure 30The New Lithological map database GLiM (HartmanM&osdorf, 2012)

The stone materials have ever been used in thditgiiand architectural field, above all for
the building of the wrought ashlars or as an ormdaiestone. The Ancient Roman population
used them a lot and created an important transytwork from the mines of the territory of
Gallura towards the ports of Lazio. (U. Sanna, 2009

The branch of ornamental rocks is characterizedhgy production of granites, marbles,
trachites, tuffs and basalts. Are exported in l&hyg abroad rough blocks or sheets produced
in specific factories. The granite of Gallura ahe tnarble of Orosei represent two among
four industrial districts of Sardinia. The brandhgoanite stands at the second position in the
World, after China. (Bonioli, 2002)
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The peculiarity of rocks, extracted for ornamentsé, implicates that only materials of first
choice can be input in the market and, so, theymtooh of high quantities of wastes. From
the point of view of the visual impression, the maroblems is that concerning the placement
of landfills. (Bordicchia, A.De. Martini, & Tocc®002)

The environmental costs of these activities havenldarge excavation and huge volumes of
waste materials. Regional laws and regulation digpthe recovery and rehabilitation of
dismissed quarries, and the reuse of rock wastes.

If the production of wastes will be always unvarigdthe next ten years, we can suppose that
will be produced 4 millions of cubic meters of reckituated as a landfill, that would be add
to two hundred millions of cubic meters amassed oatv in the landfills. (S. Portas, 2002)

It is necessary to remember that there are elexmolidgies of granite that are different, one
another, not only for color and granularity of mims, but also for the chemical- physical
mechanical features. For proving that, it is pdsstb notice, in the Table 14, the different
values of resistance by compression of granite egnfifom the various mining sites of

Sardinia.

Table 14 Resistance by compression of granite frarious mining sites of Sardinia (U.
Sanna, 2009)

City Compression Resistance (MPa) Weight (Kg/m?3)
Benetutti, Nule 105 2710
Budduso 110 2700
Mamoiada, a 105 2660
Mamoiada, b 150 2760
Nuoro, a 110 2620
Nuoro, b 140 2760
Oliena 145 2760
Orgosolo, a 130 2700
Orgosolo, b 135 2650
Orune, a 140 2670
Orune, b 140 2660
Sarule 90 2760
Tiana 70 2740

From the Table 14 it is possible to notice that thage of resistance by compression
oscillates from 70MPa to 145 MPa, whereas seem imanmggeneous the values relative to

the specific weight, that oscillate from 2620 t&QKg/m3.
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11. METHODOLOGY AND PROCEDURES

11.1. CHARACTERIZATION OF GRANITE FROM CALANGIANUS
QUARRY
In this Research | have analyzed granite derivedh f€alangianus quarry Figure 31, derived
from the north of Sardinia. This kind of Granite¢'@hiandone” because there are big mineral

particles in the matrix.

Figure 31 Granite Ghiandone from Calangianus Quarry

11.1.1. PETROGRAPHIC ANALISYS

Petrographic analysis has three main purposesofhr@imoving the risks concerning the use
of aggregates of poor quality; that of allowing thee of local materials easily available,
suggesting the ways of compensating the inadequabty through the use of alloying or
through other expedients; that of finding a scdleeference for comparing the materials of
different origins and for making possible a choit®leed, intrusions of minerals, as micas,
talcosi and clay schist, calcite crystals and fedals, can forecast an inadequate resistance to
compression of aggregate, a feature that, in the feld, has a fundamental importance.
Above all, in granites, resistance to compressieareases considerably when the sizes of
elements decrease. Instead, for resistance to tmpaeeds to consider that aggregates, that
are full of quarzite elements, have a greater taaste to compression, but less about

resistance to impact. (Ferrari & Giannini, 2007)
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The petrographic classification and the quantieainalysis are done examining, through the
polarized optical microscope by pulsed light, teative thin section, namely a rock layer,
conveniently cut and with a thickness of abouty®®, glued on a slide things-holder and
covered on the upper part by a slide things-cdwethe petrographic microscope, a polarized
light beam of a determined orientation, after hgwinossed the thin section, reaches another
polarized filter, swiveling it too. Microscope, addition to supplying an increased image of
the minerals present in the section, situated ootaing table, allows to observe a series of
optical features, thanks to which it is possiblaltothe identification of them. The growth is
produced by two systems of lenses (objective andboc Objective is composed of a series
of lenses that produce a first extension; this enag further enlarged by ocular. The
petrographic microscope allows the optical idecdifion of minerals; it allows to characterize
sizes and shape of the components of the samplgzadaminerals, fossils, etc.) and to do
standard procedures of analysis of samples andygaahtrols. The Axio Zeiss is a polarized
microscope, linear and motorized for examinatiangrnthoscopy and conoscopy, by pulsed
and reflected light. The blowup of objectives aPebx, 10x, 20x, 40x, 50x, whereas, the
ocular used has a growth of 10x.

The petrographic analysis allowed to classify thetanal as: Granite is an igneous intrusive
acid rock with a granular structure and textureobpistalline distinctly inequigranulare for
the presence of large crystals euedrali (= wittpprdorm) or sub-euedrali of K-feldspar, in
sizes up to centimetric. The quartz (Qz) is abuhdanndividuals plurimillimetrici always
anhedral (= without proper form). The high quarntent in clasts and matrix cement of the
aggregate source rock sandstones give the malagialstrength; the K-Feldspar (K-Fel) is
present in the phase Ortoclasio, with the preserside of abundant interlocking pertitici (i.e.
with small elements of Na-Feldspar); individualse drequently affected by incipient
alteration in sericite (Ser) and clay minerals (kat: Kao). There is, and also the relatively
abundant plagioclase (Pl), with large elementsnoftened, a composition oligoclasico-
andesinica; the only mafic mineral present is tiaite (Bt), present in individuals and
aggregates of individuals lamellar and frequenitigrad in chlorite (Chl) or oxides of iron (Fe
ox). Overall, the petrographic characteristics,tued and compositional, the rock can be

classified as a monzogranito.

62



Andreina Etzi - Granite Byrroducts for Inverted Pavem Technique

+ Chl

Figure32 Granite by-products thin section

11.1.2.CHEMICAL TEST

In order to verify thepotential use of this gran, specific tests were conducted accor to
Italian regulations. To meure the chemical composition of the granite the Indwetsi
Coupled Plasma with Optical Emission Spectromel@P- OES) technique was used, |
instrument was a Perkin Elmer Optime00 DV ICP-OES Figure 33.

Figure33 ICPOES Perkin Elmer Optima 7000 [
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The ICP was developed for Optical Emission Speagtoyn(OES) in the middle of the 1960s.
This system is based on the emission of photorms &toms and ions that have been excited
by radiofrequency (RF) induced argon plasma usimg af a variety of nebulizers or sample
introduction techniques. Liquid and gas samples b®ainjected directly into the instrument,
while solid samples require extraction or acid digm so that the analyses will be present in
a solution. To perform the measurements the gramyiteroducts were reduced to a granular
size of 0.063 mm.

In the Table 15 are reported the average chemizapositions of granite by-product samples

in comparison with Dolerite commonly use in Southica.

Table 15 Chemical Composition of Granite by-produstcomparison with Dolerite

Component Granite (%) Dolerite (%)
SiO; 67,1 49,95
Al,03 8,28 12,78
TiO; 0,31 3,51
MgO 0,46 6,59
MnO 0,07 0,20
CaO 2,86 9,70
Na,O 4,34 2,52
K20 6,19 0,91
P,0s 0,08 0,29
SO 0,03
FeOs 3,31 13,12
LOI
Tot. 100,95 99,57

The two materials have silicon dioxide and aluminaxide as main chemical component,
even if with slightly different values. Granite h@8,1% of silicon dioxide while Dolerite has
49,9%; again Granite only has 8,28% of aluminundexvhile Dolerite has 12,78%. Sodium
oxide and manganese oxide, present with low peagenthave same values in both rocks.
Main differences can be notices in the amount ofjmeaium, calcium, potassium and iron
oxide with 8%. The histogram of the Figure 34 shawpercentages the results of chemical

tests carried for the two different rocks.
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Figure 34Parallel on the chemical analysis of Granite anteite.

The final test performed in this ase consisted on determinitite specific gravity of th
aggregates (Figure 35).

Figure35 Secific gravity weighing apparatus

The UNI EN 10976 specification was used performing hydrostaticghigig on aggregate
with particle size between 63 mm and 31.5 mm, wihiéevacuum Pycnome Figure 36 was
used to measure aggregates with size ranging floBrm to 0.063 mn

The tests conducted gave values betwee— 2.8 g/cn.

65



Andreina Etzi - Granite By-Products for Inverted/@aent Technique

Figure 36 Vacuum Pycnometer

Unfortunately, chemical tests are not enough toddeif these materials are suitable or not
therefore physical-mechanical characteristics sash thickness, porosity, compressive

strength, water absorption percentage and Los A&sdebkt have been analyzed.

11.2. THE IMPORTANCE OF GRADING

Unbound granular base derives its high stabilignfrparticle interlock and inter-particle
friction. Gradation has a profound effect on maiegperformance. But the question is: what is
the best gradation? This is a complicated questi@answer to which will vary depending
upon the material. It might be reasonable to belitvat the best gradation is one that
produces the maximum density. This would involveaaticle arrangement where smaller
particles are packed between the larger particdgsch reduces the void space between
particles. This creates more particle-to-partidatact. Therefore, although it may not be the
“best” aggregate gradation, a maximum density gradaloes provide a common reference.
A widely used equation to describe a maximum dgrgiadation was developed by Fuller
and Thompson in 1907. Their basic equation is:
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where: P = 9% finer than the sieve
d = aggregate size being considered
O = maximum aggregate size to be used
n = parameter which adjusts curve for fineness or coarseness (for

maximum particle density n== 0.5 according to Fuller and Thompson)

In the Figure 37 we can see the parallelism betwkenFuller curves and the G1 grading
curves for base layer.

FULLER GRADING VS G1 GRADING

100
80
60
== min Fuller
°§., 40 max Fuller
c
9) 20 =¢=—min G1
©
3=—=max G1
O o
0,01 0,1 1 10

Diametermm)

Figure 37 Comparison between Fuller grading cuaresG1 base layer grading curves

Soil gradation is very important to geotechnicajiaeering. It is an indicator of engineering

properties such as compressibility, shear strergyth, hydraulic conductivity. To obtain a

good matrix with need to have a clear amount addirSo, knowledge of the amount of the
percentage fines and the gradation of the coarg&lpa is useful in making a choice of

material for base courses of highways.

Base layers, constructed with crushed stone, nastgss high resistance to deformation in
order to withstand the high pressure imposed upemt The functions of a base layer are
prevention of pumping, drainage, prevention of wwdu change of sub-grade, increased
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structural capacity and expedition of constructibm.accomplish these functions high density
and stability are required.

Hussain have studied in 2012 the correlation betwepeated triaxial test on three different
grading curves: course graded (CG), medium grabigd) fines graded (FG), as shown in

the Figure 38. He made triaxial test drained (CHR)Y un-drained (UD).

100

90 == Material
=M Matenal
a8 — - FG Material

70
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50

Percentage Passing

30
20
10 -

0.01 0.1 1 10 100
Sieve Size (mm)
Figure 38 Different grading curves used by Hussgjperiment

It is observed in the Figure 39 that under draigedditions, the fine graded material
displayed higher permanent deformation for all $kress states. In addition to that, it fails
during stress state 5. At lower stress states \(bstoess state 5) it appears that the medium
graded material has lower permanent deformati@onfipared to the coarse graded material.
However, at the high stress state, the ultimaterdeition of the medium grade material is
more significant than the coarse graded material.
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Figure 39Comparing Material Performance varying stress §- Drained Conditior

The undrained conditionsn the Figure 4Qdisplayed different trends. Firstly, in all stre
states, the coarse graded material displayed therldeformation. Medium graded matel
had the highest deformation at lower stress stalée. fine graded matel displayed
significant increased rates of deformation at str&tmte 3 and failed during stress sta
(Hussain, 2012)
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Figure 40Comparing Material Performance varying stress Stdti-Drained Conditions

An aggregate with little or no fines conteFigure 41a) gains stability from gra-to-grain
contact. An aggregate that contains no fines uguadls a relatively low density but

pervious and not frost susceptiblHowever, his material is difficult to handle durir
construction because of its r-cohesive nature. An aggregate that cins sufficient fines to
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fill all voids between the aggregate grains willl sgain its strength from gra-to-grain
contact but has increased shear resistaFigure 41 b). Its density is high and i
permeability is low. This material moderately difflt to compact but is ideal from tl
standpoint of stability. As shown the Figure 41c, material that contains a great amour
fines has no grain-tgrain contact and the aggre¢ merely ‘float’ in the soil. Its density |
low; it is practically impervious and it is frosusceptible. In addition, the stability of this &

of material is greatly affected by adverse waterditions (E. J. Yoder, 197!

ta) (b} i
Figure4l Coarse and fines particles distribution

The profound effect of the Gra-to-Sand (G/S) ratio on the peak deviator stress latréa{or
shear strength behavior) can also be interpretenh fthe particle packing and poros
characteristics acquired by different relative @ntcations of grav and sand size particle
Aggregate base/granular materials, in essencemarires of the gravel fractions, sa
fractions and fines. Coarse aggregate grains catebmed to enclose a void space in wl
finer sand patrticles fill; whereas the finesssing No. 200 sieve or smaller than 0.075 r
basically fill the void space created by tsand particles. Th&igure 41 a indicates the
packing stateesulting in the largest G/S ratio as almost haggmains to occupy a portion
the voids between the coarse aggregate particlegunds at this state develop shear
permanent deformation resistance primarily by ifict resistance between graveize
particles and may not be very stable dependinghengrading of the grav-size particle
distribution. G/S ratio decreases when more saadtifms exist until an optimal packii
configuration is reached at the ideal state shavthe Figure 4b. This ideal state means 1
voids between the gravel size particles are comlyleiccupied by the bulk volume of t
sand grains, developing the coron of minimum porosity. The minimum porosity of 1
mixture can be theoretically interpreted as thendlamy between a graw-controlled and a
sandeontrolled mixture. The phase diagram analysithe Figure 41b can also derive that
the minimum porosity of the mixture is the prodatthe porosity of eac individual fraction
with the same specific gravity assumed for all tiats. After that, if sar fractions keep
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increasing (or G/S ratio decreases), then packorgliions will dictate gravel (or coarse)
particles to “float” in the sand-fine matrix andwveatrivial control over shear strength
behavior of the mixture (Figure 41 c). (Y. Xiao,12)

The increase in permanent deformation with an aszean saturation can be explained by the
lubrication of the aggregates, and the developrokpbre water pressure within the materials
that can then result in a reduction in effectivesd. The lubrication of the aggregates helps
the grains to rotate and to slide against eachrathet then cause further compaction.
Moreover, the fine particles in the material becopfestic further helping the deformation
process. The increase in saturation creates pades weessure in the material which reduces
the effective stress, which is responsible for shrength of the specimen. Hence, when the
stress is higher on the materials, the materiabtnes weak at higher saturation levels
resulting in greater permanent deformation. The r&€oasrading (CG) material showed
relatively less deformation at saturated un-drairemhditions than saturated drained
conditions for the first five stress states. Thenmnent deformation of Fines Grading (FG)
material at saturated drained and saturated unettazonditions was the same until the third
stress state. For the rest of the stress states-Ghenaterial showed greater permanent
deformation with increasing saturation. The MediGnading (MG) materials showed higher
deformation at saturated un-drained condition thansaturated drained condition at all stress
states. (Hussain, 2012)

If we want to obtain a grain skeleton with a higkabng capacity, obviously cubical grains
with a rough surface are to be preferred. Althotigh grain size distribution (grading) is of
great importance, one other aspect related to matistn must always be taken in mind, and
that is compaction. Compaction is crucial to obtaingrain skeleton with high bearing
capacity. The sieve curve also yields informatout the amount of fine material which is
present in the soill.

The Importance of grading was investigated anddbeclusions are: high gravel content
levels of more than 15-20% by volume act as a stipgoframework, thus protecting the
fine earth considerably from compaction, and thégo ancrease precompression stress
substantially. For these soils with higher gravehtent, at least, consideration should be
given to gravel content when assessing their stibdéy to compaction damage. Failure to
do so could otherwise result in miscalculationsrefchanical load capacity. On the other
hand, in soils with low gravel contents of lessntti®% by volume, the gravel effect of
reducing compaction requires somewhat less coradidar With regard to the impact of a

gravel shape on precompression stress, no clealusboons can be drawn from these
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experiments. Here there appears to be considenaiglelependency with the texture of the
fine earth, and future investigations should airshed light on this. (J. Rucknagel, 2013)

In the Figure 42 we can see the optimum gradaifoDolerite for Inverted Pavement base

layer.
Dolerite Grading
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/
80 1| —— Dolerite /
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‘B 1|
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Figure 42 Dolerite grading for base layer

The test section made in La Grange and in Morgam€o were made with granite deriving
from two different quarry. The LaGrange Aggregatss medium-grained granitic gneiss,
interspersed with layers of amphibolite gneiss.e ghanitic gneiss takes on a more pink hue
in some areas of the pit, due to an increased amafupink orthoclase (potassium-rich)
feldspar in the rock. Other areas have a more/gtete color, because there is less
orthoclase feldspar in the rock and more whitefgidagioclase (potassium-depleted) feldspar
in the rock. The general orientation of the fadiatin the pit is N60°E, 22°W and it is most
easily noted in the eastern area of the pit. Therfsce between the amphibolite gneiss and
granitic gneiss corresponds with this foliation. eTpresence of the two distinct rock
compositions with very different specific gravitieseates a challenge when certain areas of
the pit are being mined. Vulcan sometimes hagsdndodifferent shots of material in order to
maintain a consistent specific gravity in the fiqrmbduct. Mafic intrusions (high specific
gravity) were noted on the northern wall of the pross-cutting the foliation in a ribbon-like
manner. The intrusions were no more than 2 fegéun any section, and the composition of
the intrusions was difficult to ascertain due teitHocation. It is not expected that Vulcan
will encounter these intrusions in their miningrpknytime in the near future.

The grading used is perfectly inside to G1 curassyou can see in the Figure 43.
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La Grange grading - G1 Grading
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Figure 43 La Grange Grading for base layer

Morgan County was the first Inverted Pavement $estion made in Georgia State, it is the
entrance road of a Lafarge quarry and the matasetl for base layer derive from the same
quarry. The Unbound Aggregates Base layer is ¢dladdby the GDOT 1993 Specifications

as Group Il — slag, gravel, granitic and gneissitks, quartzite, synthetic aggregate, or any
combination thereof. (R.G. Terrel, 2002) In thedfegg44 below can we see the grading used

for base layer.

Morgan County Grading - G1 Grading
100 A

ry

o
o
!

—&—MIN G1
=) 60 +—  —e—Morgan County
‘0
0 40 — MAX G1 T e
©
F /
0 T T T
0,01 0,1 1 10

Diameter

Figure 44 Morgan County grading for base layer

Granite is an igneous intrusive acid rock with amgdar structure, the rock that | have

analyzed can be classified as a monzogranite.
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The fines present in these aggregates ar-expanding and noplastic. In theFigure 45 we
can see the Granite Grading used for Inverted Paentebase laye

Sardinian Granite Grading - G1 Grading
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Figure45 Sardinian Granite grading for base le

11.3. ENVIRONMENTAL CHARACTERIZATION OF DIGGING
MATERIALS
The environmental characterization is made forfymg the existence of environment
quality requisites considered "-products”.To evaluate the possibility of using granite-
products for road construction purposes was importa evaluate if such aterial were
environmental compatible. In order to do some te&is evaluate the permissik
concentrations of elemental species in the aggeegatheir leachates had to be carried
The Italian legislation and regulation on this tygenatters, thiin this last years and mont
have been changing quite rapidly, have to deal withLG.D. n.152/2006 and the D.M.
161/2012. The LG.D. n.152/2006 the so called “BEmwinental Code” this Legislative Decr
gives theguide lines on which proceedi to use to perform the tests and the list of elem
with the maximum perimsible concentration. In 20ID.M. n. 161/2012 was introducecn
this new Decree there is the possibility of perfmigntests on elements not present in the
if there is a doubt thahe site from which the aggregates are extractaedbkarsubjected to
possible industrial activities or other activitidsat could have contaminated the sitethe

Table 16l have reported the results of leachates
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Table 16 Leachate test results

MINERAL CONCENTRATION
E Limit (mg/1) Granite by-products (mg/l)
Rame 0,05 0,006
Cromo 0,05 0
Cadmio 0,005 0,001
Zinco 3 0
Piombo 0,05 0
Arsenico 0,05 0
Cobalto 0,25 0,001
Selenio 0,01 0,004
Bario 1 0
Berillio 0,01 0
Antimonio 1 0,003
Vanadio 0,25 0,002
Tallio 1 0,003
Nichel 0,01 0

As | have supposed all value are inside of limi@tration values. All results are shown in

the Figure 46.
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Figure 46 Histogram of Leachate test results

At this step the material has all the potentiatdess to be used as a base layer for Inverted

Pavement Structure.
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12.PHYSICAL - MECHANICAL TEST

Sardinian granite by-products were characterizedetify the possible application for the
construction of granular base layers following ®oAfrican standards.

According to South African Technical Recommendaidor Highways (TRH) 14, the
aggregates used for base layer must have a specdiing depending on the nominal
maximum size of passing the 37.5 mm sieve or 26rbane and physical properties. TRH 14
specifications are aimed to evaluate aggregateitgquahd compaction properties. In the
Catalogue of designs the materials are indicateshégns of a code G1 to G10 which refer to

materials with certain defined properties, as yan gee in the Table 17.

Table 17 Aggregates classification for Base Layer

CODE MATERIAL
G1, G2, G3 Graded crushed stone
G4, G5, G6 Natural Gravel
G7, G8, G9, G10 Gravel Soll

Graded Crushed Stone (G1) meets the quality angrduéng requirements mentioned below
and it is generally derived from the crushing didsaot weathered quarried rock, clean rock
from mine rock dumps or clean boulders. It is pthaenear saturation moisture content; the
field density is usually specified as a percentaféhe apparent density (AD) of the all in
material and expressed as relative compaction {®G}1 material. For G2 and G3 materials
the field density is expressed as a percentage adfifiad AASHTO density. Slushing is
usually carried out to obtain the required denfsitya G1 material.

Grade Crushed Stone (G2 and G3) that | obtainextushing rock, boulders or coarse gravel-
Provided, it conforms to the specified requiremgtite crushed material may include natural
fines not derived from crushing the parent rocka{&of Road Authorities, 1985)

In the Case of graded crushed stone G1, a faudityirgg may be adjusted only by the addition
of crusher sand or other stone fractions obtaimenh fthe crushing of the parent rock. The

materials for base layer should comply with thedgrg envelopes shows in tii@ble 18:

Table 18 Grading of graded crushed Stone, soilnatakal gravel.
Percentage passing by mass G1-G2- G3
Sieve size (mm) Nominal Maximum size of aggregate (mm)

37,5 26,5
37,5 100 100
26,5 84-94 100
19,0 71-84 85-95
13,2 59-75 71-84
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4,75 36-53 42-60
2,00 23-40 27-45
0,425 11-24 13-27
0,075 4-12 5-12

There are different Atterberg Limits for every mrak as shown in the Table 19.

Table 19 Atterberg Limits for graded crushed storatyral gravel.
MATERIAL TYPE

PROPERTY
G1 G2, G3, G4
Liquid Limit (max) 25 25
Plasticity Index (max) 4 6
Linear Shrinkage % (max) 4 3

Other tests as Flakiness Index, 10% Fines AggreGatsshing Test (FACT), Aggregate
Crushing Value (ACV) that | will explain in the folving chapter are required for classified

aggregate as suitable for G1 layer. All this liratues are shown in the Table 20.

Table 20 Limit test values for G1 material

TEST LIMIT VALUES
10% FACT 110 kN
ACV 29 %
Flakiness Index 35%

12.1. ATTERBERG LIMIT

For knowing the susceptibility to water by a latitht must be used in a pavement, we use the
Limits by Atterberg: liquidness limit, plasticitynhit and limit receding. Atterberg limit tests
were performed according to CNR-UNI 10014 (CNR-UND14, 1969). The liquidness limit
has been determined through the "spoon by Casagjrarie so-called in Italian "cucchiaio

di Casagrande” - a bowl that is again and agaedidnd made fall from a height determined
by the regulations. Put the material on the "sppgali must realizes a crack in the middle of
it, through a standard grooving utensil, such ttha material is divided in two identical

fractions, as you can see in the Figure 47:
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Figure 47 Test by Casagrande for liquid limit value

So, you count the bumps necessary to the parteedahd in order to make them stay in close
contact, for a length of at least 13 mm; weighimg $pecimen before and after the drying into
the oven, you can obtain its contents of water. Yiuust repeat this procedutieree times
varying the contents of water. Taking note of th#see results, so obtained on a semi-
logarithmic diagram, contents of water-logarithmtio¢ number of bumps, and marking the
straight line that better rounds off them, you oatain the contents of water corresponding to
the closing of the crack in 25 bumps, that is caliguid limit. The plastic limit is the
moisture content that defines where the soil charfgegm a semi-solid to a plastic. It is
determined, creating by hand through rolling onlasg sheet, some stick of land with a
thickness of 3,2 mm); at the plasticity in the saamgfl land, are created some cracks caused to

the receding of the land itself. As you can seéFigure below:

~

-
o
Figure 48 Determination of Plastic limit
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As soon as they begin to crack, you can measurne toatents of water, indicated in
percentage, that, for definition, is equal to thaspc limit. You can obtain the Index of

Plasticity by the formula shows below:

Plasticity Index = Liquid Limit — Plastic Limit

The test shows that granite by-products resultedptastic.

12.2. FLAKINESS INDEX

The geometrical irregularities of aggregate patanle of great importance for the behavior of
the aggregates. The grain shape of aggregatesmets the material gradation obtained by
sieving. The grain shape is one of many importarameters influencing the response of
unbound aggregates (Uthus, Hoff, & Horvli, 2005k Takiness index is defineak the total
weight of the material passing the various thickngguges, expressed as a percentage of the
total weight of the sample with the sieve analyd$ttaky and elongated particles are
considered undesirable for base coarse constru@srihey may cause weakness with

possibilities of braking down under heavy loads.

Figure 49 Flakiness Index Apparatus

The Flakiness Index was calculated with the follogviormula:

Flakiness Index=(A/B) x 100
where:
A= Total mass of Aggregate pass slots
B= Mass of test sample

A low flakiness index is desired because it indésatubical-shaped aggregates.
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Figure 50 Flakiness Index Test

As reported in th&able 21 the flakiness index values that have lneeasured for granite by-

products are:

Table 21 Flakiness Index test results

Mass of Test Sample Mass Passing Flakiness Index
Sample
kg kg %
1 7,5 0,46 6,10
2 7,5 0,50 7,00
3 7,5 0,54 6,96

All these value are inside the limit.

12.3. DRY DENSITY AND OPTIMUM MOISTURE CONTENT

The optimum water content and dry density depenthersoil composition and the amount of
compact energy used. The moisture-density reldtipnsf a soil is a graph of dry density
versus water content, for a given compact effonie @ata points obtained from compacting
several samples at different water contents fosmaoth curve, called the compaction curve,
which is used to obtain the optimum water contemt mmaximum dry densityThe test was
measured performing modified Proctor test using 8NI 13286-2 specifications (UNI-EN
13286-2, 2010).

In the Modified Proctor Test the soil is compachsgda 4 kg hammer falling a distance of 45
cm, and uses five equal layers of soil and eacérleysubjected to 25 drops of the hammer.
The compaction mold has 15 cm of height and it bascm of diameter. The graphical

relationship between dry density and moisture curdee shown in the Figure 51.
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Optimum Moisture Content
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Figure 51Moisture - Density relationship for granite by-puats

From this chart is it possible to obtain the peakits of the compaction curve determining
optimum water content as 5,5 % and the relatedldngity is 21,50 kN/m3.

12.4. LOS ANGELES ABRASION TEST

Los Angeles abrasion test was performed using UNI 197-2 specifications (UNI-EN
1097-2, 2010). The road aggregates should be herdgé to resist abrasion. Resistance to
abrasion of aggregate is determined in laboratgriyds Angeles test machine. The principle
of Los Angeles abrasion test is to produce abraati®n by the use of standard steel balls
which when mixed with aggregates and rotated imuandfor specific number of revolutions
also cause impact on aggregates. The percentageoivibee aggregates due to rubbing with
steel balls is determined and is known as Los Aeggdbrasion Value.

In the Figure 52 Los Angeles Machine consists bblow steel cylinder, closed at both the
ends with an internal diameter of 700 mm and 100@ B1m and capable of rotating about its
horizontal axis.Abrasive charge is characterized by steel ballpragmately 48mm in

diameter and each weighing between 390 to 445dpgsixelve balls are required.
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Figure52 Los Angeles Abrasion Test Equipment

12.4.1.TEST PROCEDURES

The test sample consists of clean aggregates in oven at 105° 210°C Select the grading
to be used in the test such that it conforms tagytheing to be used in constructi Take 5 kg
of sample. Choose the abrasive charge dependimggaating of aggregates, in my test fol
grading | have used 1alis. Place the aggregates and abrasive chardgeearylinder and fi
the cover After being subjected to the rotating drum, theghieiof aggregate that is retain
on the 1.60 mm sieve is subtracted from the orlgheaght to obtain a percentage of total
aggregate weight that has broken down and passaagtinthe 1.60 mm sie\
The Los Angeles Coefficient LA is calculated by tbemula
(SOOO— m}

LA=\ S0 UNI-EN 1097-2: 2010
m: is theamount of aggregate in grams retained on the 1.6Gewe aftefragmentation
As reported in theTable 22, the average Los Angeles abrasion values that haes

measured for granite yroducts and for Dolerite ¢ respectively:

Table22 Los Angeles Abrasion Test Medium Val

Material Los Angeles Abrasion Value (*
Granite byProduct 28,5
Dolerite 15

12.5. AGGREGATE CRUSHING VALUE (ACV)

The aggregate crushing value gives a relative measfithe resistance of an aggrec
crushing under gradually applied compressive |dadachieve a high quality of paveme

aggregates gssessing low aggregate crushing value should bterped. ACV tst was
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performed using South African Technical MethodsHaghway number one (TMH1). Sou
African regulations defined ACV as: The ACV of an aggregate is the mass of mate
expressed as a percentage of the test sample, whictushed finer than a,35 mm sieve
when a sample of aggregate passing the 19,00 mnretathed on the 13,20 mm sieve
subjected to crushing under a gradually applied pogssive load of 400 K.

The ACV apparatus sho\ in the Figure 53 consists of an opamded steel cylinder of 1¢
mm nominal diameter with plunger and base g a metal tamping rod 16 mm in diame
and 450 mm to 600 mm long; a compression testinchine capable of applying a load
400 kN and which can be operated at a uniformahteading so that this load is reachec
10 minutes. The aggregates size for this teseipéssing 19,00 mm and retained 13,2

Figure53 Equipment for Aggregate Crushing Value ~

This test is characterized by two step: one foragjgregates and one for wet aggreg
Aggregate crushing value (wet or dry) percentagen(nis calculated by the formu

ACV=(B/A)x 100
Where:

A is themass of the sample before

B is the mass of fraction passing the 3,35 mm

As reported in the Tabl23 the average of ACV (dry) values that have been aree for
granite by-products are:
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Table 23 ACV dry test results on granite by-product

Sample  Weight sample (g) Force (kN) Passing 3,35(g)m ACV dry

1 2042 400 714 34,97
2 1904 400 606 31,83
3 1980 400 657 33,18

As reported in the Table 24 the average of ACV Jwealues that have been measured for

granite by-products are:

Table 24 ACV wet test results on granite by product

Sample Weight sample (Q) Force (kN) Passing 3,35(g)m ACV wet

1 2032 400 656 32,28
2 1987 400 645 32,46
3 2054 400 670 32,62

The values reported in the Table 24 and in the &@Bl show some values that are slightly
higher than the limit expected by the South Africagulations, that corresponds with 29%.
The period of research happened in the Georgigutesiof Technology of Atlanta, allowed
me to better study the conduct of granite. Inddabd, experimental sections of Inverted
Pavement realized in Morgan County and in LaGrangeated in the Figure 54 were

realized with granite.

Figure 54 Volcn arryof LaGrane d Morgan @pQuarry

The tests and the calculations made on the teBbseshow, as reported previously, that the
granular blend basic layer realized with granites lexcellent performances in terms of
mechanical resistance. For confirming the goodoés#ise features of Sardinian granite, | did

the laboratory tests ACV on the samples of gram#ed in the experimental sections. These
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two samples of granite, that are differeioth for coloring and for physical features,
reported in the Figure 55.

Figure 55Granite deriving from Morgan County and LaGrangeaf@y

The values obtained by t ACV, for the sample extracted Morgan Count, are reported in
the Table 25 and in thEable26.

Table 25ACV wet test results on granite from Morgan Col

Sample  Weight sample (¢ Force (kN) Passing 3,35 mm ( ACV wet
1 1930,8 400 577,2 29,89
2 1847,7 400 582,7 31,53
3 1817,3 400 579,1 31,86

Table 26ACV dry test results on granite from Morgan Cot

Sample  Weight sample (¢ Force (kN) Passing 3,35 mm ( ACV dry
1 1802,2 400 538,1 29,85
2 1764,0 400 524,7 29,74
3 1824.,4 400 539,6 29,57

The values obtained by the ACV, for the sampleastéd inLagrang, at Volcan quarry, al
reported in the Table 2and in theTable 28.

Table 27ACV wet test results on granite from Volcan Qu

Sample  Weight sample (¢ Force (kN) Passing 3,35 mm ( ACV wet
1 1924,0 400 575,2 29,89
2 1985,2 400 585,9 29,51
3 1943,6 400 609,9 31,37

Table 28ACV dry test results on granite from Volcan Qui

Sample  Weight sample (¢ Force (kN) Passing 3,35 mm ( ACV dry

1 1991,6 400 562,1 28,22
2 1872,6 400 529,5 28,27
3 1902,4 400 541,2 28,45
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As you can see all value are out of limit exceptrisult of ACV dry by Volcan quarry. This
confirms that the test is not particularly indigatiof the mechanical resistance of the
aggregate to use. It would be opportune to imptbeedatum limit of the test, doing the test

of the ACV for various materials, and giving a maralized value limit for each aggregate.

12.6. FINE AGGREGATE CRUSHING TEST (10%FACT)

When a road aggregate has been manufactured tecdiesg grading, it is stockpiled, loaded
into trucks, transported, tipped, spread and cotegdadf the aggregate is weak, some
degradation may take place and result in a changgrading and/or the production of
excessive and undesirable fines. Thus, an aggregaelying with a specification at the
guarry may fail to do so when it is in the pavemé&nanular base layers and surfacing are
subjected to repeated loadings from truck tiresthedstress at the contact points of aggregate
particles can be quite high. These crushing testsreveal aggregate properties subject to
mechanical degradation of this form. The apparatussists of a case hardened steel cylinder
154 mm diameter and 125 mm high together with ageu which just fits inside the cylinder
and a base plate. Other items are a steel tampindg& mm diameter by 450-600 mm long
and a metal measuring cylinder 115 mm diameter & thm deep. Also required is a
compression testing machine capable of applyingreefof up to 500 kN and which can be
operated to give a uniform rate of loading so that force is reached in 10 minutes. We need
three test specimen, each of mass about 3 kgafdr st dry and wet. All three samples are
compacted with a different maximum force, that givespectively a percentage of fines
value:

a) of less than 7,5%

b) in the range 7,5 — 12,5%

c) of over 12,5%

| have plot the percentage so obtained againsfotices, in kN, required for each, and from
the resultant graph obtain the force that would ¢i0% fines.
The force required to give a percentage of findbérange 7,5 — 12,5, calculate, as follows, a

force that will required to produce 10% fines:

F=(14x)/ (y + 4)

Where:
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F is the force required to produce 10% fines, kN

X is the force required to produced a percentagesfin the range 7,5- 12,5 as determined,
(kN)

Y is the percentage of fines obtained with force X.

As reported in the Table 29 the 10% FACT (dry) eslthat have been measured for granite
by-products are:

Table 29 10% FACT dry test results

. Weight Max fprce Passing 2,36 Passing 10%EAC
N sample applied mm (%) Note T
()] (kN) (9) _
1 2964 50 66 2o 10mmin
10 min
15 mmin
2 2779 116 221 8 10 min 135.3
3 2685 187 403 15 20mmin
10 min

As reported in the Table 30 the 10% FACT (wet) ealthat have been measured for granite

by-products are:

Table 30 10% FACT wet test results

. Weight Max fprce Passing 2,36 Passing 10%EAC
N sample applied mm (%) Note T
(@) (kN) (9)
10mm
1 2827 75 188 6,7 in 10
min
15 mm
2 2856 108 285,6 10 in 10 108
min
20 mm
3 2789 162,06 362,57 13 in 10
min

The values obtained by the test follow the limitpected by the South African regulations.

12.7. SOME TEST CONCLUSIONS

From the tests made until now, in accordance wvthSouth African and Italian normative,

emerges an only value out of range, that is that@fACV. As previously explained, this test
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iIs a measurement of the resistance of the aggregater the compaction load. A high
number of this index implicates that, under comipacand so high compressions, material is
inclined to crush, producing a lot @ifies particlesthat passes through sieve, of 3,35 mm.
However, this datum is not particularly negativensidered also the analyses on the material
used in the test sections realized in Georgia, smdwe went on the simulations through

software for understanding better the conduct pesstructure.

13.SOFTWARE SIMULATION USING MePADS

To verify the possibility of replacing the basedayf an Italian pavement structure, in this
case study a road category A, with G1 to achiedeiggon of thicknesses of the Hot Mix
Asphalt layers, simulations were performed usingPKBS software.The mechanical
properties of granular bases are key design ifputsmpirical pavement design methods as well
as in mechanistic guidelines (AASHTO, 1993) (TRB94@).

MePADS is the electronic version of the current t8oAfrican Mechanistic- Empirical
Design and Analysis Methodology (SAMDM) (H.L. Theysl996). The SAMDM is one of
the few mechanistic-empirical (M-E) design methdldat incorporate a methodology for
evaluating the structural capacity of granular male

The software combines a stress-strain computatiengine with pavement material models
developed in South Africa. Pavement layers lifeexpressed in terms of the number of
repetitions of an axle load until failure. Layefelis based on the typical linear-log damage
functions obtained from experience and from theltesof Heavy Vehicle Simulator (HVS)
testing on the various pavement types carried oubouth Africa since 1975. The South
African design philosophy yield more cost-effectidesigns than those utilizing relatively
thick asphalt layers on weaker granular layers. §&eng on initial cost could be somewhere
between 30 and 45 percent, depending on the trelfiies and the quality of the sub-grade
support (Du Plessis, Rust, Horak, Nokes, & Holla2@)8). Granular bases exhibit not linear,
anisotropic, post peak softening behavior, yetgleguidelines are based on the simplest
assumptions (Clayton, 2011) (Dawson, Mundy, & Hi&)ta000).

The structural analysis is done with a static,dmelastic multi layer analysis program. A few
points related to the structural analysis, that wifluence the design procedure, should be
noted.

The model is based on the following assumptions:
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- One with infinite thickness or more layers withiaite thicknesses and an infinite
bottom layer;

- Homogeneous and isotropic layer material properties

- Layers are extended to infinite in horizontal diies;

- Full friction at layer interfaces;

- No surface shearing forces;

- The materials are characterized by the Poissotitsaad modulus of elasticity.
The mechanistic-empirical method consists of twonnmodeling components, the primary
pavement response model that calculates the elasfionse of the pavement to loading and
the damage models, that quantify the damage ithalpavement layers, gave certain elastic
response parameters. The primary pavement respoosel used in most mechanistic-
empirical design methods is a multi-layer, a linekstic continuum mechanics model that
requires Young's modulus and Poisson’s ratio torattarize the resilient response of the
materials found in each of the pavement layers. éd@r Young's modulus and Poisson’s
ratio are theoretical concepts that apply to pésferlastic materials. The Young’s modulus
that represents the “stiffness” of materials camy dre approximated from experimental
results and it is most often approximated by thaliemt modulus for unbound granular
material. The resilient modulus is a measure ofeflstic recovery of a specimen of material
given the repeated application and removal of amlawad under compressive stress
conditions. Most road-building materials also exhilstress-dependent and apparent
anisotropic behavior. The magnitude of the redilmodulus therefore depends on the level
of confinement of the material and differs undestke and compressive stress conditions, not
to mention the effect of density and saturatiomic®y speaking, there is no single resilient
modulus value for a given unbound, granular matéuéa rather an infinite range of possible
values (Theyse, Beer, Maina, & Kennemeyer, 2011).
The software allows the user to set the level @éraninal rut, either 10 or 20 mm with
empirical curves being available for either rut tthe@imilarly reliability of the road design is
preselected using the Road Category, and the GtirRagion options are Dry, Moderate or
Wet.
A comparison of the results from PaveFEL in thesdirelastic mode compares well with
multilayer linear-elastic programs such as MePAB&¢{enhann & Jenkins, 2004).
In order to perform the software simulation tridxests were performed to obtain Young's

modulus.
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13.1. TRIAXIAL TEST

The triaxial test is one of the most versatile andely performed geotechnical laboratory
tests, allowing the shear strength and stiffnessodfand rock to be determined for use in
geotechnical design. Advantages over simpler puoesg such as the direct shear test,
include the ability to control specimen drainaged @ake measurements of pore water
pressures. Primary parameters obtained from thenmtey include the angle of shearing
resistance?’, cohesion g although other parameters such as the shearestsf compression
index, and permeability may also be determined.

Triaxial test allowed to obtain the Young’s moduloks G1 layer made with granite by-
products, the Young’'s modulus is defined as the rat the tensile stress and the tensile
strain. All test are made according to ASTM D283D4767 procedures.

Triaxial compression test apparatus shown in tlyiiéi 56, consists of a triaxial pressure
chamber, cell supply system, loading system, tagethith load, displacement and volume
change measurement devices. The specimen mea@@rens high and 100 mm of diameter,
and it is vertically enclosed in a thin rubber meam. The specimen is vertically enclosed
with a thin rubber membrane and placed betweenrigid ends inside a pressure chamber.
The upper plate can move vertically and apply eattstresses to the specimen. The axial
strain/stress of the sample is controlled throdghrmhovement of this vertical axis. Also, the
confining pressure is controlled by the water pressurrounding the sample in the pressure
chamber. The volume change of the sample is alstyalted by measuring the exact volume

of moving water.
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Figure 56 Triaxial apparatus

All triaxial test, consolidatedrained, shown in the Figure 58, Fig&i® Figure 60 are made
by using all grading for G1 Base Layer. All samplesre compacted with Modified Proct
procedures, and at optimum moisture content theatasnd 5,5 %
The cell pressure was calated with the Multilayered elastic model of Boussinesq.
layered elastic model can compute stresses, < and deflections at any point in a pavenr
structure resulting from the application of a soeféoad Layered elastic models assume f
each pavement structural layer is homogeneous, isotrogna linearly elasti In other
words, it is the same everywhere and will rebounmdts original form once the load
removed.
The layered elastic approach works with relativeiiyple mathematical mels and thus,
requires some basic assumptic These assumptions are:

e Pavement layers extend infinitely in the horizomlia¢ction

e The bottom layer (usually the s-grade) extends infinitely downwa

e Materials are not stressed beyond their elastiges.
A layered elastic model requires a minimum numbf¢inputs to adequately characteriz
pavement structure and its response to loaThese inputs are:

e Material properties of each la

e Pavement layer thicknes:
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e Loading conditions

EELTIE.

Surface Eq . liq hy

Ease Es . lig ha

Subgrade E3 .|z

Figure 57 Multi-layered Elastic Model scheme.

The outputs of a layered elastic model are thessti®e strains, and deflections in the
pavement:
e Stress: The intensity of internally distributedces experienced within the pavement
structure at various points. Stress has unitsrakfper unit area;
e Strain: The unit displacement due to stress, iseapressed as a ratio of the change
in dimension to the original dimension ;
e Deflection: The linear change in a dimension. |&fon is expressed in units of
length.
The use of a layered elastic analysis computer rarogwill allow one to calculate the
theoretical stresses, strains, and deflections hagavin a pavement structure (Interactive,
2008).
The tests were performed with hydrostatic presefitbe cell equal to 100-250-350 kPa. This
value was chosen based on the calculations pertbmitt the Boussinesq theory, according
to which, considering the various types of loadvted in the Italian rules and applying such
loads statically.
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Figure 58 Triaxial test diagram with 100 kPa Coefirent Pressure
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Figure 59 Triaxial test diagram with 250 kPa Coefirent Pressure
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Figure 60 Triaxial test diagram with 350 kPa Coefirent Pressure

After having did the tests, through an analysisthe results, we calculated the Young's

Modulus of each sample. The values obtained a@tegbin the Table 31:

Table 31 Triaxial test consolidated Drained of Gaby-products

Sample Confinement Density Young’s Modulus
Pressure
n° kPa g/cm?3 MPa
1 100 2,28 102,69
2 100 2,25 88,31
3 100 2,32 88,78
4 250 2,21 150,68
5 250 2,26 159,50
6 250 2,19 136,92
7 350 2,21 162,59
8 350 2,26 182,10
9 350 2,22 150,17
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TRIAXIAL TEST RESULTS
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165 ! —o—serie 1
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Figure61 Young’s modulus obtain from triaxial ti

As you can see in tHagure61 the Young's modulus valuebange in function of th

confinement pressur@&he pressure that we can have in real conditionbged to 250kP:

and for that value the range for Young’s modulusesveen 13-160 MPa.

These are the values obtained compacting the sahrplegh the Proctor compac, namely

a pestle of 4,53 kg, 253umps per layer, material compacted in three layédrs values o

elastic modulus obtained IDolerite for the layer o1, are obtained after a compactin

situ and followed by th&lushing Procesof which | will talk about thenThe applicability of

laboratory values to in situ conditions is questigle (Puppala, 2008).

13.2. MePADS SIMULATIONS

The simulation was made considering some fixedeslauch

Tire pressure 520 k

a twin standard axle of 12 to

Roadtraffic range ES30 (30.000.000 lions of passages of standard a)
moderate climate

road class A (highways, freewa

terminal rut 20 mm
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Figure 62Scheme of the Infrastructure and Load distribut@mrsoftware simulatic

In the Figure 62 have reported the scheme of Load distributiort thhave used for al

software simulation.

13.2.1.SOUTH AFRICAN INVERTED PAVEMENT

The first simulation was made on South African paget structure, but using Italian stand
axles. In the Figure 63 have reported the software screen video abnfrastructure
characteristics, there are 5 layers from foundatipnto hot mix asphalt layers with th
relative depth, Young’'s moduluPoisson’s ratio, etc.

3 mePADS - Senza titolo [le@[‘s__(l
File Tools Setup Help

Pavement Structure l Loads and Evaluation Points] Design Parameters ] Pavement Life] Cottour Plot] Prafile Plotl Calculation Table]

Mumber of Layers: |5 = | Mumber of Phases: m Defaultinput:m
Phaze 1

b aterial Thicknezs  E-Moduluz  Poisson's Ratio Material E-toduluz Puoizzon's Ratio M aterial E-Modulus  Poizzon's Ratio
e =] [0 Jmoo 2 Joss | fac <] [0 3 Jos =

61 =) 5o = Jaoo 2 Joxs 3 |fac =] [0 3 Jos =

2 | [m0 = [0 o o = |[eae = oo = fos =

7 =] o & [izo & Jos o |fac =] [Ewo 3 Jos =

5ol =] 50 = oo = Joxs = |fac =] [0 3 Jos =

Climatic Fegion ,W‘ Terminal rut ,m CSIR

Road Category m Diesign Traffic class ESSD Tnﬂ.NanHTEK

Figure 63MePads Screen Video with South African Invertedgmaentlayers and relative
values.
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In the Figure 64 arshown the normal strain valu the maximum normal strain is in the b

layer with 0.000912 value, on top and in sub-base layahe normal strain values are ve

low.
Vertical plane parallelto X-ZatY =0
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Figure 64Trend of Normal Strain in a vertical plane of SoAfnican Inverted Paveme

Under these traffic load the maximum vertical Désjg@iment is 0,25 mm and decrevery
quickly in the base layer, the «base is characterized just from 0,15 mm of maxir

displacement, as you can see inFigure 65.
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Figure 65Trend of Displacement in a vertical plane of Soiiican Inverted Paveme
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13.2.2.ITALIAN FLEXIBLE PAVEMENT

The second simulation was made on lItalian flexi@leement structu. In the Figure 66 and
in the Figure 61 have reported the software screen video abotastriicture characteristic

there are 5 layers from foundation up to hot mphadt layers

£:3 mePADS - Senza titolo
File Tools Setup Help
Pavement Structure ] Load: and Evaluation F'oints] Design F'arameters] Pavement Lifel Contour F'Iot] Prafile F'Iotl Calculation Table
Mumber of Layers; |5 | Mumber of Phazes: m Default input; m
Phase 1
Material Thickness  E-Modulus  Poisson's Ratio Material E-Moduluz Puaizzon's Batio I atenial E-Moduluz  Poizzon's Ratio
ac | [0 [0 2 foas | <] [0 2 Joss =
ac =] [ = [mw = o o fac +] [m0 2 Jos
ac | [0 = [mo0 & foas | fac <] [0 = Joas =
Gz =] [0 o [0 = Jos | |[ac < [m0 = Jos =
sl | [0 =] [0 = foss | [ac =] [0 = Jows =
Clirnatic Region IW‘ Termninal rut m ‘ cs‘n
Fioad Categary m Design Traffic class m UL AL

Figure 66 MePadscBeen Video with Italian Flexible pavement layensl aelative value

In the figure below we can see that the most ingmarhormal strain valueare in the sub-

grade and in the foundation layers. The maximuroevédr normal strairs 0.000263.
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Figure 67Trend of Normal Strain in a vertical plane of lgaliFlexible Paveme
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And the maximum vertical displacement is registeredurface and on base layer, the va
are between 0,079 mm and 0,067 mm, as shovthe Figure 68.
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Figure 68Trend of Displacement in a vertical plane of Italexible Paveme

13.2.3.MORGAN COUNTY INVERTED PAVEMENT TEST SECTION

The third simulation was made on Georgia Invertadeient test section of Morgan Cour
that was build up in 2003. In tiFigure 69, Figure 70, Figure 7llhave reported the softwa
screen video abounfrastructurecharacteristics: there er5 layers from foundation wi
minimum CBR 15, 5 cm graded aggregates (charaetéas G2), 20 cm cement mix, 15

of granular base G1 with Young’'s modulus 200 MP& &% cm of Asphalt concre
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Figure 69MePads Screen Vid with Morgan County inverted pavement test sectialnes

The software simulation shows that the maximum ldsgment is 0,37 mm and
concentrated in the hot mix asphalt layer as showiseFigure 70.
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Figure 70Trend of Displacement in a vertical plane of Morgaounty test sectic

Also the maximum Normal Strain is registered in Hane part of the infrastructure, |
values are between 0.0015 and 0.0008 as reportedFigure 71.

100



Andreina Etzi - Granite Byrroducts for Inverted Pavem Technique

Vertical plane parallel to X-Z atY =0

0
-50 Normal Strain ZZ
0.000216
-100 - 0.000124
1 f / 0.000033
_180 | | i -0.000089
-0.000151
- WS
— =200 e -0.000334
= NS ~ 1 -0.000426
C 250 j -0.000518
N -0.000609
1 -0.000701
™ -390 i -0.000793
/ -0.000885
-0.000876
-350 ‘ -0.001088
1 \ 0.001160
—400 -0.001251
| — | —1T 1 — -0.001343
I M B -0.001435
—430 ——— -0.001527
[ S = A
_500 T T T T T T

400 -200 0 200 400 600 800
X {(mm)

Figure 71Trend of Normal Strain in a vertical plane of Mangaounty test sectic

13.2.4LAGRANGE INVERTED PAVEMENT TEST SECTION

Another simulation was made on LaGrange invertecipeent test section, as you can se
the Figure 72the test section is characterized of 150 cm of-grade (as G7), 25 cm
cement nx C3, 15 cm of G1 (but as sho in the test results the material is more clos
G2) and 8,9 cm of Asphatbncrete.
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Figure 72MePads Screen Video of LaGrange inverted paversshsection valu
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The software simulation reported that the normiistmaximum value is in the base la
and the values are around 0.0019 as shown iFigure 73.

Vertical plane parallelto X-Z atY =0

Mormal Strain 22

0.00024
0.00012
0.00000
-0.00011

-0.00023
-0.00034
-0.00048
-0.00058
-0.00068
-0.00081
-0.00092
-0.00104
-0.00116
-0.00127
-0.00138
-0.00150
-0.00162
-0.00174
-0.00185

/ -0.00197
T T

—800 \ \ T T T
—300 200—100 0 100 200 300 400 500 &00

X {mm)

—430 - '_/

/ﬂ\\\

Figure 73Trend of Normal Strain in a vertical plane of Lage test sectic

The Figure 74shows the vertical displacement value, the highekie are in the hot mi

asphalt layer and in the upper part of aggregade layer, the values are around 0.32
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Figure 74Trend of Displacement in a vertical plane of La@eaiest sectic
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13.2.5.ITALIAN INVERTED PAVEMENT SIMULATION

The Italian inverted pavement simulation was mamtesiclering 7 cm hot mix asphalt surface,
150 granular base course with granite characte@ze®1 with 200MPa Young's modulus,

250 cm of cement mix sub-base layer with 4% cemEs, sub-grade classified as G2 and

150 cm foundation as G7.
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Fle Tools Setup Help
Favement Stcture ] Loads and Evaluation F'oints] Design F'arameters] Pavement Life] Contour F'Iot] Profile F'Ic-t] Calculation Table
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7 = [8 = [ o s o oo =] [m0 = Jou
Climatic Region IW‘ Teminal ut m ‘ cs‘n
Faad Categary m Design Traffic class m LR RIER

Figure 75 MePads Screen Video of Italian Invertadgment simulation values

In the Figure 76 a trend of normal strain are shomancan observed that the maximum value
are in the hot mix asphalt layer and in the aggesgbase layer, the sub-base registered just
0.000349 normal strain value.
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Figure 76Trend of Normal strain in a vertical plane of lgaiinverted pavement simulat

Also the maximum displacement are concentratedarhbt mix asphalt layer and in t

aggregates base layer with value between 0.31®.&&dmm, as shown in ttFigure 77.
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Figure 77Trend of Displacement in a vertical plane of Italiaverted pavement simulati
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13.3. SOME CONCLUSIONS ABOUT SOFTWARE SIMULATION

In this step we can obtain some conclusion abaubhtaximum displacement and maximum
normal strain value for all different kind of Inved pavement (IP) structure. In the table

below | have reported all value to comparing tHéedent behavior.

Table 32 Comparison between every Inverted Pavesieniation values

South Morgan LaGrange IP Italian IP Italian
African IP | County IP Flexible
Displacement| ) ;50 0,376 0,361 0,312 0,079
(mm)
Normal Strain| 4 500912| 000152 0,00197 0,00146 0,000263
HMA layer 50 76 89 50 410
(mm)

As you can see the results of South African InkERavement are the best, although the
Morgan County and LaGrange inverted pavement slaovesy good behavior in term of
software simulation and also in the real pracfides Italian inverted pavement shows a little
bit higher values than the other one, but in tefreavings of bitumen thickness layer is the
best one. In fact the software simulation conceyiine Italian inverted pavement is
characterized by the thinner hot mix asphalt layer.

The difference between lItalian Flexible and Italiaverted pavement in terms of thickness of
the hot mix asphalt layer is 36 cm.

14. ECONOMIC BENEFITS

Sardinia is characterized by a high landscape wgilen the variety of flora and fauna. The
opening of mining sites of stone materials, andteel ancillary areas to working lead to a
prolonged and permanent impairment and disfiguréraethe areas where this crop insists,
despite measures to mitigate these fronts extragbiot in place according to the rules present
in the D. Lgs. 3 April 2006, n.152, Environmentadrlations. the percentages of land use,
on a total area of about 94,876 square metergxtavation area is 34,285 square meters and
39,835 square meters area set up in landfill. Asbesaeasily understood that the storage area
of the materials placed in landfill from processimggpresent a footprint of 42% of the total
area occupied by the extraction site (Pintus, 20Thgse areas as well as representing a
problem from the environmental point of view, imntes of disfigurement of the landscape, are

characterized by a high financial price for companextractors, in fact, in addition to the
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bulky surface must be paid time and money at tlspadial of waste to landfill. The
accumulation of the waste takes place accordirtigedollowing deposition horizontal planes,
whose interstices should be filled and each layal @ompacted absolutely avoiding that they
remain of the air chamber, which allows water ftidtnate, leading to erosion and consequent
slope stability of the landfill. You have to pay raattention and care, interventions aimed at
mitigating or restoring environmental impact of déiis, because, as the environmental
impact report, are the most easily visible and &atnore the landscape. The proposed
mitigation and environmental restoration of the rggaallow you to operate the technical
choices that minimize the degradation product entémritory. In this research the potential
applications of granite by-products to be usedhia toad construction industry were taken
into consideration evaluating the possibility oingssuch materials to recreate South African
Inverted Pavement with super-compacted unboundutaaiayers known as G1. This with
the aim of using this type of super-compacted medtéy replace the foundation layer of an
Italian pavement structure to evaluate if this viating benefits in terms of reduction of
thickness of the HMA layers.

For better understanding the economic saving confriogn the introduction of this new
technology was made an analysis of the costs afuperstructure realization, using the price
list of the ANAS, for each typology of superstwe simulated through MePads. The

analysis shows the following economic results:

Table 33Costs Analysis of Inverted Pavement
South African IP

Layer Depht (mm) Price (eurofin Price x Depht
HMA 50 12,80 0,64
G1 Crushed Stone| 150 4,60 0,69
C3 Cement Mix 250 6,20 1,55
G7 150 3,90 0,58
In situ Soil 150 2,60 0,39
TOTALE EURO/M | 3,85

Morgan County IP

Layer Depht (mm) Price (euro) Price x Depht
HMA 76 12,80 0,97
G1 Crushed Stone| 150 4,60 0,69
C3 Cement Mix 200 6,20 1,24
G2 50 4,60 0,23
G7 150 3,90 0,58

TOTALE EURO/M | 3,71
LaGrange IP

Layer Depht (mm) Price (euro) Price x Depht

HMA 89 12,80 1,14
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G1 Crushed Stone| 15C 4,60 0,69
C3 Cement Mix 25C 6,20 1,55
G7 15C 3,90 0,58
TOTALE EURO/M | 3,96
Italian IP

Layer Depht (mm) Price (euro) Price x Depht
HMA 50 12,80 0,64
G1 Crushed Stone| 15C 4,60 0,69
C4 Cement Mix 25C 6,20 1,55
G2 15C 4,60 0,69
G7 15C 3,90 0,58
TOTALE EURO/M | 4,15

Italian Flexible Pavement

Layer Depht (mm) Price (euro) Price x Depht
HMA 41C 12,80 5,24
G2 Crushed Stone| 15C 4,60 0,69
In Situ Soil 15C 3,90 0,58
TOTALE EURO/M | 6,51

LaGrange IP

M Italian IP

M South African IP

B Morgan County IP

m ltalian Flexible Pavement

Figure 78Economic Benefits using Inverted Pavement Techme

It is easy to notice that from the Italian flexilglaving to the Italiainverted pavemeryou

would have a saving @f0%.A completely precautionary value, because | assuimetdhe

mine sells the waste material at the same pritkeoivaste material stocked at land

The costdor the overall implementation of the superstruetare reduced by 40% with t

method of inverted pavement, while reducing costshe singl-layer HMA is reduced b

75%.
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15.CRITICAL DISCUSSION AND CONCLUSIONS

Considering the potential applications of granyepboducts to be used in the road industry, it
Is possible to state that the test conducted odifSan granite by-products, deriving from the
Calangianus, have shown that they can be considevalid alternative to the aggregates that
are currently used in South Africa for Inverted &aent Technique. Focusing the attention
on their use in the inverted pavement base layerewonsidered all the points, from
environmental compatibility to chemical-physicalehanical features, up to the simulations
to complete elements.

First of all, was considered the compatibility factthe results obtained from the leaching
tests proved that material is perfectly compattolehe road use. Indeed, all the values of
concentration of minerals respect the normativaeslimit.

Secondly, were analyzed the chemical-physical feataf granite scraps and were compared
the results with those obtained on Dolerite. Abolémical features it is inferred that the
significant difference between two rocks is Ph:eed, we have dolerite, that is a basic rock
and granite, that is a acidic rock. From the phgispoint of view, results show values of
density, porosity and water absorption that areoatnalike. The greater differences were
found in the value of Uniaxial Compressive Srenghat for Dolerite is 40 MPa and for
granite is 184 Mpa. This means that in the chippihgse, it will be necessary a bigger energy
to obtain the desired sizes. Another significafiedence was found in the value of thes
Angeles testhat shows values of 14-15% for Dolerite and 0f3286 for Granite. A high
value would indicate the potential of generatiordo$t, and break down during construction
process. From the mechanical point of view, | msmi®e specific tests required by the South
African Regulations for inverted pavement. Regoladi consider two tests of mechanical
resistance, a%FACT andACV, that are not considered by the Italian Regulatiéitom the
point of view of 10%FACT granite follows perfectly the values limit thatearequired,;
instead, from the point of view of t#eCV testit showed values of 1-2% out of the normative
limits. After these results, we paid attentionhe problem of studying if in another town of
the World was used the technique of Inverted Pawémmeough the use of rocks different to
Dolerite. In the town of Atlanta, in the State oédsgia, | examined two test sections in the
villages of Morgan County and LaGrange, realizespeetively in 1999 and in 2009. It was
possible to make some samples taking in two mimassupplied materials for the realization
of the road superstructures. On the material tlzest @xtracted in the mine were made the tests
of mechanical resistance and the results obtaiggdebACV on the material used in Morgan

County shows again some values out of the limit-@P6; instead, the values of ACV on the
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material used in LaGrange show some values outeofimit of about 1%. Values represent

the evidence according to which the granite usethéntest sections, despite not being in
compliance with the limits required by the Southiédn Regulations, has excellent results in
situ, as well as | noticed.

The results obtained by the simulations done tHiddgPADS software show again that the
technology of Inverted Pavement allows to obtaghlperformances in terms of resistance to
deformation, in spite of using a layer of bitumisouelt of only 5-8 cm.

The economic benefit, in terms of saving of the raaterials used for the realization of the

single superstructures examined, is obvious: it ldrdee possible to save 40% for the

realization of superstructure through a saving of renewable raw materials, as the
bituminous melt of 75%.

The values obtained thanks to laboratory testspftware simulations and to the experience
stabilized in other countries, does not give dowintshe excellent potentialities of granite by-

products and of Inverted Pavement.

16.RECOMMENDATIONS FOR FURTHER RESEARCH

The results from this work cannot be used direafiyguidelines to use Sardinian granite by-
products for Inverted Pavement Technique. Howes@me results may be useful for further

studies to validate the potential use of this nialtér the base layer.

It is necessary to remember that the granite thatlyzed is only one of eleven kinds present
in the Sardinian territory, and so the physical-haucal features could be different for other

typologies of granite.

Future studies can validate the results that waiodd thanks to this research, through the
building of a professional test section, open &ffitt, and through a continuous monitoring of

the bearing capacities of the superstructure antietieformations, through not destructive

measurement tools such as the Falling Weight Defteeter.

109



Andreina Etzi - Granite By-Products for Inverted/@aent Technique

110



Andreina Etzi - Granite By-Products for Inverted/@aent Technique

REFERENCES

A. J. Souza, B. P. (2010). Recycling of gneiss ra@ste in the manifacturing of verified
floor tiles.J. Environment Managment

A. Montuschi, G. D. (2012)Flexible Pavement Design using Mechanistic-Empirica
methods: the Californian approacBologna: Universita degli studi di Bologna.

A. Mottana, R. C. (1987Minerali e RocceMondadori.

AASHTO. (1993). Guide for Design of Pavement Stues. Washington D.C.: AASHTO.
Araya, A. A. (2011).Characterization of Unbound Granular Materials fétavements.
IHE/TUDelft, Netherlands: Master of Science in T3part and Road Engineering.

Bonioli, R. (2002)Industria Estrativa e Sviluppo Sostenibigagliari: CUEC.

Bordicchia, F., A.De. Martini, C. M., & Tocco, 002).Problemi Geologico AMbientali nel
recuper dei siti estrattiviCagliari: CUEC.

Bredenhann, S., & Jenkins, K. (2004). DeterminatibBtress-Dependent Material Properties
with the FWD, for Use in the Structural AnalysisRdvement Using Finite Element Analysis
Technique8th Conference on Asphalt Pavement for Southernigadfsun City, South-Africa:
Document Transformation Technologies cc.

Brundtland, G. (1983).Our common future World Commission on Environment and
Development.

Buchanan, S. (2010). Inverted Pavement SysteNwional Stone, Sand and Gravel
Association (NSSGA)

Clayton, C. (2011). Stifness at small strain: redeand practice. (p. 5-37). Geotechnique.
CNR. (1995)Catalogo delle pavimentazioni straddollettino Ufficiale- Norme Tecniche.
CNR-UNI 10014. (1969)Determination of the Consistency (Atterberg) of @l.Stalian
National Research Council (CNR) and Italian Orgatan for Standardization (UNI) .

Cortes, A. D. (2010)Inverted Base Pavement Structur€eorgia: Georgia Institute of
Technology.

Dawson, A., Mundy, M. J., & Huhtala, M. (2000). Bpean Research into Granular Material
for Pavement Bases and Subba3eansportation Reasearch Record.

DOT. (1996).TRH4: Structural Design of flexible pavements faefurban and rural roads.
Pretoria, South Africa: Republic of Spouth Africa.

Du Plessis, L., Rust, F., Horak, E., Nokes, W., &éllahd, T. (2008). Cost Benefit Analysis of
the California HVS ProgranfAccelerated Pavement Testing (AP(p) 22). Madrid, Spain.

E. G. Kleyn, A. B. (2008). Some Pratical Aspectgg&ding the Handling of Dolerite for

Base and Subbase ConstructiSouth African Transport Conferenc&outh Africa.
111



Andreina Etzi - Granite By-Products for Inverted/@aent Technique

E. J. Yoder, M. W. (1975Rinciple of pavement DesigNew York: John Wiley & Son, Inc.
E.L. Dwane, k. L. (2012). Construction and Perfonoce of Inverted Pavement in Georgia.
Transportation Research Board/ashington.

F. Leuzzi, G. C. (2009)Linee Guida per L'APPLICAZIONE DEGLI ACQUISTI PUBBL
ECOLOGICI NEGLI APPALTI DI LAVORI: utilizzo deglirigli delle cave di marmo e
granito nel settore delle costruzioni straddtiegione Autonoma della Sardegna.

F.G. Bell, C. J. (1998). The geotechnical charastesome South African dolerites, especiallu
their strenght and durabilitipepartment of Geology and Apllied Geoldgy 59-76). Durban:
2000 The Geological Society of London.

Ferrari, P., & Giannini, F. (2007)ngegneria Stradale - Corpo stradale e pavimentaizio
Torino: ISEDI.

H.L. Theyse, M. D. (1996). Overviewof the South i&&n mechanistic pavement analisys
method.Transportation Research Board meetikigashington.

Hartmann, J., & Moosdorf, N. (2012). The New Globahological map Database GLim: A
rapresentation of rock properties at the earthaserGeochemistry, Geophysics, Geosystem
Higgins, M. (2000). Measurement of crystal sizerdsitions. InAmerican Mineralogis(p.
1105-1116).

Hussain, J. (2012). Performance on Unbound Grardsecourse Materials under Varying
Moisture Conditions. New Zeland: University of Alakd.

Interactive, P. (2008). Flexible Pavement Mechanigibdels.

J. Rucknagel, P. G. (2013). The influence of slgl content an compaction behaviour pre-
compression stres&eoderma, Elsevigr226-232.

J. Taboada, A. V. (1999). Evaluation of the quadity granite quarryEngineering Geology
Jooste, F., & Sampson, L. (July 2005he Economic Benefits of HVS Development Work on
G1 Base Pavement®retoria, South Africa: Department of Public Trao$, Roads and
Works.

Kleyn, E. (2012). Successful G1 Crushed Stone Basese Construction.

Kleyn, E., & Bergh, A. O. (200850me Pratical aspects regarding the handling ofelDité
for base and sub-base constructi®netoria: CSIR Built Environmental.

L. J. Ebels, L. R. (2004). THE IMPORTANCE OF COMPAON FROM AN
HISTORICAL PERSPECTIVE23th annnual Southern African Transport Confeence
Leaman, E. (1973). The engineering properties o$nlanian dolerite, with particular
reference to the route of the Bell Bay Railwdagch. Rep. Dep. Mines Tasmanfp. 148-

163). Tasmania.

112



Andreina Etzi - Granite By-Products for Inverted/@aent Technique

Molenaar, A. (2009)Design of Flexible Pavemer&tructural Design of Pavement.

Pintus, L. (2011)Environmental impact study of a granite quarry untee continuation.
Sardninia.

Puppala, A. J. (2008). Estimating Stiffness of Satdlg and Unbound Materials for Pavement
Design.NCHRP - TRB Washington, D.C.

R.G. Terrel. (2002)Measuring Directional Stiffness in a Pavement Biterial. Austin:
University of Texas.

S. Portas, M. C. (2002l.'impiego dei materiali di risulta nell'ingegner@ nelle costruzioni
stradali. Cagliari: INFORMAZIONE 98.

S. Tocco, C. M. (2007)Le risorse lapidee in sardegna, dal recupero amitaien alla
valorizazione CUEC.

Santamarina, C., & Papadopoulus, E. (201#jerted Base Pavements: New Field Test and
Design CatalogueAtlanta, Georgia: GDOT.

Schwartz, K. (1984). Soil CompactioBouth African Institution of Civil Engineering, Sou
Africa .

Semmelink, C. (1988). CompactidRoad Infrastructure Course, South Africa

State of Road Authorities, C. (1989)kchnical Reccomendation for Highway 14: Guidelines
for road construction materialSouth Africa.

(2006).Structural Analysis: mining and working stonB&gione Autonoma della Sardegna.
Theyse, H., Beer, M. d., Maina, J., & Kennemeyer(2A011). Interim Revision of the South
African Mechanistic- Empirical Pavement Design Muethfor Flexible PavementslOth
Conference on Asphalt Pavements for Southern Af8oath Africa.

TRH. (1996). Structural Design of Flexible Pavemsefdr Interurban and Rural Roads.
Pretoria, South Africa: Department of Transport.

U. Sanna, C. A. (2009)I Manuale tematico della pietraSardegna: Topografia del Genio
Civile .

UNI-EN 1097-2. (2010)Tests for mechanical and physical properties ofraggtes.ltalian
Organization for Standardization (UNI).

UNI-EN 13286-2. (2010)Test method for laboratory dry density and watenteat. Italian
Organization for Standardization (UNI).

Uthus, L., Hoff, I., & Horvli, J. (2005). Evaluatoof grain Shape characterization methods
for unbound aggregateBCRA 2005 Conference

W.S. Mackenzie, C. D. (1994Atlante delle rocce magmatiche e delle loro tessitu

Zanichelli.

113



Andreina Etzi - Granite By-Products for Inverted/@aent Technique

Y. Xiao, E. T. (2012). Gradation Effects influengitMechanical properties of aggregates
base/granular subbase materil in MinnesoRB.

114



Andreina Etzi - Granite By-Products for Inverted/@aent Technique

115



