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ABSTRACT

This research has the purpose to build infrastrastby using new techniques, new materials
and to start a sustainable design with the utibrabf local resources. The project also aims
to minimize the use of non-renewable sources asihoaisphalt.

Concerning the materials, it is particularly higilied the use of stone materials available in
the Region of Sardinia, currently extracted to waafrastructures and bitumen layers. New
techniques have been studied to build up infragiras such as the Inverted Pavement
Technique used in South Africa for more than 30rgeén particular we focused on the
realization of the G1 Layer for this paving.

Through this work, we are willing to determine thessible use of the materials present in
Sardinia to build Inverted Pavement infrastructufbée target is to better use the local
obtainable resources in terms of aggregates, ttyingake the most of their mechanical and
physical features.

During the research, a great attention was focosdthe illustration of different typologies of
paving currently used in Europe and in South Afrispecially those realized through base
layers with granular material, examining in degik &nisotropic property of granular bases
too. A panoramic of the property of road consinrctmaterial used in South Africa is
presented, by analyzing the issues linked to tpe tf minerals that are in the rocks and the
way through which they affect the resistance amdlaility of one layer of the paving.

In the first phase of the study, we concentratedhenspecification of the kinds of materials
mined in Sardinia and their location. Then, we ehts investigate about the following
materials: andesite, basalt, quartzite, trachiégrdite and ignimbrite. All these are materials
with good features such as mechanical enduranceaadbility.

An in-depth bibliographic research was done abbet 'Inverted Pavement’ technique for
understanding the behavior of this type of pavingirdy the useful life, compared to a
traditional paving. The building technique of thd Gayer was mainly examined, because
some phases, such as that called "slushing”, argidered complex and the main point for
the good result of layer and the whole superstractu

To make sure the material is suitable, we refetweslouth-African regulations and we carried
all the mechanical tests foreseen to categorias iG1. Chemical analyses and thin sections
were analyzed, because they are considered praliynicharacterizations on the study of
materials. Some triaxial tests were performed wikeral confining pressures to define the

elastic modulus and other strength parameters.
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Anyway it is not enough to comparison chemistry pattography to establish that a material

is suitable. For this reason, were done other phisnechanical laboratory tests. Two test

sections of Inverted Pavements realized in Atlansing granite, were examined and were
done some laboratory tests on material. From theitoring of these two test sections and

from the result of tests, it emerged that Invenpadement has performances greater than
conventional paving and that other kinds of mateman be used for realization.

1. INTRODUCTION

Aggregates used in road design are a mix of gravhgech has growing mechanical
performance depending on the energy and compaptessures. The need of creating stable
and durable civil engineering works is closely rethto the ability of compacting aggregates
as more stringent possible. The development of eatigmn instruments (energy applied to
the aggregates) has opened new and large pergsettat nowadays are still under study.
Already since the 80's in South Africa technicalgukations for the construction of
infrastructures have foreseen the use of matewdls high resistance to loads of static and
dynamic type that allow to build paving with lowasmmic costs and high environmental
value, limiting the use of hot mix asphalt onlythe top layer with restrained thickness.

The current economic situation has severely atedhe ltalian road infrastructure, and this
affects both maintenance and future growth. Theerted base pavement structure is a
promising alternative to achieve high quality roadt considerably lower cost than
conventional pavements.

The Italian transportation system is a vast netwajrkoads, railways and airports. The road
network is 25.528,781 kilometres of existing paveshds and 80% of this are managed by
ANAS. Growth rate of approximately 56,000 lane-kiletres.

Currently, the "Decree of Doing" (Decreto del Far®resees paving maintenance
interventions for a total amount of Euro 14.920,087of which 4.238.267,00 just for
Sardinia.

In the ANAS program contract are expected new nwadcks for about 650 M € and new
projects for 7,75 M €.

As shown above, the roads network requires highuamsoof money. In this context, new

alternatives with lower life-cycle costs would belaome.

10
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1.1. Aims and Objectives

The aims of the research can be summarized aonvi

* Determine which materials extracted in Sardinial@édae used for the realization of
the G1 layer of the IP (Inverted Pavement)

* Analyze the construction process of the G1 layer

* Make sure the selected materials meet the minineguirements of the South African

regulation for the G1 layer.

Specific objectives of the research:

» Describe which are the paving kinds currently usellurope and in South Africa

» Describe how to obtain high densities of the GEflay

* Analyze what is known about ‘Inverted Pavement’ aint is the experience reached
using materials different to those used in SouthcAf

« Evaluate, according to laboratory tests, how maltésiinserted into the South African

Regulations

1.2. Thesis lay out

This thesis is divided in the following chapters:
Chapter 1: short description of the context whheeresearch is inserted

Chapter 2: short description of different pavendegigns like flexible pavement design, rigid
pavement design in European Country.

Chapter 3: short description of different pavendegigns like flexible pavement design, rigid

pavement design in South Africa.

Chapter 4: provides an extensive compilation ofutloented inverted base pavements in the
us.

Chapter 5reports of stress-dependent response of coaaselgr materials.

Chapter 6: provides an extensive description ofp@res required for road construction

material in terms of geometry, weathering and nahleehavior.

11
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Chapter 7: selection procedures for granular matavailable in the region.

Chapter 8: reports a comprehensive laboratory tigaggn designed to study chemical-

physical behavior of selected rocks.
Chapter 9: reports a triaxial test response ofssgranular materials.

Chapter 10: reports a comprehensive laboratorysimyegion designed to study mechanical
behavior of selected rocks.

Chapter 11: reports about my experience at Geolgsitute of Technology and

characterization material of Moran County and La@eatest section.
Chapter 12: Conclusion.

Chapter 13: Recommendation for further research.

2. EUROPEAN ROAD PAVEMENTS DESIGN

2.1.Introduction

The pavement structure is a sequence of layer gblacer the soil and directly subject to the
action of the vehicles. It has three basic funaidl) ensuring a smooth rolling surface and
not many deformable; 2) distributing the loads $raitted by the vehicles on the sub-grade in
order to avoid excessive deformation of the surfager; 3) protecting the below layer from
weathering (Ferrari & Giannini).

Looking at the functional aspect of the pavemetrtscture, it is constituted by a surface layer
and a supporting structure. The surface layerrecty subject to the actions of the traffic and
the weathering. The supporting layers has the dahction of keeping unaltered the
geometrical configuration of the surface layer ahdistributing to the sub-grade the stresses
caused by traffi¢Garbin, Storoni, & Ridolfi).

Road pavements are typically formed of several reyene above the other, consist of
mixtures of stone aggregates, binders and concfée .most used binders are bitumen and
cement, the first one is used in the flexible pasets whilst the second one is used in the
semi-rigid and rigid pavements.

A traditional classification recognized the road/graents as flexible, rigid and semi-rigid;
the difference among them is about how they digtethe traffic load to the sub-grade.

12



Use of Local Available Material for Inverted Pavement Technique - Alessio Contu

2.2. Traffic Category

Roadis an area with a public employment, used for ghdestrians, vehicles and animals
movement. (Infrastrutture, 2001). The functionahlification of roads is based on the kinds
of users and activities allowed on the roads thérase considering the environmental
situation where they are inserted. The criteriplahning concern the geometric elements of
the axle and of the platform of the urban and ewtkmn roads, such that the movement of
users, who are allowed, happens through security r@gularity. Specifically, for the
motorized vehicles, these rules pursue the purpbpersuading drivers not to go beyond the
values of speed that are placed at the base gidhaing.

The transport request, identified by the time vatuoh traffic, by its composition and by the
average speed of flow, implicates, as a plannirgceh the road section and the interval of
project speed. In particular, the choice of the berof lanes of the road section and of their
typology determines the traffic offer, whereas timice of the interval of project speed
influences, based on the space crossed by thetnfcéure, the plano-altimeter features of the
axle and the sizes of the various elements of aeciihe expression “interval of project
speed" means the range of values based on whidiedh&es of the various elements of road
layout have to be specified (straights, circulavea and curves with a variable radius). These
values change from an element to another, witlptinpose of allowing the designer to have a
specific freedom to adapt the layout to the araaithcrossed.

Some basic factors were identified and those, chenaing the road networks from the
functional point of view, allow to situate the nemk, that is the subject matter of the
research, in a precise class; they are:

» the kind of movement supplied (with passage,rihistion, penetration and entry); the
movement is considered in the opposite directian tamely that of progressive collection at
the various levels;

« the extent of the transfer (the distance whiapase through by vehicles on average);

« the function that is taken in the territorial text that is crossed (national, inter-regional,
provincial, local connection);

» the traffic components and the respective categoflight vehicles, heavy vehicles,
motorvehicles, pedestrians, ect.).

In order to arrive at the identification of the doareas necessary to the various traffic
components, for fulfilling the functions that anepected in full compliance with the criteria

of security and regularity of movement, the traffamponents, the classes of vehicles and the
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functions that are allowed, have been gatheredraffid categories, homogeneous for
functional features and needs, shown below:

- Motorbike

- Vehicles,

- Bus,

- Trailer

- Semitrailer,

- Tractor trailer,

- Articulated truck

- Operating machinery

2.3.Road Category

The New Road Code classifies roads in six diffetgpblogies, each identified by a letter
from Ato F:
A) Extra-urban motorways
B) Main extra-urban roads (a road external to intedlcenters)
C) Secondary extra-urban roads
D) Urban expressways (a road into the inhabitedecen
E) Roads in residential areas
F) Local extra-urban roads and local urban roads
For each category of road it is allowed only a #jekind of traffic category, as it is reported
in the Table 1. Where symbols have the followingamegs:
0 Not allowed in platform

% In roadway

O external to the roadway (in platform)

® partially in roadway

1. It affects if there is a bike path
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2. If the categories number 7 and number 11 must losvedl, the sizes of lanes and the

layout of axle must be commensurated with the ne¢dse vehicles belonging to these
categories.

3. When there is a slip road, namely when the platfofrthe main road and of the service

road is unique, not allowing on the main road mehastthis is limited only to the part of
platform that concerns it.
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Table 1 Types of road - permitted traffic categorie s
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For each category of road was analyzed the traffrmposition using some spectra that are
typical of commercial vehicles, namely an overadis® bigger than three tonnes. In the Table
2 are reported the kinds of vehicles that weresicmmed and their loads per axle; whereas, in
the Table 3 is represented their frequency expteper cent, on the total amount of trade

means. (CNR, 2001).

Tabl_e 2 Types of commercial vehicles, number of axl

es, distribution of axle loads.

Tipo di veicolo N° Assi Distribuzione dei carichi per asse in KN
1) autocarri leggeri 2 10 420

2) " " " LIS J30

3) autocarri medi e pesanti . 40 150

4) " " " " iSG i 110

5) autocarri pesanti 3 40 180180

6) " " " 360 ¢100¢](}0

7) autotreni e autoarticolati 4 40 N0 180 180
g " " 160 L1000 [T00 L100
9 " " 5 140 80180 S0 |80
10) " " " 160 190 %0 ¢100¢100
1 " " " 140 LT00 80 ,Lm 80
12) * " " o0 1110 490 1920 |90
13) mezzi d'opera " W0 120 ,LT30,,]30J,I3U
14) autobus 2 40 80

15 " 2 400 100

16) " 2 0 430

Table 3 Typical traffic spectra of commercial vehic

les for each type of road.

Tipo di wveicolo

Tipo di strada 1 {2 |13 |4 |5 16 |7 |8 |9 [10}11])12[13 |14 15|16
1) autostrade extraurbane |[12.2]--—- [24.4]14.6(2.4 |12.2]24 |49 |24 /49 124 |49 [0.10]—~— | -—— |12.2
2) " urbanc 18.2 [18.2 [16.5 | === | === | === | w=om | ceoe | com | com | aoee | e |16 |18.2{27.3 | ----
3) strade cxtr. principali e|-—- |13.1(39.5|10.5(7.9 |26 (26 |25 |26 |25 |26 [2.6 {0.5 |- | === [10.5
secondaric a forte traffico

4) strade extraurb. sccond.| === | === |58.8129.4 | cone | 5.9 | anee [ 2.8 | ome | moe [owee | n (02 | omm | e | 2.9
ordin.

5) " extr. second.-turistiche [24.5 | === [40.8 |16.3 | ==== |4 15| =eme | 2 ] ceen | comm | coee [ coea [0,05 [ oonm | meme (122
6) " urbane di scorrimento |18.2 [18.2 (16,5 | === | -== | =aee | come [ cooe fee | oo e [ een 116 [18.2[27.3 | -ee-
7) " " diquartiere e locali | 80 | eee-|es-m | wmee | comm [ momm | o [ mon | e | o | e | e [eeee 200 | e | oo
8) corsie preferenziali el Bl el Bl el Bl Bl Bl Bl el Bl el Rl R - I

Traffic is expressed in a total number of passdgsommercial vehicles passing through on

the most loaded lane. The traffic levels, that wereseen, are reported in thable 4
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Table 4 Traffic levels on the more loaded lane

Livello di traffico Numero di veicoli commerciali
10 400.000
2" 1.500.000
3° 4.000.000
4° 10.000.000
5° 25.000.000
6° 45.000.000

Based on the traffic category, on the road categadyon the traffic levels that were foreseen
in the project, it will be made a redrafting of theperstructure in terms of typology and
thickness of each layer. The typologies of pavireggdavided in:

- flexible pavings;

- rigid pavings;

- semi-rigid pavings;

- composite pavings.
They are presented with detail in the followinggmaaphs.

2.4.Flexible pavements

They are generally made by a surface layer, a aimmelayer (binder), a base layer and a

foundation layer, as you can see in the Figure 1.

surfacing 7 60mm HMA
Binder | 70mm HMA
Base 280mm HMA
Foundation 150mm Granular
— —| | |—| | |—| Aggregates
Subgrade |_| |I=I] | .
_| Bu—ur—i 150mm Scil

Figure 1 Italian Flexible Pavement

Surfacing:
It consists of a Hot Mix Asphalt, open or closedthvthickness ranging from 40 to 60 mm
must ensure adherence, good resistance to bypasssaand vertical deformations.
The properties of a surface layer are to be relat#lal the mineralogy and grain size of the
aggregates and rheological properties of bitumen.
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Binder:
It consists of Hot Mix Asphalt, semi-open, but witbwer mechanical properties. It
contributes, together with the base layer, to dbfioe flexural action induced by traffic loads.
The thickness used varies between 6 and 8 cm.
Base layer:
To the base layer is given the role of absorbingtrod the flexural actions caused by traffic
loads. A flexible pavement is made with hot mixtslp masses open, with less amounts of
bitumen, higher porosity and mechanical charadtesidower than the previous layers. The
thickness of a base layer is widely variable fromiaimum of 8-10 cm to a maximum value
of 25-30 cm, depending on the number of heavyitraffeather conditions and the bearing
capacity of the sub-grade.
Foundation layer:
Generally, it is composed by granular material @sanain function is to distribute the loads
on the sub-grade. The thickness range is very ldgeeen 15 and 35 cm.
Sub-grade:
the success and the durability of the infrastriectigpend on the behaviour of the sub-grade.
The sub-grade is the soil bed on which it leanddhiedation layer of the pavements, and it is
not affected by the stress of the traffic load. Tiekness varies between 50 and 100 cm.
The lift of the sub-grade is :

- good 1500 from N/cm2

- medium 900 from N/cm2

- low 300 from N/cm2
In case of values under 300 from N/cm2 the subeyradst be reclaimed and replaced.
The Figure 2 refers to an extract of CNR OfficiaillBtin in which are present different types
of flexible paving that could be done accordinghe resilient modulus of the background and
to the intensity of the traffic.
The Figure 2 shows exclusively the 1F Paving Cgtaddating to extra-urban highways type
which is the one chosen to build Inverted Pavenmdrastructure.
The parameter chosen for the sub-grade lift isRbsilient Modulus (Project Mr), assessable
on a experimental tests basis by using AASHTO Tg&Z4tandard.
This type of parameter was selected because lieiohe that best represents the sub-grade
behavior since it allows to keep in consideratiba viscous reversible component of the

deformation as well.
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In case the Resilient Modulus could not be deteechimt may be used the available
approximate correlations with CBR bearing ratio #mnelK reaction module (C.N.R, 1995)
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Figure 2 Italian Catalogue for Freeways
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Figure 3 Italian Catalogue for Urban Roads with Fle  xible Pavement Design
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The granular aggregates to be used for the base tayst have a granular composition,
shows in the Table 5, according to the gradinghef ¢hart and a percentage of bitumen
between 4% and 5%.

The grading envelope used for the base layersiis diiferent from the one used for the G1
base layer, as you can see in the Figure 4, shisekind of infrastructures have an asphalt

base layers and it is not made of granular aggesgé@¥inistero)

Table 5 Aggregates Grading

Sieve size Percentage passing by mass
(mm) gep g oy
Nominal maximum size of
Aggregate
(mm)
40 4 4
30 80 100
25 70 95
15 45 70
10 35 60
25 50
20 35
0,4 6 20
0,18 4 14
0,075 4 4
100 -
90 -
80 -
70 -
60 -
2 50
@ 40 -
= 30 -
S
20 -
10 -
0 T T T 1
0,01 0,1 1 10 100
Sieve Size (mm)

Figure 4 Grading for Hot Mix Asphalt Base Layer

22



Use of Local Available Material for Inverted Pavement Technique - Alessio Contu

2.5.Rigid Pavement

The element that marks a rigid paving is the presai a base layer realized with concrete,
that has the purpose of a surface layer and s Bnd is laid on a sub-base with a
cemented mix having the main purpose of creatisquadard support plane. (Losa & al)

The rigid pavings are divided in various typologies

- pavings with reinforced slab

- pavings with not reinforced slab

- pavings with continuous reinforced.

As shown in the Figure 5, rigid pavements generadlysist of prepared roadbed underlying
a layer of sub-base and base. The sub-base magtbkzed or unstabilized. In case of low
volume road design where truck traffic is low, &-4ase layer may not be necessary between

the prepared roadbed and the base.

Formation level

Sub-grade

Figure 5 Rigid Pavement Scheme

The sub-base of a rigid pavement structure consistsne or more compacted layers of
granular or stabilized material placed between sbb-grade and the base for following
purposes:

- to provide uniform, stable and permanent support;

- to increase the modulus of sub-grade reaction (K)

- to minimize the damaging effects of frost action;

- to prevent pumping of fine-grained soils at jejintracks and edges of the rigid base;

- to provide a working platform for constructionuggment.

In the Figure 6 and in the Figure 7 we can notieettend of the thickness of paving layers on

varying the traffic entity and the category of roadhe works.
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Figure 6 Italian Catalogue for Freeways with Rigid Pavement Design
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2.6. Semi Rigid Pavement

When in a flexible paving one of the bearing layébase or foundation) is replaced,
completely or partially, with a mixture of hydrawlcomponents, it is possible to realize a
semi-rigid paving. The semi-rigid pavings have adevispread towards arterial roads
characterized by strong amount of heavy trafficlesd, the minor deformable condition of
the rigid layer implies a minor deformable conditiof the superstructure. Equal to other
conditions, paving will felt less the effect of tefort and localized permanent deformations
phenomena of the surface layers. In the Figureddrathe Figure 9 are reported two outlines
of semi-rigid paving where the rigid layer is reall with a cemented mixture and it
represents the base layer in the first case anfbtimelation layer in the second outline.

a) Surfacing (HMA)
b) Connection layer / binder ( HMA)

c) Base (cement mix)

e) Foundation (coarse aggregate)

g) Subgrade

Figure 8 Semi rigid pavement scheme

a) Surfacing (HMA)
b) Connection layer / binder ( HMA )

d) Base (HMA)

f) Foundation (cement mix)

g) Subgrade

Figure 9 Semi rigid pavement scheme
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3. SOUTH AFRICAN OVERVIEW OF PAVEMENT DESIGN

In South Africa, the pioneer road-builder was ThenBain (1830 — 1893), son of Andrew
Geddes Bain. Thomas Bain constructed 23 major naocutasses, nearly all in the Cape
Province. Some of his roads are still in use todfor to the early 1920s, the thickness of
pavement layers was based purely on experience. ifention of the car and the
introduction by Henry Ford of his Model T-Ford i808 gave a strong impetus to look at the
design of roads more seriously. Twenty million Mod@e~ords were sold between 1908 and
1927. Unpaved roads could not cater for this.

Thanks to the South African Pavement Engineeringldh(SAPEM) we can understand all
aspects of South African pavement engineering (8ge2013).

One of the fundamental concepts used in pavemeagihegring is the nature of materials
included in the layers. Two primary classificatiarisnaterials can be made:

Unbound Materials: This includes graded crushedestmatural and crushed gravels, sand
and soils. As traffic loads are applied, these gi@nmaterials interact with the layer beneath
and respond with a stiffness that defines the éxiétoad spreading (stress distribution) in
the structure. Only modest stress distributiondssgble with unbound materials, given the
moderate stiffness of their response. Repeated llead to an accumulation of deformation.
Bound Materials: This includes hot mix or warm nasphalt, concrete, and cemented layers
amongst others, which incorporate binders thateéglihe particles together. The materials
have higher stiffness that results in flexural begdinder load, and wide stress distribution.
The bending beam effect results in the generatfasigmificant tensile stresses in the layer,
leading to damage in the form of cracking.
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£

Figure 11 Two Categories of Pavement Materials and  their Response to Loading

The pavement structure is the combination of lageid sub-grade, which carries the traffic
loads. Typical pavement layered structures and sdmeeach layer used in contemporary

road construction are shown in the Figure 12fléxible and rigid pavements.

Surfacing
Bage Concrete (15 to 35 cm) surfacing and base
Stobase Subbase usually cemented
Selected Subgrade
Selected subgrade
Subgrade
Subgrade
Flexible Pavements Rigid Pavements

Figure 12 Typical Pavement Structures

The purposes of the various layers in the pavemendescribed below:

» Surfacing: This is a functional wearing course tpabvides waterproofing, skid
resistance, noise-damping, durability against taments, visibility and drainage. For
surfaced roads, the upper layer is bound, congistispray seals, asphalt or concrete.

« Base: This is a load spreading layer and is the mgsortant structural component of
the pavement. The layer must provide the requinggpart for the surfacing and

distribute the very high tirpressures and wheel loads uniformly over the uwitheyl
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layers and sub-grade. The base comprises boundiahageg., asphalt, concrete or
stabilized, or it can be unbound, e.g., crushedestw gravel base.

* Sub-base: This layer provides support for the laaseell as a platform upon which to
construct a structural base layer of high integrityalso protects the underlying
selected sub-grade layer by further spreadingahe. |

» Selected sub-grade: These layers are primarilyingdpr the sub-grade to provide a
workable platform on which to construct the impdrigavement layers. At the same
time, these layers provide depth of cover oversthie-grade to reduce the stresses in
the sub-grade to acceptable levels.

e Sub-grade: This is the existing material upon whitte pavement must be
constructed. It can be modified with stabilizers remluce plasticity, ripped and
recompacted to achieve uniform support, or undeaodt replaced, depending on its
quality.

Typically, the higher up the layer is in the pavem&ructure, the more expensive material to
obtain or manufacture. Asphalt and concrete surtpayers in a pavement are generally the
most expensive layer in the pavement structurés Hlso typical for the stiffer pavement
layers to be at the top of the pavement strucfline. exception to this is “inverted” flexible
pavements, where the sub-base layer is cementiztaband the base layer is a good quality
granular layer. These pavements are widely us&buth Africa.

Road pavement types can be classified accordititettype of materials used to construct the
upper layers, in particular the surfacing. An ovenwof different pavement types is provided

Pavement Types

in the Figure 13.

[ |

Flexible Semi-rigid / Rigid Gravel
Asphalt Composite Concrete

i

Seals Blocks

Figure 13 Classification of Pavement Types based on Materials
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3.1.Road Classifications Based on Function and Traffitevels

In addition to pavement types differentiated on inaterials in the upper pavement layers,
they are also classified according to their appibbces and levels of traffic, as summarized in
the Table 6.

Table 6 Classification of Pavements Based on Applic  ation and Traffic

Facility
Freeway

Traffic Class?
Heavy, 30 to 100 MESA?

Loading
Light and heavy vehicles

Arterial and Main Road

Medium > 3 MESA

Light and heavy vehicles

Secondary Road

Light > 0.3 MESA

Low percentage heavy vehicles

Low Volume Road

LVR = 50 to 200 vpd®

Mainly light vehicles

! Traffic Class is also defined in TRH4 accordingthie upper limit of Equivalent Standard
Axles (ES), e.g., ES100 = 30 to 100 million 80 kiles.

2 MESA = million equivalent standard axles (80 kNte standard in South Africa, even
though the maximum legal axle mass is 90 kN).

% vpd = vehicles per day

Roads and their related pavements are also befddssased on the importance of their
function and the importance of the user trips maddhe road. Functional classification is
used to differentiate the minimum service levels dach class of road to set intervention
levels with related budgetary implications. Thiadtional classification is:

Class 1, Primary Arterials: High mobility betweenportant cities, countries and transport
hubs. Class 2, Secondary Arterials: Mobility limdetween slightly less important centers or
connections to the primary road network.

Class 3, Minor Arterials: Connections between ditgrcenters or between these centers and
the primary and secondary road network.

Class 4, Collectors: Provide connections to thédngrder network.

Class 5, Access Roads: Provide access to indivjghoglerties.

3.2.South African Flexible Pavement

The basic principles of structural design of a itk pavement are explained using Figure 14,
which shows a multilayered pavement system loaded bual-wheel, half-axle load. The
stresses imposed by the tires at the tire paveinéstface, also called the tire-pavement

contact stress, are applied to a relatively smatitact area. These stresses are dissipated or
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spread over an area that increases with increaspth in the pavement structure. The stress
concentration and shear stress, therefore, reditbeinereasing depth. This is indicated by
the red/yellow shaded area. The materials in theeupegion of the pavement structure
therefore need high shear strength to resist tipesed shear stress conditions. Deeper down

in the pavement structure, less shear strengtyisned.

Half-axle tyre loads

Wearing course : Surfacing

Base layer Structural layers
*High shear stresses
*_arge strains

Subbase layer

U pperimported
subgrade

Lower imported Subgrade
subgrade *Low shear stresses

*Small strains

In situ subgrade

Y

Figure 14 Stress Distribution in a Typical South Af  rican Flexible Pavement

In the South African infrastructures the bearingamaty totally depends on the base and the
sub-base layers. The only performance requiretidcAlsphalt Surface Layer is to guarantee
an even surface and to allow adherence to the leshic transit. In South Africa, typical
asphalt surfacing are between 30 and 50 mm thikls fiype of infrastructure is realized for
big traffic arteries. The success of this kind a¥ing is due to the high quality of the crushed
rocks used for the base and the sub-base layetsutarly for the high level of compaction.
For the sub-grade layer is required a minimum CBf of 15% and if this value cannot be
reached it is necessary to stabilize the sub-geacs.

The South African pavements are usually made afrfase layer, a base layer, a sub-base
layer and a sub-grade layer.

Sub-grade:

It is the completed earthworks within the road mrisefore the construction of the pavement.
This comprises the in-situ material of the roadaed any fill material.

Selected Layer

It is the lowest layer of the pavement consistirigcontrolled material, either in situ or

imported.
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Sub-base

It is the layer(s) occurring beneath the base aciie slab and above the selected lay
Base

It is the layer(s) occurrinimmediately beneath the surfacing and above th-base, above
the selected layer(s).

Surfacing

The uppermost pavement layer, which provides thiagisurface for vehicle

As you can see in thiégure15 below:

SHOULDER SURFACING
wr 1 BASE (UPPERA LOWFR ) I \

l SUBBASE (UPPER B LOWER) [ \
SELECTED LAYER (UPPER & LOWER )
\\L

SUBGRADE \/

(Fieu)

PAVEMENT
LAY ERS

STRUCTURAL

SUBGRADE
(IN S1TY)

(DEFINED BY MATERIAL DEPTH)

SUBGRADE

Figure 15 Scheme of Road Infrastructure

Asphalt surfacingprovide the interface between ttires of vehicles and the pavement, ¢
are, therefore, one of the main structural layedrgshe pavement. They should meet
engineering properties and should be textured flmgaate skid resistance. The follow

asphalt surfacingre generally usec

- Gap-graded (AG)

- Continuously graded (A(

- Semi-gapgraded (AS

- Open graded (AO)

- Stone mastic asphalt (SM

- Semiopen graded asphalt (AS
- Ultra-thin friction course (UTFC
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Asphalt surfacing, or wearing coarse, can be divioido two broad categories in terms of

their primary purpose:

Structural layers generally have a specified thédenof more than 30 mm. They are designed

to contribute measurably to the strength of theepsnt and to provide adequate skid

resistance for the prevailing traffic and climataditions.

Functional layers have a specified thickness of lsmn 30 mm and do not contribute

significantly to pavement strength.

They are best described as surface dressings #etfonctional criteria such as:

Suitable surface texture for skid resistance, namsa@uction and surface water
drainage, given the traffic volumes, speed andalieg climate.
Sealing of the substratum against water penetration

Limited improvement of riding quality

3.3. Types of Bases and Sub-bases

There are various types of bases and sub-basesllypised in pavement structures.

Granular layers range from well graded natural gisato crushed gravels and crushed
stone bases. G1 crushed stone bases are a upigueoff crushed stone base, and
have specific grading and constructtomethods to ensure the layers have a high
density.

Water bound macadam is another unique type of erustone base. It consists of
large particles of stone (37 mm) in a matrix of pdastic sand that is washed and
vibrated in between the large stones with largeuatsoof water.

Bituminous bases normally have large aggregatedamchinous binders that are less
moisture susceptible than granular materials.

Bituminous Stabilized Materials (BSM) are gravelsdacrushed stone materials
stabilized with bitumen and small amounts of cementlime, to provide some
strength but primarily to reduce moisture suscédjiib while retaining more

flexibility than a purely cemented layer.
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3.4.South African Inverted Flexible Pavement

An inverted base pavement is a pavement strudtateconsists of an unbound aggregate base
between a stiff cement-treated foundation layer amlgin asphalt surface layeAn inverted
pavement is when the base layer is a high qualapgar layer, and the sub-base a cement
stabilized layer. A thin asphalt layer or seal pdeg the surfacing. The term “inverted” is
used because the strength of the pavement doeea@ase with pavement depth, because of
the stiff cemented layer. This means that the pavens not in balance. The idea behind an
inverted pavement is that the cemented layer pesvah anvil upon which the granular base
can be well compacted with an additional compactiailed Slushing Process. This achieves
a high quality, dense base. Over time, the cemdaigd weakens to an equivalent granular
state. The pavement is then in balance. Invertetlpside-down” pavement structures are
commonly used in South Africa, and are includethenTRH4 catalogues. (SANRAL, 2014)
The combination of the layers in the inverted pasets base can reduce the dependency of
pavement construction on asphalt, while, at theestame, allows a high quality pavement for
all traffic levels by using the granular base asdtiral key elemern(Tutumluer E. , 2013). In
fact unlike conventional pavements which rely operpstiff layers to bear and spread traffic
loads, the unbound aggregate inter-layer playanimverted base pavement, a major role in
the mechanical response of the pavement strudBoegs, Shin, & and Santamarina, 2012).
This kind of paving was developed in South-Africg $eeking to obtain the maximum
performance by the unbound aggregate and to rateagse of hot mix asphalt. The Inverted
pavement structure now is commonly used in Soutitéfto support heavy traffic load and
validated through many years of Heavy Vehicle Satarl From 1950 there has been a big
development since a couple of engineers have dedpstudies concerning the layer

compaction in UAB and experimental test secti@uoste & Sampson, 2005).

3.5. Slushing Process

The need to obtain civil engineering structure Ist@nd durable is tightly rely to the capacity
to compact the granular materials as much as des3ibis is always possible, but the energy
consumption should be commensurate with sustairtaisies for each work. The effectiveness
of this construction technique is largely entrustedhe bearing capacity of the base layer
made with mixed granular unbound. The excellenfopmance of this base is achieved

through a high level of compaction, enhanced bwdditional "slushing" operatiofror this
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reason rock properties and grading are necessapbtin great results by the slushing
process of the base layer; precise and sequensialning process were analyzed since are
the major factor that lead a successful conclusfdhe Inverted Base Pavement structures.
The pavement response improves when the densitheoimaterial, and consequently its
stiffness, is increased. Furthermore, because efbitter load spreading ability of well
compacted material, the same protection to thegsatbe can be provided by a less thick
pavement layers when these have a high stiffnesshigh density). The pavement structure
can therefore be more economical and less demairdilegms of natural resources when the
materials used are well compacted. South Africaound granular base layers are named
with the acronyms of G1-G10, from high to poor neubal performances, by the South
African Technical Recommendations for Highways ({&tural Design of Flexible Pavement
fon Interurban and rural roads, 1996). It is pdssib obtain the G1 layer only when we have
a good aggregates and if we apply slushing process.

The G1 crushed stone base layer is probably otieeofital layers in modern day high quality
pavements in South Africa. Depending on the pradoctate, the cost of compaction only
makes up approximately 10% of the total cost f@laquality base course, At this relatively
low cost the density of the G1 material is increaBem approximately 70% ARD to 88%
ARD, which corresponds to a seven fold increasthenstrength (CBR) of the material. This
increased strength generally leads to increaseenpant life and it can thus be deduced that a
relative low investment in good compaction (higmsley) returns high value in terms of
extended pavement life (Ebles, Lorio, & Van der Weyr2004).

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 high séi§is and durability of the base layer of the
infrastructure is obtained thanks to the use obek rwith excellent physical-mechanical
performance. The type of the rock along with a qugtphic description provides a sound
foundation to judge the engineering propertieshaf $source rocks. The type of the source
rocks can be identified by the microscopic investimn of the rock by making thin sections
(Higgins, 2000). Thin sections can be inspectedeuride electron microscope to identify
various types of minerals present in the rock. Stnength of aggregates is dependent on the
shape of grains, arrangement of grains, and thesgtations nature of the abundant mineral

found in the matrix of the aggregate

36



Use of Local Available Material for Inverted Pavement Technique - Alessio Contu

3.5.1. Sub-Base Layer Surface Before Slushing

The Sub-base layer on which the G1 layer is builsthave been previously cleaned, slightly
wet and levelled, because great energies of compaand copious quantities of water will be
deposited. Consequently the sub-base layer musbf en excellent quality. Having an
irregular or rough sub-base surface facilitates skegregation of the aggregates during
construction and it also affects the "slushing pest. If the surface of the sub-base layer
proves poor quality, it may be unable to perforra #tushing. To obtain a stable support
during compaction and a good resistance assodiatdte abundant addition of water in the
"slushing process", the sub-base layer must be miahevith C4 or C3 type as per Technical
Recommendation for Highway (750-1500 kPa UCS) (TRt996).

3.5.2. Prepare G1 Base Layer For Slushing

The G1 layer should be compacted using heavy prititad roller (over 17 tons.) in
combination with the static steel-tired rollersTaree-Wheeled roller as shown in Figure 16
one behind the other. It is extremely importandtive the roller machines for compaction
with special attention and under supervision oéamployee, which will control especially the
first stages of compactions to prevent the so-dallmw wave" of material in front of the

roller-drum.

Figure 16 Steel-tyred rollers and Three-Wheeled pneumatic rol  ler

The compaction continues until the layer shows mvement to the passage of heavy rollers
above it.

At this point of realization, the density of Glmaal should be around 85% of SRD / ARD
(102%Mod).

37



Use of Local Available Material for Inverted Pavement Technique - Alessio Contu

Only after this condition the "slushing processh ¢e started, becaustit starts too early the
layer would become unstable and it would expel sofitbe larger fines, making this proce

long and complicated.

3.5.3. SlushingProcedures

During this process the layer will be subject taliadnal rolling in order to obtain a m,

even, wellknit surface. Even under favourable warm and wiodyditions, at least two da
will be required after compaction of the final badager for it to dry out sufficiently and “se
prior start the slushing.

After the base has been compacte the required density at optimum moisture con
(OMC) and it has been allowed to dry out to leentB0 percent of the OMC, the slush
can commence (WERAAP, 2008.

The slushing processarts by wetting sections of 40 60 meters layer at a time (depenc
on the number of rollers availabThe Figure 1&hown the begging of the slushing proc
when thewater must be applied using a "tank truck" at thhighest point of the cross
section or gradient because it runs down to loveentp. t is difficult and sometimes it me
be incorrect quantify the optimum quantity of wategcause it will vary greatly with the ty

of materal, dryness, temperature, and humi (AFM, 1968).

Right afterward this section is rolled with the MgaStatic Rollers angpneumatic roller
(minimum 12 tonsJCOLTO, 1998.

Keep in mind that the use of relatively light refleslushes only the upper part of the la
The Pneumatic-Tired ®ler, in the Figure 18 is a machine suitable for the compactior
granular materialsynlike the static roller, the presence of the tmesd their deformation t

the contact of the soil generates an effect "kmeggidableto make numerous benef

38



Use of Local Available Material for Inverted Pavement Technique - Alessio Contu

Figure 18 The Pneumatic-Tyred Roller

The steelvheel roller helps to get an even and less rockfigse whereas the kneading act
of the pneumatic roller helps especially the ihitialling to eveneut the bladed surfa

(Senadheera & Vignarajah, 20. In fact, the rubber roller transmits to the layéher a
vertical force related to the mass of the rolled &orizontal forces related to the stre

tangential de to the deformation of the ti

During this process the minus 0,075mm fraction is used dsbricant” to ease the relati
movement between the larger particles towards siclgentimate stone upon stone packi
squeezing (slushing) the excess f out of the matrix in the process. It was fol
advantageous having the percentage minus 0.075awtioin slightly higher (2%- 3%) than
required in order to satisfy t Fuller curve grading, especially when working wittaterial
which is on the coarseride of the specification envelo (Kleyn E., 2012.

During Watering and rolling procedures the slighakcess of fine will tend to go out on t
surface. By using a hand or a mechanical broomsws& distribute over the face of the
base and eventually off the road the excess efwiiithout creating a skin of it. Any are
deficient in fines shall be corrected by addingfaggregate by the same source of supp
the crushed aggregate.

During the process, developeduction forces will contribute to the final strengtli the
material. (FHWA, 1997).

It was also observed that air bubblshows in the Figure 19vhich appear on the surfa
indicate that the aggregate is moved closer, ergethe air from the voids of the matrix a

the fine particles in exces
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Figure 19 The air bubbles on the surface of the layer

This phenomenon will end during the final stagesha process when a solid and stable
matrix without voids will form. A sign that the shing process has been completed and
should be stopped is when just clear wagerexpelled. Finally all slush-fines must be
removed from the road with heavy duty hand broomBght mechanical brooms before it
dries out (and hardens to a crust) as we can sdeifigure 20f you do not care at this
indicator, sandy textured fines (the fraction abtive minus 0.075mm) usually starts being
expelled

Figure 20 Slush-fines removed from the road with heavy duty

The slushing process increases the overall App&etdtive Density (ARD) by 2% - 4% ,
this means that at this poi®8% of ARD is achieved, (equivalent to about 106% Mod
AASHTO density) with an improvement of a shearrggte and performance of the material.
The layer should be now allowed to dry out somewhbatabout 12 hours and no traffic
should be allowed on it. After that, the layer gaceive its final "roll dry" using a steel-
wheeled roller in order to improved the surface;duse even if not visible, the aggregated
particles will be slightly raised due the excessvater around and under the coarse aggregate
during the drying which should now be evaporatdee Figure 21 shows the final “roll dry”.
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Figure 21 Final "roll dry" using a steel-wheeled roller.

The completed layer shall be firm and stable witosely knit surface aggregate exposed in
mosaic and free of areas of segregated matenmin#&ions or corrugations.

The layer shall be primed as soon as the moistumeent of this layer is below 50 percent of
optimum moisture content to protect the base timilsurface asphalt is applied. Immediately
before priming the base shall be lightly brushethwai rotary broom to remove any dust and
to lose material to ensure adhesion between tleeday

Now that this process is ending, the aggregatatexlocked very well. Unfortunately, by
applying more energy, the only result is the fraoty of the aggregates, creating more fines
and hence, degrading the interlock and shear strefighe G1 matrix.

This slushing must be carried out on each sectiane continuous process, and each section
shall be completed before starting with the next.on

3.5.4. Quality Control

Quality control is essential to any project succégdthough visual inspection is important,
unfortunately, it is not enough to control the domstion layers which contain considerable
fine material. It was observed in fact that incoet@lremoval of fines to expose good mosaic
after slushing and before sealing can cause a loosesak layer at the top of a completed
pavement layer (Netterberg & De Beer, 2012). Contsts will include determinations of
gradation, mixing proportions, plasticity charaigics, moisture content, and field density.
Density/quality control should be done within 24ul® when the material is still damp
(moisture content of about 50% OMC in the uppetiporof the layer) and the possibility of
disturbance minimized. COLTO adopted density cdnbp nuclear apparatus, mainly

because the possibility of disturbing the compaeiggregate matrix is less than excavation.
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Slushing process is a technique of compaction @isechore than 25 years in South Africa
that aims to obtain high values of compaction. Tikigossible only if the grading is the

correct one and the rock is of excellent quality.

The slushing process removes excess fines usedulboication during compaction and

compresses the coarser particles in contact with ether brings many benefits in the layer
as a decrease in the risk of deformation, increéateenal friction, decrease void index and
resulting in improved impermeability. Only perforgiproperly and carefully all steps can be

realized a successful layer.

3.6. South African Rigid Pavement

The principles for rigid pavement design are thaseording to which the transition from
material with high shear strength and stiffnesthattop to lower shear strength and stiffness
material in the sub-grade is rapid, not graduale phimary load supporting element of a
concrete pavement is the rigid layer or concresd.sThe shear strength and stiffness of
concrete is high in relation to asphalt or crushexhe road bases, and the imposed stresses
are dissipated quickly in the rigid layer. A thayer of concrete thus protects the sub-grade in
a similar way as thicker layers and combinationsasphalt, crushed stone and gravel

materials. As you can see in the Figure 22.

Half-axle tyre loads

4
=High shear stresses

*Medium strains
Subbase layer

S5 S situ subgrade ? Subgrade
: «Low shear stresses

«Small strains
4

Figure 22 Typical Stress Distribution in a Rigid Pa  vement

The essential elements of concrete pavement demignto design the slab length, slab
thickness, and sub-base support type. The slalthleisgimportant to mitigate shrinkage
cracking. In Plain Jointed Concrete Pavements (RJ&Hinkage cracking is controlled by

providing joints at regular and relatively shorteirvals. Failures in concrete pavement
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generally occur at joints and cracks. Design, tloeee focuse®n joints and cracks, with the
aim of ensuring proper load transfer. Dowels arteroinstalled at joints to improve load
transfer across the joints and the concrete paveimémen referred to as a dowel jointed plain
concrete pavement.
The following types of rigid pavement design, whdiffer only by the crack control criteria,
are the most common concrete road pavements ir @duca.

- Jointed unreinforced (plain) concrete that cand&eded or not doweled

- Jointed reinforced concrete pavement with lighinfigicement to increase joint

spacing
- Continuously reinforced concrete pavement (CRCP)
- Ultra-thin concrete pavement (UTCP)

Figure 24 Jointed Reinforced Concrete Pavement
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Figure 25 Continuously Reinforced Concrete Pavement

Figure 27 Ultra thin Continuously Reinforced Concre  te Pavement

I"IPl"*'."'l'l'."‘tll'l"‘l.".'.‘IIL‘III".III“.'*'.III'

Figure 28 Ultra Thin Reinforced Concrete Pavement
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The sub-base layer provides the primary suppothéobase, lower layers such as selected
sub-grade layers in turn support the sub-base. speeifications for these layers depend
primarily on the sub-grade conditions and needrtwide adequate cover to the sub-grade to
support the sub-base. The quality and strengthugiBdimproves towards the surface, to

provide a balanced structure.

3.7.Road Category

In South Africa, roads are categorized accordingh® importance and level of service
required. The road authority has a number of raaeégories to suit the different levels of
service the system has to deliver based on theiasso service objectives.

The pavement for a Category A road will be normatiystructed and maintained to higher
functional standards (safety, riding quality, comfetc.) than pavements for Categories B, C
and D roads, Table 7 and Figure 29. (TRH4, 1996)

Table 7 Definition of the road category
Road Category

A B C D
Description Major interurbanInterurban Lightly Rural access
freeways and collectors and trafficked roads

major rural roads rural roads rural  roads,
strategic roads

Importance Very important Important Less Less important
important
Service Level Very high levelHigh level of| Moderate Moderate to
of service service level of | low level of
service service
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Category C Category D

Category A

Figure 29 Typical South African Roads for Road Cate  gory

In South Africa, as in many other countries, thendard axle load is 80 kN. However, the

legally permissible

axle load is 88 k'RH4, 1996)

The permissible axle load limits, in terms of theerage static axle mass for different axle

groups are summarized in the TaB@RH 16).

Table 8 Permissible Axle Loads

- Wheel Permissible Static Mass (kg)
Vehicle | Axie Group Configuration  Pre-1996'  Post-19962
Steering Single 7700 7 700
Dual-wheel 8 200 9 000
Single -
Single 7 700 8 000
Dual-wheel 16 400 18 000
Truck | Tandem Single 15 400 16 000
Dual-wheel 21 000 24 000
[P Single 21000 24 000
Steering Single 7 700 7 700
Bus
Single Dual-wheel 10 200 10 200
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In this document pavement is designed to have afgpbearing capacity which is expressed
in terms of the number of Standard (80 kN) Axle Y3&ad repetitions that will result in a
certain condition of deterioration. This conditimnormally considered to be therminal
condition,indicating that the pavement has structurally &dil and it cannot longer support
thefunctional serviceset by the service objective.
A pavement could have lzearing capacityof 1 million Standard Axle repetitions (1 k0°®
SAs), indicating that the pavement will be ableaory atraffic spectrunmto theEquivalent of
1 million Standard Axle loads (1 £0° ESA).
Thus:
* Pavement Bearing Capacity is expressed in Star{@8arkN) Axle repetitions (SAs or
80s), and
» Traffic Load Spectrum (i.e. traffic demand) is eegsed in: Equivalent Standard Axle
repetitions(ESAs or E80s).

For the purposes of the Pavement Design Cataldipeepavements are divided into ten
different classes, namely ES 003 to ES100, coveeixigemely light traffic to extremely
heavy traffic. The classification is summarisedTiable 9. For each of the ten pavement
classes given, the design bearing capacity in tesmsiillion standard 80 kN axles/lane
(million SAs/lane) is also given. The volume offtia for each pavement class is given
separately. For pavement classes ES0,003 to E&3othme of traffic is based on vehicles
per day per lane (v.p.d./lane), and for classeDE& ES100 the volume of traffic is based on
vehicles per day per direction (v.p.d./directioije have to convert the v.p.d to equivalent
standard axles.

Pavement classes ES0,003 to ESO0,3 usually proweideetry light to extremely light traffic,
and may include pavements in the "transition" frgravel to paved roads. This relatively
finely divided group of pavements may incorporagmspermanent and/or all weather
surfacing, like gravel bonding agents, and is uguabre weather sensitive than the group
ES1 to ES100.

Pavement classes ES1 to ES100 provide for thdyigfatfficked roads to very high volume
and/or high proportion of fully laden heavy vehgldhese roads always incorporate an all

weather good quality surfacing.
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Table 9 Classification of pavements and traffic for structural design purposes

, Volume and type of traffic
Pavements desig
. bearing capacity .
Pavement Clas (million 80 kN \f\p%rox;rpgﬁe Description
axles/lane) -p-8. P
ES 0,003 < 0,003 <3 Very lightly trafficked roads; very few
ES 0,01 0,003 - 0,01 310 | e he wansiton fiom arave 10
ES 0,03 0,01-0,03 10-20 paved roads and may incorporate semi-
ES 0,1 0,03-0,10 20-75 permanent and/ or all weather surfacing
ES 0,3 0,10-0,3 75 - 220
Lightly trafficked roads, mainly cars,
ES1 0,3-1 220 - 700 | light delivery and agriculture vehicle;
very few heavy vehicles
Medium volume of traffic; few heavy
ES 3 1-3 > 700 vehicles.
High volume of traffic and /or many
ES 10 3-10 > 700 heavy vehicles.
ES 30 10 - 30 > 2200 Very high volume of traffic and/or a
high proportion of fully laden heavy
ES 100 30 - 100 > 6500 vehicles.

3.8. Pavement Behaviour Under Loading

The effect of vehicle loading on a pavement istiaddy small, when considering each vehicle
or loading individually. However, the cumulativdesft of many such loads causes distress in
the pavement. An understanding of the short tefecebf loading on a pavement provides a
good background for how the cumulative affects mestiand are modeled. Under the action
of a moving vehicle load, the pavement deflectsrabdunds when the load has moved away.
The effect of a heavy vehicle load generally exseader an area of 1 to 2 meters from the
point of loading, in all three directions. This ldeted area tends to form a circular, deflected
indentation known as a deflection bow. The size ahdpe of deflections bow vary and
depend on the pavement structure, the strengthstéfidess of the materials, pavement
balance, temperature and of course, the loadingnitualg, duration and contact area. For
flexible pavements in a good condition, the maximdeflection is typically less than 500
microns under a standard axle load. The pavemgatdanfluence the deflection bow. The
influence of the pavement structure on the defdectoow is illustrated by three different

scenarios in the Figure 30:
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e Scenario 1 is a stiff pavement, with a relativelyf @nd strong cemented sub-base
layer. The deflection is relatively low, and thewbowide in comparison to its
magnitude.

» Scenario 2 is a pavement that is relatively old, lms good quality materials. The
deflection is higher than Scenario 1, because &iverpent is less stiff.

e Scenario 3 is an old pavement with that has poalitgyumaterials, and has a moist
sub-base and sub-grade. The deflection is largethenwidth of the bowl is narrow.

Offset from Load Center (mm)

0 300 600 800 1200 1500 1800
0
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~ 300
L]
2 e
% 400 ——Scenario 1
‘E‘ 500 - Scenario 2
] .
E 800 . Scenario 3
b
S 700
800 |
900 |
1000
Scenario 1 Scenario 2
40 mm  Asphailt 60 mm Old asphalt with seals 30 mm Old asphalt
125 mm Gl Base 250 mm G2 Base 150 mm G4 Base
250 mm  C3 Subbase 250 mm G4 Subbase 250 mm G5 Subbase
300 mm  G7 Selected 150 mm  G6 Selected 450 mm  G7 Selected
(39 Subgrade (39 Subgrade G7 Subgrade

Figure 30 Example Deflection Bowls in a differentp  avement design

3.9. Pavement Structure using granular base (Inverted Pe&ement)

This type of pavement comprises a base of untregiel or crushed stone on a granular or
cemented gravel sub-base with a sub-grade of v&asolls or gravels. The way of distressing,
usually exhibited by these pavements, is largehtrotled by the type of sub-base.

With a granular sub-base it is usually permanenas() deformation arising from
densification and/or shear of the untreated madtefiais deformation may manifest itself
either as rutting or as surface roughness.

Cemented sub-base layers in granular base pavemenésally increase the load carrying

capacity of the pavement. Initially, cemented layegsult in relatively high effective elastic
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modulus (stiffness) owing to cementation. Basedfield measured deflections at various
depths in these pavements, back-calculated linkeatie effective elastic modulus for pre-
cracked cemented layers range between 1000 MPa%0@ MPa(De Beer, 1985) (Freeme,
Maree, & Viljoen, 1982). The failure way of a certexhsub-base is usually fatigue cracking
and this results in a reduction of the effectivasgt modulus as the layer progresses into the
post-cracked state.

In this case an effective elastic modulus as lovB@3 to 500 MPa can occur if the initial
pavement structure is not well balanced and/orahginal material is substandard. It is
important to note that initial cracking, which cassa reduction in effective modulus, can be
brought about by construction traffic.

The fatigue cracking in the cemented sub-base nmapagate until eventually the layer
exhibits properties similar to those of a natumangllar material, i.e., an equivalent granular
state. It is unlikely that cracking will reflect tbe surface and it is likely that there will be
little rutting or longitudinal deformation until & the sub-base has cracked extensively.
However, if the sub-base exhibits relatively lagiginkage or thermal cracks, these may
reflect through the surface.

The modulus of the cemented sub-base will dependhenquality of the parent material
originally stabilised, the cementing agent, theetizeness of the mixing process, the density
achieved and the degree of cracking.

e Granular Layer (G1to G10)

These materials show stress-dependent behavialruader repeated stresses, deformation
can occur through shear and/or densification.

A G1 is a dense-graded, not weathered, crushe@ staterial compacted to 86 to 88 % of
apparent relative density.

A G2 material is crushed stone material compaaeldd0-102 %omod. AASHTO density or

85 % of bulk relative density. G2 and @Gfay be a blend of crushed stone and other fine
aggregate used to adjust the grading. From G4 trterials cover the range of relatively
high quality gravels oelatively lower quality materials used in pavemlagers. As you can

see in the Catalogue Designs shows in the Table 10.
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Table 10 Mglterial Symbols and Abbreviated Specifica  tions in the Catalggue Deslgns

SYMBOL CODE MATERIAL ABBREVIATED SPECIFICATIONS
G1 Graded crushed Dense - graded unweathered crushed stone; Maximum size 37,5 mm,
Y, v i slone 86 - 88 % apparent relative densily; Soil fines Pl < 4
VVV V| 62 |Grededcrushed | Dense-graded crushed sone; Maximum size 37,5 mm:100 - 102 %
v v v slone Mod. AASHTO or 85 % bulk refative densily; Soil fines Pl < 6
G3 Graded crushed Dense - graded slone and soil binder; Maximum size 37,5 mm;
slone S8 - 100 % Mod. AASHTO : Soil finesPl< §
G4 Crushed or Minimum CBR =80 % @ 98 % Mod. AASHTO; Maximum size 37,5

natural gravel mm; 88 - 100 % Mod. AASHTO; Pl < 6; Maximum Swell 0.2 %
@ 100 % Mod. AASHTO. Forcalcrele Pl< 8

G5 Natural grave! Minimum CBR = 45 % @ 95 % Mod. AASHTO; Maximum size 63 mm
or 2/3 of layer thickness, Densily as per prescribed layer usage; Pl < 10;
Maximum swell 0,5 % @ 100 % Mod. AASHTO *

G6 Natural gravel Minimum CBR =25 % @ 95 % Mod. AASHTO; Maximum size 63 mm
or 23 of layer thickness; Density as per prescribed layer usage, Pl< 12,
Maximum swell 1.0 % @100 % Mod. AASHTO *

GT Gravel / Soil Minimumn CBR = 15 % @ 93 % Mod. AASHTO; Maximum size 2/3 of
layer thickness; Densily as per prescribed layer usage; P1 < 12 or
IGM*™ + 10; Maximum swell 1.5 % @ 100 % Mod. AASHTO ***

G8 Gravel / Soil Minimum CBR = 10 % @ 93 % Mod. AASHTO; Maximum size 2/3 of
layer thickness; Density as per prescribed layer usage, P1 <12 or
IGM™ + 10; Maximum swell 1,5 % @ 100 % Mod. AASHTO ***

Qo Qo Oo Sic
Oio Qo Ol O o O o £

G3 Gravel / Sol Minimum CBR =7 % @ 93 % Mod. AASHTO; Maximum size 2/3 of
layer thickness, Densily as per prescribed layer usage, P1< 12 or
3GM*™ + 10; Maximum swell 1,5 % @ 100 % Mod. AASHTO ***

Q.

G10 Gravel f Soil Minimum CBR =3 % @ 93 % Mod. AASHTO: Maximum size 2/3 of
layer thickness; Density as per prescribed layer usage;
or 80% Mod. AASHTO

O
O

* Cemented Layer (C1 to C4)

Cemented materials, reported in the Table 11, amil concrete, are initially elastic and have
limited tensile strength and usually crack undeeeded flexure.

An unbound layer covering (overlay) the cementg@ris can be used to prevent penetration
of reflective shrinkage cracks from the cementgeis to the surface. A C2 material may be
used when an erosion-resistant layer is requiredh B3 and C4, materials can be used in

place of natural gravel layers in bases and subsi@® Beer, 1985). They can be either
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cement treated or lime treated, depending on tbpepties of the natural materials. However,

the longer term durability and resistance to emb these materials should be carefully

assessed.

Table 11 Material Symbols and Abbreviated Specifica

tions for cement mix layer in the
Catalogue Designs

SYMBOL

CODE
c1

c2

c3

MATERLAL

Cemented crushed

shone or gravel

Cemented crushed

sione or grave!

Cemented naberal
gravel

Camented natural
grane!

ABBREVIATED SPECIFICATIONS

UCS™ :6.000 12,0 MPa al 100 % Mod. AASHTO: Spechicaton al legst G2
before reatment; Dense - graded ; Maximum aggregate 7.5 mm

UCS: 3.5 10 8.0 MPa al 100 % Mod. AASHTO, Minimum =400 kPa
at 35- 97 % Mod. AASHTO compacion; Specibication al beast G2 or G4 before
wealmenl; Dense - graded; Max. aggregate 37.5 mm; Max. fines loss = 5%

WCS: 1.5 0 3.5 MPa at 100 % Mod. AASHTO; Minimum TS = 2560 kPa
al 95 - 97 % Mod. AASHTO compaction; Maximum aggregate 63 mm;
5 % Maximum Pl = 6 after stabilizaton, Max. fines loss = 20 %

UCS 0,75 1o 1,5 MPa at 100 % Mod, AASHTO; Minimum ITS**** = 200 kPa
al 95 - 87 % Mod. AASHTO compacticn; Maximum aggregale 63 mm;
£ % Maximum P1 = § afler stabilizalion;, Max. fines loss = 30 %

» Surfacing Layer (AG to AP; S1 to S8)

The surfacing covers, reported in the Table 12 rémge from high-quality asphalt surfacing

to surface treatments and surface maintenance nesasuch as rejuvenators and diluted

emulsion treatmen (TRH8, 1987). They also include porous asphaltasimfy layers (AP)

(SABITA, 1994)

Table 12 Material Symbols and Abbreviated Specifica

tions for surface layer in the Catalogue

Designs
AG Asphall surfaong Gap graded (TRH 8, 1587) i
AC Asphali suriaong Confnuously graded [TRH &, 1887)
AS Asphall suriacng Semi - gap graded [TRH 8, 1867)
AD Asphak surfadng Open graded (TRH 8, 1987)
AP Asphalt surfacing Porous (Dranage) asphalt (SABITA, manual 17, 1954)
51 Surface Featment Single seal (TRH 3, 1995)
52 Surface resiment Mulsple seal (TRH 3, 1996)
53 Sand seal See TRH 3, 1906
54 Cape seal Sea TRH 3, 1996
S5 | Suny Fine grading
S8 Slumry Medium grading
57 Sharry Coarse grading
st Surface renewal Rejuvenalors
59 Suriace renawal Dikuted amulsion
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Table 13 South African Road Catalogue for Dry Regio  ns

GRANULAR BASES (DRY REGIONS) [DATE 1996
[ PAVEMENT CLASS AND DESIGN BEARING CAPACITY (B0 kN AXLES/LANE)
[ RoaD ESt ES2 Esa | ESa ESS ES6 ES7 Ese ES10 _
CAT. < 3000 D,3-1.Ox104 1,043.0:10"' | ag-10x10 n.l-u,amuﬁ cl.a-l,mm.rs 1,:»3,1:;105 a.n-lonua a0-100x10"° | Foundation

!% 404
"“_‘;‘q 150 G2

_r'-!ﬁﬁﬂCS

Table 14 South African Road Catalogue for Wet Regi  ons
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GRANULAR BASES (WET REGIONS) [DATE 1996
PAVEMENT CLASS AND DESIGN BEARING CAPACITY (80 kN AXLE_S.I'_LA!\IE:I
ROAD ES1 Esz | Esa | Ese ESS ESE ES7 ES8 ESS Esi0
CAT. < 3000 oa10xt0 | 103000 | 3010010% | 01-0ax10° | 0,31.0x10° | 1.09,0010° a0-10x10” | 10-30x10° | 30-100.19% | FOUNdaion
30A " J0A
Sl |l |
A \n’lisnal \'\‘: 150 1 I
is00c3 |[--|sc0ca |
lesocy || oo cy I
il m—a0n
[ «| i 150 G
2|
' [ |so0ca
B [ 1Tes0 cay
1 I — i R
[.i3 100 G5
| 125 Ca
c |
|
| i1 125 Ga |
1125 68 |
_ E— !
| —1 -1 — =i
Lijtooes |17 rooos | Lij100Ge | [iGt00Ge || e
D | fzlto0G7 | oo t2s5G7 Fijiasar | [{12sG6 | /150 Go
| [— HlGio
“ooas | a2 .
i [ [Tooca |[7]
: Il

4. INVERTED BASE PAVEMENTS: STATE OF ART

4.1.Introduction

On the base of South African experience other casmhave started studying these kind of
paving. During the 1980s, France developed othees of pavement structures trying to
limit the use of asphalt materials because of thk bost of bitumen. At this time, the French
design guide recommends inverted base pavemerset@nt reflective cracking between
cohesive layers (Corté & and Goux, 1996)

The study concluded in USA shows that the inveldase pavement perform better than the
conventional design in terms of cracking densitg aeverity after 10 years, and it also
offered a superior ride quality over the evaluatpmriod (Cortes A. D., 2010fRasoulian,
Titi, Martinez, Becnel, & Keel, 200XBarksdale R. D., 1984).

This chapter starts with a comprehensive reviemedrted base pavement research in South

Africa and USA, including past and recent cas&hiss.

4.2. South Africa experience
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South Africa developed the Inverted Pavement Tegleiand it keeps on studying this one
according to the continuous growing axial loadst twacumber on the infrastructure. The
study of the flexible paving has been increasinfptafrom 1978 to 1994 thanks to the
introduction of the Accelerated Pavement Testindg® TA facilities such as HVS (Heavy
Vehicle Simulator) that allowed to make pavemeatlsimulations and therefore to improve
some aspects. South Africa has reported a 20-25% sawvings compared to conventional
portland cement concrete (PCC) or hot mix aspHdNIA) pavements. (Lewis, Ledford,
Georges, & Jared, 2012) Many South African stutieege highlighted the importance of one
IP layer known as G1.

The N1 highway, north of Pretoria is an example efficiency of the South African
highways, realized about 26 years ago using théager as a base layer, it is still used and
in good condition. Notwithstanding the great valeaexperience from the numerous roads
built with this technique, additional test sectibave been built in recent years as the
experimental section on the R104 between PretadeBaionkhorstspruit.

4.3.USA Experience

The United States transportation system is a vaswark of roads, and despite the high
expenses, the infrastructure remains in bad camditror this reason there are more studies
and case history, resume Tiable 15 about new alternatives with lower life-cycle &sio
investigate the potential of inverted base pavemest a reliable and more economical

alternative to conventional pavements (PapadoppQ@isA).

4.4.New Mexico (1954)

The first application of inverted pavements in thated States can be traced back to 1954 in
New Mexico(Tutumluer E. , 2013)

Johnsorstudied this experimental project with particulsterest at a possible degradation of
the mineral aggregates. He reported that afteyesixs of heavy traffic, no reflection cracking
or significant rutting had developed in the testtisms(Johnson, 1961)

Subsequently, following these early successful n$&snverted sections " or "upside down",
experimental roads were constructed in New MexicdJdS. 64 North of Santa Fe consisted

of a 3 in. (76 mm) asphalt concrete surfacing,.§152 mm) granular base and a 6 in. (152
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mm) granular sub-base treated with 4% cement amathar on the Roads Forks-East project
in New Mexico.(Barksdale & Todres, 1983)

4.5.U.S. Corps of Engineers (1970’s)

The US Army Corps of Engineers tested two almasteited base pavements, both
composed of a 0.09m asphalt concrete layer, a 0.¢&%shed limestone base, a 0.38m
stabilized clay sub-base, and a clay sub-grade €CBR The structures were subjected to
traffic under controlled conditions and noticed theplacements and stresses at key locations
(Ahlvin, Turnbull, Sale, & and Maxwell, 197XBarker, Brabston, & and Townsend, 1973)
(Grau, 1973).

4.6. Georgia Tech (1980's)

In the 1980s, at Georgia Tech two inverted baseydgsvere tested as part of an extensive
laboratory studyBarksdale R. D., 1984The two inverted pavements structure consisted of a
0.09m asphalt concrete layer, a 0.20m unbound ggtgdayer (well graded granitic gneiss),
and a 0.15m cement-treated base over a micacdbusasid sub-grade. The asphalt surface
layer was a GDOT-B binder mixed with granitic giseigid in 0.04m lifts. It was found that
the cement-treated base facilitates compactionnirerted structures leading to denser
unbound aggregate layers (Barksdale 1984yas found that the two inverted base pavement
sections outperformed equivalent pavement strustimeterms of lower resilient surface
displacements, reduced transferred compressivessteto the sub-grade and less tensile-
radial-strain at the bottom of the asphalt conclager. The superior mechanical performance
of the inverted pavement structures was also feitem the number of load cycles to failure
(Cortes A. D., 2010)

4.7.Route LA97 and Accelerated Pavement Testing - Louana (1990’s)

The inverted pavements structure that was testdduisiana (1991-2001), consisted of a

0.09m asphalt concrete layer, a 0.10m crushed fonesbase, and a 0.15m cement-treated
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base. The measurement under both field and actslepmvement testing conditions in an
effort to reduce reflective cracking occurring ul fdepth soil-cement pavements (Metcalf,
Romanoschi, Li, & Rasoulian, 199@0iti, Rasoulian, Martinez, Becnel, & Keel, 2003he
inverted pavement structure carried 4.7 times niEBAL’'s than the conventional flexible
pavement on a cement-stabilized-bgBasoulian, Becnel, & Keel, Stone interlayer paveme
design. , 2000)

4.8. Morgan County Quarry Access Road — Georgia (early@0’s)

TheMorgan County inverted pavement test sections sbo$ia 0.08m asphalt concrete layer,
a 0.15m crushed Georgia granite base, and a 0.20nerd-treated base. The aim of this
project was to compare the effectiveness of Southcan and Georgian compaction

practices. The test sections have experiencedaripted high-volume heavy-truck traffic

for 9 years. Surveys conducted in May 2008 afterdéction had serviced over 1.2 million
ESALs in 7 years (75% of the designed service,lii@)nd no signs of distress or changes in
ride quality(Lewis D. E., 2009) (Cortes A. D., 2010)

4.9.LaGrange Georgia (2010's)

The test section build in LaGrange was startin@®9, is part of an industrial parkway
intended to serve the growing car manufacturingusty in south-west Georgia. The
pavement is a two-lane 1036m long and it was desida sustain an initial one-way annual
average traffic of 7000 vehicles per day projedtedrow to 11700 by the end of its service
life.

The structure consists of a 0.09m asphalt condagter, a 0.15m crushed Georgia granite
base, and a 0.20m cement-treated base and it \s@mee by using empirical guidelines from
the South African experiencéCortes A. D., 2010)Terrell, Cox, Stokoe, Allen, & Lewis,
2003) The pavement was opened to traffic in April 2008 #me first performance data was
expected in 2011. The documented constructioneof_ttgrange project shows that no special
equipment is required for construction of inverbede pavemen{®apadopoulos, 2014)he
comparison among the life-cycle costs for the La@eainverted pavement sections and a
rigid pavement designed to carry the same amouimnaffic is presented by (Buchanan, 2010)

where the inverted pavement section results isaehgs of $139,000 over a 30-year period.
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4.10. Luck Stone Bull Run Project - Virginia (2010’s)

An application in 2010 of inverted pavement in Vg involved a relocated road (Virginia
Highway 659) bypassing the Luck Stone Bull Run QuafTutumluer E. , 2013).The
possible different approach (Anisotropic and Ispitcpto predicted rutting life, the pavements
response analysis in terms of vertical and horelostress is presented by (Weingart, 2012),
as well as the benefits of this inverted pavemeak application. He reported a potential for
22.3% cost savings compared to the constructioa ocbnventional flexible pavement with
equivalent structural and functional capacitie® #stimated cost for a construction of the
conventional flexible pavement section was $21 341100 linear ft, whereas the one for the

inverted pavement section was $16,555 per 100rliihea

Table 15 Inverted base pavement case historiesint  he US

Location Year Layer thickness from top to Reference
bottom (mm)
[-010-1 Road 1969 AC (38) AC (76) Johnson, 1961
Forks - East UAB (152) UAB (152)
Mexico CTB (152) CTB (152)
F-51-1 Santa Fe| 1960 | AC (76) Johnson, 1961
New Mexico UAB (152)
CTB (152)
US Army Corps | 1971 | AC (76) Ahlvin et al. 1971
Viclsburg, MS UAB(152) Barker et al. 1973
Stabilized Clay Subbase(381)
Gerogia Tech 1980 | AC (89) Barksdale 1984
Atlanta, GA UAB (203) Barksdale et al.
CTB (152) 1983
Louisiana 1991 | AC (89) Metealf et al. 1999
UAB (102) Raouslian et al.
Soil Cement (152) 2000
Titi et al. 2003
Morgan County, 1999| AC (76) Lewis et al. 2012
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GA UAB (152) Terrel et al. 2003
CTB (203)

Filler (51)

Prepared Subgrade (CBR 15
Lagrange, GA 2008| AC (89) Cortes, 2010
UAB (152)

CTB (254)

Stabilized SubGrade (152)
Bull Run, VA 2010 | AC (127) Weingart, 2010
UAB (152)

CTB (254)
Prepared Subgrade

Note: AC: asphalt concrete, UAB: unbound aggrepate, CTB: cement treated base

5. BEHAVIOR OF UNBOUND AGGREGATE BASE

5.1.Introduction

Lots of researchers have focused the attentiorheramisotropic property of granular bases,
i.e., the directional dependency of material propsr(Adu-Osel, Little, & Lytton, 2001)
(Rowshanzamir, 1997) (Tutumluer & R., Anisotropiodeling of granular bases in flexible
pavements, 1997). Mechanical behavior of partieutaaterials is significantly influenced by
the directional dependency of material properfigss behavior can be accommodated using
the anisotropic characterization of geo materialsedu in pavement. The isotropic
characterization of layered systems typically rissul high tensile stresses in the intermediate
layers when the stiffness of subsequent layersigreficantly different{Reza Salehi & Little,
2009) Tutumluer showed that stresses and strains measurtde field had a much closer
match to calculated responses when the aggreggtes|avere characterized as anisotropic
materials (Tutumluer, Little, & Kim, 2003).
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5.2. Anisotropic Behavior

The anisotropic behavior of aggregate systems eam\estigated within the framework of
elasticity The general form of constitutive behavior is theneralized Hooke’s law. In
generalized Hooke’s law, any strain component carfiobind as a function of all the stress
components that act on the body of a material.

& = SOy

where: € represent the straimg is the stress; and S is known as the stiffnessoomptiance
matrix that relates the applied stresses and medssirains. In the general form, the
compliance matrix has {881) components. Symmetry of the response of tlengaterials

results in reduction of the number of componenthiécompliance matrix from 81 to 36.

S S S; Su S5 Se||o Exx
Si Sp S Su Sk Sk |o y Evy
S S S Su S S| | x €2
Sy S, S S, S S| | T Y. (2.2)
S S S Sy S S| | Tk Vax

861 862 863 S64 Ses 866 _TXV_ Y xy |

wheree andy represent the strain components, anandt are the stress components in the
constitutive equation.

Love showed for an elastic material the compliamegrix (S matrix) should be symmetrical
because of thermodynamic requirements and stragmggnconsiderations (Love, 1994).

Therefore:

Si=S

This consideration reduce the number of the elastitstants in the compliance matrix from
36 to 21.
Therefore, for a general anisotropic material, veec to define 21 components in the

compliance matrix to fully characterize the anispic behavior of the geo materials.
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However, aggregate systems generally show symnretigrms of response behavior under
the load between the normal and shear componetheoftress and strains (Lekhnitskii,
1963).

Hoek showed that the presence of the axis of symyrirethe material de-couples some of the
stress-strains relations and reduces the numbiedependent material constants required to
characterize anisotropic behavior of a mateflabek & Brown, 1997). For orthotropic
materials in which the materials axis of symmetomcides with loading directions, the

number of independent components can be reducgd to

_ , Number of distinct
Material behavior _
material constants

General anisotropic material 81
Anisotropic material considering symmetry of st 36
strain tensor §;=0j;, £;=¢;)
Anisotropic material considering elastic enq 01
considerations
General orthotropic material 9
Orthotropic material with transverse isotropy (sHps .
anisotropic material)
Isotropic material 2

During specimen preparation and compaction elonigagggregate particles tend to align
with the large dimension parallel to the horizomtméction (Cortes & Santamarina, 2013)
(Reza Salehi & Little, 2009). This preferred theentation of the aggregate particles
results in directional dependency of the materiapprties in aggregate layers. One
simplifying assumption in modeling, representedha Figure 31, the aggregate layers

would be to consider the aggregate system is capssotropic. In other words, the
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material is considered to be isotropic in the hmmtal plane ad anisotropic in vertice
plane. for this reason it islso known as transversely isotropic material. Bngversel
isotropic materials, mechanical properties in hmmal plane are the same, and t
change with depth ithe aggregate layer. Ishai defined the cross aog@ctge« materials
as “an orthotrojg material is called transversely isotropic (avse- anisotropic) when one
of the principal planes is the plane of isotroghattis, at every point there is a plane

which the mechanical properties are the same idir@ction: (Ishai, 1994.

E,and v,

[4
]. __‘ __1__1__
|
i
i
i
i

Plane of Isotropy

\

Figure 31 Schematic representation of cross  -anisotropic materials

5.3. Cross-Anisotropic material

As specified abovagranula material layer can be studied as a crasisotropicmaterial. The

stress strain relations presented in equé(2-2) can be written as:

O, =S &1 +S,E, 1S, Ex (2-4)
O3 =561 15,6, 1S, 655 (2-5)
O, =S,1%S,8,+S,,&; (2-6)
0, =2S4&, (2-7)
(2-8)

O3 =254 &y
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03 =(S,-S,) &, (2-9)

From this we can understand that the study of eaossotropic material is subject to the
characterization of five constants. These matatastants acquire more physical meaning
when they are expressed using engineering constants as modulus and Poisson’s ratios.
These engineering constants can be experimentaligdf in the lab using triaxial cell or
hollow cylinder for geo materials. The constitutnetation presented in equation 2-2 can be
expressed in terms of engineering constants wbitsidering the symmetry of the material as

follows:

L% T 0 0
E, E, E,
U U
v 1 5 0 0 |r 1 1
E, E, E o, "
-U,, ~U, i 0 0 0 g, W
EX y Ey UX - 822 (2'10)
V2
o o o = o o || Y
Gyz T, yzx
0 0 0 o L o [Pe) [n]
GXZ
0 0 0 0 o L
L ny _

Ex= Elastic modulus in horizontal direction

E,= Elastic modulus in vertical direction

Vyx= Poisson’s ratio in horizontal direction due tgwsed vertical stress
Vyx,= Poisson’s ratio in vertical direction due to inspd horizontal stress
Vyxy= Poisson’s ratio in horizontal direction due tgwsed horizontal stress
Gyx~= Shear modulus in x-z plane

Gy,= Shear modulus in y-z plane
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Gyy= Shear modulus in x-y plane

It is important to note that usingx(# vyx ) from equation 2-10 and the symmetry of the

compliance matrix we have:

2 == (2-11)

Since the horizontal plane is the plane of isotraghear modulus in horizontal direction

(Gxx) Is related to elastic modulus and Poisson’s natiborizontal plane following equation

2-13:

G, = (2-13)
2Q1+v,)

Considering equations 2-11 and 2-13, the numbandadgpendent elastic constants can be

reduced to five.

- -V
1 Do ” 0 0 0
E, E, E,
- -V
™ i X 0 0 0 L o
E, E, E, ol [
—Uy ~Uy i 0 0 0 g, vy
E, E, E, Il f;zz (2-14)
0 0 0 L 0 0 Iy ”
ny sz Vx
T
0 0 0 0 1 o |Lhl Ll
G,
o1+
0 0 0 0 %

Equation 2-14 indicates that five anisotropic étastaterial properties: & Ey, Vxy, Vxx, and

G,y are needed to fully characterize the cross-amip@mature of geo materials.

5.4. Anisotropy in Unbound Aggregate Base
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Material properties in different directions vary fdeposited materials as well as compacted
aggregate layers. The unbound granular layers exbibess- and direction-dependent
(anisotropic) behaviour attributable to the natoféhe granular medium and the orientation
of aggregate(Uzan, 1992). Directional dependency of materiabperties, significantly
influences the distribution of stresses and striziiie aggregate systems.
In most engineering materials we can find or assarsigle symmetry plane, three planes of
symmetry as in orthotropic materials, or a singlis af symmetry. Most geological materials
fall into the last category. Materials with one svof symmetry have similar material
properties along that axis. Such materials arenddfias transversely isotropic or cross-
anisotropic materials (Reza Salehi & Little, 200%he anisotropy can be studied in two
categories:

- Inherent anisotropy

- Stress-Induced anisotropy

5.5.Inherent anisotropy

Inherent anisotropy is considered as a physicatacteristic inherent in the material and
entirely independent of the applied strain (ArtBukenzies, 1972). This intrinsic property of
the naturally found geo materials, mainly builgeo materials structure from the influence of
gravity and particle shape orientation during tleg@asbit process, describes the structure of
undisturbed soil deposit. (Umit, 2002). Size, shapegularity, and texture of the aggregate
particles have a significantly influence to thesamiopic behavior of granular material. The
primary reason for this behavior is the fact tretdom assemblies have random distribution
of inter-particle contacts. Due to the random ratof the orientation particles distribution
and consequently random distribution of particlentaots, particulate systems exhibit
directional dependency even though they are swdglettt hydrostatic stresses. This type of

anisotropy is called Inherent anisotropy.

5.6. Stress- Induced Anisotropy

Stress-induced anisotropy is defined as a phygoaperty of a soil due only to strain
associated with an applied stress. An isotropitena will behave isotropically under the
application of an isotropic loading. However, whba applied stress is no longer isotropic, in
other words it is not the same in all directiomg material will no longer strain isotropically.

Therefore, new contact points occur and the ss&asgi behaviors vertically and horizontally
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will no longer be in the same relationship to eather as before(Karasahin & Dawson,
1993)

By definition induced anisotropy is an essentiat pathe straining process of a solil, but it is
difficult to study comprehensively, because a viedture of such a study is the controlled
rotation of principal stress directions during she@rthur, Chua, & Dunstan, Induced
anisotropy in a sand, 1977)

6. PROPERTIES OF ROAD CONSTRUCTION MATERIAL

In this chapter it is represented a panoramic eftyipe of rocks used in South Africa to build
infrastructures. The main mechanical charactesstre especially described by analyzing the
issues linked to the type of minerals that ardeérbcks and the way they affect the resistance
and durability of one layer of the paving if alter&outh Africa has an important experience
on the making of IP (Inverted pavement) and ondétrmining the eligibility of the used
materials. This will allow a comparison with the ter@als extracted in Sardinia and,
furthermore, it will help having guide lines to werdtand which materials could be used for

the realization of an IP.
6.1. South Africa classification of rock types for roadconstruction purpose

Many types of rock are used in road constructiorsanithern Africa, each rock type is
distinguished from other by structural, texturatlanineralogical characteristics and each one
should be treated on its own merits. This is ofrseumpractical, the South Africa approach
consists in to group these rocks on the basisnaifasi road construction properties (TRH 14,
1985). This grouping is based on the presence serale of quartz mineral and the effect that
has on the weathering of the rock. Simpeartz is so important for the assessment of the
durability of a natural road building material, eyeoad engineer should be able to recognize
this mineral. The SA (South Africa) specificatiaayghat since every rocks is suitable for use
somewhere in a pavement, the rock can only be ratethood" or "bad" in terms of the
various classes of road and their structural laydne rock group are listed as follows:

-Basic crystalline rocks:Dolerite (andesite, basalt)

-Acid crystalline rocksGranite (granite, gneiss)
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-High silica rocks:quarzite (quarzite)
-Arenaceous rocksandstone
-Argillaceousrocksshale

-Carbonate rocksdolomite
-Diamictites:tillite

-Metalliferous rocksironestone

-Pedogenic materialalcrete and ferricrete

Acid and basic crystalline rock are the most fretlyeused natural materials in more than

half of the surface area of South Africa.

6.2. Crushing Strength

As suggested by South Africa specification, strengtone of the most important criteria for
the assessment of durability and quality. In caseoad construction, strength or crushing
strength is defined as a natural property of rotlctv varies with the type of rock and its
stage of weathering. For crushing road aggregatebeaconsidered only fresh or slightly
weathered rock, the crushing strength is not ontyeasure of a suitability of the rock, but it
is also a measure of the degree of disintegratibrtiwthe rock has attained and thus its
durability. The crushing strength value is obtdirfeom the 10 per cent Fines Aggregate
Crushing Test (Table 16), and Aggregate Crushinigé&/gest (Table 17) . The aggregate used
for crushed stone base shall comply with the reguénts specified in the table. It shall not
contain any deleterious materials such as weathereks, clay, shale or mica. (COLTO,
1998)

Table 16 10% Fines Aggregate Crushing Values (10%FA CT)

Rock type Matrix Dry Wet Wt/Dry
min min relationship
Arenaceous rocks Non-siliceous 140 kN - 75%
cementing material
siliceous cementing 110 kN - 75%
material
Diamictites 200 kN - 70%
(tillite)
Argillaceous rocks 180 kN 125 kN -
Other rock types 110 kN - 75%

66



Use of Local Available Material for Inverted Pavement Technique - Alessio Contu

Table 17 Aggregate crushing value (ACV)

Rock type ACV, max
Arenaceous: without siliceous cementing matrix 27%
Arenaceous: with siliceous cementing matrix 20%
Diamictites (tillite) 21%
Argillaceous rocks 24%
Other rock types 29%,

6.3. Influence of weathering on road aggregates

When natural aggregate other than fresh rock deetsd, the environmental influence must
not be disregarded, since it determines the modetlan stage of weathering of the material
and its possible durability. The environmental dast considered in the South African
specification are climate and topography. Climatethie main factor that influences the

weathering and the durability of natural aggregatee climate conditions are expressed by

the N-value:

12 Ej

N = =2
Pa

where,Ej is the computed evaporation during JanuaryRad the total annual precipitation.
There are only three N-values of importance to ro@ustruction and they are N=2, N=5 and
N=10.

The most important is N=5. When N is less than &nynrocks, especially the crystalline
types, decompose; When N is higher than 5, all rdintegrate. Decomposition and
disintegration are the main forro§ weathering and decomposition is more detrinlentthe
quality and durability of natural aggregate thasirdegration.

In decompositiorsecondary minerals consisting mostly of a clay faremed and an entire
different material develops. This process affeatyy dhose minerals which are known as
"primary" and it is restricted to the acid and basiystalline rock. The state of decomposition
must be considered in relation to the N-value atgite because the rate of decomposition
increases within a pavement layer. This is bestedoy determining the percentage of a

secondary minerals. The maximum percentage of secgrmminerals permissible to ensure
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adequate durability of a crystalline rock when ugedases or sub-base is shown in the

Figure 32
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Figure 32 Durability of weathered crystalline rocks in pavements depending on the N-Value and

the percentage of secondary minerals

In disintegrationthe rock merely breaks and crumbles down to eveallenpieces while its
mineral remain unaffected. Acid and basic crystalliock and certain diamictites disintegrate
only where N is higher than 5, but all types ofkrdtsintegrate in all climatic environmental.
The effect of this weathering on aggregate prope&ta continuous decrease in strength
without the durability of the material begin affedt This means that any material which
satisfies the design requirement can be used witieurisk that it will change in service to

the extent that it could cause problem.

6.4. Polishing

The resistance to abrasion is a natural propertgak which depends mainly on their mineral
composition, but textural features and weatherimy mave a modifying effect. The effect of
mineral to abrasion is largely function of theirdh@ess. The hardness of mineral that forming

the rock according to Mohs' scale is presentetienliable 18
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Table 18 Hardness of rock-forming minerals (Mohs's  cale)

Mineral Hardness
Quartz 7
Olivine 6,5-7
Pyroxenes 6-6,5
Feldspars 6
Opal 55-6,5
Amphibole 55-6
Dolomite 3,5
Calcite 3
Micas 25-3
Chlorite 2-25
Clay mineral 1-2

From this table it is possible to notice tiyalrtzis the hardest mineral of rock and tievina

is almost as hard. It is obvious that a rock corepdsy mineral of different hardness will
polish less than a rock whose mineral are all allbetsame hardness. The differerin
hardness of the components is more important thaim absolute hardness, and therefore
rock in compose of quartz only will also polish euelly.

The distribution of minerals in a rock gives itextural property such that the more evenly
hard and soft minerals distributed within a rodke tless the rock will polish. Thus the
occurrence of olivine in certain Basalts (olivineshlt) is of little advantage to the polishing
resistance of the rock because olivine occur masttjusters. If such basalt is crushed, many
chip will be entirely free of olivine, and wherelaster of olivine occurs in a chip, the olivine
will be inclined to break out, leaving an olivinee¢ chip behind. Very slight weathering,
especially decomposition of crystalline rock, forample if the percentage of secondary
minerals is between 10 an 15, may cause the pofgbi be less severe, especially in quartz-
free rock. At this stage of weathering, only a tedi number of minerals are affected by
decomposition, and even if the rock were composdylaf a mineral of similar hardness, the
slightly weathered minerals would abrade fastenthat weathered ones, and the rough
surface texture of the chip would be retained. (TRK1985).

The Basic crystalline rock are liable to polish cither to some distributed olivine (dolerite)

or to slight weathering. Generally Acid crystallineck do not polish much, whereas High
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silica rock polish in time but their great ovenadkistance makes the binder abrade faster than
the aggregate and a rough surface is retained

6.5. Flakiness phenomenon

The flakiness is a natural property of rock, ddiiike the tendency of a rock to break into
cubical or flaky chips during crushin§histoselaminated, very fine grained or dense rock
are more inclined to produce flaky chips than avekrof another texture. However, the
technique of crushing, especially the rate of rédag probably has a greater influence on the
production of cubical or flaky chips than the p&igical nature of rock. Cubical chips could
thus the produced from any type of rock and woutddorrable if produced from fine to
medium grained or dense rock. However, cubicalfipm shistose or laminated rock will
not last because they will crack in change intéelplates during handling and in service. This
cracking will occur along the predetermined plahsveakness, i.e. the layer of shistosy or
lamination. It may often be difficult to crush ceargrained rock satisfactorily because the
crushing process may enhance the breakdown obtkeimto its individual minerals. Cubical
chips obtained from such rock may also be insu#fitty durable.

The production of more or less flaky chips is maidlue to the crushing process, an
assessment of the relationship between the groupatoral rock and the greater or lesser
tendency of rock to break into flaky chips wouldt be very revealing. In general, it can only
be stated that very fine grained and dense rock laagreater tendency to break into flaky
chips than others, a fact which was known to ptehis man who selected such rock for

making his stone implements.

6.6. Deleterious minerals

A number of mineral which may occurs in rock fromrieus group of rock may affect the
performance property of pavement structure. Theemainand their characteristics are briefly

describe follow:

6.6.1. Mica

Mica is a very elastic mineral, especially the tighlored muscovite, the plates of which, if
bent tend to return to their original shape Thigngpaction leads to an increase in the voids
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ratio with undesirable consequences for compaetgel land concrete. Compacted layers lose
their density and the increased voids ratio prosdtee ingress of water. Muscovite in
concrete aggregate increases the water demand rgimd) dhrinkage, decreases the cube
strength and has an adverse effect on the woitkallihese problem occur particularly if the
muscovite platelets have a diameter of more tham®n and if quantity is near to, or more
than, 10 per cent by volume of the total aggregaement stabilization helps to counteract
the "spring action" to some degree.

Since the determination of the mica content is dempf it can be recognized at a glance, i.e.

without searching for the platelets, perhaps wiiaad lens, caution is required.

6.6.2. Clay minerals

These are part of a large group of rather differemterals. They all form platy crystal based
on silica sheets and all have the ability to abseater in their crystal structure or to release it
if condition changes. The two most important groapslay mineral, in pavements structure,
are theKaolinite and theSmectitegroups. The best known member of the latter gnsup

montmorillonite.

6.6.3. Sulphide minerals

These minerals, especially Pyrite (colour gold),rdasite (color silver) and Chalcopyrite,
also copper Pyrite (color iridescent gold, red green) decompose easily in the presence of
air and water. The decomposition is aggravatedthleypresence of certain bacteria which
occur frequently in nature. One of result of decosition of sulphide minerals is the
formation of acids, especially sulphuric acid, witbleterious effect on concrate and lime or
cement stabilized road layers. These acid aretablesand change into sulphate salts.
Experience has shown that the total quantity gblsde minerals as well as their distribution
in the rock determines the severity of their deletes effect on roads layers.

An aggregate contains more than 1 per cent by wlafrsuch minerals, particularly if they
are evenly distributed through the rock and notceotrated in clusters here and there, should
not be used in the base and sub-base.

6.6.4. Soluble salts
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These do not only develop from the decompositiosufifhide minerals but may also be
contained in the natural soil. The easiest metbodhie determination of potentially harmful
quantities of soluble salts in road building matksris to measure thedectrical conductivity

of the soil paste. Depending on the grain sizéeftésted aggregate the South Africa
specification suggest the following limits:

Size -0,425 mm: not more than 2,0 mS/cm at 25°

Size -6,7 mm : not more than 1,5 mS/cm at 25°

Material which give higher conductivity value shalie rejected.

Notwithstanding the above, if the conductivity is :

- more than 0,04 mS/cm on the -0,425 mm matenal, o

- more than 0,02 mS/cm on the -6,7 mm material,

The quantity of sulphate, expressed as,¥bould always be determined. The maximum
sulphate content, expressed as Skbuld not exceed 0,25 per cent if the Pl or he02 mm
fraction is greater than 12 %, but it may be ud% SQ if both the PI and the -0,002 mm
fraction are less than 12% before stabilization itite pH of the saturated soils fines paste is
not less than 6. The determination of the pH islireg because sulphate in the quantities

given above always involves the risk of some frdplauric acid being present.

6.6.5. Reactive silica

This occurs in nature in a variety of forms whiclayrhave an adverse effect on concrete
made with certain cements, especially those knosvthagh alkali" cements. Such form of
reactive silica aramorphous silicathe mineralopal andsiliceous skeletonef microfossil.
These three modifications are often called amorphsilica. There are also the mineral
cristoballite andtridymite, high temperature modifications of quartz, whtgtome unstable
under surface conditions, and the mineshalcedorry a cryptocrystalline (extremely fine
grained) fibrous form of quartz which develops ogeblogical time from amorphous silica.
Evenquartzitself, when it is strained owing to metamorphiesmis intensely fractured, may
be unsuitable for use with certain cement if theseerals make up 30% or more of the
constituents of the aggregate. The number of,ratich may contain one or more of these

form of silica is so large.

6.6.6. Nepheline/anailcime
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Nepheline is a primary mineral in certain basicstailine rock, and analcime, a zeolite type
mineral, is an alteration product of nepheline. Thange from nepheline to anailcime is
associated with a considerable increase in thenwelaf the new mineral, which in turn is
associated with the complete disintegration of radkis change occur rapidly if the rock is
exposed to the atmosphere. It is particularly seviethe rock contains cryptocrystalline or
amorphous nepheline. The process has been knowsuabrun” and occurs particularly in
nepheline basalt, but it cannot be completely adedufrom other Basalts and rock such as
phonolite and Andesite.

A rock which is liable to sunbrun may look entiréhgsh when first exposed. The sunbrun
potential may be determined by boiling piecesha&f suspect rock in distilled water for at
least 36 hours. If the rock is a sunbruner, whiets will be seen on the treated surface.
Sunbrun has not yet been proved in southern Afiitaough a few case of breakdown of

surface aggregate may have been the results giribeess.

7. SARDINIAN ROCK AND SELECTION PROCEDURE

7.1. Introduction

Sardinia, with its 24,089 km 2 is the second lardgand in the Mediterranean after Sicily. In
Sardinia sedimentary, magmatic and metamorphicrdscare well represented within three
main lithological complexes Figure 33: (Rombi, 2p13
- Paleozoic basement that underwent repeated phabteseformation and
metamorphism during the Caledonian and Hercyniagenic cycles, and was
eventually intruded extensively by calc-alkalinargtoids
- Late Palaeozoic epicontinental sequence and a Mesaarbonate platform
sequence, representative of stable shelves, thatetb the passive margin of
Southern Europe
- Cenozoic to Quaternary cover consisting of shaleater marine carbonates,
siliciclastic sediments, continental conglomeratas, well as volcanic rocks

represented by a calc-alkaline suite and alkalasalbs.

73



Use of Local Available Material for Inverted Pavement Technique - Alessio Contu

Capo | )
Frascaly -~

Geological Sketch Map of Cenozoic Volcanic Rocks of Sardinia
l:l Pliocene-Chisternary Plincene-Pleistocene |:| Tertiary marine and
secliments wilhin-plate volcanics continental sediments

. Crystalline Paleozaic
i Tl Sailas I:l basement and sedimentary / Main Cenozoic fawlts
rocks fMesozoic)

Figure 33 Sardinian lithological complexes

The knowledge of mineralogical components and ragtkscture is elemental in order to
understand their behavior when used in civil engimg field. (Bini & Scesi, 1983).
They are macroscopically divided according to:

» Identification of the components (minerals, fossirious included)

« Dimensions and spatial arrangement of the compsnent

» Identification of physical and chemical characi@gardness, fissile, acid reaction, etc.)
The main purpose of this chapter is to presentreerge knowledge of the mining activity in
Sardinia, showing which are the mines still opeatedting the extracted materials and
understanding the criteria used for the selectibthese materials that are object of study.
Among the materials explored, the Granite has eehlitaken into consideration on purpose
even though this is the most popular material exth in Sardinia and used all over the
world. Sardinia has more than ten different typegranite and they are mainly divided by
color weaving and composition. That is why grarsteuld be object of a deep study to
determine its applicability in road construction.
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7.2. The mining history of Sardinia

The exploitation of mineral resources in Sardimd #eir processing, have their roots since
ancient times: the origin is traced to the Nedtitheriod with the obsidian extraction. The
mining activity of Sardinia began to grow, howevarthe time of Roman domination in 238
B.C. The fall of the Western Roman Empire and thlesequent domination of the Vandals
and the Byzantines, and the frequent incursiorth@fArabs, led to a period of stagnation of
mining activity. Only after the 1000 it restartéadtinterest in the Sardinian mines. The most
significant period in the history of mining in Sarih begins with the birth of the Kingdom of
Sardinia in 1720 and during the rule of Savoy. Alonith the economic growth in the
European continent with its constant demand for raaterials, thelsland attracted high
foreign and ltalian capital. This led to many mgpicompanies, most with non-Sardinian
capital. Until the First World War production camied to grow, afterwards the impossibility
of exporting minerals to Germany, France, England Belgium brought to a crisis of the
Sardinian mines, to which followed the 1929 crigith the collapse of the U.S. stock market
as well. The Sardinian mines developed once agdine thirties with the autarchic regime of
the fascist period, which together with the inchegsneed for metal weapons, led to the
resumption of mining activity, even of those unemoic abandoned mines. The same post-
war reconstruction could not disregard the minmdyistry.

In the '50s, thanks to the importance of the ektragndustry, Sardinia showed a high level
of industrialization, however, in contrast to iteage of an agro-pastoral region. Until the
mid-60s, despite of ups and downs, the mines weleading business of the Sardinian
economy. Since the '60s, the Sardinian mining ittgukas therefore undergone deep
changes, moving from the traditional productionnaétal ores (lead, zinc) to the current
situation in which prevail industrial minerals amehamental rocks.

Nowadays, mining activities in Sardinia occupy amportant role at regional and national
levels, as in the past. Comparing to other regiSasdinia has a fruitful specialization in the
extractive sector, both in terms of activitieslod territory and employees.

Sardinian mining companies active in 2005 and teggsl in the Commercial Register of the
Chamber of Commerce were 241, 0.2% of the totabned businesses. The majority of them
(99.2%) is in the extraction of non-energy minefekl and the 95.9% represents the non-
metallic mineral percentage which also includetding stones and ornamental ones.

The category of building stones has the first pliacehe number of companies registered in

the Companies Register in 2005 with 74.7% of tlygoreal mining company (Persico, 2007).
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7.3. Material And Selection Procedure

To know what type of materials are extracted inrdBea and their location it was established
the "Regional Cadastre of mine deposits and P&R#gistry of mining licenses” currently
available.

The " Regional Cadastre of mine deposits and P&#mgistry of mining licenses" contains:

- Summary of active and decommissioned mines idiiar recap of recovered, retrained
and renaturalised ex mines and demographic balsmoéning activity from 1989 to 2006;

- List of active mines according to different sortler;

- List of inactive mines according to differenttsorder;

- Recap of regional mining grants by administrastetus and activity cultivation status;

- List of current mining grants according to ditet sort order;

- List of closing and filed mining grants accorditogdifferent sort order .

Lists of active mines have following informatioor feach mine: Label (ID of the mines in the
cartography), name, Municipality where the minemainly located, administrative status,
year the mining activity started, date the miningtharization was released, expiring
authorization date, intended use of the materiahjinntommercial product, lithological
material, consistency of stocks, surface of thba@ization to the activity license (Ha), space
occupied by the mining activity, holder of the mmgi and possible operator. The first
selection parameter chosen is to use the "stockabérial in years". Only active mines have
been considered to guarantee the production ahtterial for at least 10 years.

The Table 19 show the list of extracted matebglshe selected mines:
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Table 19 List of Extracted Material in Sardinia

Province of Cagliari

Province of Sassari

Material Commercial Product Material Commercial Product
Scisto Inerti per ril_riemp_str Calcare Inerti genglomerati
Metarenaria Inerti per ril_riemp_str Trachite Tribeldi Banari
Metacalcari Inerti per ril_riemp_str Basalto Ingréir conglomerati
Metargilliti Inerti per ril_riemp_str Andesite In@per ril_riemp_str
Scisto sericitico Inerti per ril_riemp_str Pomice atdriali per isolanti
Depositi
alluvionali Inerti per conglomerati Calcare-Marna raBulati per leganti
Argillite Granulati per leganti Scisto Filladica &rulati per leganti
Calcare Inerti per ril_riemp_str Ignimbrite Ingoer ril_riemp_str
Arenaria Inerti per conglomerati
Calcare
marnoso Granulati per leganti
Andesite Inerti per conglomerati
Basalto Inerti per conglomerati
Quarzite Inerti per conglomerati

Province of Olbia-Tempio Province of Carbonia-lglefas

Material Commercial Product Material Commercial Product
Porfido Inerti per ril_riemp_str Calcare Inerti pmEmglomerati
Trachite Trachite di Perdaxius
Province of Nuoro Province of Oristano
Material Commercial Product Material Commercial Product
Gneiss Lastrato di Siniscola Basalto Inerti pergtomerati
Micascisto Lastrato di Lula Ignimbrite Trachiterbrdongianus
Basalto Inerti per conglomerati Trachite Trachit&ordongianus
Depositi
Calcare Marmo di Orosei alluvionali Inerti per conglomerati
Dolomia Inerti per conglomerati Perlite Materiali per isolanti
Province of Medio Campidano Province of Ogliastra
Material Commercial Product Material Commercial Product
Depositi Depositi
Alluvionali Inerti per conglomerati | Alluvionali Inerti per ril_riemp_str
Calcare Inerti per conglomerati Calcare Inerti per ril_riemp_str

In South Africa the natural aggregates that arel dse inverted pavement are Dolerite or
Tillite. In Sardinia these types of rocks are nedikable due to the geology of the region, but
as shown in the table above, other hard rocks atelywresent.

Considering South Africa classification of rock é&gpfor road construction purpose, the
chemical and physical features of the dolerite, dbkected materials available in the region
taken into consideration from the table above ande&ite, Quarzite Basalt and Trachite of

Serrenti.
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The Andesite studied derives from the site of Sdrrand is the one on the south of Sardinia:
it is an extrusive igneous rock of intermediaterolstry from afanitica to porphyritic texture.
The minerals in the rock are mainly plagioclasetopgne and hornblende. Andesite is
considered the corresponding outpouring of dioAtedesite is tipycal of subduction zones
such as the western coast of South America. Aretesite erupted at temperatures between
900 and 1100 ° C.

Quartzite is a type of metamorphic rock composadbat exclusively of quartz, and derives
from the site of Sinnai. Arising from the dismangjiand subsequent passage of metamorphic
guarzoareniti. The varieties most colorless, trarnmsmt and glassy-looking are composed
almost exclusively of quartz. Quartz can be assediavith other minerals such as mica,
feldspar, plagioclase, carbonates. Given the gtalof quartz (mineral not easily alterable),
information on the metamorphic grade are givenipedg by accessory minerals which may
be contained in the quartzite. Texture is mainlyssnge, but the presence of mica can turn it

into shale.

Basalt is the most common rock on the earth suritibelongs to the large group of extrusive
igneous rocks and it is the product of the consdilish of a magma that grows in the depths of
the earth, and comes to the surface through duwadsceevices of the volcanic structure.
Wide areas of Sardinia are covered by volcanic &ions, especially in the northern and
west-central sides.

Basalt is an effusive rock of volcanic origin, IKaar dark-colored with a relatively low silica
content. Basalt is mainly composed by calcic plelgise and pyroxene, and some basalts can
also be rich in olivine. The basalt may presenhvappearance ranging from porphyritic to

microcrystalline to glassy.

Regarding the "Trachitethere are many materials that fall under this natrie actually the
term with which it can be classified a volcanickpthe best term for the trachite Sardinia is
Pyroclastics. The trachite of Serrerttiat we have analyzed, is the result of highlylesipe
volcanic eruptions; this comes from volcanic stuoes in which heterogeneous mixtures of
magma, rock fragments and gas give rise to burmiogds that can either rise in the

atmosphere or get down along the flanks of thearaic
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Figure 34 Localization of materials.

8. CHEMICAL - PETROGRAPHYCAL CHARACTERIZATION

8.1. Introduction

This thesis aims to value the possibility of uding available materials to build the
infrastructure with the technique of Inverted Paeain From the chemical-physical point of
view, European and South African tests are cafolowing the same techniques and results
are easy to compare. In this chapter chemical agdigal properties of the selected materials
were analyzed and the results were compared te thiothe South African rocks in order to
evaluate if these materials had similar physica eimemical characteristics, such as to allow

their use in the construction of road pavementsgugie technique of Inverted Pavement.

8.2. Chemical composition

Tests were performed at the laboratories of SciamceChemical Department of University
of Cagliari.The Inductively Coupled Plasma with Optical Emissgpectrometry (ICP-OES)
technigue was used in order to determine detaildrmation about the chemical
composition. In the Table 20 it is possible to ea&¢ the chemical composition with the

percentages for each component this results arpa@uh with those of dolerite.
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Table 20 Chemical Composition of selected materials

STONE OF

ELEMENTS BA?/SLT AND((I)Z)SITE SERRENTI QUAE(I;QZITE DOLERITE
(%) 0) (%)
SiOz 52,30 57,32 61,27 96 49,95
Al203 12,41 15,0 13,97 1,1 12,78
TiO2 2,27 0,64 0,84 --- 3,51
MgO 3,32 2,0 0,37 0,4 6,59
MnO 0,10 ---- 0,06 --- 0,20
CaO 7,54 9,0 4,35 0,4 9,70
Na2O 7,09 1,8 4,98 0,8 2,52
K20 4,07 1,2 7,54 --- 0,91
P205 0,57 0,4 0,22 --- 0,29
SGs 0,05 29 0,05 --- ----
Fe2O3 10,27 6,0 5,65 1,2 13,12
LOI ---- 3,3 0,48 0,4 -
TOT. 99,99 99,56 99,78 100 99,57

It is possible to observe that the basalt is théerra that is closest in terms of chemical
composition to dolerite: six of the eleven compdaeshow a pattern compatible with the
percentages of the minerals present in the dolérite components of the basalt closest to the
values of dolerite are the SiQuith a value of 52.30% versus the 49.95% of thdebte,
I'Al,03 has 0.4% less than the dolerite, the Jlwith 2.27% versus 3.51% of the dolerite. A
greater difference is found in the value of MgOnimich basalt is presented with a smaller
percentage of 3.32% versus 6.59% of dolerite; Mn&3gnts the values almost equal; still 3%
differences is found in K83, the basalt is 10,27% vs. 13,12% of the Dolerite.

The Andesite has some compatibility only in theecaEsodium oxide, with a percentage of
1.8% compared to 2.52% of the dolerite, the patasaxide 1.2% compared to 0.9% of the
Dolerite and of calcium oxide present with 9% ie thasalt and with 9.7% of the dolerite. The
Trachite of Serrenti show a lower chemical complitbas you can see only the phosphorus
pentoxide has a value of 0.22% in Trachite of S#rragainst the 0.29% of the dolerite.
Quarzite is the one that has the lowest chemicalpadibility. The chemical composition in

terms of percentage of components are shown ihitegram in the Figurgs.
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Figure 35 Parallel on the chemical analysis of basa  It, andesite, trachite of Serrenti, quarzite and
Dolerite.

The calculation of Correlation Index shows better tompatibility of each selected material
with Dolerite considered as a reference.
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Figure 36 Correlation Index Basalt/Dolerite = 0,986
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Figure 39 Correlation Index Quarzite/Dolerite = 0,9 4

At the conclusion of the petrographic chemical-ptgis surveys, were analyzed the thin

sections of the materials that were selected.

8.3. Petrographycal Carachterization

8.3.1. Andesite Thin sections

The thin section is made of volcanic rock charaoger by a clearly porphyritic structure with

zoned plagioclase phenocrysts (Pl), sometimesgsizie (more than 2-3 mm), subordinated
anphiboles (Orneblende: Orn) and clinopyroxene JCplk smaller size, absorbed in a
ipoialina paste (partially vitreous), dominated gdgigioclase phenocrysts. Fitting mineral are
made by plenty of a micro phenocrysts of matt oXkks Ox), not only widespread as primary
minerals in rocks, but also present in obvious treacborders all around the orneblende.
Mainly the rock clearly presents secondary alteraphenomena in the primary stage; main
visible phenomena are the alteration of the essdeminerals (Calcic plagioclase, Anphibole,

Pyroxene) in Chlorite, sericiti and clay. These mimenologies are amenable to a
hydrothermal alteration of propilitic type. Finalllge textural/structural characteristics of the

rock let to classify it as Andesite.
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Figure 40 Andesite Thin Sections

From these thin section it is possible to say thit Andesite is very much chloritized, this is

why it has cementing power found in other test.

Chloritization is a hydrothermal process of ferrgmasi minerals such as Biotite, Amphibole,
Phyroxene with chlorite formations. Green cologigen by chlorite. Andesite is a volcanic

rock, the consolidation of magma in:

- Phenocrysts: (big minerals 0,2 ) are Plagioclase

- Bottom Paste: very fine minerals in which Phegsts are absorbed.

Bottom Paste suffered a propilitic alteration ahd inow of a chloritical base. In Figure 40

are clearly seen Plagioclase (big minerals) absbiib¢he bottom paste. Black spots are Iron
Oxides.

In the picture of Andesite clinophyroxene are sunaed by a black border of Iron Oxide.

The alteration process brings phyroxene which isis to become Iron Oxide. From the
study of Thin Sections of the Andesite, the rocls lmdbvious phenomena of secondary
alteration of the primary stages; the main phen@nare observable alteration of key

minerals (calcic plagioclase, amphiboles, pyroxeém&hlorites, Sericiti and Clays.
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For these reasons, emerged a tendency to assumastia pehavior on Andesite were not
executed the remaining tests as prescribed fronthS¥tica specification.

8.3.2. Basalt Thin Section

The petrography analysis shows a magmatic litotgpegrey color, homogeneous and
compact, fine-grained, with emphatic porosity aleothe surface and locally confused. The
main rock constituents are: feldspars (45%) charaetd by dimensions which are usually
under 0,6 mm and they constitute the bottom masth@fmaterial. Locally are present
phenocrysts of 1,6 mm with wretch aspect, supeaitficialtered, zoned and twins. Olivine

(20%) in catwalks with a maximum size of 1 mm. induals of bigger size suffered a total or
partial alteration process. Abundant Iddingsite \%%oa dark red color, as result of olivine
alteration in coronitical structures or in full tapement of them.

Matt minerals are like crystal individuals of Magite with maximum size of 0,3 mm or like

thin catwalks that roil the various constituentandng the minor constituents, probable

Inosilicates (phyroxene) and Calcite correlatethalteration process.

Figure 41 Basalt Thin Sections

8.3.3. Trachite (Stone of Serrenti) Thin Sections

The petrography analysis shows a magmatic litotyfpgrey color with shades conducing to
bordeaux and with grey-beige plagues. It has darkldaux and grey lithoclasts of centimeter
and millimeter size and millimeter crystal indivals of black and white colors of compact

material characterized by the presence of milliroetipores.
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400 prm

Figure 42 Stone of Serrenti Thin Section

In the Figure 42 we can notice the porphyritic ciie of the material. Are visible Feldspati
with a whitish color and lithoclasts immersed imass with a bottom difficult to identify.

The crystal individuals with a yellow, green anghli blue color are inosilicate.

120 pm

Figure 43 Stone of Serrenti Thin Section

In the Figure 43 we can notice a magma lithoclastmosed of crystal individuals weakened
by plentiful small masses with a hematite origim. tBe right side of the lithoclast, it is
possible to glimpse a plagioclase probably diviohéd zones and difficult to identify given

that weakened by the effects of alteration spreathe whole surface.

8.3.4. Quarzite Thin Sections

Quartzite is a rock composed of firmly cemented riguagrains. It results froi
recrystallization of pure quartz sandstone by metamosis (so called metaquartzites). O
quartzites are white or light coloured but they cdso be coloured more intensively.
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Most quartzites are metamorphic, but exists sediangnquartzite too, rediing from
cementation of quartz sand by siligeh groundwater solutions (so called orthoquae&)i
Mostly light coloured: white, sometimes light grayellowish, light brown. Exist also
coloured varieties by included minerals: blue, greaurple, orblack. Minerals are quar

small amounts of iron oxides, rutile, mica, cardesachlorite, tourmaline needles.

Figure 44 Quarzite Thin Section

9. TRIAXIAL TEST

9.1.Test Procedure

Consolidated drained triaxial tests were perforraadAndesite and Quarzite to measure e-
modulus and compare it with the values achieved aggregates used for G1.

The tests were performed with hydrostatic presefitbe cell 6¢c=c3) equal to, 250 kPa and
100 kPa. These value was chosen based on theatalosl performed with the Boussinesq
theory, according to which, considering the varioyses of load provided in the Italian rules
and applying such loads statically, the value efdkierage horizontal pressure on the surface
of a base layer of 150 mm varies@la= 127 kPa, in the case of axle 10 kN (light tjuc&

oh = 1400 kPa, in the case of axle 110 kN (heawkslu

Furthermore, according to Yoder,dg = g5 in the sub grade varies between 0 and 150 kPa,
S0, it is obvious to consider that the solicitatidhemselves are higher in the base layer.

The cell hydrostatic pressure, shown in Eigure 45 has been applied for 15 minutes during
the consolidation phase, before proceeding with application of the vertical load. The

vertical load has been applied through the pistith avspeed of 0,66 mm/min.
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Figure 45 Triaxial test chamber

The schematization of drainage conditions for angla soil, because of the insufficient
influence of time factor, is not necessary, savéhancase, as explained previously, of very
rapid solicitations, through fractions of secondheve the liquid phase interacts intensely with
the solid phaseu, > 0), until causing a downfall (liquefaction).

The size of the specimen varies according to tlaeligg of the material we need to test,
although it is always required that the relatiobasen height and diameter of the cylinder is
H/D>2, in order to reduce the effect of the dead zd@eSaint Venant including the circling
effect of the load plates.

The experimentation has been performed of specimwghsdiameterD = 70 mm and height

of H = 150 mm.

The obtained data during the tests allowed to e&ibdhe curves stress-deformations.

The samples were packaged as required by AASHTO. Mleekification, reconstructing the
grading curve with different percentages sieveltaim a sample G1 and considering only the
passing at 20mm sieve as required for keepingigine connection between maximum size of
the aggregate and the sizes of the triaxial agll £ < D/10). What must be kept in mind is
that the elastic modulus obtained is that of a castedl granular mixture through ASSTHO
modified, grading according to the curve G1, bus ihot an elastic modulus of one G1 layer,
because the samples in the laboratory not havewietl the complex process of compaction
that the material has in the construction sitegiug).
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The tests conducted on Andesite not have allowedetermine the elastic modulus of the
sample, or rather the elastic modulus obtainednibaseaning in this study, but further test
are needed to better understand this behavior.

The standard Elastic-modulus value used for GIngu§lolerite, is normally of 300 MPa
when is laid over a granular layer; higher values achieved when laid over a cemented
natural gravel layer named in South Africa C3.

The plastic behavior of andesite evident in tha #action was confirmed also by the triaxial
test, where it was not possible to find the bregkpoint and, consequently, not even the

Elastic Modulus.

Stress - Strain
1200

2

1000 //
800 oc= 250 Kpa
600 / —-Prov1- pass 20mm - Vel.
kpa / 0,33mm/min
400 /
200

0 0,02 0,04 0,06 0,08 0,1
€

Figure 46 Triaxial test Diagram of Andesite

About Quartzite, the chartes reported in Higure 47and in theFigure 48 concerning two

different values of the confinement pressure, sti@iclassic elastic-plastic trend.
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Figure 47 Triaxial test consolidated drained with ¢ ell pressure 100 kPa.
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Figure 48 Triaxial test consolidated drained with ¢ ell pressure 250 kPa.

After having done the tests, through an analysishef results, was calculated the Elastic
Modulus of each specimen. The values that weraradataare reported in the Table 21.
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Table 21 Triaxial Test Results of Quarzite

Sample Confinement Pressure Density Young's Malulu
n° kPa g/cm3 MPa
1 100 2,26 104,74
2 100 2,25 120,15
3 100 2,25 101,66
4 250 2,34 174,57
5 250 2,33 205,4
6 250 2,32 231,0

10.SOUTH AFRICAN PHYSICAL- MECHANICAL LABORATORY TEST

Anyway it is not enough to comparison chemistry pattography to establish that a material
is not suitable, since other characteristics ohgsfral mechanical might ensure a good vyield
in the realization of the base layer super compladier this purposevere analyzed physical
parameters such as density, compressive strengitosify, absorption coefficient and
mechanical strength as the first parameter of thefficient obtained from the test Los
Angeles. The material that we want to use mustadlgtihave good characteristics of
compression strength and abrasion resistance del@tethe strong energy compaction
imprinted by compacting machines; it must also heaguced absorption coefficients and
porosity, as during the phases of paving layer laasaised large amount of water (Slushing
process). The results of the tests are presentie frable 22

Table 22 Results of physical-mechanical properties.

. Stone of _ .
Tests Basalt Andesite . Quarzite  Dolerite
Serrenti

Density: [ kg/mq] 2478-2624 2490-2662 2204-2688 2400-266@800-3100

Uniaxial _

Strength [WPa] B oooo®mo
Porosity: [%] 3,9 5.56 17 >5 1
Water Absorption: 1.3 1.236 6.3 0,04 0.28-0.9

[%]
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Los Angeles Test 14 24.86

1 2 14.5-15.
Values: [%] 8 8 >-15.5

Looking at theTable 22it shows once again the compatibility of basalterms of density
with an overlap of valuesaround 2800 Kg / m3, pityaadex of 4,9% compared to 1% of the
Dolerite, and coefficient Los Angeles coincidentethe Quarzite shows a good compatibility
in terms of Density, a greater resistance by cosgioe, but an insufficient value of Los
Angeles test. The Andesite occurs, as a resulthef ghysical-mechanical tesa valid
candidate even if the values obtained from the Apgeles test of the order of 24,8% are
higher than those of Dolerite, while the value dcitev absorption presents values of 1,2%
andesite against an average value of 0,6% of tlezitdo While again the Trachite of Serrenti
and that with physical-mechanical characteristibsctv differ from those we are looking for,
despite of a value of Los Angeles of 18% closeS% bf the average dolerite. As it is easy to
observe basalt, quartzite, andesite and stone wér8ehave very high values of uniaxial
compressive strength of about 186-91-93 MPa vs B@ Bf the dolerite.

South Africa unbound granular layers are named bg South African Technical
Recommendations for Highways (TRH) (Authorities8&p with the acronyms of G1-G10,
from high to poor mechanical performances. Dolesitel Tillite rocks are used in South
Africa to construct G1 layers. The TRH specificaicare written for the practising engineer
and describe current, recommended practice inteel@spects of highway engineering. G1 is
the best quality material used for specific basers® layers and subjected to very strict
construction processes with the aim of achievingesof density material from 86% to 88%
of apparent relative density, that is about 106%%0nodified Proctor density (Araya A.A.,
2011), forming an ultra-compacted layer.

Based on South African regulation for G1 layer tbimpter describes laboratory tests to

verify the possibility of replacing the base withadable material.
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Table 23 Crushed Stone Base material Requirements

TYFE OF MATERIAL

MATERIAL
CHARACTEAISTIC G Ge o3
Sound rock from an approved Seund rock, beulders or coarse Sound rock, bioulders or coarse
PARENT quarry, or clean, sound mine gravel aravel
MATERIAL rosk from mine dumps, or clean
sound boulders
Oniy fines crushed from the hay contain up to 10% by mass | May contain up fo 15% by mass of
ADDITIONAL same sound parent rock may be | of approved natural fines not approved natural fines not obtained
FINES added for grading cotrection necessarily obtained from parent | from perent rock. Added fines shall
provided that added fines shall | rock. Addsd fines shali have a LL | have a LL net exceeding 25 and Pl
have a LL not exceeding 25 and | not exceeding 25 and Fl not not exceeding 8,
Pl not exceeding 4. exseeding 6.
STREMGTH 10% Fines Aggrepate Crushing Value (10% FACT), determined In accordance with TMH1 method B2, shall
be nct less than tha appropriate value in table 350272, calumn 3, The Aggregate Crushed value (ACV).
datermined in accordance with TMH1 method B4, shall not exceed the appropriate value in table 3502/3.
DURABRITY The material shall comply with the requirernents in coiumns 3, 4 and 5 of tabie 3602/2.
FLAKINESS INDEX Flakiness Index, determined in 2oeordance with TWMH1 mathod B3, shall not exceed 95 on each of
the -26,5 + 19 mm fraction and the -i2 13,2 mm fraction.

FRACTURED FACES Ali faces shall be fractured faces. | For crushed materials at least 50% by mass of the fractions retained on
each standard gieve 4,75 mm and larger shail have at least one
fractured face,

FRACTION | LL shall not excead 25, LL shall not exceed 25. LL shall not exceed 25.
(rm) Pl shall net excesd 5. Pl shall not exceed §, Pl shall not exceed €.
LE shalt not excead 2%. In addition the arithmetic mean of | LS shall not exceed 3%.
ATTERBERG 0425 | n addition the afithmetic mean | the FPs for a lot {min 6 tests) shail | In the cass cf calcrete tha Pl shall
LIMITS of the Pl's for & lot [min § tests; | not exoesd 4.5 nat expeed 8,
shall not exceed 4, LS shail not excesd 3%, {3 passing 0,425 mm sieve) LS
= 170
0,075 Tne P! shall not exceed 12, f he Pl exceeds 12 the materia’ shall be

chemically medified, After chemical modification the P! of the minus
0.075 mm fraction shall not exceed 3.

I chemical modification is required,
the Pl ¢ the D075 mm fraction
after modification shall net excesd

10.

SOLUBLE SALTS See additional reguirements,

NOMINAL MAXIMUN: SIZE 37 5 mm 37,5 mm 37,5 mm [ 26,5 mm
Nominal | Percentage passing sieve, by Percentage passing sieve, by Fercontage passing sieve, by mass
aperture | mass mass

slze of sleve

{mm)

375 100 100 100 ;

265 84 -394 84 34 84 -94 1wo |

19,0 71i-84 71-84 71-84 85 - 58
RO 132 59-75 5975 5675 7184

4,75 35.53 36-53 36-53 42 - 80

2,00 23-40 23-40 23-40 27 - 45

0,425 1126 11 .24 11-24 13-27

0,075 4-12 4-12 4-12 5-12

COARSE SAND RATIO (SEE | Shall not be less than 35% and | Shall not bo [oss than 35% and Shall not be |ess than 35% and

DEFINITION IN shall not exceed 50% in respect | shall not exceed 50% in respect of | shall not exceed 50% in respect of

SUBSUBCLAUSE of tha target gracing. the target grading. the target grading.

3602{(c}()(5)

GCOMPACTION Minimum of 88% of apparent Minimum cf 85% of bulk relative | 58% ar 100% of modified AASHTO

REQUIREMENTE relative density. censity. density (as specified).

Table 24 G1 Specification according to TRH14
Tests Specifications Unit of Measure  Limits
Liquid Limit TMH1 method A2 % Max 25
Plasticity Index TMH1 method A3 % Max 4
Linear Shrinkage TMH1 method A4 % Max 2
10% F.A.C.T. (dry) TMH1 method B2 kN Min 110
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10% F.A.C.T. (wet) TMH1 method B2 % of dry Min57
ACV TMH1 method B1 % Max 29
Flakiness Index
TMH1 method B3T % Max 35
(-26.5,+19.0 & 19.0, +13.2
_ 5 (88%)
Apparent Density TMH1 method B14/15 kg/m 2496

10.1. Grading

Unbound granular base derives its high stabilignfrparticle interlock and inter-particle
friction. Gradation has a profound effect on matgperformance.

It might be reasonable to believe that the besllagran is one that produces the maximum
density. This would involve a particles arrangemeittere smaller particles are packed
between the larger particles, which reduce the spate between particles. This creates more
particle-to-particle contact. A widely used equatto describe a maximum density gradation

was developed by Fuller and Thompson in 1907. Tiesic equations:

d n
P=|—=
(5)
Where:

P = % finer than the sieve

d = aggregate size being considered

D = maximum aggregate size to be used

N = parameter which adjust curve for finenessaarseness (for maximum particle
density n~ 0,5 according to Fuller and Thompson)
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FULLER Grading vs G1 Grading
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Figure 49 Comparison between Fuller grading curves and G1 base layer grading curves

In theFigure 49is shown the parallelism between the Fuller cuewes the G1 grading curves
for Inverted Pavement base layer.

Gradation is very important to geotechnical engimgg it is an indicator of engineering
properties such as compressibility, shear strermti, hydraulic conductivity. To obtain a
good matrix a clear amount of fines is needed, kin@wvledge of the amount of the fines
percentage and the gradation of the coarse parigleseful to make a choice of material for
base courses of highways.

Base layers constructed with crushed stone mustepsshigh 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 wwduchange of sub-grade, increased
structural capacity and expedition of constructibm.accomplish these functions high density
and stability are required.

Grading with little or no fines content (Figure $0i&ke course graded, grains stability derive
from grain-to-grain contact. Grading that contaiosfines usually has a relatively low density
but it is pervious and not frost susceptible. Hogrethis material is difficult to handle during
construction because of its non-cohesive naturadi@g that contains sufficient fines to fill
all voids between the aggregate grains, like medioarse, will still gain its strength from
grain-to-grain contact but has increased sheasteggie (Figure 50 b). Its density is high and

its permeability is low.
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This material is moderately difficult to compactitlit is ideal from the standpoint of stability.
As shown in thesigure 50c, the material that contains a great amountr&sfihas no grain-to-
grain contact and the aggregate merely‘float’ ia Hoil. Its density is low; it is practically
impervious and it is frost susceptible. In addifidine stability of this type of material is

greatly affected by adverse water conditions. (Y&l®Vitczack, 1975)

(a) . (b} {c)

Figure 50 Coarse and fines particles distribution

The Figure 50a indicates the packing state resultinthe largest G/S (grain/Sand) ratio as
almost no sand grains to occupy a portion of thds/between the coarse aggregate particles.
Mixtures at this state develop shear or permanefarohation resistance primarily by friction
resistance between gravel size particles and itmoape very stable.

Grain/Sand ratio decreases when more sand fractexst until an optimal packing
configuration that is reached at the ideal statevshin the Figure 50b. This ideal state means
the voids between the gravel size particles areptetely occupied by the bulk volume of the
sand grains, developing the condition of minimummogdy. The minimum porosity of the
mixture can be theoretically interpreted as thendlamy between a gravel-controlled and a
sand-controlled mixture.

The Figures0b can also derive that the minimum porosity of ttigture is the product of the
porosity of each individual fraction with the sasmecific gravity assumed for all fractions.
After that, if sand fractions keep increasing (d6@atio decreases), then packing conditions
will dictate gravel (or coarse) particles to “flbah the sand-fine matrix and have trivial
control over shear strength behaviour of the m&i@igure 5€) (Xiao Y. , Tutumluer, Qian,

& Siekmeie, 2012).

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 slide against each olfaithen cause further compaction.
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10.2. Grading for G1Base Layer

According to TRH 14 G1 must have a specific gradiegending on the nominal maximum
size of passing the 37.5 mm sieve or 26.5 mm one

Table 25 Grading of Graded Crushed Stone G1

Sieve size Percentage passing by mass
(mm)
G1 Nominal maximum size of
Aggregate
(mm)
37,5 26,5
53,0 100 100
37,5 100 100
26,5 84 -94 100
19 71-84 85-95
13,2 59-75 71-84
4,75 36 - 53 42 - 60
2,00 23-40 27 -45
0,425 11-24 13- 27
0,075 4-12 5-12

In the picture there are two grading, 26,5 and 3iged for creating the G1 base layer and the
grading curve of the sample test which has beed tseerform the mechanical tests of this

research. As you can see during this work we usadinng 26,5.
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Grading G1 - Sample
100 +
90 -
80 -
70 - ——Max 26,5
< 60 - -&-Min 26,5
; 50 | Sample
% 40 - =>min 37,5
S 30 —¥-max 37,5
20 -
10 -
0 . . . .
0,01 0,1 1 10 100
Sieve Size (mm

Figure 51 G1 Grading according to TRH14

To understand how far the grading used for the &k bbayer is from the one used for Italian
base layers, in the following figure there are bgtlding and the sample test.

Grading 26,5 G1 - Grading Italy - Sample
100 +
90 - —— G1 Max
80 -
70 - -B-G1 Min
g 60 - Sample
= 50 -
§ 40 - —&—jta min
& 30 - =¥=ita max
20 -
10 -
0 T . | .
0,01 0,1 1 10 100
Sieve Size (mm)

Figure 52 LaGrange Grading
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10.3. Maximum Dry Density and Optimum Moisture Content

The maximum dry density and optimum moisture cantes defined below, is determined by
establishing the moisture-density relationshiphef inaterial when prepared and compacted at
the Modified AASHTO compaction effort at differemiisture contents.

Maximum density: The maximum density of a matefioala specific compactive effort is the
highest density obtainable when the compactionaisied out on the material at varied
moisture contents. Optimum moisture content: Thiémopm moisture content for a specific

compactive effort is the moisture content at whted maximum density is obtained.

10.3.1 Andesite

In the table below are show the Proctor test redolt Andesite. The test was performed
following the TMH1 method A7:

Table 26 Proctor Test

Weight Wet Weight Dry

Sample , , Water Mould Volume Density
material material
(9) (9) (%) (cm3) (9/cm3)
A 63 59,9 5,17 2472,75 2,0
B 83 76,8 8,07 3179,25 2,2
D 85 77,5 9,67 3179,25 2,4
E 175,5 160 9,68 3179,25 2,3
ANDESITE PROCTOR CURVE
2,4
2,3 -
2
E  22-
o)
> 21
a)
2 T T T T T T 1
0 4 6 8 10 12 14
Water Content (%)

Figure 53 Determination of Optimum Water Content fo  r Andesite material

Maximum Dry Density: 2,4 g/cm3
Optimum Moisture Content: 9,8 %
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10.3.2Quarzite

In the Table 27are show the Proctor test results for Quarzitee Tést was performed as

reported in TMH1 method A7:

Table 27 Quarzite Proctor Test

Sample Weight Wet  Weight Dry Water  Mould Volume Density

material material
N° (9) (9) (%) (cm3) (9/cm3)
1 2172 2109,2 3 943 2,2
2 1482 1404,9 55 943 15
3 1303 1201,2 8,5 943 1,3
4 2154 2120,5 1,6 943 2,2
5 1413 1399 1 943 15

QUARZITE PROCTOR CURVE

Dry Density
=

0 1 2 3 4 5 6 7 8 9
Water Content (%)

Figure 54 Determination of Optimum Water Content fo  r Quarzite Material

Maximum Dry Density: 2,3 g/cm3
Optimum Moisture Content: 2,2 %
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10.4. Atterberg Limits

Following the method A3 and A2 of TMHL1 the deteration of plastic limit, plasticity index,
and limit liquid were performed.

The determination of the plastic limit is defineg tneasuring the lowest moisture content at
which the soil can be rolled into threads 3 mm i@neeter without the threads crumbling,
This is expressed as a percentage of the mase olvn-dried soil, at the boundary between
the plastic and semi-solid states.

The liquid limit (LL) is obtained using a Casagramalp; is conceptually defined as the water
content at which the behavior of a clayey soil gemfrom plastic to liquid.

The plasticity index is the numerical differencevieen the liquid limit and the plastic limit
(PI= LL-PL) of the soil. Soils with a high PI tend be clay, those with a lower PI tend to be

silt, and those with a PI of O are non-plastic.

Table 28 Atterberg Limit Results

Results Results Results Results

Tests Unit Limits
ANDESITE TRACHITE BASALT QUARZITE
Plastic Limit % 15,52 N.D N.D N.D -
Liquid Limit % 26,3 N.D N.D N.D Max 25
Plasticity Index % 10,8 N.D N.D N.D Max 4

The results show that the Andesite one does not thedimits required by plasticity, and for

this reason we will not perform the remaining testuired by the South African regulations.

10.5. Fines Aggregate Crushing Value (10% FACT)

The 10 per cent Fines Aggregate Crushing Valueefsed as the force in kN required to
crush a sample of -13,2+9,5mm aggregate so thped 0ent of the total test sample will pass
a 2,36 mm sieve.

As described in SABS Method 841, at least threesfgscimen (each of mass about 3 kg) are

required for each test (wet and dry).
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Table 29 10% FACT dry test results of Quarzite

Weight

Sample Max Passing at Note 10%FACT  Limits
p material Load 3,35 mm Dry Value (m|n)
N® (9) (kN) (9) (kN) (kN)
1 2858 314 145 20mm,10 min
2 2905 607 261 30mm,10 min 654 110
3 2953 2150 865 40mm,10 min
10% FACT Wet Test: 75% of Dry test =490 kN
Table 30 10% FACT dry test results of Basalt
Weight  Max Passing at 10%FACT  Limits
Sample : Note _
material Load 3,35 mm Dry Value  (min)
N° (9) (kN) (9) (kN) (kN)
1 2990 110 176 15mm,10 min
2 2890 180 261 20mm,10 min 194 110
3 3076 213 437 30mm,10 miny
10% FACT Wet Test: 75% of Dry test = 145,5 kN
Table 31 10% FACT dry test results of Trachite
Weight  Mmax Passing at 10%FACT  Limits
Sample : Note _
material Load 3,35 mm Dry Value  (min)
N° (9) (kN) (9) (kN) (kN)
1 2955 153 204 15mm,10 min
2 2890 174 239 20mm,10 min 152 110
3 2905 225 456 30mm,10 miny

10% FACT Wet Test: 75% of Dry test = 114 kN

As we can see from the tables above, the resulysmeet the regulatory limits.
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10.6. Aggregate Crushing Value (ACV)

The ACV of an aggregate as defined hereunder evm@ted by crushing a prepared confined
aggregate sample under a specified, gradually egppglbmpressive load and determining the
percentage of the material crushed finer than eifspe size.

The aggregate crushing value (ACV) of an aggreathe mass of material, expressed as a
percentage of the test sample which is crushed five a 2,36 mm sieve when a sample of
aggregate passing the 13,2 mm and retained on,B%nm sieve is subjected to crushing
under a gradually applied compressive load of 400Tkhe compression test machine capable
to applying a load of 400 kN and which can be ofgerat a uniform rate of loading so that
this load is reached in 10 minutes. The ACV tesluides a dry test and wet test.

Table 32 ACV dry test results of Quarzite

Weight , Value Limits
Sample , Max Load Passing at 3,35 mm
material ACV (max)
N° ()] (kN) ()] (%) (%)
1 2109 400 233 10,57 29
2 2080 400 259 12,45 29
3 2099 400 247 11,77 29

Table 33 ACV wet test results of Quarzite

Weight ) Value Limits
Sample ) Max Load Passing at 3,35 mm
material ACV (max)
N° 9 (kN) 9 (%) (%)
1 2048 400 318 15,53 29
2 1990 400 270 13,57 29
3 2120 400 360 16,98 29

Table 34 ACV dry test result of Basalt

Weight . Value Limits
Sample ) Max Load Passing at 3,35 mm
material ACV ACV
N° 9 (kN) 9 (%) (%)
1 2240 400 432 19,29 29
2 2134 400 512 23,99 29
3 2263 400 572 25,28 29
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Table 35 ACV wet test results of Basalt

Weight ) Value Limits
Sample i Max Load Passing at 3,35 mm
material ACV (max)
N° (9) (kN) (9) (%) (%)
1 2180 400 588 26,97 29
2 2097 400 597 28,47 29
3 2210 400 510 23,08 29

Table 36 ACV dry test results of Trachite

Weight . Value Limits
Sample i Max Load Passing at 3,35 mm
material ACV (max)
N° (9) (kN) (9) (%) (%)
1 2110 400 253 11.99 29
2 2234 400 297 13,29 29
3 2099 400 321 15,29 29

Table 37 ACV wet test results of Trachite

Weight . Value Limits
Sample i Max Load Passing at 3,35 mm
material ACV (max)
N° (9) (kN) (9) (%) (%)
1 2050 400 309 15,07 29
2 2118 400 360 16,99 29
3 2106 400 374 17,75 29

As we can see from the tables above, the resulysmeet the regulatory limits especially for

Quarzite.

11. MY EXPERIENCE AT GEORGIA INSTITUTE OF TECHNOLOGY

The Georgia Institute of Technology of Atlantacwllaboration with the Georgia Department
Of Transportation (GDOT), since ‘90s, studies theelted Pavement technique (IP). In the
spring of 1999, GDOT engineers became familiar wiRhtechnology while attending an
international transportation symposium in Southigsr In November 1999, GDOT met with
the Georgia Construction Aggregate Association (BJ;A0 discuss rising construction costs
and the need to pursue alternative, cost-effecidrestruction materials and methods. The IP

system was introduced, and the GCAA expressed nmbetest.
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The meeting was followed by the construction ofRnest section, utilized as an access road
at the Lafarg@uilding Materials quarry near Madison, Georgia (yen County).

In 2009, thanks to the experience reached, wageealhe second test section in the village
of LaGrange. This second test section is part oihdastrial parkway intended to serve the
growing car manufacturing industry in South -wesbyia.

Test sections have been continuously monitoreceimg of traffic entity and in terms of
deformation, rutting and cracking. This data isnigeprovided to support IP as a potentially
viable alternative pavement choice for roadwayS@orgia.

Since March 2015 until August 2015 | spent a penbdesearch at the Georgia Institute of
Technology (Georgia Tech), during which | examineddepth the knowledge on the IP
technique, and together with my supervisor the Bomst and GDOT, | examined the test
sections of LaGrange and Morgan County. Duringvikis to test sections, | collect samples
of the material used for realizing test section,amden they were brought at laboratories of
the Georgia Institute of Technology, | did the sesinsidered by the South African
Regulations. The purpose of tests done is thatnokrstanding if the rock used has good
mechanical features, such that they can be us#tkirealization of a infrastructure, through

the Inverted Pavement technology.

11.1. Morgan County test section

Morgan County test section was realized as an scees towards a mine of granite,
therefore:

» traffic is of heavy loads kind

» the material used for infrastructure is Granite.
The experimental test section was structured gwiay:
- 1° section 300 meters o€onventional Section
- 2° section 120 meters onverted Pavement South Africa
- 3° section 120 meters dinverted Pavement Georgia
The entire road required as much as 1.8 m ofwitlich consisted of mostly waste aggregate,
To ensure that the load carrying capacity of tHeguade met a minimum California Bearing
Ratio (CBR) value of 15, 100% of granitic aggregai@s used. An additional 51 mm of
graded aggregate base (GAB) was placed so th#trak sections would have a consistent
sub-base. The first section, beginning at Sevaandlsd Road, was called the “conventional’

section and was completed using 150 mm of compasigge stone followed by 200 mm of
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compacted GAB. The remaining 244 m was divided tnto, 12 m IP test sections. Both

sectons where completed with a 200 mm cement tre base (CTB) layer and 150 mm G/
layer. The only difference between the two IP smdiwas in the construction of the GA
the first section was constructed with the “slugh method; the second sectiorsing
conventional constructiomethods. Both the conventional and IP sections weeglaid with

75 mm of 19 mm Superpave hot mix asphalt (HMA).yAsa can see in the figure belc

3.00 inches - Asphaltic Concrete Paving
6.00 inches - Graded Aggregate Base-Lafarge, Morgan Co.
86.4% of Apparent Density (145.2 PCF)
8.00 inches - Cement Treated Base
5% Type I Portland (145 psi to 435 psi)
2.00 inches - 6raded Aggregate Base
(filler)

Prepared Subgrade
Minimum CBR Value of 15

lin.= 254 mm

Figure 55 Inverted pavement Cros:-section:Morgan County

The results reached during about 12 years, alldwgnove how, through materials differe
to those South African and through variations @f pinocedures of laying, their infrastruct
reacts in an excellegbndition:. The monitoring o&ll the deforming phenomena was don
December 2003 and then in November 2006, idengfgiections that are far 15 metres e
other and in 7 various points of pavement, as éndhtline reported in thFigure 56 and in
the Figure 57:

Centerline
S left ‘ 5 right
10’ left T 10’ right

15 left — \ 15' right
...---""""-‘.-—- \\

Rut measurements made from
Station 0+50 through Station 20+00

Figure 56 Scheme of monitoring section

106



Use of Local Available Material for Inverted Pavement Technique - Alessio Contu

o® o o
— ‘\5*‘ "\hk“ \le‘

o

Quarry Entrance Road

pDOY SPUD|ST U2A2S

« Station 0+00
Intersection with Seven Islands Road

« Station 0+50 through Station 10+00
Conventional Haul Road

« Station 10+50 through Station 14+00
South African Base

« Station 14+50 through Station 18+00
Georgia Base

Figure 57 Test section scheme

The left side of pavement is identified as the lahexit from quarry; instead, the right side
identified as the lane of access to quarry. Measeangs report the depth of the cracks pre
in pavement at the same point, at a distance @@aBsythefirst measurement compared to
second. The unit of measure is 1,6 mm. It was ptessd observe immediately how the e
of exit from quarry, where trucks travel loadedsre cracked than the lane of access.
results of measurements are illused in the Table 38:

15ft Leftof | 10 fi Leftof | 5f Lefiof | Centerline 5 fi. Right 10 fi. Right | 15 f. Right
Sta. # CiL c/L [ (c/L) of C/L of C/L of C/L

(2003/2006) | (2003/2006) | (2003/2006) | (2003/2006) | (2003/2006) | (2003/2006) | (2003/2006)
0+50 o/o! @ 0/8 0/0 0/1 44 0/0
1+00 14/14 0/0 0/0 3/3 0/0
1+50 0/0 0/0 o/0 0/0 0/0 0/ 0/2
2+00 0/0 0/0 o/ 0/0 0/0 0/0 0/0
2+50 0/0 0/0 0/0 0/0 0/ 0/0
3+00 0/0 0/0 0/0 0/0 0/0 0/2 0/0
3+50 0/0 0/0 0/0 0/0 0/0 0/0 0/0
4+00 0/0 0/0 0/0 0/0 0/0 0/0 0/0
4+50 0/0 0/0 0/0 0/0 0/0 0/0 0/0
5+00 0/0 @ 0/0 0/0 0/0 0/0 0/0
5+50 0/0 0/0 0/0 0/0 0/0 0/0
6+00 0/0 0/0 0/0 0/0 0/0 0/0
6+50 0/0 0/0 0/1 0/0 0/0

Table 38 Results of Conventional Section
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The same thing is possible to be observed fordbesection realized with the South Afric
Inverted Pavement. | highlighted the deterioratiwat, during three years, lane was subje
to: from O cracking to 3 cracking units, etc. as @@ see in e Table39, where emerges
immediately that the more deteriorated side is é¢Rternal side where weighs down -

weight of loaded truck, while it exits from mir

15 f. Left 10ft. Left | 5ft Leftof | Centerline Sft.Raght | 10ft Raght | 15 f. Right
Sta.# | ofCIL of C/L C/L (C/L) of C/L of C/L of CIL
(2003/2006) | (2003/2006) | (2003/2006) | (2003/2006) | (2003/2006) | (2003/2006) | (2003/2006)
10+50 0/0 0/0 0/0 0/0 0/0 0/0
11+00 0/o 0/0 0/0 0/0 0/0
11+50 0/0 N 0/0 0/0 0/0 0/0 0/0
12+00 0/0 0/o 0/0 @ 0/0 0/0
12450 00 00 010 00 010
13400 0/0 0/0 @ 0/0 0/0
13+30 0/0 0/o 0/0 0/0 0/0 0/0
14+00 0/0 0/0 0/0 0/0 0/0 0/0 0/0

Table 39 Test Results of Inverted Pavement South Africa

Table 40 Test results of Inverted Pavement Georgia

15 fi. Left 10ft. Left | 5fiLeftof | Centerline 5fi Right | 10 ft. Right | 15 fi. Right
Sta. # of C/L of C/L CiL (C/L) of C/L of C/L of C/L
(2003/2006) | (2003/2006) | (2003/2006) | (2003/2006) | (2003/2006) | (2003/2006) | (2003/2006)
14+50 0/0 0/0 0/0 0/0 0/0 0/0 0/0
15+00 0/0 0/0 0/0 0/0 0/0 0/0 0/0
15+50 0/0 0/0 0/0 0/0 0/0 0/0 0/0
16+00 0/0 0/0 0/0 0/0 0/0 0/0 0/0
16+50 0/0 0/0 0/0 0/0 0/0 0/0 0/0
17+00 0/0 0/0 0/0 0/0 0/0 0/0 0/0
17+50 0/0 0/0 0/0 0/0 0/0 0/0 0/0
18+00 0/0 0/0 0/0 0/0 0/0 0/0 0/0

No deterioration was observed in the Inverted PargrGeorgic

The rutting observed in the two IP sections wasggmBcant; however, minor anmajor
rutting was found within th«conventional section, especially in the eastboamne,| in whict
the haulrucks are loaded. Rutting levels over 1 in. (25)nmare measured at the quarry ¢
wheretrucks stop. No cracking in the asphaltic conctater was observed in the IP 1

sections duringbservationson 3% December 2003 and on 1 Blovember 2006. Howev
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Extensive cracking, howevewras observed in the conventional haul road sechitwst of the
extensive cracking was located in the eastboune, lamd advanced deterioration was

observed wheraded trucks were stopping at the quarry gate.

11.1.1Falling Weight Deflectometer Testing

FWD testing was conducted in November, 2007 in Muwrgan County. This testing was
conducted to examine how the Inverted Pavement @&jtions compared with the
conventional haul road section. At each drop laratiwo seating drops, at a target load of
7,000 Ibf, were used, and twelve (12) recorded slidipree each at target loads of 7000 Ibf
(3150 kg), 9000 Ibf (4050 kg), 11000 Ibf (4950 kgd 16000 Ibf (7200 kg)).

Based on the deflection data (Figure 58 and Fig§@jegathered for the loading above, the IP
sections were determined to be in an excellentitond After the analysis of the deflection
data collected the Remaining Life (RL) as a pemgatof the original pavement life, were
calculated and reported in the Table 41. (Lewislfaed, Georges, & Jared, 2012)

Table 41 Remaining Life

Section RemainingLife (%)

Gerogia IP 99,34

Sud Africa IP 94,61

The average RL determined for the Georgia IP w8496 of the original design life,

94.61% for the South African IP, and 67.9&8%the conventional haul route pavement.
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Normalized Deflections Entering Lafarge Quarry - Sensor One
30
Typical Haul Road SLarEe] e
o Inverted Pavement dvement
3
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3w
—
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0 200 400 600 800 1000 1200 1400 1500 1800
Drop Station [feet)
Figure 58 Normalized Deflections Entering Lafarge Q  uarry
Normalized Deflections Exiting Lafarge Quarry - Sensor One
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Figure 59 Normalized Deflections Exiting Lafarge Qu  arry

11.2. LaGrange test section

Based on the success of the Morgan County Prop€P(), and due to the rising cost of

asphalt cement, GDOT decided to fund and buildoits IP test section on the South

LaGrange Loop in Troup County. This project, heterafeferred to as the LaGrange Bypass
Project (LBP), was one of several for the preparatf the Kia automotive plant being built

in the neighbouring town of West Point, Georgiad &nconnects the Kia plant with a newly

developed industrial park. The two-lane, 3.24 knadway was constructed with a

conventional, portland cement concrete (PCC) pawrstructure, except for the 1047-m IP
test section, as you can see in the Figure 60.tGmtisn of the LBP began in January 2008,
including the IP test section. (Lewis, Ledford, @gs, & Jared, 2012)
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Inverted Pavements

Test Section
7;,\ Project: CSSTP-008-00(292)01 Troup County
H South LaGrange Loop (West Point, Georgia)

{ e 4 Station 280+00 — Station 314+34
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Figure 60 Test Section scheme of LaGrange

Construction of the LBP began in January 2008 uigliclg the IP test section, which consis
of (1) stabilized sulgrade; (2) ceme-treated base (CTB); (3) graded aggregate base )t
and (4) HMA. The sulgrade, CTB, and GAB courses were constructed inrdance with
GDOT Specifications Special Provision 320 (Inverteavements). The IP and PCC cr
sections on the LBP are showi the Figure 61:

LaGrange Bypass
Project # CSSTP-008-00(292)C1 Troup

Inverted Pavement Portland Coment Concratae
“Toest Section™ “Typical Section™

1.5 Inches - 12.6 mm Superpave

2.0 Inches - 19.0 mm Superpave
9.5 inches - Portland Cament
Concrate Pavemen t
6.0 inches - Graded Aggregate Base
Compaction to 86% of
Apparent Gravif

10.0 inches -Coment-Treated Base
Meeting a minimum
Unconfined Comprassive
Strength of 300 PSI

= 10.0 inches - Graded Aggregate
ane

6.0inch-  Subgrade Meeting a
minimum Soll Support
Value of &

B 6.0 inch- Subgrade Meeting &
minimum Soil Support
Value of 5

Figure 61 LaGrange scheme Layers of Inverted Pavement and Typ ical section
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Since its completion in 2009, the LBP has beencairally evaluated. Between 2®ugust
2008, and 14 May 2009, FWD testing was conducted along the trergf the newly
constructed roadway to assess the strength ohdtdy placed pavement layers. The new
pavement structure evaluated as a whekes determined to be in an excellent condition with
an average normalized deflection of 8.54 mils (Gy2R).

11.3. Characterization Material of Morgan County and LaGrange

During the period of research at the Georgia latgitof Technology were done the main
laboratory tests considered by the South AfricaguRdions, for understanding if materials
used in the tests sections have the mechanicalirésatrequired by the South African
Regulations to be used in the realization of IP.

The material used for the realization of the La@eatest section is granite, and it comes from
the quarry called "Vulcan". For the Morgan Courggttsection, being the way of access to
the quarry of granite, was used the material mineah the quarry itself. The main tests done
on samples are the 10% FACT (Fines Aggregate QrgsMalue), and the ACV test
(Aggregate Crushing Value).

The ACV of an aggregate is determined by crushimgepared confined aggregate sample
under a specified, gradually applied compressiag land by determining the percentage of
the material crushed finer than a specified size.

The aggregate crushing value (ACV) of an aggregatbe mass of material, expressed as a
percentage of the test sample which is crushed five a 2,36 mm sieve when a sample of
aggregate passing the 13,2 mm and retained on,H@en®m sieve is subjected to crushing
under a gradually applied compressive load of 480 kKhe compression test machine is
capable to applying a load of 400 kN and which lbaroperated at a uniform rate of loading
so that this load is reached in 10 minutes. The A€3¢ includes a dry test and a wet test.

The 10 per cent Fines Aggregate Crushing Valueef;ed as the force in kN required to
crush a sample of -13,2+9,5mm aggregate so thped 0ent of the total test sample will pass
a 2,36 mm sieve.

As described in SABS Method 841, at least threesfgscimen (each of mass about 3 kg) are
required for each test.
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11.3.1LaGrange laboratory test

The first test done on the samples come from tlegrguVulcan”, that supplied the material
for LaGrange test section was the 10%FACT. In thbld 42 that follows, are showed the
results relatives to three samples.

Table 42 LaGrange 10%FACT results

Sample Weig'ht Max Load Passing at Note 10%FACT Limits
material 2,36 mm Dry Value min
N° (9)  (kN/pound) (9) (kN) (kN)
1 3003,2 63/14120 100,2 13mm,10 min
2 3015,5 108/24410 242,5 20mm,10 min 126 110
3 3043,8 175/39400 458,5 25mm,10 min

10% FACT Wet Test: 75% of Dry test = 94,5 kN

10% FACT LaGrange Vulcan

16,0 -
14,0 -
12,0 A
10,0 - ==@-=Test 1- Dry
8,0 - [ | =fi=Test 2- Dry
6,0 -
4,0 -
2,0 -
0,0 T T .

0 50 100 150 200

Max Load (kN)

Passing (%)

=f=Test 3 - Dry

Figure 62 Distribution of 10% FACT results of LaGra  nge

As shown in table 42 the result of the 10% FACT Wes$t does not meet the minimum value

required by the specification.

Then, after having sealed the samples, was don&G@hedry test and then the ACV wet test.
the Table 43 and the Table 44 show the resultssté t
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Table 43 ACV dry test results of LaGrange

Weight , Value Limits
Sample , Max Load Passing at 3,35 mm
material ACV (max)
N° (9) (kN/pound) (9) (%) (%)
1 1991,6 400/90000 562,1 28,2 29
2 1872,6 400/90000 529,5 28,3 29
3 1902,4 400/90000 541,2 28,4 29
Table 44 ACV wet results of LaGrange
Weight , Value Limits
Sample , Max Load Passing at 3,35 mm
material ACV (max)
N° (9) (kN) (9) (%) (%)
1 1924 400/90000 575,2 29,9 29
2 1985,2 400/90000 585,9 29,5 29
3 1943,6 400/90000 609,9 31,38 29
ACV LaGrange Vulcan
35,0 -
34,0
330 Test1-D
320 - est1-Dry
31,0 - ® Test 2 - Dry
g 3007 | Test 3 - Dry
> 29,0 -
O =fi=Test 1 - Wet
< 28,0 -
27,0 - == Test 2 - Wet
26,0 ~@—Test 3 - Wet
25,0 T T T
1500 1700 1900 2100
Weight Sample (g)

Figure 63 Distribution results of ACV test from LaG range

As you can see from the table 44 and still bettemfFigure 63 which shows the maximum
limit the ACV Wet results are beyond the limits gggbed by the regulations, and the ACV

Dry results are very close to the limit.
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11.3.2Morgan county laboratory test

After having prepared the testers of granite tgkem the Morgan County mine, was done, as
the first test, the 10%FACT on three testers. énThble 45 are showed the results of test and,
among the notes, the deformations of testers artdeof test.

Table 45 10% FACT results of Morgan County

Sample Weig'ht Max Load Fassing at Note 10%FACT Lim_itS
material 2,36 mm Dry Value min
N° (9) (kN/pound) (9) (kN) (kN)
1 3003,4 338/76000 40,6 13mm,10 min
2 3020 430/96750 350 25mm,10 min 386 110
3 3034,2 684/154000 1031,7 40mm,10 min

10% FACT Wet Test: 75% of Dry test = 289,5kN

40,0 - 10 % FACT Morgan County
35,0 - A
30,0 -

25,0 -

—@—Test 1 - Dry
20,0 -

Passing (%)

——Test 2 - Dry
15,0 -

- =d—Test 3 - Dry
10,0 -

5,0 -

0,0 T ’ T T 1

0 200 400 600 800
Max Load (kN)

Figure 64 Distribution results of 10% FACT Morgan C  ounty

Then, was done the ACV dry test on three samplddaar, the ACV wet test on other three
samples. The results are showed in the Table 46natheé Table 47.
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Table 46 ACV dry results of Morgan County

Weight , Value Limits
Sample , Max Load Passing at 3,35 mm
material ACV max
N° (9) (kN/pound) (9) (%) (%)
1 1802,2 400/90000 538,1 29,9 29
2 1764 400/90000 524,7 29,7 29
3 1824.,4 400/90000 539,6 29,6 29
Table 47 ACV wet results of Morgan County
Weight , Value Limits
Sample , Max Load Passing at 3,35 mm
material ACV max
N° (9) (kN/pound) (9) (%) (%)
1 1930,8 400/90000 577,2 29,9 29
2 1847,7 400/90000 582,7 31,5 29
3 1817 400/90000 579,1 31,9 29
350 - ACV Morgan County
34,0 -
33,0 -
32,0 - o - =¢=Test 1 - Dry
=< 31,0 -
& ~f—Test 2 - Dry
S 30,0 - me, |
< 29,0 - ——Test 3 - Dry
28,0 == Test 1 - Wet
27,0 - —B—Test 2 - Wet
26,0 -
=@=Test 3 - Wet
25,0 T T T T T T 1
1500 1600 1700 1800 1900 2000 2100 2200
Weight Sample (g)

Figure 65 Distribution results of ACV from Morgan C ~ ounty

As you can see from the table 46, table 47 and fifteenfigure 65, the ACV Dry and Wet

results are beyond even if slightly the maximumtsnprescribed by the regulations.
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11.4. Some Discussion

In the laboratories of the Georgia Institute of Amalogy were done the main tests on the
samples taken from two test sections with the pmepo better understand the mechanical
features of the rock used. About the granite ugetthe LaGrange section, in the 10% FACT
test, the average value obtained from three test&6 kN, higher than the minimum value for
the achievement of test. In the ACV test this geshowed satisfying results in the Dry test
and slightly higher than the value limit 29% in et test.

About the samples of granite come from the Morgaar@y mine, the result obtained from
the 10% FACT test showed results considerably migbéh to the granite of LaGrange and to
the value limit required by the Regulations. The\Atest, contrary to what we could think
considering the results in the previous test, skibwadues higher than the limit required by
the Regulations both for the Dry test and for tvatt.

In the following figures are compared the resulitamed from two granites analyzed.

The Figure 66 concerning the results of the ACY, tgsu can see how the granite used in the
LaGrange test section has a greater density améadeg mechanical resistance to crushing
that, indeed, makes have a lower ACV value. Thegguiei 67 shows the results of the
10%FACT test from which you can understand hows ihnécessary much more energy for
crushing the granite come from Morgan County comgdo that used in LaGrange; a result

that is opposed to that just reported in the Figige

ACV Morgan County - LaGrange Vulcan
35,0 -
34,0 -
33,0 - @ LaGrange Dry
32,0 1 R LaGrange Wet
31,0 -
| Morgan C. Dry
g 30,0 X
a 29,0 + . M Morgan C. Wet
< 280 - ¢ .4
27,0 -
26,0 -
25,0 T T T T T T 1
1500 1600 1700 1800 1900 2000 2100 2200
Weight Sample (g)

Figure 66 Comparison between ACV test results from LaGrange and Morgan County
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10 % FACT Morgan County - LaGrange Vulcan
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30,0 -
< 25,0
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[ERN
U1
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1
|

’ @& Morgan C. Dry
10,0 -

5,0 A

0,0 T ’ T T 1
0 200 400 600 800
Max Load (kN)

Figure 67 Comparison between 10%FACT test results f  rom Lagrange and Morgan County

The Figure 67 shows simultaneously the resulth®fACV test and of the 10%FACT test on
both materials. In the figure triangle represenésdverage value obtained from the ACV tests
on every materials, instead, square represen@viirage value obtained from the 10% FACT
tests. From the analysis of the Figure 66 e Figuremerge two opposing. That is given to
the use of different grading in the ACV test andha 10% FACT test and so it is possible to
well understand how the mechanical reaction of &Bends on the grading itself and on the
size of the minerals that constitute rock. Morecigely, the granite used in LaGrange showed
a mechanical resistance higher than the granit®lmfyan County in the grading included
between 19,0 mm and 13,2 mm that were used foA@¥ test and lower in the grading
included between 13,2mm and 9,5 mm that were uzethé 10%FACT test.
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Morgan County - LaGrange Vulcan
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Figure 68 Comparison between ACV and 10%FACT resul ts

12.CONCLUSIONS
Aggregates used in road design represent a mixahg which has growing mechanical
performance depending on the energy and compaptessures. The need of creating stable
and durable civil engineering works is closely rethto the ability of compacting aggregates
as more stringent possible. The development of eatign instruments (energy applied to
the aggregates) has opened new and large persgeettiat nowadays have been studying.
Already since the ‘80s in South Africa technicalgukations for the construction of
infrastructures have considered the use of masewdh high resistance to loads of static and
dynamic type that allow to build paving with lowasmmic costs and high environmental
value, limiting the use of hot mix asphalt onlytbhe top layer with restrained thickness.
The current economic situation has severely aftetite Italian road infrastructure, and this
affects both maintenance and future growth.
In this context, new alternatives with lower lifgete costs would be welcome.
The Inverted Pavement Technique used in South &ffic more than 30 years can be a

promising alternative.
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The combination of the layers in the inverted baaeements can reduce the dependency of
pavement construction on asphalt, while, at theesame, it allows a high quality pavement
for all traffic levels by using the granular baseaastructural key element.

In this study, we tried to establish if the matisrieurrently mined in Sardinia could be used in
the realization of Inverted Pavement, and in paldicin the G1 base layer. This was done
using, as a reference, the South African Regulatimnd the South African Dolerite as a
material of reference. After the analysis of a#l thaterials extracted, we dedicated ourselves
only on Basalt, Andesite, Trachyte and Quarztitiker®the first chemical analysis, it emerged
that Basalt has a greater index of correlation \Mitherite, followed by Andesite, Trachyte
and Quartzite.

These materials presented good Physical-mechamiopérties except the Los Angeles value
obtained by Quartzite.

The Atterbeg limits done proved that the Andesit@lgzed cannot be used in Inverted
Pavement, because of its plastic behavior, a fedahat was found in the triaxial test too. The
remaining mechanical tests considered by the Reégntaand done on Basalt, Quartzite and
Trachyte, 10%FACT and ACV, proved the good mechanieatures of these materials.
Through these tests, it was possible to obtairgiafpe for Quartzite, some results that follow
perfectly the values limit required.

In the laboratories of the Georgia Institute of Amalogy were done the main ACV and
10%FACT tests on samples of Granite collected fthentest sections with the aim of better
understanding the mechanical features of the radduNotwithstanding the poor results
obtained from the tests, the excellent conditiotest section and the results reached during
about 12 years, allow to prove how through materdifferent to those South African and
through variations to the construction methods, itheerted base pavement structure is a
promising alternative to achieve high quality roaals considerably lower costs than

conventional pavements.

13.RECOMMENDATION FOR FURTHER RESEARCH

The results obtained through this work are a pofnstart for understanding if, in Inverted

Pavement, materials different to those currentlgdusan be utilized and for understanding
how these can have an impact on durability ancop@idnces of the whole infrastructure. It is
recommended that more tests should be performedder to evaluate the behaviour of such

materials in unbound road pavement layers.
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A in-depth study could be done to find connectibesnveen type of aggregate and slushing
process, to understand how material could affegshshg process, specially to study a

methodology that allows to simulate the slushimacpss in laboratory.
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