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ABSTRACT 

A new type of pavement has been gaining popularity over the last few years in Europe. 

It comprises a surface course with a semi-flexible material that provides significant 

advantages in comparison to both concrete and conventional asphalt, having both rut 

resistance and a degree of flexibility. It also provides good protection against the ingress 

of water to the foundation, since it has an impermeable surface. 

The semi-flexible material, generally known as grouted macadam, comprises an open-

graded asphalt skeleton with 25% to 35% voids into which a cementitious slurry is 

grouted. This hybrid mixture provides good rut resistance and a surface highly resistant 

to fuel and oil spillage. Such properties allow it to be used in industrial areas, airports 

and harbours, where those situations are frequently associated with heavy and slow 

traffic. 

Grouted Macadams constitute a poorly understood branch of pavement technology and 

have generally been relegated to a role in certain specialist pavements whose 

performance is predicted on purely empirical evidence. Therefore, the main objectives 

of this project were related to better understanding the properties of this type of 

material, in order to predict its performance more realistically and to design pavements 

incorporating grouted macadam more accurately. 

Based on a standard mix design, several variables were studied during this project in 

order to characterise the behaviour of Grouted Macadams in general, and the influence 

of those variables on the fundamental properties of the final mixture. 

In this research project, one approach was used to the design of pavements 

incorporating Grouted Macadams: a traditional design method, based on laboratory 

determined of the stiffness modulus and the compressive strength.  
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SOMMARIO 

Una nuova tipologia di pavimetazione stradale ha guadagnato popolarità nel corso degli 

ultimi anni in Europa. Essa comprende uno strato superficiale composto da un materiale 

con caratteristiche meccaniche di tipo semi-flessibili, le quali forniscono dei vantaggi 

significativi riguardanti la resistenza all’ormaiamento ed il grado di flessibilità rispetto 

all’unione tra conglomerato bituminoso e calcestruzzo convenzionali. Fornisce, inoltre, 

una buona protezione contro la penetrazione di acqua dovuta al fatto che la superficie è 

impermeabile. 

Il materiale semi-flessibile, generalmente noto come Grouted Macadam, comprende una 

miscela di conglomerato bituminoso caratterizzata da una percentuale di vuoti d’aria 

compresa tra 25% e 35%, nei quali è iniettato un impasto di tipo cementizio. Questa 

miscela ibrida offre, oltre ai vantaggi riportati poc’anzi, uno strato superficiale 

altamente resistente alla fuoriuscita di carburante ed olio. Tali proprietà consentono 

l’utilizzo in aree industriali, aeroporti e porti, dove le situazioni sono spesso associate a 

condizioni di traffico lento e pesante. 

La miscela di tipo Grouted Macadam costituisce un ramo poco conosciuto nella 

tecnologia di realizzazione di pavimentazioni stradali ed è stata, fino ad ora, 

generalmente utilizzata per piccolo scopi specifici le cui performance previste derivano 

soltanto da prove di natura empirica. Pertanto, l’obiettivo principale di questo studio 

sperimentale è stato quello di voler ottenere una migliore comprensione di tutte le 

singole proprietà di questa tipologia di mistura al fine di riuscire a prevedere le sue 

prestazioni in modo più realistico. 

Il conglomerato bituminoso oggetto di questa sperimentazione è stato studiato e 

successivamente realizzato sulla base del metodo Standard Mix Design; nel corso del 

progetto sono state studiate alcune variabili al fine di caratterizzare la tipologia ottimale 

di miscela, caratterizzarne il comportamento e comprendere l’influenza delle variabili 

considerate sulle proprietà fondamentali della mistura finale. 

In questo progetto di ricerca l’approccio utilizzato per la progettazione del 

conglomerato bituminoso di tipo Grouted Macadams è stato il seguente: metodo di 

progettazione tradizionale basato sulla determinazione del modulo di rigidezza e della 
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resistenza a compressione.  
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CHAPTER 1 

INTRODUCTION 

Road construction and rehabilitation in Europe is normally undertaken by the use of 

three main types of pavement: flexible, rigid and semi-rigid (or composite). Flexible 

pavements are characterised by their immediate serviceability, good riding quality and 

absence of joints. On the other hand, rigid pavements have an increased bearing 

capacity and a longer life span when properly designed. However, in terms of comfort 

(riding quality and noise) for the users, rigid pavements have been losing popularity, 

largely due to the presence of transverse joints, required to combat thermal movements 

of the concrete slab. Actually, most rigid pavements in the U.E. are nowadays being 

overlaid by bituminous materials (one or more layers), becoming in effect semi-rigid 

pavements, i.e., the third type of pavements where the base comprises hydraulically 

bound materials and the surface comprises bituminous material. The asphalt surface 

improves the riding quality of the pavement and, when thick enough, minimises the 

occurrence of reflective cracking which is often associated with thermal movements 

(expansion and contraction) of the rigid support. The formation of cracks through the 

whole thickness of the bound layers allows the ingress of water to the granular layers 

and subgrade, contributing to a premature pavement failure. 

However, a new type of pavement, which is the main subject of this dissertation, has 

been used in the last few years. It is known as semi-flexible pavement, where the 

surface course comprises a semi-flexible material that has the potential to combine some 

of the best qualities of flexible and rigid pavements, namely absence of joints, long life 

and high bearing capacity. It also provides good protection against water ingress to the 

foundation since it has an impermeable surface. 

The semi-flexible material, generally known as grouted macadam, comprises an open-

graded asphalt skeleton with 25% to 35% voids into which a cementitious slurry is 

grouted. This hybrid mixture provides a very rut resistant material, for use in heavy-

duty pavements, and a surface highly resistant to fuel and oil spillage that allows it to be 
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used in industrial areas, airports and harbours, where those situations frequently occur, 

associated with heavy and slow traffic. 

Construction of grouted macadams is a two-stage operation, normally carried out on 

two consecutive days. First the open-graded asphalt is applied, using the normal 

equipment for construction of flexible pavements. On the following day (or after the 

asphalt has cooled down), the grout is spread over the surface, with the help of rubber 

scrapers (squeegees), penetrating the voids of the asphalt until it reaches the bottom of 

the layer. The beneficial properties of this material depend on good void connectivity, in 

order to allow the grout to flow through them and an adequate workability of the grout 

to completely fill the voids. Unfilled voids may cause premature pavement failure. 

The first development of a semi-flexible material was carried out in the 1950’s, in 

France (van de Ven and Molenaar, 2004) [33]. This material, known as “Salviacim”, 

was further developed by the construction company Jean Lefebvre Enterprises, as a cost 

effective alternative to Portland cement concrete (Anderton, 2000) [2]. Several other 

products have been developed since, with different ‘brands’ but with the same 

construction and working principle. 

Grouted macadams constitute a poorly understood branch of pavement technology and 

have generally been relegated to a role in certain specialist pavements whose 

performance is predicted on purely empirical evidence. On the other hand, and based on 

its enhanced properties, these specialist pavements include aircraft stands, bus stations, 

port pavements, industrial hard-standings and warehouse floors, and it is clear that 

grouted macadam is used by industry as a real alternative in all circumstances where 

Portland Cement Concrete might normally be used. Grouted macadams are rarely 

‘designed’; they tend to be specified based on successful past performance. These facts 

justify the need for the research carried out during the present project, and the outcomes 

will definitely constitute a step forward in the design of pavements incorporating 

grouted macadam mixtures. 

Most of grouted macadam applications in the Europe, in the last few years, are based on 

a standard mixture, designed for surface courses. However, a further exploitation of its 

characteristics, which has not been investigated, is the possibility of using it as a 

structural layer (base or binder course) in a pavement. Thus, the main objectives of this 

project are related to better understanding the properties of this type of material, in order 
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to be able to predict its performance more realistically and to design pavements 

incorporating grouted macadams more accurately. 

This work is inserted in the development of an element known as geopolymer, which is 

based on sludge mines of Panasqueira and used for various types of construction. 

Furthermore, many attempts have been made to improve its workability and its thermal 

behavior. 

Mining is one of the primary production activities based on the selective obtaining of 

minerals and other materials from the earth’s crust. The processes associated with 

mining activities involve several actions that generate significant environmental 

impacts, which can last over the time beyond the mining operations period. One of these 

consequences is, therefore, the accumulation of mining waste.  

These problem is observed in Panasqueira, Portugal, a mining region where the large 

accumulation of waste cannot be returned to their place of origin due to the 

contamination that this action may cause to the ecosystem, because the mining waste 

from Panasqueira contains large amounts of heavy metals, which can contaminate the 

river Zêzere water, a watercourse that is very close to the mining area, and therefore, 

this action may intensely affect the entire environment. This is one of the most 

important reasons why recycling has been seriously considered as a way to solve the 

accumulation of waste problem, since, while the mining waste are successfully used in 

other applications, the environmental impact would be widely reduced. 

Moreover, the construction industry worldwide is currently in the search of new 

materials that, holding the same purpose of preserving the environment, would be able 

to reduce the current high consumption of energy in the entire world.  This concern, 

linked to the idea of recycling the mining waste of Panasqueira, the University of Beira 

Interior has developed an initiative that combines both themes, using waste materials to 

produce new building material to reduce energy consumption of buildings, in Portugal. 

These materials derived from mine waste, have high alkali activation, due to its high 

mineral composition, and they are known as Geopolymers. 

This dissertation is organised in 6 chapters, including an initial introduction and a 

literature review, regarding road pavements and grouted macadams, and a description of 

the work carried out under the present research project. In Chapter 1 an introduction to 

the project is presented and the objectives of the research are identified. 



Chapter 1                                                                                                                                           Introduction 
 

 
 

4 

Chapter 2 reviews the types of pavement and materials that are used in road 

construction and other paved areas. A brief description of each type of pavement is 

made and pavement design methods are presented and analysed. 

Previous research and applications of semi-flexible pavements and grouted macadam 

materials are reviewed in Chapter 3. Although limited literature is available regarding 

grouted macadams, mix designs and the main properties of mixtures used by several 

researchers are presented and discussed in this chapter. 

Chapter 4 will focus on the first part of the experimental phase and will find ample 

space a general description of the geopolymer and issues that have allowed the 

characterization of both volumetric and performance of asphalt concrete specimens. 

Chapter 5 describes the second phase of the trial, in which this may have the choice and 

characteristics of bituminous mixtures and produced all the results of static and dynamic 

tests performed on the specimens, the survey will then be integrated and complemented 

by a detailed comparison implemented. 

The paper ends with Chapter 6 contains some concluding remarks. 
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CHAPTER 2 

Traditional road pavement: types and design 

2.1 Introduction 
 

In this chapter, a review of the pavement types traditionally used in road construction is 

presented; additionally, a description of the materials used in each of the construction 

types is discussed. 

A road pavement can be defined as a structure that provides support to the vehicles 

using the road. Since the route selection process for the road does not usually take into 

account the bearing capacity of the foundation (soil, in most cases), also known as the 

subgrade layer; a structure is necessary to withstand the vehicle loads, guarantee a 

surface with adequate evenness and skid resistance to be used by vehicles, with 

sufficient comfort and safety for the users. In the absence of this protective structure, the 

repetitive loads applied by the vehicles, together with adverse climatic conditions, 

would cause permanent deformation or even failure of the subgrade. To minimize the 

damage, a set of layers is normally built on top of the subgrade to spread the loads and 

dissipate the stresses, at the subgrade level, to an acceptable value. 

The surface layer, also known as the surface course, has to provide good riding quality 

for the users (skid resistance, noise, spray, etc.) and also prevent the ingress of water 

through the pavement structure and ultimately into the subgrade. Thus, the surface 

course should ideally be impermeable, otherwise the water that penetrates through the 

voids or cracks can alter the structural properties of the layers underneath, thus 

decreasing the bearing capacity of the pavement. 

Depending upon the constitution of materials used in the top layers of the pavement and 

their behaviour, pavements are normally classified into three main types, i.e. flexible, 

rigid and semi-rigid. A fourth type of pavement, which will be referred to hereafter as 

semi-flexible, has been gradually gaining acceptance over the last few decades, 

although in more specific applications, and was selected for a study in this research 
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project. The lower layers of all four types of pavements normally comprise granular 

materials, which are mechanically stabilized, allowing the road to be trafficable during 

the construction phase whilst simultaneously increasing the bearing capacity of the 

pavements without significantly increasing the costs. In some cases, cement or slag 

stabilization is used to further increase the bearing capacity of these layers. A more 

detailed description of these types of pavements is given in paragraph 2.2. 

 

 
2.2 Traditional road pavement types 

 

The nature of the material that comprises the upper layers is the criterion used to 

classify road pavements. Therefore, in a flexible pavement, also known as an asphalt 

pavement, the top layers are constructed with bituminous materials. This type of 

pavement has a high recoverable deformation and provides a good riding quality, since 

asphalt surfacings do not require joints to accommodate differential 

expansion/contraction movements, due to temperature variations, as in the case of rigid 

pavements, constructed with concrete. Rigid pavements also require a longer time 

before opening to traffic, in order to allow the concrete to achieve an adequate strength. 

However, as far as durability, in terms of design life, is concerned, rigid pavements 

perform better than flexible pavements, provided that the pavement is correctly 

constructed. 

A third type of pavement, known as semi-rigid (or composite), comprises a combination 

of bituminous and concrete (or cement bound) layers. The former are used as the upper 

layers and the latter as a base. This type of pavement can also be considered as a long 

life pavement provided that the cracking of the cementitious base is controlled. In such 

a scenario, the pavement will combine the good bearing capacity of rigid pavements and 

the good riding quality of flexible pavements. However, if the cracking of the base is 

not controlled, the phenomenon of reflective cracking will take place and the surface of 

the pavement will start to exhibit early degradation. 

The fourth type of pavement is known as semi-flexible pavement and is characterized 

by the composition of the surface course, which includes semi-flexible materials, i.e., 

grouted macadams. In essence, this composite material comprises a porous asphalt 
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skeleton into which a cementitious grout is poured, completely filling the voids. This 

type of pavement has the potential to combine the best qualities of flexible and rigid 

pavements, namely the absence of joints that characterises asphalt and the long life and 

high bearing capacity of concrete. The impermeable surface of a grouted macadam 

mixture provides good protection to the foundation against the ingress of water. This 

type of pavement demands a two stage construction. Nonetheless, the time required 

before opening to traffic is still considerably less than that needed when using concrete. 

Table 2.1 presents a summary of the main advantages and disadvantages of each type of 

pavement previously discussed. 

 

 
Table 2.1 – Basic qualities of various road pavement types 

(Adapted from Setyawan, 2003). 

 

The semi-flexible pavement type of construction has been selected for a detailed 

investigation in this project. A detailed characterization of Grouted Macadam properties 

is therefore presented separately in Chapter 3. For the remainder of this chapter, a 

description of the materials used in flexible, rigid and semi-rigid pavements and their 

main properties is made in the following sections. 
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2.2.1 Flexible Pavements 
 

In a flexible pavement the upper layers are composed of bituminous materials. There are 

several types of bituminous mixtures that can be used in those layers, depending upon 

the function of the layer. The surface course usually has to be relatively impermeable, to 

protect the layers underneath from the ingress of water (except in the case of porous 

asphalt), and has to provide adequate skid resistance for the traffic. The base and binder 

courses are essentially structural layers contributing to the spread of loads applied by 

the traffic. Figure 2.1 represents a typical flexible pavement structure. The surfacing 

layers are made of bituminous materials; the base may be bituminous or granular; and 

the foundation, made up sub-base and the capping (if used), is generally made of 

granular materials. 

The foundation provides a platform on to which the more expensive layers are placed. 

Its function is to distribute the stresses imposed by the traffic loading in order to 

transmit them to the subgrade without causing any form of distress to it. It can also be 

used to provide frost protection, in countries where it is necessary, to protect the 

subgrade from heave. The foundation is an important part of the pavement not only in 

its service life but also during the construction phase, where the stress level imposed by 

the construction traffic can be even higher then those generated in service (Read and 

Whiteoak, 2003) [34]. 

 
Figure 2.1 – Layers in a flexible pavement (Adapted from Read and Whiteoak, 2003 

and Highways Agency, 1999). 
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Regarding the bituminous mixtures composition, there are infinite possibilities. 

Traditionally, the types of mixes used in Europe could be broadly classified as asphalts 

or macadams. However, nowadays, most of asphalt mixtures are being replaced by 

Stone Mastic Asphalt (SMA) Mixtures (Taherkhani and Collop, 2005) [35]. The 

difference between the first two is apparently the quantity and particle size distribution 

of the coarse aggregate. The main features of an Asphalt are the high proportion of 

mortar to coarse aggregate and the relatively large distances between adjacent coarse 

aggregate particles. This type of mixture is then referred to as gapgraded. Macadams, 

however, are referred to as continuously graded and are made up of a wide range of 

aggregate sizes (BACMI, 1992) [36]. 

Asphalts rely on a stiff fine aggregate/binder mortar for its strength and stability, as 

opposed to macadams, which utilise their internal friction and mechanical interlock 

between the aggregate particles to provide these properties (BACMI, 1992) [36]. 

Macadams generally provide better resistance to permanent deformation than asphalts 

and can be stiffer, depending on the grade and type of bitumen used in the mixture. 

 

Due to the greater quantity of fine material present in asphalts (compared to macadams) 

the amount of binder needed is higher, since the surface area of the aggregates is 

greater, which increases the production costs. However, the increased binder content 

improves the fatigue resistance of asphalts and it also makes them more impermeable to 

air and water, increasing their durability. 

The main examples of asphalts are Mastic Asphalt and Hot Rolled Asphalt (HRA). 

Macadam mixture types can be divided into Dense Bitumen Macadam (DBM), Porous 

Asphalt (PA) and Asphalt Concrete (AC). There is also a mixture type that combines 

the properties of the asphalts and the macadams, known as Stone Mastic Asphalt 

(SMA), which could be described as a very high stone content asphalt and uses the 

addition of fibres to keep the binder content at a comparable level to traditional asphalts 

(BACMI, 1992; Hunter, 1994) [36, 37]. 

Regarding macadams, there are many types, ranging from 3 mm fine graded surface 

course to 40 mm Heavy Duty Macadam. The differences between the mixture types are 

obtained by varying the nominal maximum aggregate size, the bitumen grade and the 

filler content. An asphaltic concrete is a dense bituminous surfacing of the macadam 
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type, deriving much of its strength and stability from its continuously-graded aggregate 

(BACMI, 1992) [36]. Porous asphalts are used as surface courses so that any water 

deposited on the surface can percolate rapidly into the interconnected voids and drain 

laterally through the mixture. A typical porous asphalt mixture is composed of about 

75% by mass of coarse aggregate, 4% of binder and the remainder, 21%, fine aggregate 

and filler (Setyawan, 2003) [10]. 

The type of mixture to be used in a road should, ideally, be chosen according to the type 

of loads that will be imposed on the pavement, i.e. mixtures with high resistance to 

permanent deformation (macadams) should be used on roads with heavy slow-moving 

traffic or mixtures more resistant to fatigue (asphalts) should be used in roads with 

intense traffic. If the bituminous mixture is not well chosen, early degradation of the 

pavement may happen. 

The main types of degradation observed in flexible pavements are cracking, permanent 

deformation and loss or movement of materials. These types can be subdivided as 

presented in Table 2.2. 

 
Table 2.2 – Types of degradations in pavements. 

 

Cracking, loss and movement of materials are types of degradation that only affect the 

bituminous layers whereas permanent deformation can be observed in bituminous and 

granular layers or even in the subgrade. 

Most of pavement cracking is known as fatigue cracking because it grows slowly with 

repeated load applications, i.e. the material fatigues. In pavements with thin bituminous 

layers, load associated cracking starts at the underside of the bituminous layer(s) due to 
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the tensile stresses induced by the traffic. Once the crack is formed, it will propagate 

towards the surface with repeated load applications. In thicker pavements the cracks 

may also start at the surface and propagate towards the bottom of the bound layers. 

Thermal cracking is normally associated with a significant temperature variation. 

During periods of cooling, bituminous mixtures try to contract; however, due to the 

constraint of the layer within the road structure, the material cannot change its length. 

As a result, tensile stresses develop in the layer, which may result in a transverse crack 

if the tensile strength of the asphalt is exceeded. This type of cracking normally starts at 

the surface and grows towards the bottom of the layer since the temperature gradient 

gives greater contraction at the surface. 

Reflective cracking is a degradation associated with pavement overlays. When a new 

bituminous layer is overlaid on top of a cracked pavement, the relative movements of 

the blocks underneath will induce a crack in the overlay, directly over the existing 

cracks, producing a reflection of the original crack pattern onto the surface of the new 

layer. In Figure 2.2 two proposed mechanisms of reflective cracking are shown. 

All types of cracking previously mentioned could be observed in pavements as top-

down cracking (TDC), a designation given to pavement cracking initiating at the surface 

and progressing towards the bottom of the bound layer(s). In flexible pavements, this 

phenomenon is normally observed in thick bituminous layers. Although the 

deterioration mechanism is far from being fully understood, climatic conditions, traffic, 

mix ageing, structure and construction quality are the main causes pointed out for the 

initiation and propagation of TDC (Freitas et al., 2003) [38]. The traffic-induced 

stresses at the surface of the pavements may have tensile components due to tyre shape 

and pressure. Tensile induced surface stresses under the new wide-base tyres (super-

singles) are predicted, under certain circumstances, to be much larger than those at the 

underside of the base (Jacobs, 1995 and see Nunn, 1997, p. 9) [39]. 
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Figure 2.2 – Mechanisms of reflective cracking (Adapted from Whiteoak, 1990).  

 

Thermally generated stresses will also contribute towards the initiation and propagation 

of surface cracks. This is especially so for transverse cracking where thermal stresses 

are likely to be the principal cause of the tensile condition required for crack initiation. 

Age hardening of the binder in the surface course will also play a part, with hardening 

over time progressively reducing the ability of the surface course to withstand the 

thermal and traffic-generated stresses at the surface (Nunn, 1997) [39]. 

Permanent deformation is usually observed in pavements in the form of rutting. This 

phenomenon takes place in the wheel-tracks of the vehicles and may be caused by 

permanent deformation in all the layers of the pavement (structural damage) or by 

permanent deformation only in the bituminous layers (plastic deformation of the 

bituminous layers). As can be observed in Figure 2.3, the development of the rut arises 

from the accumulation of permanent strain throughout the structure (Whiteoak, 1990) 

[40]. The former mechanism is typically associated with excessive permanent 

deformation in the subgrade and represents failure of the pavement, while the latter is 

confined to the bituminous layers and can be corrected by the replacement of the top 

layers only. 
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Figure 2.3 – Permanent deformation under the wheel track 

(Adapted from Whiteoak, 1990). 

 
In most thick flexible pavements constructed in the U.E. rutting is associated mainly 

with permanent deformation within the bituminous layers. It usually occurs at high 

service temperature and is a result of the cumulative load applications by heavy 

vehicles. This can occur under moving or stationary traffic, and particularly under high 

shearing stresses. The primary factor influencing plastic deformations is the mix 

composition, namely, the voids content, the bitumen type and content and the aggregate 

interlock but, for a given composition, the behaviour will be governed by the viscosity 

of the bitumen (Whiteoak, 1990) [40]. According to Taherkhani and Collop (2005) [41], 

traditional Hot Rolled Asphalt (HRA), although still used for surfacings, is rapidly 

being replaced by Stone Mastic Asphalt (SMA), since this new mixture appears to offer 

better rut resistance. 

In dense graded mixtures the voids content may be an important factor to be controlled. 

Sousa (1994) [42] has found that when the voids content drops below 2% to 3%, the 

binder acts as a lubricant between the aggregates and reduces point-to-point contact 

pressures. Without the aggregate skeleton resisting the shear stresses, which appear near 

the edge of the tyres, the mixture rapidly develops large permanent shear strains, which 

cause the development of the rut. During the majority of the pavement life, as traffic 

densifies the mixture, it steadily develops better aggregate interlock and resistance to 
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shear stresses. Only when the reduction of the voids content causes the binder to prevent 

point-to-point contact in the aggregate does the mix lose stability. Figure 2.4 illustrates 

the variation of rut depth with the variation of voids content. 

 
Figure 2.4 – Variation of Rut depth with variation of voids content (Sousa, 1994). 

 

Less common forms of permanent deformation in flexible pavements are settlements 

and local deformations. In the first case, the deformation is normally associated with 

movements of material in the subgrade, due to the presence of water, or with post-

compaction of the subgrade and granular layers over a large area, producing a 

considerable depression on the pavement. Localised deformations comprise a smaller 

deformed area at the surface of the pavement, usually due to localised problems in the 

bituminous layers, generally associated with construction defects. 

Among the degradations presented in Table 2.2, the last two categories are associated 

with surface distress, decreasing the riding quality and the safety for the road users. 

Fretting is the progressive loss of interstitial fines from the road surface. It occurs when 

traffic stresses exceed the breaking strength of the asphalt itself or the asphalt mortar 

depending on the nature of the mixture. Fretting is more likely to occur at low 

temperatures and at short loading times when the stiffness of the bitumen is high. 

The major factors influencing fretting are the bitumen content of the mixture and the 

degree of compaction. Loss of aggregate can be due to either loss of adhesion between 

the aggregate and the bitumen or brittle fracture of the bitumen film connecting particles 

of aggregate (Read and Whiteoak, 2003) [34]. 
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Ravelling differs from the above in that it involves the plucking out of surface aggregate 

by traffic without any loss of cohesion of internal fines. It occurs when individual 

aggregate particles move under the action of traffic. If the tensile stress (induced in the 

bitumen as a result of the movement) exceeds the breaking strength of the bitumen, 

cohesive fracture of the bitumen will occur and the aggregate particle will be detached 

from the road surface. Thus, ravelling is most likely to occur at low temperatures and at 

short loading times when the stiffness of the bitumen is high (Read and Whiteoak, 

2003) [34]. 

Another type of degradation visible at the surface of pavements is the fatting-up of 

bitumen. This occurs in over-rich bituminous mixtures, i.e., with too high a binder 

content, or with too low voids content. An eventual consolidation of the aggregates in 

the mixture may force the bitumen to move to the surface. In this case, it would result in 

a smooth, shiny surface that has poor skidding resistance in wet weather. 

 
 
 
2.2.2 Rigid Pavements 
 
 

Rigid pavements (or concrete pavements) normally consist of two structural layers, the 

concrete slab and the sub-base. The slab may be laid in composite form using different 

aggregates in the upper and lower layers. Upper and lower sub-base layers and a 

capping layer may also be used (Croney and Croney, 1991) [43]. Capping is used to 

improve and protect weak subgrades, by using a relatively cheap material between the 

subgrade and the sub-base. The aim is to increase the stiffness modulus and strength of 

the formation, on which the sub-base will be placed (Highways Agency, 1994a) [44]. 

In a rigid pavement, the concrete slab should be strong enough to support the traffic 

loads and to protect the subgrade and the sub-base. Thus, a separate base layer is not 

necessary to reduce the stresses in the pavement. The sub-base is used as a drainage 

layer and also to protect the subgrade during the construction of the concrete slab and to 

protect it from the action of frost. 

The pavement structure may vary, depending upon the type of concrete slab used, but 

the main composition of the pavement is similar in all cases (Figure 2.5). The concrete 

slab can be reinforced or unreinforced and it can be constructed with or without joints. 
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Figure 2.5 – Components of concrete pavements 

(Adapted from Croney and Croney, 1991). 

 

An unreinforced concrete pavement (UCP), often referred to as jointed plain concrete 

pavement (JPCP), has no reinforcement and is normally constructed with induced joints 

(spaced at 5 m or less) to reduce the probability of thermal cracking. It is designed to be 

thick enough to resist traffic induced cracking. If a crack occurs, it tends to widen 

rapidly and granular interlock is lost (Figure 2.6). Detritus entering the crack tends to 

cause spalling and water entering the crack results in loss of strength in the sub-base and 

sometimes pumping of fines. The commonest cause of such cracking may be low-

strength concrete (Croney and Croney, 1991) [43]. 

The transverse joints are usually induced by saw cutting the concrete slab over at least 

one third of the thickness of the slab. Expansion joints are used only in particular 

locations such as on approaching bridges or other structures and sometimes in winter 

construction. If the width of the surface is greater than 4.50 m, a longitudinal joint is 

always placed between lanes of traffic, to prevent the appearance of a longitudinal crack 

along the road axis. Except on roads with light traffic, the joints are generally sealed 

with a bituminous sealant, after creating a groove of an appropriate size in the upper 

part of the joint (Lemlin, 1997) [45]. 
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Figure 2.6 – Cracks in an unreinforced concrete pavement 

(Croney and Croney, 1991). 

 

On major roads, the transverse joints are normally constructed with dowel bars to 

prevent vertical movement between slabs from occurring under traffic loading, 

transferring the load to the next slab. The dowel bars allow, however, horizontal 

movements of the slabs, due to thermal expansion or contraction. 

Rigid pavements may also be constructed with steel reinforcement of the concrete slab. 

In this case there are two types of pavements, jointed reinforced concrete pavement 

(JRCP) and continuously reinforced concrete pavements (CRCP). 

Jointed reinforced concrete pavements are made of slabs with a length three or four 

times greater than the width and with reinforcement in the longitudinal direction. 

Opening of eventual transverse cracks is prevented by the reinforcement, concentrating 

it at the end of the slabs, where there is no continuity of the reinforcement. The joints 

are sealed and water and detritus are, therefore, prevented from entering the structure of 

the pavement and creating any kind of distress. 

Continuously reinforced concrete pavements (CRCP) rely on heavy reinforcement, 

without gaps or joints, to uniformly distribute a large number of cracks, which are held 

closed by the reinforcement. This requires much heavier reinforcement than is normally 
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used in jointed reinforced concrete pavements. Figure 2.7 shows the type of cracking 

expected on a well-designed and constructed pavement using continuous reinforcement. 

Even a single wide crack in a pavement of this type represents failure and requires 

urgent attention. The normal cause is fracture of the welds in the reinforcement or the 

use of a low-strength batch of concrete. The whole area around the crack must be 

broken out and the broken bars rewelded prior to the relaying of the concrete (Croney 

and Croney, 1991) [43]. 

 

 
Figure 2.7 – Typical cracking in continuously reinforced concrete pavement 

(Croney and Croney, 1991). 

 

The principle behind continuously reinforced concrete pavements consists of letting the 

surface crack freely, since that cracking is controlled by a carefully dimensioned 

reinforcement grid to obtain a network of fine cracks, which do not threaten the 

performance of the surface. The cracks should be spaced between 1 and 3 m on average 

and the width should not exceed 0.5 mm (Lemlin, 1997) [45]. 

Rigid pavements are normally designed for a service life of 30 or 40 years (some 

pavements may be designed for indeterminate life), during which it is expected to 

maintain its structural properties. However, during their lifetime, these pavements are 
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often subjected to a surface treatment to restore the riding properties, namely the skid 

resistance. The failure criterion is generally associated with the development of wide 

cracks across the full width of a slab. According to the Highways Agency (1994b) [46], 

the width of cracks in concrete pavements may be classified in three categories: 

(i) narrow cracks (< 0.5 mm wide – full aggregate interlock and load transfer);  

(ii) medium cracks (between 0.5 and 1.5 mm – partial load transfer, permits ingress 

of water);  

(iii) wide cracks (>1.5 mm – no load transfer, permits ingress of water and fine 

detritus). 

In contrast to flexible pavements, rutting is not applicable to rigid pavements, due to the 

rigid behaviour of concrete. Thus, the degradation of rigid pavements is normally by 

thermal or traffic induced cracking or settlement of the concrete slabs. This last case is a 

result of problems at the level of the subgrade, namely movement (pumping) of fines, 

due to the presence of water, and consequent settlement. 

A well-designed and properly constructed concrete road has the potential for a very long 

structural life with low maintenance costs. Experience shows that such a road designed 

for a 40-year life is in fact likely to have a much longer structural life, although a 

renewable bituminous overlay may be necessary to maintain adequate skid resistance 

(Croney and Croney, 1991) [43]. However, rehabilitation of localized distress of 

concrete pavements (shallow spalling, loss of joint seal) is usually more costly and 

difficult, compared with flexible pavements, since it is necessary, in many cases, to do a 

full depth repair. This situation is even more difficult in continuously reinforced 

pavements due to the large quantity of heavy steel reinforcement in the slab. 

When a rigid pavement reaches the end of its life, it may be overlaid with new concrete 

or bituminous layers, after being cracked and seated, or removed, crushed and re-used 

as a base (Darter, 1992) [47]. A concrete pavement overlaid with bituminous layers is 

referred as a semi-rigid (or composite) pavement. 
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2.2.3 Semi-rigid Pavements 

 
A semi-rigid pavement is normally composed of a cementitious base and a bituminous 

surface (Figure 2.8). Depending upon the material used as a base, the pavement may 

also be called flexible composite or rigid composite. The former comprises a base made 

of an old concrete pavement that has reached the end of its life, and the latter comprises 

a new layer of cement bound material (CBM), used as a base (Highways Agency, 1999) 

[48]. 

CBMs are extensively used as sub-bases and bases in flexible composite pavements. 

They are also widely used as sub-bases for concrete pavements. In CBMs, cement is 

used as a binder, the amount depending on the desired strength level, and water content, 

compatible with compaction by rolling, is chosen. CBMs are normally produced on site 

in mobile batching plants, and are laid by a paver or by a grader (Shahid, 1997) [49]. 

 

 
Figure 2.8 – Semi-rigid pavement structure 

(Adapted from Croney and Croney, 1991). 

 

According to Parry et al. (1999) [50], a typical flexible composite pavement comprises a 

lean concrete base with 250 mm surfaced with up to 150 mm of asphalt layers. This 

design is expected to support 20 million standard (80 kN) axles (msa).  

Increasing the thickness of the asphalt layers up to 190 mm, the pavement life is defined 
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as indeterminate and is greater than 20 msa (Highways Agency, 2001) [51]. The lean 

concrete used in these designs is cement bound material, class 3 (CBM3) with a seven-

day compressive strength of 10 MPa. 

Up to the end of 2004, cement bound materials (CBMs) were classified into seven 

categories based on their 7 day cube compressive strength and on their composition. 

However, a new European classification has been adopted since (BSI, 2004) [52], where 

cement bound granular mixtures (CBGM) are classified by the strength properties of the 

job standard mixture either by:  

(i) the characteristic compressive strength Rck of specimen (System I);  

(ii) the characteristic direct tensile strength Rtk or the indirect tensile strength Ritk 

and the modulus of elasticity (E) of specimen (System II).  

Table 2.3 shows the new classification regarding System I. Classification according to 

System II is presented in Figure 2.9 and Table 2.4. Similar classifications can also be 

found, for slag and fly ash bound mixtures, in BSI (2004a, 2004b) [53, 54], as well as for 

hydraulic road binder bound mixtures (BSI, 2004c) [55]. 

 

 
Table 2.3 – Characteristic compressive strength of CBGM – System I (BSI, 2004). 
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Table 2.4 – Characterisation of CBGM by tensile strength and modulus of elasticity 

at 28 days – System II (BSI, 2004). 

 
Transverse cracks often occur in the surface of composite pavements as a reflection of 

either the cracks in an existing concrete pavement or the naturally occurring or induced 

thermal stress cracks in the new CBM base (Figures 2.10 and 2.11).  

Cracking in a CBM base is mainly the result of its failure in tension. It is well 

established that a pavement layer, whether cement bound, concrete or asphalt, will crack 

when the induced stresses, either externally applied or internally developed, exceed the 

tensile strength of the material. Externally applied stresses may be due to traffic and 

drag resulting from the movement of an adjacent layer (sub-base or subgrade), whereas 

internally induced stresses are associated with shrinkage (primary cracking, caused by 

self-desiccation due to hydration of cement and drying of the material) and with thermal 

cracking (Shahid and Thom, 1996) [56]. 
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Figure 2.9 – Characterisation of CBGM by tensile strength and modulus of elasticity 

at 28 days – System II (BSI, 2004). 

 
In this type of pavement, the opening and closing of a crack is caused by temperature 

changes in the concrete and the amount of movement depends on the length of the 

concrete slabs each side of the crack, the thermal properties of the concrete and the 

frictional restraint between base and sub-base (Nunn and Potter, 1993) [57]. Traffic 

loading is also responsible for the relative movement of adjacent concrete slabs. These 

movements will impose concentrated strains and stresses in the new layer (Figure 2.12) 

and the crack will propagate through its thickness. Figure 2.13 represents the two modes 

of crack propagation of transverse cracks in a pavement. 
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Figure 2.10 – Reflective cracking in a composite pavement with a jointed concrete 

base (Saraf, 1998). 

 
Figure 2.11 – Transverse reflective crack in a composite pavement with an unjointed 

concrete base (Saraf, 1998). 



Chapter 2                                                                                                                    Traditional road pavement: types and design   
 

 
 

25 
 

 
Figure 2.12 – Stresses induced at the cracked section of an overlay due to a moving 

wheel load (Francken, 1993). 

 

 
Figure 2.13 – Typical modes of propagation of transverse cracks (Francken, 1993). 

 

To prevent or delay the reflection of the cracks, when applying new overlays on top of 

old concrete pavements, several measures have been used. Nunn and Potter (1993) [57] 

refer the following methods as solutions to inhibit reflective cracking: 

- Stress absorbing membrane interlayers (SAMI); 

- Reinforcement of the bituminous overlay; 
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- Increasing the thickness of the bituminous overlay; 

- Modifying the bituminous materials; 

- Treating the existing concrete. 

A stress absorbing membrane interlayer is designed to act as a slip layer to prevent 

crack movements in the cement bound base from being transferred to the overlay. 

SAMIs can be laid as continuous membranes like geotextiles or they can comprise thin 

layers (≅ 10 mm) of a modified type of asphalt (Nunn and Potter, 1993) [57]. However, 

this kind of solution is only effective in situations where no vertical movement occurs 

between the edges of a crack. 

Reinforcement of the asphalt overlay is generally made with geogrids (manufactured 

with steel, glass fibres or polymers). The reinforcement can either be applied at the 

interface between the cracked pavement (or base) and the new overlay or closer to the 

surface, depending on the type of movement of the cracks (Nunn and Potter, 1993) [57]. 

Increasing the thickness of the bituminous overlay is another method to delay the 

reflection of the cracks at the surface of the new layer. In fact, the current practice to 

minimize reflective cracking in UK is to lay thick, and therefore expensive, bituminous 

surfacing making this type of construction less competitive (Ellis et al., 1997) [58]. 

According to Thom (2003a) [59], the inclusion of reinforcement in new overlays 

generally reduces their required thickness by 25mm to 70 mm, which represents a 

considerable saving in the cost of the new material. 

The use of polymer modified bituminous mixtures represents a way of reducing the 

appearance of reflective cracks in the surface of composite pavements, due to the 

increased flexibility of the material, associated with improved temperature 

susceptibility. Softer bitumens can also be used although these may lead to permanent 

deformation of the layer if not well chosen (Nunn and Potter, 1993) [57]. 

A way of treating the existing concrete pavement or base is to deliberately introduce 

cracks at a closer spacing than the naturally occurring thermal transverse cracking. 

Thus, the magnitude of the thermal movements at each individual crack will be reduced. 

Hence the tensile strains in the asphalt will also be reduced, minimising the occurrence 

of reflective cracking. Any reflected crack should be much finer and less likely to lead 

to deterioration in the surface layer. Minimising the size of the surface crack, by 

controlling its location and severity, gives a longer pavement life and reduces future 
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maintenance costs, both in terms of maintenance works and in the cost to the road user 

by reducing the delays due to roadworks (Ellis et al., 1997; Ellis et al., 2000) [58, 60]. 

According to the work of Colombier and Marchand (1993) [61], the space between the 

artificially produced cracks is chosen so as to be very short (2 m to 3 m) by comparison 

with that observed between cracks which occur naturally, namely 15 m to 30 m after the 

first winter and 5 m to 10 m in the final stages of cracking. A spacing of 3 m 

corresponds, according to these researchers, to a technical and economical optimum 

value. They have also concluded that to prevent the rise of the cracks towards the 

surface, a minimum of 5 cm or 6 cm of bituminous mixtures is necessary. 

In Europe, most of the semi-rigid pavements are flexible composite. According to Parry 

et al. (1999) [50] and Highways Agency (2001) [51], for long-life designs, the asphalt 

thickness is held constant at 190 mm in order to limit the severity of reflective cracking. 

Increasing the thickness, the strains and stresses are reduced and, therefore, the 

propagation rate of a crack will be slower; the length of the crack will also be longer, 

increasing the time for it to reach the surface of the pavement. 

Induced cracking in cement bound material used as a base, normally at 3 m centres, has 

been in use in the last few years in the construction of new hydraulically bound layers, 

as part of composite pavements. Regarding the maintenance of rigid pavements, namely 

jointed concrete pavements, developments in maintenance techniques, such as “crack 

and seat” have been evaluated and used in the last few years, in order to overlay it with 

bituminous materials, without excessively increasing the thickness of the overlay (Potter 

et al., 2000; Highways agency, 2001) [60, 51]. 

 

The Transportation Research Laboratory (TRL) has also investigated flexible composite 

roads that have used induced cracking techniques in the construction of cement bound 

bases in full-scale trials in U.K. Three years after construction, reflective cracking was 

observed within a control section, but not on the sections constructed with induced 

cracks. In this work, the load transfer efficiency of the induced cracks has also been 

evaluated and it has shown good behaviour, not affecting the overall pavement strength 

(Ellis et al., 2000) [60]. 

In another study carried out in Spain, the application of pre-cracking techniques in 

cement treated layers was investigated with different spacings between the cracks. As a 
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final conclusion from this study, it can be stated that wet-forming of joints at short 

distances (2.5 m to 3.5 m) is probably the most effective measure to minimise the 

problems associated with reflective cracking (Jofré et al., 2000) [62].  

Nowadays, some pavements are constructed with a surface course made of semiflexible 

materials and are therefore classified as semi-flexible pavements (Mayer and Thau, 

2001) [26]. In the next chapter, a description of these materials and results from 

previous research are presented. 

 

 

2.3 Design of Pavements 

 

The design of a pavement comprises the establishment of a structure that ensures a good 

performance of the pavement under load applications and different climatic conditions. 

With the experience obtained over the years by researchers and institutions, several 

methods have been developed for the design of pavements. These methods are generally 

classified in three types, the empirical, the analytical and the mechanistic methods, 

although some methods use a combination of two types (AMADEUS, 2000) [23]. 

Current European pavement design and structural maintenance practice has been 

developed by a combination of practical experience, laboratory research and fullscale 

road trials.  

In 1984, Transport Road Research Laboratory (TRRL) published the Laboratory Report 

LR 1132, where a new approach to pavement design was made. That report was based 

not only on empirical knowledge but also on theoretical concepts of pavement design. 

At that time, the empirical design method was no longer providing a satisfactory basis 

upon which to design pavements, due to the rapid growth in the number and damaging 

power of heavy goods vehicles (Powell et al., 1984) [63]. 

In the study undertaken by Powell et al. (1984) at the TRRL, the approach adopted was 

to develop a standard set of designs based on the structural performance of numerous 

sections of experimental roads. Those standards were then interpreted in terms of 

theoretical design concepts leading to a design method that could take advantage of the 

advances in theoretical methods of analysis of that time. 

In order to ensure a satisfactory service of the pavement, the design criteria adopted in 
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LR 1132 were the following (Powell et al., 1984) [63]: 

a) the subgrade must be able to sustain traffic loading without excessive deformation; 

this is controlled by the vertical compressive stress or strain at formation level (Figure 

2.14); 

b) bituminous materials and cement-bound materials used in base designs for long life 

must not crack under the influence of traffic; this is controlled by the horizontal tensile 

stress or strain at the bottom of the base; 

c) in pavements containing a considerable thickness of bituminous materials the internal 

deformation of these materials must be limited; their deformation is a function of their 

creep characteristics; 

d) the load spreading ability of granular sub-bases and capping layers must be adequate 

to provide a satisfactory construction platform. 

Design life was defined as the traffic to be carried up to the time when preventive 

strengthening would be necessary to extend the life of the pavement. Recommendations 

were made for the design thickness of sub-base and capping layers, based on evidence 

of the ability of these layers to carry construction traffic. The study was developed 

furthest for roads with bituminous bases, creating design curves for the thickness of the 

bituminous layers, of which Figure 2.15 is an example. Those design curves were 

created for a probability of survival of 85% (this value being chosen because it provided 

a typical basis upon which maintenance interventions were judged). Design curves for 

granular and lean concrete bases were also created, but the design concepts were less 

developed (Powell et al., 1984) [63]. 
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Figure 2.14 – Critical stresses and strains in a bituminous pavement 

(Powell et al., 1984). 

 

 
Figure 2.15 – Design curve for roads with bituminous base (Powell et al., 1984). 

 

The design curves were based on a subgrade strength characterized by a value of 5% in 

the California Bearing Ratio (CBR) test and the sub-base thickness was assumed to be 

at least 225 mm. A capping layer underneath the sub-base was recommended on 

subgrades weaker than 5% CBR. This was to provide an adequate construction platform 



Chapter 2                                                                                                                    Traditional road pavement: types and design   
 

 
 

31 
 

and also to reduce the dynamic vertical strain at formation level. 

For pavements with a high bituminous thickness, used in heavily trafficked roads, or for 

the introduction of new bituminous materials, Powell et al. (1984) [63] suggested the 

use of a uniaxial creep test to determine the creep characteristics of the material, in 

order to assess the permanent deformation susceptibility of the pavement within the 

bituminous layers. 

The concept of a design life is particularly important for pavements, since they do not 

fail suddenly but gradually deteriorate over a period of time. This is essentially a fatigue 

phenomenon, in the sense that the deterioration results from both the magnitude and the 

number of load applications the pavement experiences (Brown and Brunton, 1985) [64]. 

 

Due to the limitations in the design of pavements using the empirical methods, an 

analytical approach was developed in the University of Nottingham. The philosophy 

behind that approach is that the structure should be treated in the same way as other 

civil engineering structures, the procedure for which may be summarized as follows 

(Brown and Brunton, 1985) [64]: 

1. Specify the loading; 

2. Estimate the size of components; 

3. Consider the materials available; 

4. Carry out a structural analysis using theoretical principles; 

5. Compare critical stresses, strains or deflections with allowable values; 

6. Make adjustments to materials or geometry until a satisfactory design is achieved; 

7. Consider the economic feasibility of the result. 

The development of analytical design methods has been based on two failure modes and 

their respective critical strains. Thus, the failure modes considered are the permanent 

deformation (by the development of rutting at the surface of the pavement) and the 

cracking of the bituminous layers. To avoid the appearance of such distresses, the 

design criteria used in the analytical methods are the maximum tensile strain in the 

underside of the asphalt (εt or εr) and the maximum compressive subgrade strain (εz), as 

was illustrated in Figure 2.14.  

The development of a rut is the result of the accumulation of permanent deformation 

throughout the pavement structure. Within the asphalt layers this can be minimized by 
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an adequate mixture design and by a good compaction of all layers. According to 

Brown and Brunton (1985) [64] if the vertical strain in the subgrade is kept below a 

certain level, experience has shown that excessive rutting will not occur, unless poor 

mix design or inadequate compaction are involved. 

Cracking of the asphalt layer arises from repeated tensile strain, the maximum of which 

occurs at the bottom of the layer, as shown in Figure 2.14. The crack, once initiated, 

propagates upwards causing gradual weakening of the structure (Brown and Brunton, 

1985). More recently, a different concept has been studied and discussed among 

researchers, where a crack may initiate at the surface and propagate downwards, 

especially in pavements with thick bound layers (Freitas et al., 2003) [38]. 

The design procedure would consist of proportioning the pavement structure so that, for 

the chosen materials, it would not present values of strain higher than the critical levels 

stipulated for the design life. The analytical methods have been used with computer 

programs that determine the stresses and strains in the various layers, according to the 

mechanical properties of the materials used, i.e. stiffness modulus and Poisson’s ratio. 

Different response models have been used, e.g., semi-infinite half-space† and layered 

analytical models*, based on linear elastic theory and isotropic layers (AMADEUS, 

2000) [23]. For new materials, those properties may be determined by laboratory tests, 

adjusted in some cases for loading rate, temperature, confinement and/or age. 
 

Figure 2.16 illustrates the flow diagram of the analytical design procedure developed by 

Brown and Brunton (1985) [64], which is based on the design criteria mentioned above. 

The thickness chosen for each of the layers would be the minimum value that satisfies 

both criteria. 

Current European pavement design practice is based on a combination of practical 

experience, laboratory research and full-scale road trials. Findings have been translated 

into departmental standards and advice notes for many years. Since 1994, this advice 

has been consolidated into Volume 7 of the Design Manual for Roads and Bridges 

(DMRB), published by the Highways Agency. Local Highway Authorities and private 

sector clients accept the DMRB as a “best practice” document and use it as a basis for 

most highway-related construction and maintenance contracts (Hunter, 2000) [65].  

           †      Usually associated with Boussinesq’s equations, using the method of equivalent thicknesses to 
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transform the layered system into a semi-infinite linear isotropic half-space. 

†       Generally based on Burmister’s work, using a multi-layered, linear elastic pavement in which the 

layers are treated as being horizontally infinite and resting on a semi-infinite subgrade. 

 

Figure 2.17 illustrates the various parts into which Volume 7 is divided as well as the 

links between them. 

 
Figure 2.16 – Flow diagram of design procedure (Brown and Brunton, 1985). 
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Figure 2.17 – Use of Volume 7 of the Design Manual for Roads and Bridges 

(Hunter, 2000). 

 
Pavement designs for flexible, composite or rigid pavements are obtained, according to 

Section 2, Part 3 of Volume 7, from graphs for a specific design traffic (as illustrated in 

Figure 2.18 - an example for flexible composite pavement design). 

In the last few years an effort has been made to contribute to the development of a new 

European design method for flexible and composite roads. Several researchers from 

twenty European countries have been involved in the COST Action 333 (1999) in order 

to work towards the development of this new method, which should be based on the 

latest research findings and the latest developments in pavement modelling. 

The majority of design methods currently used are analytically based. They use a simple 

response model to calculate stresses and strains induced by an axle load at critical 

locations in the pavement structure. These stresses or strains are normally related to the 

permissible number of load applications, using empirical data, before the pavements 

deteriorate to an unacceptable level (COST 333, 1999) [66]. 

The third type of design method is known as mechanistic. It is based on a fundamental 

understanding of the behaviour of materials in the road pavement. A completely 

mechanistic approach will use analytical models of the physical processes that lead to 

pavement deterioration and these models will require input data on fundamental 
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materials properties which are obtained from laboratory tests carried out under carefully 

controlled conditions. This method should be able to predict the performance of 

pavements under specified traffic and climatic conditions. This goal has yet to be 

achieved and the design methods in regular use are either analytically based or 

empirical (COST 333, 1999) [66]. 

 
Figure 2.18 – Design thickness for flexible composite (i.e. semi-rigid) pavements 

(Highways Agency, 2001). 

 

 



Chapter 2                                                                                                                    Traditional road pavement: types and design   
 

 
 

36 
 

According to the researchers involved in the COST 333 Action [66], the ideal design 

method should be able to describe the behaviour of bituminous materials, soils and 

granular materials under different climatic conditions, and under traffic induced 

dynamic loads, with complex tyre contact stress distributions. More knowledge is 

required on the behaviour of pavement materials under these conditions, in order to 

produce the advanced pavement deterioration models required for the development of a 

design method based on a fundamental understanding of pavement deterioration. 

Figure 2.19 illustrates the procedure for a fundamental design method proposed by 

COST 333 (1999) [66]. An incremental approach has been chosen due to the 

complexity of predicting the evolution of the behaviour of the materials used in the 

pavements. Material properties are often non-linear and they can change with time, t, 

either due to exposure to environmental effects or due to damage by traffic, D, and these 

issues should be considered in the design process. 

As a complement to the work undertaken in the COST 333 Action, another research 

programme, Advanced Models for Analytical Design of European pavement Structures 

(AMADEUS), was established in January 1998 under the co-ordination of BRRC, the 

Belgian Road Research Centre, to provide a thorough and well-documented evaluation 

of existing, advanced, design models and to recommend whether these models are 

suitable as design elements for a comprehensive mechanistic design method, in which a 

large number of distress phenomena are integrated (AMADEUS, 2000) [23]. 
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Figure 2.19 – Procedure for a fundamental design method (COST 333, 1999). 

 

The main objectives of AMADEUS were: 

• To evaluate existing, advanced, analytical pavement design models by comparing their 

predictions using standard inputs. The ability of these models to deal with different 

materials, pavement construction, climate and traffic characteristics would be 

considered. 

• To issue recommendations and guidelines to promote appropriate use of these design 

models. 

• To set up the elements for a comprehensive design method integrating a number of 

distress phenomena with their evolution and mutual interactions. 

 

In the frame of COST 333 action [66] an inquiry was made in 1997, by Mike Nunn and 

Darren Merrill (TRL) [57, 47], on current design methods used in Europe. As shown 

below the two criteria that are generally taken for structural pavement design, i.e. 

fatigue cracking and permanent deformation of the subgrade, are located far below in 

the ranking of the observed pavement deteriorations (AMADEUS, 2000) [23]: 
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1. Rutting in asphalt; 

2. Loss of skidding resistance; 

3. Surface cracking; 

4. Longitudinal unevenness; 

5. Wheel-path cracking; 

6. Cracking from bottom of base; 

7. Ravelling; 

8. Rutting in subgrade; 

9. Frost heave/ low temperature cracking/ studded tyre wear. 

In fact, some frequently observed deterioration mechanisms, such as rutting originating 

in the bituminous layers, and cracking initiated in the surface, are not directly taken into 

account in current pavement design methods. It is recommended that more research 

effort is put into developing new improved models for pavement design, which provide 

better explanation to the observed deterioration mechanisms (AMADEUS, 2000) [23]. 

The main conclusions drawn from AMADEUS are presented below: 

- Models based on multi-layer elastic theory are easy to use and they give generally 

similar results; 

- Multi-layer elastic models can be used for non-linear elastic materials (with stress 

dependent stiffness) provided they are included in an iterative loop; 

- Linear visco-elastic models describe better the shape of the stress and strain waves 

generated by moving loads; 

- Models based on finite element approaches are more difficult to apply unless users 

have a thorough knowledge of basic principles. In the context of pavement analysis, 2D 

FE axi-symmetrical methods have little advantage over multi-layer elastic models. True 

3D methods are worth applying in situations where particular boundary conditions and 

local discontinuities must be modelled, which is the case with crack propagation and 

reflective cracking; 

- An incremental procedure is recommended as a new design method, as shown in 

Figure 2.19, including not only the initial stage but also future maintenance and 

rehabilitation strategies; 

- Other relevant forms of deterioration (e.g., cracking initiating at the surface; rutting 

initiating at the surface layers; thermal cracking) should be included in the pavement 
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design methods. 

In this Chapter missing the description of the new mechanistic – empirical methods as 

MEPDG and CalME, but the main types of pavement traditionally used in road 

construction have been described, together with the main forms of distress. A new type 

of pavement, which is the main subject of this dissertation, has been introduced, with 

further details presented in Chapter 3. Finally, the main types of pavement design 

methods have been presented. 
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CHAPTER 3 

GROUTED MACADAMS 

3.1 Introduction 
 

Roads or paved areas subjected to heavy and slow loads, often canalized traffic, such as 

bus lanes, airport aprons and taxiways or distribution centers, are susceptible to develop 

permanent deformation within the pavement structure when they comprise flexible 

layers at the top. Hence these areas are often constructed as rigid pavements. The major 

disadvantages of rigid pavements, in comparison with flexible pavements, are related 

with the construction time and the necessity of joints to allow the thermal movements of 

the concrete layer, in order to prevent scattered cracks from developing in the pavement 

due to the restraint of such movements. Thus, a third type of material has been devised 

to create a semi-flexible surface layer, rut resistant and free from joints or cracks. 

The first development of the semi-flexible process was carried out in the 1950’s, in 

France, as a protection of asphalt concrete surface course against the attack of waste oils 

and fuels (van de Ven and Molenaar, 2004) [33]. This process, known as Salviacim, was 

further developed by the French construction company Jean Lefebvre Enterprises as a 

cost-effective alternative to Portland cement concrete (Anderton, 2000; Setyawan, 

2003) [2, 10]. After the Salviacim process became successful, its usage spread 

throughout various countries including Great Britain, South Africa, Japan, Australia and 

Saudi Arabia (Ahlrich and Anderton, 1991) [21]. Since then, similar products have been 

used with different designations, according to the location. Thus, in the United States it 

is known as Resin Modified Pavement (RMP) (Anderton, 2000) [2]. In Europe, products 

include Hardicrete Heavy Duty Surfacing (BBA, 1994) [67], Worthycim Heavy Duty 

Paving (BBA, 1996) [68], Densiphalt® (Densit, 2000) [7] or Confalt® (Contec, 2005) 

[69], to mention some of the brand names. In Japan, this type of material is known as 

RP-Pavement (Rut Proof Pavement) (Watanabegumi, 2005) [70]. In general terms, it is 

classified as “grouted macadam” although some authors have also referred to it as 
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‘combi-layer’ (van de Ven and Molenaar, 2004) [33]. 

 

 

3.2 Application fields 

 
Based on the properties of pavements with this type of surfacing layer, normally 

referred to as semi-flexible pavements, namely their high bearing capacity and rut 

resistance, the most common application fields are heavy duty areas, e.g. industrial 

floors, warehouses, distribution centers, workshops, harbours, roads, road crossings, bus 

terminals, parking areas with heavy traffic, airport pavements, holding bays, hangar 

pavements, cargo centres and other areas subjected to slow and heavy loads (Zoorob et 

al., 2002; Setyawan, 2003) [5, 10]. As an example, between 1988 and 2000, 165000 m2 

of grouted macadams were constructed in Copenhagen Airport (Mayer and Thau, 2001) 

[26]. 

 
 
3.3 Constitution of Grouted Macadams 

 
A typical semi-flexible material is used as a surface course and is composed of a 

combination of an asphalt mixture and a cementitious grout in the same layer. In 

essence, grouted macadams comprise an open-graded asphalt mixture (usually single 

sized), containing 25 to 35 percent air voids, which forms the skeleton into which a 

cementitious grout is poured (Figures 3.1 and 3.2). The final product combines part of 

the best qualities of concrete and asphalt pavements, namely the flexibility and freedom 

from joints that characterize asphalt and the high static bearing capacity and wear 

resistance of concrete. The impervious grouted macadam layer protects the underlying 

layers and its high strength effectively reduces the stress level in the base layer. The 

speed of construction of grouted macadam surfacing and the period of time required 

ahead of opening to traffic is a significant advance over conventional concrete 

(Setyawan, 2003) [10]. This type of surface layer is normally applied with a thickness 

of 30 mm to 60 mm (Densit, 2000) [7], although some work has been done with 

thicknesses in the region of 80 mm (van de Ven and Molenaar, 2004) [33] and some 

grout suppliers claim it is possible to use thicknesses of up to 200 mm (Contec, 2005) 

[69]. 
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The construction of grouted macadam is a two stage procedure, since it is necessary to 

allow the asphalt layer to cool down before applying the grout into its voids. Thus, 

construction is normally carried out on two consecutive days. The porous asphalt layer 

is applied using a normal asphalt paver and is then lightly compacted using a steel roller 

without vibration to avoid the formation of cracks or tracks in the material. As soon as 

the porous asphalt mixture has cooled down, its voids can be filled with the selected 

high fluidity cementitious grout (Zoorob et al., 2002) [11]. The grout is spread on the 

surface, with the help of rubber scrapers (squeegees). Depending upon the powder type 

used to produce the grout and the producer’s specification, a light steel roller may be 

used in the vibration mode to make sure that the voids of the asphalt are completely 

filled with the grout. After filling the voids, the surface may be treated to improve its 

properties, namely skid resistance, durability and aesthetics. 

 

 
Figure 3.1 – Cementitious grout during the process of penetrating the voids of a 

porous asphalt skeleton. 
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Figure 3.2 – Core extracted from a typical grouted macadam slab. 

 
 
 
3.4 Properties of Grouted Macadams 

 
Although grouted macadams have been used since the 1960’s, not much has been 

published about this type of material. In this section, a review is made of the main 

properties of grouted macadams, according to the results available in the literature, 

specifically the fundamental properties of grouted macadams relevant to pavement 

design, e.g., stiffness, resistance to fatigue and permanent deformation. 

In 1979, a research project was undertaken at the University of Nottingham by Boundy 

(1979) [15], regarding the assessment of the mechanical properties of a heavy duty road 

surfacing, patented under the name of Hardicrete [3]. According to this author, it 

consists of a conventionally laid open-graded bituminous macadam (usually 40 mm 

thick), which is fully grouted with a high fluidity resin/cement grout. The Poisson’s 

ratio was also determined and the value was 0.35 at 20 ºC. 

According to Anderton (2000) [2], other studies (made by Blight, 1984; TARMAC, 

1986; Al-Qadi et al., 1993 and 1994) have shown good performance of Salviacim and 

RMP (Resin Modified Pavement) materials in relation to impact loads, hot spillage and 

fuel and chemical spillage. Their mechanical properties were found to fall in a range 

between the normal values for hot rolled asphalt and Portland cement concrete. The skid 

resistance of these surface materials was found to be relatively low after construction 

when wet, but improved significantly after trafficking to a point fully acceptable to 
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European pavement standards. 

A summary of some test results from the work carried out by Al-Qadi et al. (1993 and 

1994) (see Anderton, 2000, pp.19) [2] for the Strategic Highway Research Program 

(SHRP) is listed in Table 3.1. These data show that the RMP material has mechanical 

properties and durability characteristics equal to or better than a high quality hot mix 

asphalt (HMA). 

 

 
Table 3.1 – Summary of laboratory results from SHRP evaluation (Anderton, 2000). 

 

Some of the results presented in the table above may be slightly conservative for most 

grouted macadams, notably the Resilient Modulus, since it is possible to obtain values 

in the range 6000 to 10000 MPa at 20 ºC, depending upon the composition of the 

mixture and the type of test used. 

Ahlrich and Anderton (1991) [21] studied the deterioration of RMP, in an experimental 

section constructed at the U.S. Army Engineer Waterways Experiment Station (WES), 

under trafficking with an Accelerated Loading Facility (ALF) and with military tanks. 

Areas of the test section were also subjected to controlled fuel and oil spillage. The 

evaluation indicated that no significant deterioration was observed due to the trafficking 

and that the material had resisted satisfactorily the fuel and oil spillage. 

The RMP process is generally applied in a 50 mm thick layer over an asphalt or 

concrete base. The air voids content of the asphalt skeleton used as a target in the 

mentioned study was 30% (with acceptable values in the range of 25% to 35%). Until 

the year 2000, the construction experience with this material in the United States could 
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be divided into two distinct 5-year periods. The first period, from 1987 through early-

1991, generally included smaller-scale test sections and some pilot projects. The second 

period, from mid-1991 through 1996, is when the larger, full-scale projects were 

constructed at nine military sites and one private industrial site (Anderton, 2000) [2]. 

Visual inspections were made by Anderton (2000) [2] of some of the projects 

mentioned above. These inspections were made to provide observations of RMP with 

different ages, pavement design conditions, traffic, environmental conditions and 

pavement distress, in order to direct laboratory testing towards the most critical failure 

modes. 

The main conclusions obtained from those inspections included the good properties of 

the material in resisting permanent deformation, as no evidence of wheel path rutting 

was found at any RMP location. However, reflective cracks from underlying concrete 

slabs were found at several locations, reinforcing the idea that the design of pavements 

incorporating such material must consider the conditions of the supporting layers. 

Hence, this highlights the need to better understand the behavior of grouted macadams 

in general, in order to predict, more accurately, the life of a pavement incorporating 

such material. 

The last observation from the inspections carried out by Anderton (2000) [2] pointed 

out the importance of determining the skid resistance of RMP. In fact, according to this 

author, the lack of definitive skid resistance data has limited RMP usage to only low-

speed traffic applications. 

During the late eighties, a new generation of special slurry grout emerged in Denmark, 

which brought about extensive developments of Semi-Flexible Pavement (SFP) 

structures demonstrating high potentials for very heavy loads and, in particular, static 

loads. This second generation of SFP was optimized in two ways. First, the open-graded 

asphalt concrete was optimized to get a higher fraction of the total voids penetrable by 

the slurry grout. Second, a new type of high performance slurry grout based on micro 

silica technology was developed which exhibited superior properties to penetrate the 

void structure of the open-graded asphalt concrete (Mayer and Thau, 2001) [26]. 

Collop and Elliott (1999) [24] carried out a research study to evaluate the fundamental 

properties of Densiphalt® produced in a laboratory situation. The open-graded asphalt 

composition used in that study is presented in Table 3.2. 
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Table 3.2 – Composition of the open-graded asphalt used in Densiphalt® 

(Collop and Elliott, 1999). 

 

In the study carried out by Collop and Elliott (1999) [24], Densiphalt® specimens were 

produced to test compressive strength, flexural strength, stiffness modulus, fatigue and 

permanent deformation. The compressive strength was determined in accordance with 

BS1881: Part 116 using three cubes at each of 1, 7 and 28 days age. To determine the 

flexural strength, tests were carried out at the same ages and according to BS1881: Part 

118 (Collop and Elliott, 1999) [24]. 

The resistance to permanent deformation of the material was assessed using the 

Repeated Load Axial Test (RLAT) at 28 days and at 40 ºC where the material was 

likely to be most susceptible to permanent deformation. 

More recently, Setyawan (2003) [10] studied various types of grouted macadams, with 

variations in the binder type used in the cementitious grout and also with different 

bituminous binders for production of the open-graded asphalt macadams. 

 

3.4.1 The influence of material characteristics 

 
 
3.4.1.1 Aggregate 

 
The type, size and properties of the aggregate used for production of grouted macadams 

vary according to the patent or the guidelines produced by authors or grout suppliers. 

Some examples of aggregate gradations and specification values are given below. 

According to Anderton (1996) [71] the aggregates used in the open-graded asphalt 

concrete must consist of sound, tough, durable particles crushed and sized to provide a 

relatively uniform gradation. In the study published in 2000 [2], Anderton used crushed 
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limestone to produce laboratory specimens, used in the characterization of the Resin 

Modified Pavement for mechanistic design. The physical properties of the aggregates, 

as well as the specification values are presented in Table 3.6. Table 3.7 shows the 

gradation of the aggregate used and the corresponding specification limits for the open-

graded asphalt concrete. 

 

 
Table 3.3 – Coarse aggregate physical properties (Anderton, 2000). 

 
 

 
 

Table 3.4 – Blending formula for open-graded asphalt concrete aggregates 

(Adapted from Anderton, 2000). 
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The gradation of the aggregate used by Boundy (1979) [15] is presented in Table 3.8. 

 

 
Table 3.5 – Gradation of the Hardicrete Aggregate (Boundy, 1979). 

 

The aggregate used in the production of the open-graded asphalt by Collop and Elliot 

(1999) [24] was the 10 mm single sized aggregate specified in British Standard BS63: 

Part 1 (BSI, 1987) [72]. The specified gradation envelope of the aggregate is shown in 

Table 3.9. 

 
Table 3.6 – Gradation of 10 mm Nominal single size aggregate (BSI, 1987). 

 
Densit a/s specifies two types of gradation to be used according to the thickness of the 

Densiphalt® layer. Thus, a Type 8 aggregate is specified for thickness in the range of 30 

mm to 50 mm and a Type 12 is specified for thickness of about 40 mm to 60 mm 

(Densit, 2000) [7]. Further details are given in Table 3.10. 
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Table 3.7 – Gradation of Densiphalt® asphalt (Densit, 2000). 

 

The Densit a/s specification states that the aggregate shall consist of clean, sound, 

durable, angular particles produced by crushing rock or gravel. The aggregate shall be 

free from organic matter, clay and other detrimental material. The percentage of friable 

particles, clay lumps, and other deleterious matter should not exceed 0.5% as 

determined by AASHTO T112.  

The aggregate gradation used by Setyawan (2003) [10] in his study is presented in 

Table 3.8. 

 

 
Table 3.8 – Gradation of the aggregate used to produce the grouted macadams 

(Setyawan, 2003). 

 

The results are presented in Table 3.9. The effect of aggregate type on ITSM at several 

test temperatures was similarly investigated by performing the test at different 

temperatures at 28 days. The results are summarised in Figure 3.3. 
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Table 3.9 – The effect of aggregate type on ITSM at several curing ages 

(Setyawan, 2003). 

 

 

 
Figure 3.3 – Effect of aggregate types on the indirect tensile stiffness modulus of 

grouted macadam at different test temperatures at 28 days (Setyawan, 2003). 

 

Based on the previous results, it is possible to say that the aggregate type seems to have 

an effect on the final properties of grouted macadams, namely in the stiffness modulus, 

the effect being more significant for lower temperatures, indicating that the temperature 

susceptibility of grouted macadams may also depend on the type of aggregate used. The 

aggregate type may also influence the thermal cracking properties of grouted macadams 

as the type of aggregate used influences the coefficient of thermal expansion of the 

material. 
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3.4.1.2 Binder 

 
As for the aggregate, the binder type used in the production of the open-graded asphalt 

varies according to the authors. Anderton (2000) [2] suggests that the bitumen should 

have a penetration value, at 25 °C, in the range of 40 pen. to 100 pen. In the particular 

case of the mentioned study, the penetration value of the bitumen used was 89. 

Densit (2000) [7] suggests that the bitumen type should be chosen according to the 

location of the site (indoors or outdoors) and the weather conditions (for colder 

climates, a softer bitumen should be used). The penetration value of the bitumen should 

be between the 85-100 pen. and the 120-150 pen specified by the ASTM D946 

standard. However, other types of bitumen have been used in the past, e.g., Boundy 

(1979) [15] used a 60/70 pen. bitumen, while Collop and Elliott (1999) [24] have used a 

200 pen. binder. 

Regarding the binder content of the open-graded asphalt, better consensus seems to be 

found amongst the various authors, with values ranging from 3.5% to 4.6% by mass of 

mixture (Boundy, 1979; Collop and Elliott, 1999; Anderton, 2000; Densit, 2000; 

Setyawan, 2003) [15, 24, 2, 7, 10].  

 

According to the work carried out by Roffe (1989) [2], the optimum asphalt (i.e. binder) 

content (OAC), to be used in the production of the open-graded asphalt mixture, should 

be determined from the Equation (see Anderton, 2000, p. 54) [2]. 

 

 
The effect of bitumen type on the Indirect Tensile Stiffness Modulus (ITSM) of grouted 

macadams was investigated by Setyawan (2003) [10] using a 50 pen. straight-run 

bitumen (HL) and a 62% cationic bituminous emulsion (CL) to produce the open-
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graded asphalt macadam skeleton. Both of the porous asphalt skeletons were then filled 

with an identical silica fume cementitious grout (SF). The results are plotted in Figure 

3.4. 

 
Figure 3.4 – Effect of bitumen type on the Indirect Tensile Stiffness Modulus of 

grouted macadam at different curing ages (Setyawan, 2003). 

 

The effects of the two bitumen types at different temperatures were also evaluated at 28 

days. The results are graphically illustrated in Figure 3.5. 

 
Figure 3.5 – Effect of bitumen type on the Indirect Tensile Stiffness Modulus of 

grouted macadam at different test temperatures (Setyawan, 2003). 
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From the previous figures it is possible to appreciate that grouted macadams produced 

with bituminous emulsions are generally less stiff than grouted macadams produced 

with hot bituminous mixtures, especially at early ages (less than 7 days), due to the fact 

that the cold mix porous asphalt skeletons have developed less strength (Setyawan, 

2003) [10]. At the same time, the emulsion bound grouted macadam showed a reduced 

temperature susceptibility, with higher ITSM values at 60 ºC. 

 

 
3.4.1.3 Grout 

 
The establishment of grout composition is usually based on the need to produce a 

material that is easily flowable into the voids of the asphalt skeleton. Furthermore, the 

grout should also be strong enough to resist the application of stresses and strains 

without failing. The influence of the grout type on the properties of grouted macadams 

is also presented, according to available data.  

According to Anderton (2000) [2], in the RMP process, the Corps of Engineers guide 

specification was followed for the grout mixture design. The constituents, their 

proportions and tolerances are given in Table 3.10. To fulfil the viscosity requirement, 

one litre of grout should flow through a standard funnel, the Marsh flow cone (Figure 

3.6), within 8 seconds to 10 seconds immediately after mixing. 

 

 
Table 3.10 – Required and Used RMP Grout Mixture Proportions (Anderton, 2000). 
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Figure 3.6 – Marsh flow cone (Anderton, 2000). 

 

The constituents of the cementitious grout used by Boundy (1979) [15] are shown in 

Table 3.11. In order to reduce the amount of water necessary to make the grout flowable 

enough to penetrate the voids of the porous asphalt, chemical admixtures are usually 

used. They can be referred as Resin Modifiers or Superplasticisers (Boundy, 1979; 

Anderton, 2000; Setyawan, 2003) [15, 2, 10]. An accelerator may also be used to 

improve the strength of the grout in the early curing ages (Setyawan, 2003) [10].  

The exact composition of commercial grouts is difficult (if not impossible) to obtain. 

According to Collop and Elliott (1999) [24] it is understood that the commercial grout 

used in their project contains a microsilica improved cement binder, which allows easier 

penetration of the void structure of the open-graded asphalt, and hence greater 

achievement of the theoretical packing density than grouts manufactured exclusively 

with cement. In that project, the powder was manufactured by Densit a/s from Denmark. 
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Table 3.11 – Composition of the Grout used in Hardicrete (Boundy, 1979). 

 

Collop and Elliott (1999) [24] used 17.5% of water by mass of powder in the laboratory 

study where the fundamental properties of Densiphalt® were determined. In his project 

“Development of semi-flexible heavy-duty pavements”, Setyawan (2003) [10] has 

studied different grouts to be used in grouted macadams. The types of grout used in this 

study comprised three combinations of hydraulic binders (ordinary Portland cement 

(OPC), silica fume (SF) and fly ash (FA)). The first type (OPC) was composed of 100% 

OPC; the second (SF) comprised 95% OPC and 5% SF; and the third (FA&SF) was 

made of 65% OPC, 30% FA and 5% SF.  

To investigate the effect of cementitious grout type at different test temperatures, ITSM 

tests were conducted by Setyawan (2003) [10] using a single hot mixture porous 

macadam produced with limestone (HL). Testing of all samples was carried out after 28 

days of curing. The results are presented in Figure 3.7, where very little difference can 

be observed in the stiffness modulus of the mixtures manufactured with different types 

of grout. 
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Figure 3.7 – Effect of cementitious grout on the indirect tensile stiffness modulus of 

28 days cured grouted macadam at different test temperatures (Setyawan, 2003). 

 

 
3.4.2 The influence of testing conditions 

 
According to the characteristics of each component, composite materials like grouted 

macadams, will present specific properties. These properties may be dependent or 

independent of the testing conditions. Since grouted macadams are a material that 

combines properties of both bituminous and cementitious materials, it would be 

interesting to assess how close grouted macadams perform to either of those materials. 

It is generally accepted that bituminous materials change their properties according to 

the testing conditions, e.g., temperature, loading rate and amplitude, due to the viscous 

nature of the binder. On the other hand, cementitious materials, like concrete, tend to 

behave in a more elastic manner. Therefore, their properties are less susceptible to the 

testing conditions.  
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3.4.2.1 Temperature, loading time and frequency 

 
A summary of the stiffness results obtained by Boundy (1979) [15] at different 

temperatures and different stress levels for 30-days old specimens is represented in 

Figure 3.8.  

 

 
Figure 3.8 – Summary of stiffness modulus of Hardicrete vs temperature at different 

stress levels (Boundy, 1979). 

 

To characterize the fatigue resistance of RMP, laboratory produced beams were tested 

in repetitive flexure tests. The test method is generally described as a four-point bending 

test. It was performed in controlled strain mode and the fatigue failure has been 

identified, in this case, when the beam samples reached a 50% reduction in stiffness 

during testing. The tests were carried out at three temperatures (5, 20 and 30 ºC) and 

two strain levels (250 and 400 microstrain). The results are presented in Figure 3.9. 
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Figure 3.9 – RMP fatigue curves at three test temperatures. 

(Adapted from Anderton, 2000). 

 

In 2000 a research program was carried out by KOAC•WMD Apeldoorn to determine 

the engineering properties of Densiphalt® for Densit a/s. This research program 

consisted of the determination of stiffness and fatigue properties of Densiphalt® with 

specimens obtained from slabs previously manufactured by Densit a/s (Pelgröm, 2000) 

[73].  

Four-point bending fatigue tests were performed at two temperatures (0 °C and 20 ºC) 

in controlled strain mode. At each temperature two strain levels were used (a lower 

strain level to obtain a fatigue life of about 106 load repetitions and a higher strain level 

to obtain a fatigue life of about 105 load repetitions). Three specimens were tested at 

each strain level. To determine the strain level two specimens were used in a pre-test 

(Pelgröm, 2000) [73]. The results from these tests are plotted in Figure 3.10. 
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Figure 3.10 – Results of the fatigue tests (Adapted from Pelgröm, 2000). 

 

More recently, van de Ven and Molenaar (2004) [33] have studied the properties of a 

grouted macadam, which they refer as ‘combi-layer’. In that study, the authors have 

carried out several tests to obtain the mechanical characterization of the material. From 

the test results, stiffness master curves, indirect tensile strength and fatigue lines are 

reported. The uni-axial properties of the studied grouted macadam were also compared 

with the equivalent properties of asphalt concrete and cement concrete.  

Based on the assumption that 25 percent of the volume of the final product consists of 

cement mortar, the authors expected a tensile strength of the grouted macadam of 1.25 

MPa (25% of cement mortar tensile strength) at very high in-service temperature. In that 

situation, the contribution of the asphalt to the final strength may be neglected. 

According to this assumption, the mentioned values should be independent of the speed 

of loading, since the cement mortar would dominate the behaviour. To verify the 

assumption, indirect tensile tests were carried out at four different temperatures (0 °C, 

10 °C, 20 °C and 30 ºC) and the results showed that at 30 ºC the strength is only 20 

percent of the strength at 0 ºC. According to the authors, this gives the impression that 

the temperature susceptibility is large, as in asphalt concrete mixtures. However the 
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authors mentioned that care should be taken when analysing the results, since the 

loading strips may influence them.  

Fatigue tests were also carried out in displacement control mode by the same authors, 

using the same equipment, and the material seems to behave close to asphalt concrete 

mixtures, although the strain capacity of ‘combi-layer’ is generally lower than the strain 

capacity of asphalt concrete (Figure 3.11). 

 

 
Figure 3.11 – Regression lines for fatigue of combi-layer at 8 Hz 

(van de Ven and Molenaar, 2004). 

 

From the previous figures, it seems that stiffness modulus is strongly affected by testing 

temperature and frequency. These are typical asphalt characteristics and therefore, it 

would appear that grouted macadams behave closer to asphalt materials than 

cementitious materials. However, in terms of fatigue resistance, the results show less 

consensus regarding the influence of testing conditions, namely temperature as can be 

observed in Figures 3.10 and 3.11. 
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3.4.2.2 Type of laboratory tests 

 
The influence of the type of test used to determine the fundamental properties of a 

certain material is an important issue to consider when dealing with pavement design. 

Bituminous materials are often tested using different test methods, according to 

available equipment and the results are not necessarily the same from different tests. 

This appears to be also the case for grouted macadams. Setyawan (2003) [10] has 

performed several fatigue tests, using two different test methods, an Indirect Tensile 

Fatigue Test and a Beam Bending Fatigue Test. In Figure 3.12 a reproduction of part of 

the results obtained by this author are plotted. The results show two different fatigue 

lines obtained for the same material, reinforcing the idea that one should be careful 

when choosing a fatigue line to simulate the fatigue performance of the material in 

pavement design. 

 

 
Figure 3.12 – Fatigue lines of one grouted macadam obtained from different test 

types (Data obtained from Setyawan, 2003). 
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3.5 Design of pavements incorporating grouted macadams 

 
Even though this type of material has been used in pavements since the 1960’s, there is 

lack of guidance available for designing pavements incorporating grouted macadams 

(Setyawan, 2003) [10].  

Guidance on the design of the grouted macadam mixture can be Boundy, 1979 [15]; 

Ahlrich and Anderton, 1991 [21]; Collop and Elliott, 1999 [24]; Anderton, 2000 [2]; 

Densit, 2000 [7]; Setyawan, 2003 [10]. However, little can be found regarding the 

design of pavements incorporating such material. Most pavement design methods 

currently used involve linear elastic theory and some assumptions regarding the 

composition of the materials used in each layer, e.g., homogeneity, isotropy, material 

continuity.  

Collop and Elliott (1999) [24] have carried out some design calculations for pavements 

with Densiphalt® using an analytical design approach. The analysis of the pavement 

structure was performed using a layered linear elastic model and calculations were made 

comparing a conventional HRA and Densiphalt® surface course materials. The main 

conclusions obtained from that study were that it would be possible to reduce the 

thickness of the base course by 10 mm to 20 mm when using Densiphalt® as an 

alternative to HRA in the surface course. However, the authors also emphasize that 

using such a simple model to calculate stress, strain and displacement in a layered 

elastic structure, it was not possible to simulate any tensile strains in the Densiphalt® 

layers, as it was in a compressive area in all cases. It would be necessary to carry out a 

more fundamental analysis to include additional factors that may induce tensile stresses 

in the surface course. 
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 CHAPTER 4  

Basic characteristics of the materials 

4.1 Introduction 

 
As mentioned previously, the material studied in this research project can be generally 

classified as grouted macadam. It comprises an open-graded asphalt skeleton with 25% 

to 30% voids into which a geopolymeric grout is poured. This grout is formulated by 

adding sodium silicate and sodium hydroxide to a pre-processed precursors. Several 

variables were studied in the composition of the standard mixture and the results 

obtained from that study are presented in the following chapter. In the present chapter, 

characterization of each component used in the production of grouted macadams in this 

research project is made, complemented with a basic characterization of the standard 

mixture. 

The standard mixture design that has been used in European applications was 

characterized by Collop and Elliott (1999) [24]. In this research project, further 

investigations were made, regarding the mixture design, in order to assess the best 

properties of this semi-flexible material and also in order to verify the suitability of the 

material to be used in structural layers, as an alternative to the most popular present 

application, i.e. as a surface course. The mixture design used by Collop and Elliott 

(1999) [24] was used in this study as a starting point, to establish the procedure to 

produce specimens and to determine some properties of the material. In the following 

sections, the physical properties of aggregate and bitumen used in the open-graded 

asphalt mixture are presented, followed by the characterization of the grout and its 

mixing and application procedure. 
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4.2 Open – graded mix asphalt 

 

The porous asphalt was produced in the laboratory using pre-batched constituents. 

Before starting mixing, aggregates and bitumen were kept in an oven at 160 °C for 1 

hour. The hot components were mixed using a mixer blade heated for 3 minute, in order 

to perfectly cover the aggregate of binder. After this period, the bituminous mixture was 

mixed by hand to avoid the occurrence of any segregation and then mixed mechanically 

for a further 2 minutes period. 

 

 
Figure 4.1 – Mixer blade heated. 
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Depending upon the type of specimen produced, the porous asphalt compaction process 

was carried out with Marshall mechanical compactor, roller compactor or a vibrating 

plate. When using the roller compactor and vibrating plate, slabs with a specified 

dimensions: 80 mm x 300 mm x 300 mm were produced using square moulds. 

Clearly when used the Marshall compactor, the specimens used were those prescribed 

by the Standards (ASTM D 1559 AASHTO T 245). 

 

 

Figure 4.2 – Marshall mechanical compactor. 
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Figure 4.3 – Roller compactor (BOMAG BW 65 H). 

 

 
Figure 4.4 – Vibrating plate (ITALVIBRAS MVSI 3/3000 - S02). 
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Once the compaction was finished, the mixture was left to cool down in the mould until 

the following day. 

The air voids content obtained for the porous asphalt skeleton, with these laboratory 

procedures, is within the limits (25% to 30%), specified by the Densiphalt® Handbook 

(Densit, 2000) [7] which was selected to ensure full penetration of the voids with the 

grout. The variability among the results may be justified by the difficulty in accurately 

measuring the dimensions of specimens with such an open aggregate skeleton structure. 

 

 

4.3 Geopolymeric binder 

 

4.3.1 Introduction 

 

The most efficient way to make the construction sector “sustainable activity” is to able 

to incorporate the materials derived from other industrial activities. Once the concrete is 

most commonly used material in the construction worldwide (2000 Mt/year), there is 

now an extensive study to investigate the use of mine waste in concrete (Fernando 

Torgal and Said Jalali, 2007) [89]. In this context, there is a commitment by the 

scientific community to seek new processes, technologies and environmentally 

sustainable materials that can be taken as alternatives, as is the case of the binders 

obtained by alkaline activation. 

The binders obtained by alkaline activation, commonly known as geopolymeric binders, 

were used in works of ancient as the Egyptian pyramids. It was in 1979 that Joseph 

Davidovits introduced the term "geopolymer". It was he who patented binders for 

alkaline activation of metakaolin and kaolin (Davidovits, 1979) [76]. 
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4.3.2 History of the geopolymeric binder 

 

With the main motivation to discover the secret behind the durability of some Roman 

buildings, Glukhosky carried out a series of investigations on the old concrete. These 

investigations culminated in a (re) discovery of binder “alkaline-activated”, suggesting a 

new generation of binders, which he called "the cement of the ground," whose training 

is similar or almost similar to that of many minerals and rocks that form the Earth's 

crust, where involved oxides of alkali metals and alkaline earth metals, such as zeolites, 

mica and feldspars. 

The term geopolymer was reported by French technical Prof. Joseph Davidovits (about 

in 1979), as a class of solid material synthesized by the reaction of aluminosilicate 

powder with an alkaline solution. However, its existence dates back to antiquity and has 

been shown by the same author the application of geopolymers in building the Egyptian 

pyramids. In addition to the pyramids there are numerous works of classical antiquity, 

such as the Colosseum, the Pantheon and the Baths of Caracalla, which show a good 

mechanical behavior, in particular the exceptional durability and resistance to 

weathering actions (Torgal F. M. A. S. P., 2006) [74]. 

According to Davidovits, geopolymers are a modern adaptation of processes used by the 

Romans and Egyptians, in terms of structural binders (J. Davidovits, 1994) [76]. After 

several disastrous fires in France in 1970-1973, it was necessary to find a new material 

that has good heat resistance and which is not flammable. The geopolymers arise as a 

result of this research carried by Davidovitts. 

Thus, geopolymers can be seen as artificial artificial rocks, such as inorganic polymers 

with a similar chemical composition to the zeolite, ie, hydrated aluminosilicate mineral 

of alkali and alkaline elements, with a three-dimensional structure with an atomic ratio 

O: (Al+SiO) = 2, but having an amorphous structure [76]. 
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4.3.3 Mechanisms of formation 

 

The process of formation depends on the geopolymeric binder which can be obtained 

from different materials defined as aluminosilicates, for example metakaolin, fly ash, 

blast furnace slag and mine waste. 

The geopolymeric cement is the result of an inorganic polycondensation reaction, also 

called geopolymerization. According Davidovits, the geopolymers are considered 

polymers by the fact that condense and harden rapidly at low temperatures, with 

consequent compression strength of 20 MPa after 4 hours; up to 70 - 100 MPa after 28 

days. The geopolymeric binder composition is similar to zeolites, since they are hard 

and stable at temperatures up to 125 ° C and not flammable (J. Davidovits, 1994) [76]. 

Glukhovsky proposes a series of condensation reactions to explain the mechanism of 

activation alkaline. It is therefore considered that, initially, there is a destruction of the 

starting material by breaking the covalent bonds of Si - O - Si and Al - O - Al, due to the 

increase of pH of the solution for the addition of alkali metals, resulting in unstable 

structural units, which subsequently interact and form a coagulated structure from 

which the polycondensation processes occur which ultimately produce a condensation 

of the structure. 

The result of alkaline activation process of fly ashes that occurs at pH > 12 and ambient 

temperature, is essentially an alkaline aluminosilicate gel that has a higher 

polymerization and continuous in time. The aluminosilicate material alkali-activated has 

a structure that they can be considered amorphous thanks to the X-ray diffraction, but at 

the nanometer level is evident that the structure has a three-dimensional structure in the 

form of a typical network of zeolites. The role of alkali elements is to compensate the 

negative charge resulting from the substitution of Al3+ in Si4+ (Criado M., Palomo A., 

Banfill P. 2009) [97]. 
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Figure 4.5 – Examples of geopolymer frameworks. 

 

In general, the geopolymers are based on alumino-silicates and the molecular structure 

is composed of tetrahedral anions [SiO4]4- and [AlO4]5-, sharing the oxygens of the 

vertices. 

Since the structure of the aluminosilicate has a negative charge, there is need for ions 

(Na+, K+, Li+, Ca++, Ba++, NH4
+, H3O+) in the structure to compensate for the deficit of 

negative charge, this is because the aluminum (Al3+) and silicon (Si4+) are linked with 

four oxygen atoms (O2-) arranged at the vertices of a tetrahedron imaginary; said 

negative charge turns out to be (5- referred to aluminum and 4- referred to the silicon), 

then the aluminum can be connected to three oxygen atoms with silicon in tetrahedral 

coordination.  
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After de-hydroxylation the aluminum passes from a molecular structure of octahedral 

type to a type of tetrahedral; the equation is as follows: 

M n [- (SiO2)z – AlO2]n, w H2O 

 

where  

_ n is the degree of polymerization;  

_ z the serial number (1, 2 or 3); 

_ M is an alkali metal cation such as potassium or sodium. 

 

 
Figure 4.6 – Molecular structure of geopolymeric binder . 

 

In the figure below, six atomic arrangements are used to illustrate the silicate ionic 

structure on the one hand, and the siloxonate/sialate covalent construction on the other 

hand. 
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Figure 4.7 – Silicate ionic structure and siloxonate/sialate covalent construction. 

 

a) Electrons distribution: in the external layer of the atoms Si, O, Al and Na. The 

electrovalence rules command the creation of the octet (8 electrons in the external shell) 

either by donating electrons (donator) or by receiving electrons (receptor), as follows: 

 

_ Si has 4 electrons. It is a donator or an acceptor (tetra-valence). 

_ O has 6 electrons. It is a receptor (di-valence). 

_ Al has 3 electrons. It is a donator in acidic medium (tri-valence) and a receptor in 

alkaline solution (tetra-valence). 

_ Na has 1 electron. It is a donator (mono-valence). 

 

b) Ionic concept tetrahedron, coordination: The ions (Si4+, 4O-) build the single 

tetrahedron. Si donates 4 electrons to the 4 oxygens and turns into a small cation Si4+. 

Si is tetracoordinated with the 4 oxygens. To achieve anionic stability, each oxygen 

needs an eighth electron supplied by a metal (Na, K, Ca, Mg, Fe, etc.) or another Si, not 

shown on the Figure. 

c) Ionic concept: by the mutual sharing of one oxygen anion O2-, two or more tetrahedra 

may link to form polyanionic groups. 
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d) Covalent concept: the molecule (SiO4) results from the co-sharing of electrons 

between one Si atom and the four surrounding oxygens yielding Si-O covalent bonds 

(tetravalence). The ortho-siloxonate molecule (SiO4)4- requires additional metallic ion 

donators (Na, K, Ca, Mg, Fe) not shown on the figure. 

e) Covalent concept: the polycondensation into di-siloxonate and higher polymeric 

siloxonates occurs by additional co-sharing of electrons between Si and O. The di-

siloxonate molecule (Si2O7)6- requires additional metallic ion donators (Na, K, Ca, Mg, 

Fe). 

f) Covalent concept: the formation of the ortho-sialate molecule with the covalent bond 

Si-O-Al- occurs in alkaline medium. The Al atom takes the single electron pertaining to 

a metalloid (Na for example) and becomes tetra-valent, like Si, with an additional 

negative electrostatic charge. The Na+ cation is strongly attached to the sialate molecule 

and balances the negative charge. 

The differences between the ionic concept (coordination) and the covalent 

macromolecular bonding are profound. The double tetrahedron in structure (c) is 

sharing one oxygen anion O2-, whereas in the di-siloxonate molecule of structure (e), the 

covalent bond is achieved through Si and O co-sharing only one electron. This results in 

stronger bond within the latter structure. 

The chemical composition of geopolymers is similar to zeolites and have an amorphous 

microstructure; zeolites are a number of crystalline silicates of alkali aluminum hydrate. 

Its chemical structure is essentially constituted by silica and alumina tetrahedra linked 

together by oxygen ions. 

As mentioned above, we can find the zeolites in nature when, for example, there is the 

deposition of volcanic ashes or when there are floods (volcanic ash dispersed in water 

with high alkalinity: high content of sodium in the form of carbonate or bicarbonate). 

The difference between these lies in the fact that the structure of geopolymer is not 

crystalline, but is almost totally amorphous, this factor is related to the speed with 

which the reaction occurs; in zeolites the reaction is slow and abounds in the aqueous 

phase (favors the formation of crystals), in geopolymers the reaction is rapid and the 

liquid phase is only necessary in order to hydrate the reaction carriers. It is also 

important to note that the zeolites are formed generally in closed systems defined hygro-
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thermal, while the geopolymers can be obtained in normal conditions of pressure and 

temperature (Sepúlveda, Jacinto, Teixeira Pinto, A.) [78]. 

As previously mentioned the mechanism of geopolymerization (alkaline activation) 

consists of a dissolution, transport and polycondensation and everything happens for 

exothermic reaction (highly alkaline system). 

The reaction takes place according to a history that is more or less well identified: 

• Phase of destruction / dissolution: the beginning is the destruction of the 
covalent bond due to OH- ions from the actuator alkaline. 

• Transport phase and orientation: destruction of the chemical structure of 
departure, the formation of a liquid phase consisting of ions that are subject, in 
front of their load, to processes orientation and transport in the above mentioned 
phase (it is particularly important). 

• Polycondensation Phase: in this phase begin to form small groups of coagulation 
and is rapidly evolving phenomena of precipitation with consequent formation 
of a "gel", which hardens rapidly. 

 

Davidovits (Environmentally driven geopolymer cement applications, 2002) [77] 

reported several advantages of geopolymeric cementitious systems over Portland 

cement mainly environmental, due to the fact that geopolymeric based concrete has a 

much longer service life than Portland cement based ones, to the metals waste 

encapsulation capacity and to lower CO2 emissions. The geopolymerization requires a 

precursor that contains significant quantities of silicon and aluminium held in an 

amorphous phase such as ashes from power stations or mining and quarrying wastes. 

Over the last years several authors have reported research in a large number of aspects 

related to geopolymeric based binders such as: dependence of the nature on source 

materials (geopolymers synthesized from calcined sources show a higher compressive 

strength than from raw materials), immobilization of toxic metals, reaction mechanisms 

and hydration products, the role of calcium in geopolymerization, manufacture 

operations and even the development of lightweight building materials.  

However, there is little research published, about geopolymeric binders synthesized 

from mine and quarry-wastes. Studies concerning the geopolymerization of different 

minerals suggest that a wide range of Al–Si based minerals could be used as source 

precursors. 
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The production of geopolymers consist in mixing aluminum - silicates with an alkaline 

solution to yield a vitreous fast-setting, which in a short time acquires a substantial 

resistance to compression. The material used as precursor and alkaline activator will 

influence the behavior of geopolymers. Thus, for each type of alumino-silicate 

conditions exist reactivity and specific dosages and concentrations of activator depends 

on the characteristics of the precursor. (Fernando Torgal, 2006) [74] The geopolymeric 

binder can be obtained from different materials aluminum - silicate as the metakaoline, 

fly ash, slag and blast furnace sludge. 

 

 
Figure 4.8 – Geopolymeric binder made from metakaoline. 

 

Recent studies have shown that the aluminum - silicate sludge tungsten (Panasqueira: 

underground mine situated in central Portugal on the southern edge of the Sierra da 

Estrela mountain range) have good reactivity with alkaline activators, after a calcination 

process and under certain temperature conditions of mixing. The results showed that 

greater resistance when combined with sodium hydroxide (concentration of 10M) and 

sodium silicate. (Fernando et Torgal. Al., 2008) [87]. 
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In this research project have been designed, realized and compared several types of 

geopolimeric mortars (made of calcinate waste, glass, metakaoline and sand, all known 

precursors). Mainly was used material from the mine of Panasqueira and for their 

effective realization, on the basis of the studies described earlier, have been taken into 

consideration the relationship between the alkaline activators and their concentration 

and chemical concentration of precursors. 

These data have been inserted in the program AlkalSoft supplied by C-MADE, which 

provides in output the exact quantity of sodium silicate (grams) and sodium hydroxide 

(ml). 

The geopolymeric material is present as an alternative material to Portland cement, 

there is a difference between binders obtained by alkaline activation and Portland 

cement, ranging from the mechanisms of formation until the nature of the reaction the 

products obtained. 

Among the properties of durability of geopolymers include the acid resistance to wear, 

the behavior to temperature and high fire resistance (Rangan, 2009) [98]. 

 

4.4 Volumetric and physical characterization of the mixtures 

 

4.4.1 Determination of the maximum density 

 

The maximum density, together with the bulk density, is used to calculate the air voids 

content of a compacted sample and other volumetric-related properties of a compacted 

bituminous mixture. 

In the volumetric procedure the volume of the sample is measured as the displacement 

of water or solvent by the sample in a pyknometer. 

In the hydrostatic procedure the volume of the sample is calculated from the dry mass of 

the sample and from its mass in water. 

In the mathematical procedure the maximum density of a bituminous mixture is 

calculated from its composition (binder content and aggregate content) and the densities 

of the constituent mixtures. 

The method used for determination of the maximum density, in this study, is the 

mathematical method (UNI EN 12697-5 Procedure C) consists of the following: the 
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maximum density ρmc shall be calculated to the nearest 1 kg/m3: 

 

 

 

where 

ρmc : is the maximum density of the mixture by calculation, in kilogram per cubic metre 

(kg/m3) to the nearest  1 kg/m3; 

pa : is the percentage of aggregate in the mixture to the nearest 0,1 %; 

ρa : is the apparent density of the aggregate, in kilogram per cubic metre (kg/m3) to the 

nearest  1 kg/m3; 

pb : is the percentage of binder in the mixture to the nearest of 0,1 %; 

ρb : is the density of the binder at 25 °C, in kilogram per cubic metre (kg/m3) to the 

nearest  1 kg/m3; 

 pa  + pb = 100,0 %. 

 

 

4.4.2 Determination of the bulk density 

 

The bulk density (mass per unit volume, including the air voids, of a specimen at known 

test temperature) of an intact compacted bituminous specimen is determined from the 

mass of the specimen and its volume. The mass of the specimen is obtained by 

weighing the dry specimen in air. 

For the first three procedures the volume of the specimen is obtained from its mass in 

air and its mass in water. In the dry procedure the mass in water is determined without 

pre-treatment. In the SSD-procedure the specimen is first saturated with water, after 

which its surface is blotted dry with a damp Chamois. In the sealed specimen procedure, 

the specimen is sealed before immersion in water to prevent access of water to the voids 
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in the specimen. In the fourth procedure by dimensions the volume of the specimen is 

obtained by measurement of the dimensions. 

Water, with a known density at the test temperature. The water density at 25 °C shall be 

997,1 kg/m3. For other temperatures the water density shall be (977,1 ° K) kg/m3. 

 

 

Table 4.1 – Water density. 

 

Material to seal the specimen, in such a way, that inclusion of voids (being no part of 

the specimen) between seal and specimen is prevented. The density of the sealing 

material at test temperature shall be known to the nearest 0,010 g/cm3. 

One of the ways in which you can determine this quantity is the method of bulk density 

with sealed specimen (UNI EN 12697-6 Procedure C): 

Carry out the procedure as follows: 

a) Determine the mass of the dry specimen (m1). 

b) Determine the density of the water at test temperature to the nearest 0,1 kg/m3 (ρw) 

according to Table above. 

c) Seal the specimen in such a way, that the internal voids in the specimen being part of 

the volumetric material composition are not penetrated and that no extra voids are 
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included between seal and specimen or in seal folds. After sealing the specimen shall be 

inaccessible to water when submerged. 

d) Determine the mass of the dry sealed specimen (m2). 

e) Immerse the specimen in the water-bath kept at known test temperature. 

f) Determine the mass of the sealed specimen under water (m3), taking care no air 

bubbles adhere to the sealing when weighing. 

Calculate the bulk density dry sealed specimen (ρbsea) to the nearest 1 kg/m3 as follows: 

 

 

 

where 

ρbsea is the bulk density sealed, in kilograms per cubic metre (kg/m3) 

m1 is the mass of the dry specimen, in grams (g) 

m2 is the mass of the sealed specimen dry, in grams (g) 

m3 is the mass of the sealed specimen in water, in grams (g) 

ρw is the density of the water at test temperature, in 0,1 kilogram per cubic metre 

ρsm is the density of the sealing material at test temperature, in kilograms per cubic 

metre (kg/m3) to the nearest 10 kg/m3. 

 

 

4.4.3 Calculation of the percentage of voids 

 

This European Standard describes a procedure for calculating two volumetric 

characteristics of a compacted bituminous specimen: the air voids content (Vm) and the 

voids content in the mineral aggregate filed with binder (VFB). 

The method is suitable for specimens which are laboratory compacted or specimens 

from cores cut from the pavement after placement and compacting. 

These volumetric characteristics can be used as mix design criteria or as parameters for 
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evaluating the mixture after placing and compacting in the road. 

The air voids content (volume of the air voids in a bituminous specimen, expressed as a 

percentage of the total volume of that specimen) of a bituminous specimen is calculated 

using the maximum density of the mixture and the bulk density of the specimen and 

shall be calculated to the nearest    0,1 % (v/v) as follows: 

 

 

 

where 

Vm is the air voids content of the mixture, in 0,1 percent (v/v); 

ρm is the maximum density of the mixture, in kilograms per cubic metre (kg/m3); 

ρb is the bulk density of the specimen, in kilograms per cubic metre (kg/m3). 

 

 

4.5 Densification of the specimens with Marshall compactor 

 

4.5.1 Marshall Mix Design Method 

 

The Marshall mix design method was developed in the 1930’s by Bruce Marshall of the 

Mississippi State Highway Department. The Marshall mix design method was adopted 

and refined by the US Army Corps of engineers in the 1940’s and 1950’s. The main 

objective of Marshall mix design method was to design asphalt concrete mixture with 

optimum asphalt content and aggregate gradation to resist permanent deformation 

(Sousa et al. 1995, Roberts et al. 1996, Asphalt Institute 1997, Berthelot 2000). 

Marshall specimens are compacted using a Marshall manual impact hammer or an 

automatic Marshall hammer. The compaction energy is determined by the number 27 of 

applied blows from a specified drop height of 457.2 mm depending on the level of 

traffic of the given pavement (Button et al. 1994, Roberts et al. 1996, Asphalt Institute 
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1997, Ziauddin et al. 1998, Berthelot 2000). The Marshall mix design method employs 

a 63.5 mm by 101.6 mm test sample which is characterized using the Marshall 

stabilometer. Marshall manual impact compaction has been found to produce 

consistently denser specimens with higher stability values than specimens prepared 

using automatic Marshall compaction (Ziauddin et al. 1998). 

Permanent deformation characteristics of asphalt mixtures are characterized by the 

Marshall stabilometer in terms of Marshall flow and stability. The Marshall flow and 

stability tests are standardized in ASTM D 1559. The Marshall stability and flow of a 

test sample are measured by loading the sample in compression and measuring the 

maximum load supported by the test specimen at a loading rate of 50.8 mm per minute 

as seen in Figure 4.9. An attached dial gauge measures the plastic flow of the specimen 

as a result of loading. The maximum load applied to the test specimen is the Marshall 

stability and the maximum displacement is the Marshall flow (ASTM 1999). Marshall 

flow value is recorded in terms of 0.25 mm increments. The Marshall stability and flow 

test is performed at a temperature of 60°C, believed to be the temperature at which halt 

pavements are more prone to permanent deformation (Asphalt Institute 1997). 

 

 
Figure 4.9 – Marshall Stability and Flow Relationship. 
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4.5.2 Asphalt-Aggregate Mixture Analysis System 

 

Asphalt-Aggregate Mixtures Analysis System (AAMAS) was developed by the 

National Co-operative Highway Research Program (NCHRP) in the 1980’s. The 

AAMAS study was intended to establish a performance specification. AAMAS was 

intended for both modified and unmodified binders (Kennedy et al. 1991). The main 

objective of AAMAS was to predict in-place properties of asphalt concrete in the 

laboratory during mix design stage to evaluate mixture behavior under traffic and 

environmental loads (Von Quintus et al. 1987). AAMAS was intended to characterize 

asphalt mixes based on engineering material properties which are different from 

empirical procedures employed by Hveem and Marshall mix design methods.   

 

Earlier studies using AAMAS on typical HMAC test sections indicated that hot-mix 

asphalt properties were affected significantly by changes in air voids content (Hanson et 

al. 1994). Modification or alteration to existing performance related tests such as the 

indirect tension test, resilient modulus test and creep test were considered necessary for 

the AAMAS (Von Quintus et al. 1987, Monismith et al. 1991). 

 

 
Figure 4.10 – Marshall compactor. 
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1_ Base with lift motor for the sliding mass and counter impacts; 

2_ hammer compactor with guidance; 

3_ lock system; 

4_ mould; 

5_ base of the compactor; 

6_ steel base; 

7_ foot; 

8_ shielding. 

 

 

4.6 Dynamic test 

 

Unlike the materials with purely elastic behavior, for which the constitutive law is 

calculated in a univocal way, the viscoelastic materials may be associated with more 

than one bond which describes a relationship between stress and strain, dependent on 

the type of test, but also by the test conditions: a method of load application, frequency, 

temperature and testing, size and shape of the specimen. 

The benchmarks, the subject of experimental investigation exposed in this paragraph, 

the dynamic characteristics are related to the following test: 

• Stiffness Modulus in the configuration for indirect tension ITSM (UNI EN 12697-26). 

 

4.6.1 The ITSM test: determination of the stiffness modulus 

 

The stiffness modulus or elastic modulus of the bituminous conglomerate is defined as 

the absolute value of the complex modulus, according to the following: 
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In fact if consider the value of complex modulus as: 

 

 
obtain: 

 
 

with 

 

 

In the ‘70s, in Great Britain, was designed to test a machine able of applying a indirect 

traction on test specimens of bituminous mix of cylindrical form and to obtain directly 

the stiffness modulus of the mixture according to a procedure greatly simplified; the test 

result was just the “Indirect Tensile Stiffness Modulus” (ITSM). 

The test consist applying a small number of stress along the vertical diameter of 

cylindrical specimens, such as to generate an elastic deformation in the direction 

diametrically orthogonal; this deformation is the measured and is referred to as 

reversible deformation. Assuming then, that the material is remained in the elastic range 

during the test, can idealize the impulse of the load as the effect caused by the passage 

of a wheel. 

 

4.6.2 The meaning of the Stiffness Modulus for a road pavement 

   

The study of a road surface starts from the knowledge of the mechanical characteristics 

and physical layer in the background, until get to know all the layers of superstructure. 
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It is therefore considered the fundamental relation between stress-strain described by a 

modulus of elasticity that in particular, for stone materials, takes the name of stiffness 

modulus. With reference to an existing road surface, the stiffness modulus is directly 

related to the ability of the materials of the ground, to deform under the applied loads, in 

particular as a function of bond present between the layers, the stiffness modulus is the 

ability to spread the deformations to inside of the road package, and thus absorb the 

actions of the vehicular traffic. It follows that, starting from the single layer, are of great 

importance the correct dimensioning of the layers to be superimposed, the laying and its 

adequate compaction. 

In general can consider that the same mode of installation, the external environmental 

conditions and type of load applied, a pavement characterized by a high stiffness 

modulus to the transfers substrate the compressive loads on a larger area and with an 

intensity lower then to a pavement characterized by a low stiffness modulus. 

 

 
Figure 4.11 – Distribution of the load as a function of the Stiffness Modulus. 

 

It’s clear, from the graph above, as the pavement with a low stiffness modulus causes, 

due to a distribution of loads on a surface of minor influence, a compression on the 

substrate more concentrated with a consequent greater stress state. 



Chapter 4                                                                                                                                Basic characteristics of the materials   
 

 
 

88 

In principle, the tension stress tense to concentrate in confined areas, causing 

phenomena of rutting at the surface or cracks and leads to breakage of the substrate. 

 

4.6.3 Theoretical analysis 

 

In the design phase of a pavement structure and general engineering work, must always 

take into account the loads present that influence the behavior of all the materials of 

used to produce it. For this reason, in the case of a road pavement, consider two types of 

load and in particular the combination of them; these loads are divided into: 

those due to motor vehicles as defined light loads; 

those caused by motor vehicle as defined heavy loads. 

The total stress acting on a layer of pavement structure is given by the two types. The 

study carried out in the laboratory is used to simulate the behavior of the material on 

site. It is important to remember that the material is assumed homogeneous and 

isotropic so that can apply the linear elasticity theory; doing so is more understandable 

the study of the tensions which develop within the specimen. 

 

 
Figure 4.12 – Development of stresses in the specimen. 

 

In the ITSM test the stiffness modulus of the sample is a function of the geometry of the 

sample and the horizontal deformation of the Poisson’s ratio.  

The state of stress due to dynamic load is developed along the horizontal diameter of the 

specimen, in particular the tensile stresses along the “X” and in compression on “Y” are 

determined by the relations: 
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where  

P is the applied load; 

d is the diameter; 

h is the height or thickness. 

The stiffness modulus is therefore in terms of deformation of an element subjected to a 

biaxial stress state. The corresponding horizontal deformation of the element is defined 

through the relation: 

 

 

 

where  

E is the elastic modulus of the material; 

ν is the Poisson’s ratio.  
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Total deformation of the sample: 

 

 
 

Is possible to determine the elastic modulus by the relation: 

 

 

 

It is easily derived as the modulus “E” is directly proportional to the load applied “P” 

that is in turn characterized by three parameters: 

1 – maximum load applied during each cycle (peak load); 

2 – time interval between the start of two consecutive pulses (pulse repetition period); 

3 – time elapsed between the start pulse and the maximum load (rise time). 

 

 
Figure 4.13 – Applied load. 
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The software provides a value of the stiffness modulus corrected by an adjustment 

factor that takes into account the area factor of the load that the machine applies to the 

specimen and the temperature of the test, this is expressed by: 

 

 

 

where  

Sm is the stiffness modulus measured in megapascal (MPa);  

F is the peak value of the vertical load applied expressed in Newton (N); 

z is the amplitude of the horizontal deformation expressed in millimeters (mm); 

h is the thickness expressed in millimeters (mm); 

ν is the Poisson’s ratio. 

 

4.6.4 The equipment 

 

The EN 12697-26 describes the machine used for the test consisting of three main parts: 

- the climatic chamber; 

- the pneumatic unit and the loading structure; 

- the device for the positioning of the specimen. 

The machine is directly connected to a computerized system through which one can 

start the test, acquire and control data with a dedicate software. 
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Figure 4.14 – The ITSM test. 
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The Figure 4.15 relates to the loading system: 

            
Figure 4.15 – The loading system. 

 

It has two uprights, a beam of contrast horizontal and a pneumatic actuator for the 

application of vertical loads. The system thus includes a load cell communicates with 

the control unit and data acquisition. 

The position of the beam of contrast can be adjusted in relation to the test and the 

diameter of the specimen (100 mm – 150 mm), provided always leveled and firmly 

bound, by means of manual tightening of nuts and lock nuts knurled on both uprights. 

The pulse shape of the load, described by its “rise time”, depends on the control 

operated continuously from the load cell and by the compressibility of the area inside of 

the pneumatic actuator which, through a piston, allows the application of vertical forces. 

The horizontal deformation, resulting from such pulse, is measured by means of suitable 

transducers (LVDT) connected to the computer system. 

The climatic cell has the task of maintaining a constant temperature according to the 

specifications in the standard through an autonomous system controlled by a 

compressor. 
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4.6.5 Preparation of the specimen 

 

The specimen used in the test according to ITSM standard must have a diameter 

variable between 100 mm and 150 mm, depending on the diameter of the specimen 

using the respective knife load. Initially the specimen is placed inside the conditioning 

chamber to a temperature of 20 °C as described in the UNI EN 12697-26; after the step 

of conditioning, proceed to the positioning of the specimen on the support base between 

the two knives load having, however, already inserted the metal support which houses 

the transducers. 

 

 
Figure 4.16 – Preparation of the specimen. 

 

The system is thus positioned beneath the actuator and is ready to begin the test.  

It is noted in the figure below the transducer (LVDT) and the seat for its inclusion 
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Figure 4.17 – Positioning of the specimen and insertion of the transducer. 

 

 

4.6.6 Execution of the test 

 

The operating initially procedure consists in defining the characteristic parameters of 

input: diameter and thickness of the specimen (critical to the software to determine the 

intensity of the load and calculate the area of influence), the times of increase of the 

load (rise time), the frequency of the load and the desired horizontal deformation. The 

pneumatic device applies a predetermined number of conditioning pulses (10 according 

to the EN 12697-26) for calibration of the load needed to reach the deformation above 

mentioned. 

The specimen’s geometry is known, the strength and deformation are measured, thus 

the maximum stress and the stiffness modulus is automatically calculated by the 

software at each load cycle. With the previous calibration cycle is started automatically 

test that involves the application of five pulses; returns the values of the modulus at 

each cycle and the average value. 

The same operation is then carried out by changing the position of the specimen load 

the orthogonal diameter to the previous turn of 90° ± 10°. The average of the two 
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calculated values in the two positions selected, represent the stiffness modulus of the 

material under test. So that result is within acceptable limits, the average value between 

the first and second loading operation does not exceed 10% and not less than 20% of the 

value recorded in the first test. 

 
Figure 4.18 – Relation “Force – Deformation” in the ITSM test. 
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CHAPTER 5 

Grouted Macadams laboratory study 

5.1 Introduction 
 

In this chapter will be described the experimental work carried out from February 2012 

at the C-MADE (Center of Materials and Building Technologies), University of Beira 

Interior, Covilhã, Portugal under the supervision of Prof. J.P. De Castro Gomes, Prof. 

M.S.F. Dinis De Almeida and Dott. Ing. Cesare Sangiorgi from the University of 

Bologna, Italy. 

In the following sections, the physical properties of materials used in the open-graded 

asphalt mixture are presented, followed by the volumetric, physical and mechanical 

characterization of the mixtures; finally the characterization of geopolymeric mortar, its 

workability, its mixing and application procedure.  

The experimental program has been divided into several phases: 

Preliminary analysis: constitutes the initial phase of the sperimentation where have been 

chosen the type of aggregates, defined the granulometric curve with the proportions 

between the individual constituents of the mixtures. All compounds were prepared by 

adopting a common grading curve and employing two different percentages of bitumen 

by weight of aggregates: 2.5% (mixture HOT A) and 3% (mixture HOT B), in order to 

obtain the optimal mixture in terms of mechanical strength and percentage of voids 

ranging from 25% to 30%. 

As a further attempt a third type of mixture (HOT C) has been produced composed by 

80% of granite 6/15mm, 20% of granite 3/6mm and 3% of bitumen. 

First phase: for the first two mixtures (HOT A, HOT B), six cylindrical specimens were 

made by Marshall compaction and after one week physical, volumetric and mechanical 

characterization of the two types of asphalts were carried out. After the Marshall study a 

slab of mix HOT A, six slabs of mix HOT B (better mixture to realize grouted 

macadam) and two slabs of HOT C, were compacted by means of a vibrating plate. 
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Then were made other four slabs of which one HOT C and the other three HOT B 

compacted with vibrating roller in order to evaluate the best level of compaction and the 

resulting content of voids necessary for a asphalt concrete to be impregnated.  

Second phase: each specimen prepared in the previous phase has been aged for one 

month at room temperature. 

During this period it was studied the geopolymeric mixture in all its aspects: chemical 

composition of different precursors (mining waste, glass, metakaolin and sand), 

concentration of sodium hydroxide (10 Molar, 14 Molar, 20 Molar), quantities of 

silicate sodium, optimum water content, workability, the curing time (1 week, 2 weeks) 

and also the different conditioning temperatures (25 °C, 40 °C, 60 °C). 

The study and subsequent productions of the 81 different geopolymeric mixtures were 

facilitated by the use of the “AlKalSoft” software provided by C-MADE. 

Third phase: two slabs were impregnated with a cement mortar having the following 

composition: 

_ Portland cement 42.5 R; 

_ Water / cement ratio = 1/3; 

_ Superplasticizer = 2%. 

One was treated for 7 days at 20 °C with 90% of humidity, the other was cured for 14 

days at the same conditions. 

The remaining slabs were injected with the geopolymeric mixture called “WMG1” and 

composed as follows: 

_ Precursors: 30% of mining waste, 30% of metakaolin, 40% of milled glass. 

_ Alkaline-activators: sodium hydroxide, sodium silicate. 

For research purposes have also been changed: 

_ Quantity of sodium silicate; 

_ Quantity of sodium hydroxide; 

_ Concentration of sodium hydroxide; 

_ Water content; 

_ Superplasticizer to improve the workability.  

 Each slab prepared in the first phase has been cut so as to obtain 4 cylindrical 

specimens with a diameter of 100 mm and at least 4 cubes of 40 mm side. All the 

cylindrical specimens were subjected to the ITSM test carried out in air-conditioned 
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chamber at 20 °C which provides, as a result, the stiffness modulus (MPa); while for the 

cubes was evaluated the compressive strength (MPa). 

Fourth phase: determination of the water sensitivity of grouted macadam specimens. 

The cylindrical specimens were immersed in water at 20 °C for two hours and after was 

repeated the ITSM test with the same conditions described previously. It was possible to 

compare the results of the specimens before and after immersion in water in order to 

evaluate the behavior of cement and geopolymer within asphalt. 

 

 

5.2 Aggregate 

 

The present applications of grouted macadam are limited to surface courses of heavy-

duty pavements, due to its good characteristics in terms of rutting and wearing, as well 

as fuel and oil spillage resistance.  

Aggregates used in this type of layer should be sound, durable and with high abrasion 

resistance. The type of aggregate used should also be obtained from crushed rock and 

should be single sized, in order to achieve a very high voids content in the bituminous 

mixture. 

The aggregates selected for this study are made of granite, the widely used in Portugal, 

particularly in Beira Interior. These aggregates comes from one of the largest quarries in 

the region, located on the left bank of the Ribeira.  This quarry produces about 500.000 

ton/year of aggregates.  

The material analyzed is a means “granodiorite” [31], with a compressive strength of 

the order of 17 MPa [32]. In this study was used granite of the following size: 6/15 mm. 

Table 5.1 shows the physical properties of the aggregate used (Anderton, 2000). 

 

 

Table 5.1 – Coarse aggregate physical properties (Anderton, 2000). 
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Sieve size (mm) Percent passing (%) 

40 100 

25 100 

19 99,37 

12,5 55,19 

8 15,57 

4 0,60 

2 0,17 

1 0,13 

0,5 0,13 

0,25 0,13 

0,125 0,13 

0,063 0,13 
Table 5.2 – Particle size of the aggregate 6/15 mm. 

 

 

Figure 5.1 – Grading curve of the mix design study. 
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The reason for using a single sized aggregate is related to the ease of procurement for 

field applications, which could be done directly from the quarry’s screened stockpile. At 

the beginning of the research project, an estimate of the necessary quantities of each 

single sized aggregate was made, after which, the aggregates needed for the entire 

project were obtained and their gradations and relative density values were determined. 

 

Particle Density 

[g/cm3] 

Particle Density 

dried in the oven 

[g/cm3] 

Particle Density 

SSD 

[g/cm3] 

Water absorption  

(% of dry mass) 

 
2.61 2.56 2.60 0.6 

Table 5.3 – Density and water absorption of the aggregate. 

 

 

Figure 5.2 – Granite 6/15 mm. 

 

Figure 5.3 – Detail of the granite 6/15 mm. 
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5.3 Bitumen 

 
During this phase of the project has been used only one type of bitumen: 50/70 pen. 

supplied to us by Lusasfal. Table 5.4 shows the bitumen properties. 

 

Characteristics Standard minimum maximum 

Penetration (25°C) EN 1426 5 mm 7 mm 

Penetration index EN 12591 -1.5 +0.7 

Softening 

temperature 

EN 1427 46 54 

Frass point EN 12593 
 

- -8 
 

Solubility EN 12592 99,0 - 

Point of 

inflammation 
EN ISO 2592 

 
230 - 

 Resistance of hardening at 163 °C  (EN 12607-1)  

Mass change EN 12607-1 
 

- 0.5 

Penetration retained EN 1426 
 

50 - 

Softening 

temperature range 

EN 1427 
 

 11 
 

Table 5.4 – Technical data of the bitumen 50/70 pen. (Lusasfal). 

 
 
 
 

5.3.1 Determination of the bitumen content 

 

For the calculation of the initial tenor of bitumen was taken into account the 

specifications. The percentage of binder is obtained from the specific surface area of the 

aggregates (Se) of the richness of the asphalt-module (k) and a coefficient (α) for 

correcting the density of mixing aggregates (ρa), according to following equation: 
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where: 

Pb : percentage of residual bitumen; 

k – module of the bitumen’s richness; 

 

 
 

∑ :  Specific surface; 

G: weighted proportion of the aggregates greater than 6,3 mm; 

S – weighted proportion of the aggregates between 6,3 mm and 0,315 mm;  

s – weighted proportion of the aggregates between 0,315 mm and 0,063 mm;  

f – weighted proportion of the aggregates below a 0,063 mm; 

The Table 5.5 shows the bitumen content on the mixture used in the preliminary study 

phase. 

 

MIXTURE K α ∑ Pb (%) 

HOT B 3.5 0.98 0.576 3.1 

Table 5.5 – Bitumen content. 
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5.4 Production of test specimens 

 

Based on the standard mix design presented in Table 5.2 with content of bitumen equal 

to 3.0% by mass of total asphalt mixture (the optimum binder content of the standard 

mixture was determined according to the Equation above). 

Preliminary analysis constitutes the initial phase of the trial, in which the type of 

aggregates have been chosen, the grading curve, and defined the proportions between 

the individual constituents of the mixture. The mixtures are prepared by adopting a 

common grading curve (Figure 5.1) and employing a percentage by weight of bitumen 

on the aggregates of 2.5% (mixture HOT A) and 3.0% (mixture HOT B).  

The test samples were made through the use of the Marshall compactor and precisely 

six test pieces were produced for each type of mixture for total of 12 specimens. 

Marshall compaction (EN 12679-30, 2004) was carried out through 50 strokes on one 

side and 50 strokes in the opposite side of the specimen: a procedure was repeated for 

all specimens. 

 

 
Figure 5.4 – Molds used for the Marshall compaction. 
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Figure 5.5 – Marshall compactor. 

 

The traditional hot bituminous mixture has been obtained by pre-heating the aggregates 

to a temperature of about 180 °C for 1 hour with the aim to eliminate the moisture 

contained; the bitumen was heated to a temperature of 135 °C (80 °C above its softening 

temperature) for about half an hour to obtain a fluidity such as to allow mixing with 

aggregates. 

Each specimen was individually produced and mixed by hand by putting first the entire 

amount of aggregate (1000 g) and about half quantity of bitumen (pre-mixing phase), 

after one minute was added the remaining bitumen and mixed all at hand for about 3 

minutes. 
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Figure 5.6 – Hand mixing of the specimen. 

 

 

Figure 5.7 – Mixture HOT A (2.5% bitumen content). 
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Figure 5.8 – Mixture HOT B (3% bitumen content). 

 

 

After the preliminary study on the kinds of bituminous mixtures performed on Marshall 

specimens, were made some slabs with different types of compaction, ie using the 

vibrating plate and the vibrating roller. In this phase the mixture HOT B was used 

which is composed: 100% granite 6/15 mm (Figure 5.1) and 3% of bitumen 50/70 pen., 

in order to reach the percentage of voids between 25% and 30%; with the purpose to 

determine the characteristics of this type of road pavement, some slabs have been 

realized in the laboratory with dimensions 30 cm x 30 cm and 8 cm height. The 

mixtures was produces with the help of a mechanical mixer and compacted with two 

different vibrating devices (vibrating plate: ITALVIBRAS MVSI 3/3000, roller 

compactor: BOMAG BW 65 H).  
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Figure 5.9 – Realization phases of slab HOT B with ITALVIBRAS. 

 

 
Figure 5.10 – Slab HOT B compacted with BOMAG BW 65 H. 
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5.5 Geometric and volumetric characterization of the samples 

 

5.5.1 Determination of the maximum density, the bulk density and the percentage 

of voids 

 

The maximum density of a bituminous mixture is the mass per unit volume of the 

conglomerate thickened without air voids; is therefore a characteristic related to the 

compositions of the blends in terms of particle size, lytic characteristics, percentage and 

type of bitumen, independent by real thickening of the specimen. 

The maximum density was calculated according to UNI EN 12697-5 (Procedure C) 

already widely described in section 4.4.1. The values are listed in Annex 1. 

The bulk density, instead, is the mass per unit volume of the compacted asphalt, 

including the air voids. For the determination of the bulk density, the measurements 

were performed according to the UNI EN 12697-6 (Procedure C) described in section 

4.4.2, using the film to seal the specimens. The values are reported in Annex 1. 

With the value of the maximum density and the bulk density was possible to determine 

the percentage of voids of the compacted mixtures. The percentage of voids of the 

samples was calculated with the standard UNI EN 12697-8 in the manner mentioned in 

paragraph 4.4.3, and the values are reported in Annex 1. 

 

Figure 5.11 – Voids of Marshall specimens. 
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Figure 5.12 – Voids of the slabs compacted with vibrating plate. 

 

 

Figure 5.13 – Voids of the slabs compacted with roller. 
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5.6 Characterization of the geopolymer 

 

In order to make a deep analysis in the field of mechanical strength and water resistance 

of the materials with geopolymeric compositions, different mixtures were prepared, 

varying the percentages of some of their components. 

On the basis of previous studies regarding geopolymers [99], [100], certain values 

remain fixed that correspond to the ideal composition of the geopolymer, considering 

the quality of the mix and the cost of developing it. The fixed values correspond to the 

Sodium Silicate and the Sodium Hydroxide ratio (Na4O4Si/NaOH), the precursor and 

Sodium Silicate ratio (precursor/ Na4O4Si) and the molar concentration of Sodium 

Hydroxide. These last value was mainly considered for having the best quality-cost 

ratio, because even when other molar concentration values showed better results in 

previous works [99] its elevated production costs do not make them as useful choices 

for this experimental process. 

 

 

 

5.6.1 Waste material from Panasqueira mining 

 

In the present study was used as precursor (aluminosilicate material) a mud derived 

from the Panasqueira mines. This mine is considered one of the largest deposits of 

“volframite” in the world, based in Beira Baixa, in the southern foothills of the Serra da 

Estrela between Mount St. Peter and Mount Gardunha Astore in the west of the 

depression known as Cova da Beira [74]. 

 

 
Figure 5.11 – Mines of Panasqueira. 
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Figure 5.12 – Location of the mines of Panasqueira. (Source Google Earth).  

Latitude: 40°09’06.71’’ N; Longitude: 7°44’36.03’’ O. 

 

 

5.6.2 Chemical composition 

 

The mud from the mines of Panasqueira has intrinsic characteristics that give it a huge 

binder potential; it consists essentially of silica, alumina, with high levels of iron and 

potassium. 

The following tables show the chemical composition of the samples of residue from 

Panasqueira (waste material), metakaolin and glass, determined by EDX (Energy 

Dispersive X-ray). 

 

Chemical components Natural mud Calcined mud 

Na2O 0.64 0.44 

MgO 4.93 1.80 

Al2O3 16.28 14.42 

SiO2 49.33 49.66 
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SO4 8.93 4.70 

K2O 4.38 4.44 

CaO 0.83 0.97 

TiO2 1.00 1.13 

Fe2O3 13.67 22.44 

Table 5.6 – Chemical composition of natural mud and dehydroxylated mine waste mud. 

 

Chemical components Metakaolin Glass 

Na2O 
0.096 0.00 

MgO 
0.161 0.00 

Al2O3 
27.00 0.00 

SiO2 
61.26 100.00 

SO4 
0.325 0.00 

K2O 
0.048 0.00 

CaO 
6.622 0.00 

TiO2 
0.159 0.00 

Fe2O3 
0.994 0.00 

Table 5.7 – Chemical composition of metakaolin and glass. 

 

 

5.6.3 The thermal treatment  

 

The first step that should be taken in the process of making geopolymer mixtures is to 

obtain the precursor material. Since environmental protection and recycling is highly 

considered in these research, there was used as precursor material waste from 

Panasqueira mining, Covilhã, Portugal.  

Previous studies concluded that the calcinations of the mining waste at high 
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temperatures improves the properties of this precursor material in the final geopolymer 

product [99], therefore, the material was calcined at 950 ºC for two hours in an 

industrial refractory furnace. Then a ball mill was used to obtain finer precursor 

particles which also achieves better results in the mixing process. The mill process takes 

6 hours to get the very fine ideal grain size. Figure 5.13 shows the industrial refractory 

furnace and Figure 5.14 shows the ball mill used to calcine and mill the precursor 

material, respectively. 

 

 
Figure 5.13 – Industrial refractory furnace. 

 

 

 

 

Figure 5.14 – Ball mill. 
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Figure 5.15 – Precursor after milling. 

  

Even when it is considered, according to previous work, that milled precursor material 

shows better results in geopolymers. 

 

 

 

5.6.4 Alkaline activator 

 

The alkaline activators, as its name indicates, are the elements that, when mixed with 

the precursor, start the process of geopolymeric formation with the onset of dissolution 

of covalent bonds Si – O – Si and Al – O – Al. 

The type of activator, its concentration and the use of activators simple or compound, 

have a role in the management of the formation mechanism of geopolymers and its  

future mechanical characteristics.  

In the present study an alkaline activator composed by sodium hydroxide and sodium 

silicate was used; the relationships between the elements and the concentration of 

hydroxide to improve the reactivity of the precursors, was specifically studied by other 

authors (Torgal, Rye).   
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5.6.4.1 Sodium Hydroxide 

 

The sodium hydroxide was dissolved in distilled water 24 hours before use due to its 

highly exothermic reaction. The sodium hydroxide used has a concentration of 10M, 

14M and 20M. 

10M sodium hydroxide was prepared by dissolving NaOH (with a purity of 97.6%) in 

distilled water. For every 102.56 g of NaOH 200 ml of distilled water were used, mixed 

in a magnetic blender. 

 

     
Figure 5.16 – Sodium Hydroxide. 

 

  
Figure 5.17 – Mixing of sodium hydroxide with distilled water. 
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Was used to obtain the other two concentrations (14M and 20M). The same procedure 

of dissolution of NaOH in distilled water, but varying the amount of sodium hydroxide 

and leaving unchanged the amount of water. For the 14M were dissolved 143.6 g of 

NaOH every 200 ml of distilled water; for the 20M 205.12 g of sodium hydroxide were 

dissolved in 200 ml of distilled water. 

  

                                        
Figure 5.18 – Sodium hydroxide 14M.                Figure 5.19 – Sodium hydroxide 20M. 

 

 

5.6.4.2 Sodium Silicate 

 

Sodium silicate, also known as water glass or liquid glass, is one of many compounds 

containing sodium oxide, Na2O, and Si2O silica. It is available in aqueous solution and 

in solid form. 

The use of this activator is due to the fact that most of the starting materials do not have 

reactive silica in sufficient quantity (Xu & Deventer, 2000) [81]; this is what happens 

with the starting material used in this experimental work. The issue has been confirmed 

in studies by Fernando Torgal [74] analysis of the reactivity of various compositions. 

The sodium silicate is produced by the fusion of the silica sand (SiO2) with sodium 

carbonate or potassium carbonate (Na2CO3, or K2CO3) to 1100 °C - 1200 °C. The 

resulting glass is melted with high-pressure steam so as to form a transparent viscous 

liquid; it can also be obtained from sodium carbonate and silicon dioxide, with 
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generation carbon dioxide. The following table shows the chemical composition of the 

sodium silicate used. 

 

SiO2  [g / kg] NaO2  [g / kg] Al2O3  [g / kg] 

273 - 283 82 - 86 4 

Table 5.8 – Chemical composition of sodium silicate. 

 

   
Figure 5.20 – Sodium silicate. 

 

 

5.6.5 Adjuvant 

 

In this study we used a type of adjuvants to improve the workability of the geopolymer 

mixture. The adjuvant has been designed to work with the Portland cement in order to 

further improve the workability and the physical properties of the mixture. This 

adjuvant was provided by Sika through a request for collaboration with the Department 

of Civil Engineering and Architecture at the University of Beira Interior. The adjuvant 

used is: Sika ViscoCrete 3000; it is a third generation superplasticizer for concrete and 

mortar. It meets the requirements of NP EN 934-2; as superplasticizer is an excellent 

water reducer for concrete. 

Sika ViscoCrete 3000 acting on the particles of the binder in two main ways: absorption 
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surface and spatial effect. Both effects allow a considerable reduction of mixing water 

or a significant increase in the workability. 

Applications: 

_ class concrete equal or more than C 30/37, with any consistency, in which one wants 

to obtain a considerable saving of cement; 

_ Very plastic concrete, or fluid self compacting; 

_ Fastest jet in the cold season; 

_ Precast structural concrete. 

Technical data:  

 

Aspect / Color Liquid / light brown 

Chemical basis Combination of modified 

polycarboxylates, in water solution 

Density at 23 ± 2 °C 1.05 ± 0.02 kg/dm3 

pH at 23 ± 2 °C 4.0 ± 1.0 

Chlorides content < 0.1% 

Solids content 25.5 ± 1.2% 

Table 5.9 – Technical data of Sika ViscoCrete 3000. 

 

    
Figure 5.21 – Superplasticizer Sika ViscoCrete 3000. 
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Figure 5.22 – Aspect and color of Sika ViscoCrete 3000. 

 

The dosage of Sika ViscoCrete 3000 was selected according to the manufacturer's 

recommendations for the production of a self-compacting concrete using a percentage 

of 1.5% by weight of cement, in this case the weight of the precursor. 

 

 
5.6.6 Mix design of geopolymer grout 
  
 

The process of preparing geopolymer consists on a rigorous methodology to be carried 

out with attention, since the aggregates are chemical compounds that react with the 

precursor to carry out the activation process and the molecular bound between the 

individual compounds. The reaction time is critical, as well as the use of the exact 

amounts of each aggregate and the subsequent process of mixing all the aggregates. An 

error in any of these steps can lead to a poor compaction of the geopolymer, and 

therefore a poor mechanical behavior. 

The first step that should be taken in the process of making geopolymer mixtures is to 

obtain the precursor material; used precursors waste material from Panasqueira (natural 

and calcined), metakaolin and glass. The waste have a particularly composition for the 

fact that they are from mine, therefore, have a high percentage of mineral. The main 

compounds that are part of this waste extraction are shown in Table 5.6.  

Once the precursors are obtained, different mixtures were proposed to start making the 

samples. The mixtures obtained by alkaline activation were designed by means of the 

grouting software “ALKAL”. This software calculates the dosage of sodium hydroxide 
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and sodium silicate according to the mass of the precursor, the concentration of sodium 

hydroxide, the precursor/sodium silicate ratio and the chemical composition of the 

precursor.  The fixed values used in this research are shown in Table 5.10 

 

 
 

Na4O4Si / NaOH 
  

Precursor / 
Na4O4Si  

 

 
Molar concentration 

NaOH 
 

Condition A 1 3 10M 

Condition B 4 5 10M 

Condition C 4 5 14M 

Condition D 4 5 20M 
Table 5.10 – Fixed values of the geopolymer composition. 

 

Once it is established the mass value of the precursor, the fixed values of the activators 

(shown in Table 5.10) Sodium Silicate/Sodium Hydroxide (Na4O4Si/NaOH), ratio, the 

precursor/Sodium Silicate (precursor/ Na4O4Si) ratio and the molar concentration of 

Sodium Hydroxide, a computer software known as “AlKal” is used to obtain the values 

of the mass of Sodium (Figures: 5.24; 5.25; 5.26; 5.27). 

The alkaline activation and the water resistance after 7 days of curing at different 

temperatures were adopted as reference indicator of the quality of the mix. These 

proposals include the variation of some aggregates of geopolymeric mixture, as the 

proportion between the different precursors, the percentage of added water and the use 

of sand. 
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Figure 5.23 – Types of precursors used in the elaboration of the samples. 

 

 

 
Figure 5.24 – Software ALKAL; dosage of the components with “Condition A” shown 

in Table 5.10. 

 



Chapter 5                                                                                                                              Grouted Macadams laboratory study   
 

 
 

123 

 
Figure 5.25 – Software ALKAL; dosage of the components with “Condition B” shown 

in Table 5.10. 

 

 
Figure 5.26 – Software ALKAL; dosage of the components with “Condition C” shown 

in Table 5.10. 
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Figure 5.27 – Software ALKAL; dosage of the components with “Condition D” shown 

in Table 5.10. 

 

Once the values are obtained from the software, the process of preparing the mixture 

begins. The first step consists in the combination of Sodium Silicate with Sodium 

Hydroxide. Due to the fact that the samples produced were of small dimensions, the 

amount of each of the activators were reduced, requiring the use of a magnetic agitator 

to get a proper mixture of these two components. Both Sodium Silicate and Sodium 

Hydroxide were placed in a beaker and mixed by the agitator. This process requires at 

least 10 minutes, since less of that time does not allow the necessary combination of 

both activators. 

After obtaining the mixture of sodium hydroxide and sodium silicate, the second step 

can been taken, consisting in mixing between the different precursors or mixture of sand 

(when present in the mixture) with the precursor material. In some cases of 

combinations, the sand was previously moistened before being combined with the 

precursor, as in previous studies it was found that the wet sand could be a possible 

factor that could allow a better mixt of the materials. For these samples, the first step of 
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this second stage consists in adding water to the sand before mixing with the precursor 

or the addition of water after which the precursor was added in the mixture of sodium 

hydroxide and sodium silicate. Subsequently, geopolymeric mixtures were obtained by 

hand mixing; Figure 5.28 shows the mixing phases of the mixture for one of the 

samples.  

 

 
Figure 5.28 – Hand mixing of the precursor with the alkaline activator. 

 

Table 5.11 shows the 81 mixtures made for this research with varying quantities of 

precursor, sand, water, Sodium Hydroxide and Sodium Silicate. 
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Table 5.11 – Compositions of tested geopolymers. 

 

All the produced specimens were cured at 60 °C for 7 days, maintaining a constant 

moisture level.  
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Figure 5.29 – Heat treatment with film to maintain the internal moisture. 

 

 

The mixtures highlighted in Table 5.11 with green color are those that, after the heat 

treatment, were rigid (with apparent good mechanical strength) and, therefore, had 

undergone a certain alkaline activation process. Afterwards, as a further control in 

relation to the resistance, all the mixtures were immersed in water at ambient 

temperature and left to soak for 24 hours. 

 

 
Figure 5.30 – Water immersion after heated curing. 
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The mixtures that were considered initially activated (the most rigid and with extremely 

high surface resistance) have confirmed their high strength even after water immersion 

test. The failed samples showed a bad behavior during the first few minutes of 

submersion in water. 

 

 
Figure 5.31 – Sample n° 38: excellent result after immersion in water. 

 

 
Figure 5.32 – Sample n° 36: dissolution during water immersion. 
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Figure 5.33 – Samples n° 8 and n° 19: after immersion in water. 

 

After all these preliminary tests (very important to obtain a good geopolymeric 

mixture), the composition of the sample number 38, highlighted with yellow in table 

5.11, was chosen with the aim of producing, in larger quantities, a geopolymeric 

compound to be used to impregnate the slabs of asphalt concrete. 

 

 
Figure 5.34 – Composition of the sample n°38: WMG1. 

 

 

5.7 Grouted macadams production and characterization 

 

In this research project granite has been used, for the bituminous mixture, as a main 

component. The mixture produced is the HOT B and the slabs (30 cm x 30 cm x 8 cm) 

have been realized with the same composition as previously mentioned in the paragraph 

5.4, whose particle size can be observed in Table 5.2 and Figure 5.3. This mixture is 
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composed only of crushed stone 6/15 mm and the bitumen chosen for this blend is 

50/70 pen., which characteristics are reported in Table 5.4. 

 

  
Figure 5.35 – Slab HOT B for grouted macadam.   

 

 
Figure 5.36 – Slab HOT B after compaction with vibrating plate.  

 

The produced slabs have been cured at room temperature for 30 days and subsequently 

impregnated; in particular, two have been used for the cement mixture and the other 4 

for the geopolymeric mixture. For research purposes, two more slabs were produced, 

the asphalt was directly mixed and compacted with the geopolymeric mortar. One of 
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these has been made with the traditional hot asphalt mixture (mixture HOT B with 3.0% 

of bitumen); while the other mixed with a percentage of bituminous emulsion (Lusasfal 

C60B5-ECL2) equal to 4.2% by mass of the aggregates. 

 

 
Figure 5.37 – bituminous emulsion: “Lusasfal” C60B5-ECL2. 

 

 

5.7.1 Cement grout 

 

The cement mortar used in this project was composed of Portland cement combined 

with water and a small percentage of superplasticizer. For its realization followed 

aspects have been listed below: 

_ The water / cement ratio is fixed at 1/3; 

_ The Portland cement 42.5 R; 

_ The superplasticizer used is called Sika ViscoCrete 3000; 

_ The percentage of superplasticizer is equal to 2% by the mass of cement; 

_ The mortar was mixed by mechanical mixer and immediately was tested by the 

method of Marsh cone. 
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The Portland cement was chosen because it is commonly used and it is suitable for all 

types of construction (high workability and low heat of hydration). 

The superplasticizer adopted in this study, Sika ViscoCrete 3000, is available in 

aqueous solution. A superplasticizer is defined as a material that allows the reduction of 

water dosage and increases the workability of the mortar; technical data are listed in 

Table 5.9. The process used for production of cement mortar was the following: the 

cement was placed in the mechanical mixer and mixed at low speed, then was added 

half amount of water needed to continue mixing at low speed, then the superplasticizer 

is added to the rest of the water and mixed all to obtain a homogeneous mixture. 

 

 
Figure 5.38 – Cement mortar with 2% of superplasticizer. 

 

 

The measure of the fluidity was carried out in accordance with the standard NP EN 445 

(2000): Marsh cone method. This test has been used previously to determine the  

relative fluidity of cement pastes; it is a simple and practical method for obtaining a 

relative measure of the paste fluidity,  as the inverse of the flow time, by measuring the  

time taken for a certain volume  of paste to flow through a cone with a small opening; 

the longer the flow time is,  the lower the fluidity is. 
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Sample Superplasticizer 

(%) 

Method of Marsh cone 

(sec.) 

1 2.0 24.99 

Table 5.12 – Test result of the fluidity of cement mortar. 

 

 

Previous studies have shown that the compressive strength of this type of mixture, 

carried out on cubes of 40mm side and with 28 days of heat treatment at 20 °C with 

90% relative humidity, has an average value of 53.8 MPa. 

The slabs with cement mortar have undergone a different period of treatment, ie, one 

has been cured in a thermostatic chamber for 7 days at 20 °C with 90% of relative 

humidity and the second has undergone the same heat treatment, but for 14 days in 

order to compare the results in terms of stiffness modulus and compressive strength. 

 

 

 
Figure 5.39 – Slab HOT B being impregnated with cement mortar. 
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Figure 5.40 – Slab HOT B with cement mortar after 7 day of treatment. 

 

After the period of heat treatment, each slab has been cut so as to obtain: 

_ 4 cylindrical specimens with a diameter of 100 mm for the ITSM test; 

_ at least 5 cubes of  40 mm side in order to evaluate the compressive strength. 

The tests results will be reported later. 

 

 
Figure 5.41 – Samples with cement mortar after 14 day of treatment. 
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5.7.2 Geopolymeric grout 

 

The geopolymeric mortar used at this stage of the project, was sample n° 38 called 

WMG1, composed of by mining waste of Panasqueira, metakaolin and glass combined 

with an activator consisting of sodium hydroxide (concentration: 10M) and sodium 

silicate. Firstly it is important to establish the amount of material to be obtained in order 

to get the right proportions of each component of the mixture. Once it is established the 

mass value of the precursor, the fixed values of the activators (shown in Table 5.10 

Condition B) Sodium Silicate/Sodium Hydroxide (Na4O4Si/NaOH), ratio, the 

precursor/Sodium Silicate (precursor/ Na4O4Si) ratio and the molar concentration of 

Sodium Hydroxide, a computer software known as AlKalSoft is used to obtain the 

values of the mass of Sodium Silicate and the volume of Sodium Hydroxide needed to 

get the correct geopolymer mixture. The following aspects were considered: 

_ Na4O4Si / NaOH ratio = 4; 

_ Precursor / Na4O4Si = 5; 

_ Molar concentration of NaOH = 10M; 

_ Total amount of precursors = 3960 g (40% milled glass, 30% mine waste, 30% 

matakaolin).  
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Figure 5.42 – Dosage of the components with “Condition B”, mixture WMG1. 

 

Once, as mentioned above, the values are obtained from the software, the process of 

preparing the mixture begins. The first step consists in the combination of Sodium 

Silicate with Sodium Hydroxide. 

 

  
Figure 5.43 – Sodium Silicate and Sodium Hydroxide mixed for 10 minutes. 

 

 

 
Figure 5.44 – Sodium silicate and sodium hydroxide after 10 minutes of mixing. 

 

After obtaining the mixture of Sodium Hydroxide and Sodium Silicate (Figure 5.44), 
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the second step consist in the mixing of the precursors materials: calcined mining waste, 

metakaolin and milled glass. 

 

  
Figure 5.45 – Hand pre-mixing of the precursors. 

 

Next, a commercial mixer machine was used to complete the mixing of the components. 

The second phase of mixing of alkali activator (sodium hydroxide with sodium silicate) 

and the mixture of precursors lasted other 10 minutes. Figure 5.46 shows the mixing 

machine working on one of the samples WMG1. 

 

 
Figure 5.46 – Mixing of the geopolymer WMG1. 
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Only the fluidity of the mixture WMG1 was measured with Marsh cone method (NP 

445: 2000) and the result is shown in the Table 5.13. 

 

 
Figure 5.47 – Geopolymer WMG1. 

 

 

Sample Water 

(%) 

Method of Marsh cone 

(sec.) 

WMG1 10.0 467.0 

Table 5.13 – Test result of the fluidity of geopolymeric mortar. 

   

 

View a not good fluidity for grouting, has been chosen to add water for the first slab and 

superplasticizer for the second slab. 

The first two slabs of bituminous concrete have been impregnated with the same 

WMG1 mixture, adopting two different types of liquid to increase the workability and 

fluidity; 

_  Geopolymeric mixture WMG1 with 40% of water content (Figure 5.48); 

_ Geopolymeric mixture WMG1 with 1.5% of superplasticizer Sika ViscoCrete 3000  

(Figure 5.49). 
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Figure 5.48 – Grouted macadam WMG1 with 40% of water. 

 

 
Figure 5.49 – Grouted macadam WMG1 with 1.5% of superplasticizer. 
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Given the low performance of the grout for the first two kinds of mixtures (WMG1 with 

40% of water: Figure 5.50 and WMG1 with 1.5% of superplasticizer: Figure 5.51), was 

thought, for research purposes, to realize the grouted macadam in a single phase trying 

to improve the results. 

 

 
Figure 5.50 – Grouted macadam with WMG1 with 40% of water. 

 

 

  
Figure 5.51 – Grouted macadam with WMG1 with 1.5% of superplasticizer. 
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The last two slabs contain geopolymer WMG1 (the composition shown in Figure 5.34) 

that was mixed and compacted with ashalt concrete, without any additives.  

 

  
Figure 5.52 – Slab with bituminous emulsion and geopolymer WMG1. 

 

 

 
Figure 5.53 – Slab with bituminous emulsion and geopolymer WMG1 after compaction. 
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Figure 5.54 – Details of the slab HOT B mixed and compacted with WMG1. 

 

The slabs with geopolymer mortar have undergone the same treatment, ie, all have been 

cured in an oven for 7 days at 40 °C in a plastic bag to maintain moisture and left for 

another 7 days at room temperature. 

 

 

  
Figure 5.55 – Slabs in the plastic bag for the curing in the oven. 
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Figure 5.56 – Grouted macadam WMG1 with 40% of water after the treatment. 

 

 

 
Figure 5.57 – Details of slab with bituminous emulsion and WMG1 after the treatment. 

 

After the heat treatment, each slab has been cut so as to obtain: 

_ 4 cylindrical specimens with a diameter of 100 mm for the ITSM test; 

_ at least 5 cubes of  40 mm side in order to evaluate the compressive strength. 
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Figure 5.58 – Samples with geopolymer mixture after the treatment. 

 

 

Once all the samples have been completed and have reached the activation period, the 

determination of residual content of voids was repeated after grouting. Subsequently 

test ITSM and compressive strength were performed according to standards. 

 

 
Figure 5.59 – Air voids of mixtures HOT B after cement grouting. 
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Figure 5.60 – Air voids of mixtures HOT B after geopolymeric grouting. 

 

 

 
Figure 5.61 – Air voids of mixtures compacted with geopolymer WMG1. 
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5.8 The results of ITSM test 

 

The ITSM test is a non-destructive dynamic test and allows the calculate the stiffness 

modulus, according to European standard EN 12697-26. The test procedures and 

equipment used have been widely described in section 4.6.2. 

The stiffness modulus was obtained for each sample and the results were reported in 

Annex 2. Figures 5.62 and 5.63 summarize the data by type of mixture. 

 

 

Figure 5.62 – Relation between the stiffness modules of the single phase mixtures with 

geopolymer WMG1. 
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Figure 5.63 – Relation between the stiffness modules of the mixtures with cement 

mortar. 

 

 

The comparison shows that, although with lower values, the Cold mixture (made with 

4.2% of bituminous emulsion) and the Hot mixture (realized with 3% of bitumen) 

mixed and compacted with the geopolymer WMG1, have not very comparable stiffness 

modules with those of the mixtures impregnated with cement mortar. 

Focusing on mixtures impregnated with the geopolymer, is known (values shown in 

Annex 2) as the choice of adding water and the choice of adding the superplasticizer 

with the aim to increase the workability of the geopolymer WMG1, have proven to be 

not very accurate; this because, water or other type of liquid in addition to optimal 

geopolymeric mixture, alters and compromises the alkaline activation process and, due 

to this, has not been possible to obtain a binder with good mechanical characteristics. 

 

With the aim to evaluate the water sensitivity of these types of mixtures; all the 

cylindrical specimens were immersed in water at 20 °C for 2 hours and the ITSM test 

was repeated according to EN 12697-12. 
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Figure 5.64 – Relation between the stiffness modules of the single phase mixtures with 

geopolymer WMG1 after 2 hours in water. 

 

 
Figure 5.65 – Relation between the stiffness modules of the mixtures with cement 

mortar after 2 hours in water. 
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After this test it was possible to note and occur as mixtures impregnated with cement 

mortar are more sensitive to permanent contact with water (immersion) and this can be 

seen by the values of stiffness modulus shown in Figures 5.63 and 5.65. 

Regarding the specimens with geopolymer, were verified two main aspects: 

1) The specimens impregnated with the geopolymer WMG1 containing 40% of 

water, after immersion in water for two hours at 20 °C, they are almost 

disintegrated and has not been possible to repeat ITSM test. 

2) The other mixtures that have withstood to the immersion in water, showed a 

lower sensitivity than the mixtures impregnated with cement mortar; this aspect 

is one of the many advantages of the geopolymeric materials. 

This European Standard describes a test method for determining the effect of saturation 

and accelerated water conditioning on the indirect tensile strength of cylindrical 

specimens of bituminous mixtures. 

This method can be used to evaluate the effect of moisture with or without antistripping 

additives including liquids, such as amines, and fillers, such as hydrated lime or cement. 

 

 
where 

ITSR is the indirect tensile strength ratio, in percent (%); 

ITSw is the average indirect tensile strength of the wet group, expressed in kilopascal 

(kPa), rounded to three significant figures; 

ITSd is the average indirect tensile strength of the dry group, expressed in kilopascal 

(kPa), rounded to three significant figures. 
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Figure 5.66 – Sample dried before repeating the ITSM test. 

 

 
Table 5.14 – Determination of the water sensitivity of bituminous 

specimens: ITSR.  

 

According to a precision experiment carried out in USA, using similar indirect tensile 

testing and the same test temperature, a multi-laboratory standard deviation of the 

indirect tensile strength ratio has been found to be 8%. The maximum allowable 

difference in indirect tensile strength ratio between results of tests performed on 

samples of the same mixture is 23 %. 

The following precision data are estimated in: 

_ Repeatability, r: approximately 15 %; 

_ Reproducibility, R: approximately 23 %. 
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5.9 The results of compressive strength test 

 

The compression test was carried out according to EN 12390-3 (2003). The surfaces of 

the testing machine must be cleaned, the specimen must be placed in the center of the 

test base and must be selected a constant rate of load application from 0.2 to 1.0 N / (s ∙ 

mm2); in this case, taking into account that the specimens are cubes of 5 centimeters 

side, the speed of the applied load was 0.5 N / (s ∙ mm2). 

The compressive strength (fc) was calculated with the following expression: 

 

 
where 

fc - Compressive strength (MPa); 

F - Maximum load (N); 

Ac - Area of the section (mm2). 

 

 
Figure 5.67 – Compressive strength test. 
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Were tested four samples of each type of mixture with 7 and 14 days of curing. The 

results are reported in Table 5.15, obtaining an average compressive strength of 15 MPa 

and 16.9 MPa for the specimens impregnated with cement mortar respectively with 7 

and 14 days of treatment; an average compressive strength of 5.5 MPa for cold mixture 

and 4.8 MPa for hot mixture. According to these results, the compressive strength of 

cement mixtures is three times than the compressive strength of the geopolymeric 

mixtures. 

 

 
Table 5.15 – Results of compressive strength. 

 

 

  
Figure 5.68 – Failure mechanism of the specimens with cement and geopolymeric 

mortar. 
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CHAPTER 6 

Conclusions and recommendations 

6.1 Conclusions 
 

Pavement design has generally been made based on laboratory test results; in the last 

few decades, ITSM test and compressive strength have been validated for bituminous 

mixtures, using feedback information. However, such tests have not been tested to 

assess their suitability to be applied to grouted macadam mixtures. Therefore, a 

comparative analysis was carried out between results obtained for both grouted 

macadam and conventional asphalt mixtures, in order to verify the accuracy in the 

design of pavements incorporating grouted macadam mixtures. Grouted macadams have 

traditionally been considered as rut resistant surfacings; however, their performance 

depends on the bearing capacity of the supporting layers. 

In this chapter, a summary of the main issues discussed in each previous chapter is 

presented, with particular attention paid to the main conclusions obtained from the 

present project. Some recommendations for future research are also suggested at the end 

of the chapter. 

A review of the main types of pavement used in road construction and the principal 

design methods was made in Chapter 2. For each type of pavement (flexible, rigid and 

semi-rigid), the main properties and usual forms of distress were discussed. A brief 

introduction was made to semi-flexible pavements, with reference to Chapter 3 for 

further details. Europe current practice in terms of pavement design was also discussed 

in Chapter 2, where the evolution of the concept of pavement design was presented. An 

attempt to establish a European Design Method, involving experts from twenty 

European countries, was described. The so called ‘fundamental design method’ would 

use a mechanistic approach, where material analytical models would be used to predict 

the performance of the pavement under specified traffic and climatic conditions. 

However, it was recognized that this goal is still to be achieved and that the design 
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methods in regular use are either analytically based or empirical. 

Chapter 3 reviewed the appearance and development of semi-flexible materials, i.e., 

grouted macadams, identifying the main application fields and discussing results 

obtained by other researchers in the past. Although limited literature is available about 

grouted macadams, the constitution and properties of the main types of mixture used in 

the past were described in this chapter. The influence of testing conditions on the final 

properties of the mixtures was also discussed. It is generally accepted that grouted 

macadams behave closer to asphalt than to concrete, although showing some 

characteristics of both types of material. This chapter, as well as the previous one, 

provided useful background information that was used as a starting point for the present 

research project, namely regarding the standard mix design and the methods used for 

pavement design. 

Properties of the materials used during this research project were presented in Chapter 

4. Thus, after a general characterization of the aggregates, bitumen and the new binder 

known as “geopolymer” used in this investigation, a comprehensive characterization of 

‘standard’ mixture used in the project was presented. This included the study 

mechanical properties, the stiffness modulus and the compressive strength of the 

mixtures. 

Chapter 5 presented the results of the mix design study carried out during this project to 

optimize the composition of grouted macadam mixtures. Several variables were 

considered in this study, and included:  

_ Different binder contents (2.5% and 3.0% of bitumen by mass of asphalt, 4.2% of 

bitumen emulsion by mass of asphalt);  

_ Different binder types (a 50 pen. straight-run bitumen and a bitumen emulsion 

C60B5-ECL2); 

_ Different water content and superplasticizer to improve the workability of the 

geopolymer. 

Grouted Macadam represent an alternative to the use of semi-flexible pavement, 

promoting the increase of mechanical strength. Moreover, the use of waste and recycled 

materials in the develop process of new building materials represents a solution to the 

problem of accumulation of mining waste, specifically in the region of Panasqueira as 

the particular materials studied in this research work are from these mining 



Chapter 6                                                                                                                              Conclusions and recommendations   
 

 
 

157 

accumulation, and the use of these waste in preparing geopolymer compositions 

presents an alternative to Portland cement, which is the responsible of large emissions 

of Carbon Dioxide to the atmosphere. 

The main objective of this study was, therefore, to study different compositions of 

geopolymeric materials to evaluate their workability and mechanical strength capacities 

in order to proposed them as new building material. Additionally, this work allowed to 

determine that some compositions did not reached the minimum requirements to be 

used in grouted macadam, such as all the samples that were damaged during the water 

immersion test. It also mean that new proposed combinations, as those containing non-

milled precursor, do not have the mechanical and physical properties necessary to be 

considered as possible building materials. Furthermore, this work allow to determine 

which of the compositions was the most suitable for impregnate asphalt mixtures, being 

sample nº 38 the one that presented not only the best results, but also outstanding, 

comparing with the other samples. The success obtained by these sample is due to the 

type of precursors used in its composition and the consequent Si/Al ratio with a value of 

5.897. 

During this investigation were reported difficulties such as:  

_  Main difficulty was encountered when the slabs were impregnated with geopolymeric 

mortar with fluidity much lower than the fluidity of cement mortar; 

_ The workability was improved with the addition of a percentage of water equal to 

40% and with the use of the superplasticizer (1.5% by mass of the precursor), but these 

choices have proved to be incorrect because the geopolymer has not reached the full 

alkaline activation and excellent mechanical strength value. 

In this experimental work it was found that the characteristics of the mixture 

impregnated with cement mortar produces better results than those impregnated with 

geopolymers. With the ITSM test, the stiffness modulus of the mixtures with cement 

mortar is equivalent to 14,000 MPa for mixtures with 7 days of heat treatment and 

18,000 MPa for the mixtures with 14 days of treatment. These results may be related to 

compressive strength, whose values are about 15 MPa (average value), much higher 

than the values of grouted macadam, which has values of about 5 MPa (average value). 

The stiffness modulus obtained for the asphalt geopolymer mortar shows much lower 

values because, probably, high water content and the use of additive with the aim to 
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improve the workability, have compromise a good alkaline activation of the 

geopolymer. According to the analysis of the results that have been obtained, it is not 

possible to conclude that the impregnation with the geopolymeric binder is 

advantageous if compared with the use of Portland cement. However, it seems that there 

is a high potential on the use of new ligands as an alternative to Portland cement; for 

example the geopolymers obtained from mining waste that has economic and 

environmental benefits. 

 

 

6.2 Recommendations 
 

Although this project has contributed to a better understanding of the behaviour of 

grouted macadams, it is still possible to carry out further investigations. Therefore, the 

following recommendations are suggested for future research: 

_ Develop a porous asphalt with a high content of voids to allow a greater penetration of 

the mortar; 

_ Optimizing the geopolymer mortar in order to better control the behavior, the 

mechanical properties, the activation process and, mainly, the fluidity and, thus, the 

workability; 

_ Do not use an excessive amount of water that could compromise the ultimate strength; 

_ Using a superplasticizer to improve the workability adapted to a highly alkaline 

environment; 

_ Understanding what is the optimal temperature of the treatment to obtain a 

geopolymer with excellent mechanical characteristics; 

_ The use of industrial waste materials and by-products either as aggregate or filler 

substitutes, or as grout constituents should be investigated. This would allow a clear 

reduction of the costs of grouted macadams, while reducing the environmental impact 

originated by the waste materials; 

_ An economics oriented study should be carried out to determine the actual costs of 

grouted macadam mixtures, in order to provide supporting data to pavement engineers 

when deciding which mixture to use in a specific application; 

_ Finally, modifications to the construction technique currently used in the production 
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of grouted macadams could be further investigated for the rehabilitation of pavements 

comprising porous asphalt surface courses. Instead of removing the porous asphalt 

layers, a grout could be used to fill the voids of the mixture, turning it into a type of 

grouted macadam, over which a new layer of porous asphalt (or other mixture) could be 

applied. In such a scenario, the grout type (cementitious or other) and constitution 

would have to be investigated, in order to optimise its workability, since the void 

content of conventional porous asphalts is lower than that used in the present study and 

some of the voids may be obstructed by dust and/or dirt. 
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ANNEX 1 

 

Specimen ID Maximum Density 
(Kg/m3) 

Bulk Density with 
film (Kg/m3) AIR VOIDS (%) 

HOT 1A (Marshall) 2515,08 1795,93 28,6 

HOT 2A (Marshall) 2515,08 1758,58 30,1 

HOT 3A (Marshall) 2515,08 1815,74 27,8 

HOT 4A (Marshall) 2515,08 1757,64 30,1 

HOT 1B (Marshall) 2496,92 1943,53 22,2 

HOT 2B (Marshall) 2496,92 1851,47 25,8 

HOT 3B (Marshall) 2496,92 1852,35 25,8 

HOT 4B (Marshall) 2496,92 1865,05 25,3 

HOT 5B (Marshall) 2496,92 1894,36 24,1 

HOT 6B (Marshall) 2496,92 1898,01 24,0 

Slab HOT B"a" 2496,92 1629,21 31,0 

Slab HOT B"b" 2496,92 1633,99 31,0 

Slab HOT B"b1" 2496,92 1622,96 35,0 

Slab HOT B"b2" 2496,92 1633,48 34,6 

Slab HOT B"b3" 2496,92 1642,88 34,2 

Slab HOT B3 2496,92 1686,13 32,5 

Slab HOT C 2496,92 1810,69 27,5 

Slab HOT Br "1" 2496,92 1621,92 35,0 

Slab HOT Br "2" 2496,92 1577,15 36,8 

Slab HOT Br 30x30x6 2496,92 1639,47 34,3 
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Slab HOT Br 30x30x8 2496,92 1657,20 33,6 

Slab HOT Cr 30x30x8 2496,92 1698,05 32,0 

Slab HOT B 30x30x8 2496,92 1686,13 32,5 

Slab HOT B 30x30x8 2496,92 1686,13 32,5 

1cg7days 2348,00 2297,36 2,2 

2cg7days 2348,00 2256,12 3,9 

3cg7days 2348,00 2292,57 2,4 

4cg7days 2348,00 2300,06 2,0 

1cg14days 2348,00 2310,88 1,6 

2cg14days 2348,00 2306,93 1,7 

3cg14days 2348,00 2310,87 1,6 

4cg14days 2348,00 2294,32 2,3 

1ggF7days 2381,00 2284,94 4,0 

2ggF7days 2381,00 2287,88 3,9 

3ggF7days 2381,00 2296,91 3,5 

4ggF7days 2381,00 2279,96 4,2 

1ggSP7days 2381,00 1798,44 24,5 

2ggSP7days 2381,00 1838,80 22,8 

3ggSP7days 2381,00 1809,65 24,0 

4ggSP7days 2381,00 1750,70 26,5 

1ggH7days 2381,00 2165,32 9,1 

2ggH7days 2381,00 1887,77 20,7 

3ggH7days 2381,00 2023,57 15,0 

4ggH7days 2381,00 2049,92 13,9 
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1gg40_7days 2381,00 2099,04 11,8 

2gg40_7days 2381,00 2080,98 12,6 

3gg40_7days 2381,00 2072,61 13,0 
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ANNEX 2 

 

Specimen ID DIAMETER 
(mm) 

THICKNESS 
(mm) 

TEMPERATURE 
TEST (°C) 

ADJ 
STIFFNESS 

(MPa) 

STIFFNESS 
MODULUS (MPa) 

1cg7days 103 61,5 20,2 12813 12394 

1cg7days 103 61,5 20,2 12766 12350 

2cg7days 102,5 62 20,5 14301 13856 

2cg7days 102,5 62 20,5 13508 13057 

3cg7days 103,5 62 20,5 15779 15226 

3cg7days 103,5 62 20,5 15053 14564 

4cg7days 103,5 62,5 20,5 15431 14899 

4cg7days 103,5 62,5 20,5 14942 14463 

1cg7days_2hWATER 103 61,5 20,5 11294 10934 

1cg7days_2hWATER 103 61,5 20,5 11388 11009 

2cg7days_2hWATER 102,5 62 20,5 13050 12624 

2cg7days_2hWATER 102,5 62 20,5 11982 11595 

3cg7days_2hWATER 103,5 62 20,5 13969 13511 

3cg7days_2hWATER 103,5 62 20,5 13673 13218 

4cg7days_2hWATER 103,5 62,5 20,5 14186 13722 

4cg7days_2hWATER 103,5 62,5 20,5 13771 13309 

1cg14days 104 61 20,5 17876 17232 

1cg14days 104 61 20,5 17585 16991 

2cg14days 104 57,5 20,5 21332 20467 

2cg14days 104 57,5 20,5 18315 17661 

3cg14days 104 55,5 20,5 16912 16326 
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3cg14days 104 55,5 20,5 19499 18801 

4cg14days 104 56 20,5 18971 18392 

4cg14days 104 56 20,5 18262 17595 

1cg14days_2hWATER 104 61 20,5 15988 15428 

1cg14days_2hWATER 104 61 20,5 16461 15910 

2cg14days_2hWATER 104 57,5 20,5 19020 18346 

2cg14days_2hWATER 104 57,5 20,5 17633 17035 

3cg14days_2hWATER 104 55,5 20,5 16710 16131 

3cg14days_2hWATER 104 55,5 20,5 17245 16639 

4cg14days_2hWATER 104 56 20,5 16126 15530 

4cg14days_2hWATER 104 56 20,5 16544 15988 

1ggF7days 103 56 20,5 1961 1889 

1ggF7days 103 56 20,5 2178 2107 

2ggF7days 104 56 20,5 3206 3096 

2ggF7days 104 56 20,5 3029 2927 

3ggF7days 104 56 20,5 3816 3702 

3ggF7days 104 56 20,5 3207 3100 

4ggF7days 104 54 20,5 3673 3551 

4ggF7days 104 54 20,5 3304 3192 

1ggSP7days 104 73 20,5 481 470 

1ggSP7days 104 73 20,5 369 362 

2ggSP7days 104 66,5 20,5 455 446 

2ggSP7days 104 66,5 20,5 352 347 

3ggSP7days 104 68 20,5 261 259 

3ggSP7days 104 68 20,5 198 197 
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4ggSP7days 104 54 20,5 466 456 

4ggSP7days 104 54 20,5 412 403 

1ggH7days 103 60 20,5 9398 9101 

1ggH7days 103 60 20,5 8485 8214 

2ggH7days 104 58,5 20,5 3030 2929 

2ggH7days 104 58,5 20,5 2975 2878 

3ggH7days 103 58 20,5 3045 2953 

3ggH7days 103 58 20,5 2856 2757 

4ggH7days 104 59 20,5 4712 4573 

4ggH7days 104 59 20,5 5707 5528 

1gg40_7days 103 58 20,5 294 292 

1gg40_7days 103 58 20,5 254 250 

2gg40_7days 104 62 20,5 402 395 

2gg40_7days 104 62 20,5 216 214 

3gg40_7days 104 59 20,5 broken broken 

3gg40_7days 104 59 20,5 broken broken 

1ggF7days_2hwater 103 56 20,5 1778 1714 

1ggF7days_2hwater 103 56 20,5 1760 1696 

2ggF7days_2hwater 104 56 20,5 2412 2336 

2ggF7days_2hwater 104 56 20,5 2349 2269 

3ggF7days_2hwater 104 56 20,5 2541 2459 

3ggF7days_2hwater 104 56 20,5 2556 2470 

4ggF7days_2hwater 104 54 20,5 2593 2503 

4ggF7days_2hwater 104 54 20,5 2371 2291 

1ggSP7days_2hwater 104 73 20,5 202 201 
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1ggSP7days_2hwater 104 73 20,5 289 286 

2ggSP7days_2hwater 104 66,5 20,5 broken broken 

2ggSP7days_2hwater 104 66,5 20,5 broken broken 

3ggSP7days_2hwater 104 68 20,5 broken broken 

3ggSP7days_2hwater 104 68 20,5 broken broken 

4ggSP7days_2hwater 104 54 20,5 323 318 

4ggSP7days_2hwater 104 54 20,5 147 146 

1ggH7days_2hwater 103 60 20,5 9754 9442 

1ggH7days_2hwater 103 60 20,5 9226 8936 

2ggH7days_2hwater 104 58,5 20,5 1550 1496 

2ggH7days_2hwater 104 58,5 20,5 1673 1617 

3ggH7days_2hwater 103 58 20,5 2603 2520 

3ggH7days_2hwater 103 58 20,5 2557 2468 

4ggH7days_2hwater 104 59 20,5 3084 2979 

4ggH7days_2hwater 104 59 20,5 3453 3347 

1gg40_7days_2hwater 103 58 20,5 broken broken 

1gg40_7days_2hwater 103 58 20,5 broken broken 

2gg40_7days_2hwater 104 62 20,5 broken broken 

2gg40_7days_2hwater 104 62 20,5 broken broken 

3gg40_7days_2hwater 104 59 20,5 broken broken 

3gg40_7days_2hwater 104 59 20,5 broken broken 
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