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ABSTRACT 

Materials used for road construction play a critical role in the performance of the 

pavement structure. Winning and haulage of virgin materials have been highlighted as 

factors that contribute significantly to the increased construction cost and 

environmental degradation. In the quest to achieve sustainability, it has been 

recognised that functionalising locally available materials is one of the ways of tackling 

the challenge highlighted above. Such materials are enhanced through stabilisation 

traditionally using products such as cement and lime. However, these (cement and 

lime) have limitations and various products have been developed and marketed as 

viable alternatives for material enhancement.  

This study evaluated the efficacy of Nano-Modified Emulsion (NME), a relatively new 

product, for stabilisation of gravel materials, particularly for use as a gravel road-

wearing course. NME comprises of Conventional Bitumen Emulsion (CBE) modified 

with an organofunctional nanosilane. Therefore, the product (NME) draws on the 

properties of nanotechnology to functionalise and improve properties of materials 

traditionally considered of marginal quality. Previous studies show that this product 

has great potential in this regard. However, it is recognised that current knowledge of 

the product is limited and further research is required on the fundamental properties 

and behavioural traits of NME stabilised materials (NMESMs) to streamline concepts, 

understanding, leading to the development of design guidelines of the materials. 

A marginal quality micaceous gravel material was chosen as a suitable candidate to 

demonstrate the efficacy of the NME. The material, stabilised with varying NME 

applications from 0.7% to 1.5%, was evaluated for various engineering properties, 

including mechanical strength, stiffness and deformation characteristics. Results of 

tests for mechanical strengths conducted through California Bearing Ratio (CBR), 

Unconfined Compressive Strength (UCS), Indirect Tensile Strength (ITS) and Static 

Triaxial Tests (STT) showed improved material properties by more than 70%. It was 

observed that minimal applications of NME are required to achieve specified strengths 

and that increasing the application dosage does not significantly improve material 

strength. The NME is also shown to impart hydrophobic properties on the gravel 

material such that increased applications of NME increase the gravel’s resistance to 

moisture damage as determined by the Moisture-Induced Damage Ratio (MDR).  
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The STT results demonstrate that the NME improves the shear strength of materials 

by increasing the cohesion parameter by up to 54% while the angle of friction remains 

virtually unchanged. The resilient modulus of NMESMs exhibits a combination of 

stress-dependent and -independent behaviour and it was determined that the 

parabolic model suitably represents this behaviour. Results of plastic strain tests also 

show that NMESMs provide better performance with regard to resisting deformation.    

Modelling and pavement structure analysis was implemented using a Finite Element 

(FE) based software, ANSYS 2022 R2. This was done to simulate the performance of 

the material in an actual pavement structure. It was determined that incorporating a 

NMESM layer as a wearing course on a gravel road pavement structure improves 

pavement responses to loading i.e. strain and deflection by up to 14% and 28%, 

respectively. The use of NMESM also reduces the thickness of the layer, resulting in 

a saving on materials.       

Additional studies are recommended for Life-Cycle Cost Analysis (LCCA) to help in 

quantifying cost-benefit ratios of implementing NMEs in industry.     
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1 INTRODUCTION 

1.1 Background 

The South African (SA) Government recognises transport as one of five main priority 

areas for socio-economic development. The vision of the Government is for a transport 

system that “provides safe, reliable, effective, efficient and fully integrated transport 

operations and infrastructure which best meets the needs of freight and passenger 

customers at improving levels of service and cost in a fashion which supports 

Government strategies for economic and social development whilst being 

environmentally and economically sustainable” (RSA, 1996). This vision also 

resonates with Sustainable Development Goal (SDG) number 11, which calls for 

sustainable cities and communities.  

Roads are a crucial component of transport systems. A road provides a means of 

travel by some form of conveyance, e.g. vehicle, bicycle, ox-cart, or even on foot, to 

access important services. Fraissard (2012) describes roads as the wealth of nations, 

a tool for social inclusion, economic development and environmental sustainability. 

Chakwizira and Mashiri (2009) add that improved conditions of roads bring immediate 

benefits for communities through better access to basic amenities like hospitals, 

schools, and markets, greater comfort, speed, and safety and lower vehicle operating 

costs. Worldwide, there is a large dependence on road transport infrastructure.  

In SA, more than 77% of land freight is hauled on its roads, accounting for 73.8% of 

total land freight income. Therefore, the condition of the roads directly affects the ease 

of movement of goods and people and is a basis for a thriving market and social 

environment (Transport, 2019). The SA Government needs help to meet the cost of 

road infrastructure development. South African National Roads Agency Limited 

(SANRAL) reports that financing to the road sector has been consistently lower than 

planned for the past few years as indicated in Figure 1-1. This has resulted in a 

substantial backlog for strengthening (rehabilitation) and expansion of roads.  
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Figure 1-1: Road Financing (SANRAL, 2020) 

1.2 Sustainability of the road sector 

The long-term strategy for the road sector is anchored on ensuring sustainability in the 

provision of roads (SANRAL, 2020). Sustainability is premised on achieving 

intergenerational equity and is reflected in mainly three dimensions, i.e. the 

environmental, economic and social dimension. In the road sector, sustainability 

essentially entails meeting specific engineering requirements with the least amount of 

energy consumption, reduced greenhouse gas emissions, reduced pollution of air, 

water, land and noise, improved health, safety and risk prevention and ensuring a high 

level of user comfort (Maher et al. 2006; FHWA, 2014; SANRAL, 2020). Thus, so long 

as performance is not adversely affected, the key to successful implementation of 

sustainability best practices is to identify opportunities for reducing costs over the life 

cycle of the project through effective management of resources.  

Materials is one such resource that is the subject of much interest and studies (Toole 

et al, 2018). Henderson and van Zyl (2017) illustrate the current strategies (Figure 1-2) 

to reduce the demand for virgin (standard) material and to extend the time to total 

depletion of materials. It is shown that standard materials have a short lifespan (in 

quantity terms) and that there is need to employ alternative strategies to reduce 

demand. Also, that reclaimed, non-standard and waste materials can meet demand 

over a longer period. Henning et al. (2008) affirm that non-standard and reclaimed 
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materials may be fit for purpose and function successfully in particular road 

environments despite not complying with strict material specifications.  

 

 

 

 

 

 

 

 

Figure 1-2: Strategies to extend the time towards depletion of materials 
(Henderson and van Zyl, 2017) 

1.3 Gravel roads 

Close to 80% of SA’s 750, 000 km of road network is comprised of unsealed roads 

(DoT, 2023). This is an important class of roads and is not only prevalent in rural areas 

but forms a large proportion of the urban network, with some roads carrying up to 

1,000 vehicles per day (vpd) (Paige-Green and Hongve, 2003). Many stakeholders 

have bemoaned the condition of these roads. According to Ross (cited by Obuseng, 

2019), it is estimated that 77.5% of the unsealed road network in SA is in a poor to 

very poor condition and more than ZAR 500 billion is required for functional 

maintenance and technical needs to bring the infrastructure to acceptable standards.  

The 2022 South African Institution of Civil Engineering (SAICE) infrastructure report 

card also gives a damning report on unsealed roads, stating that their condition is 

exposing the public to health and safety hazards and requires immediate action.   

The highest class of unsealed roads, gravel roads, are the focus of this study. They 

(gravel roads) typically comprise a designed bound or unbound aggregate surface 

layer placed over the natural subgrade soil. Imported or native materials meeting 

Particle Size Distribution (PSD) requirements and plasticity are used to construct the 

surfacing to specified standards, to provide all-weather access.  
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Gravel roads are a viable option for road transport provision (and will continue to be 

so for the foreseeable future) due to the limited resource pocket of most countries. 

According to Ferry (1998) and Mwaipungu and Allopi (2014), gravel roads must coexist 

with sealed roads for intergenerational equity and the conservation of non-renewable 

resources used for constructing and maintaining sealed roads. In some cases, gravel 

roads are preferred over sealed roads for aesthetic reasons e.g., in rural communities, 

in the countryside, national parks and game reserves, as they fit better with the 

environment and ecosystems. Mwaipungu and Allopi (2014) outline additional 

advantages of gravel roads including lower construction and maintenance costs, ease 

of maintenance, and less equipment and labour requirements. They are frequently 

constructed using locally available natural materials, which lessens their impact on 

global warming. Less waste is generated during construction and subsequent 

maintenance activities than sealed roads and because traffic speeds are often lower, 

they are comparatively safer.   

Gravel roads deteriorate relatively quickly compared to paved roads. Moloisane and 

Visser (2014) identify poor riding quality, impassability in wet weather and traffic safety 

concerns resulting from dust emissions as common problems with gravel roads. The 

authors explain that all gravel roads, when dry, suffer from surface abrasion resulting 

in loss of material because the adhesion between the particles is reduced. Material 

(gravel) loss is, arguably, the most important factor with regard to gravel roads. The 

loss of gravel surface material leads to the loss of shape and the formation of other 

defects including ruts, corrugations (washboards) and potholes (van Wijk et al., 2019). 

Subsequently water collects on the surface and this decreases the natural durability 

and strength properties of the road system, making the road uncomfortable and 

dangerous to drive on.  

Over 30 million cubic metres of gravel material is estimated to be lost annually from 

gravel roads in SA through dust, erosion and traffic (Ross and Field, 2007). Re-

gravelling is the costliest maintenance operation for gravel roads, accounting for 

between 40% and 60% in some cases (Deepa et al., 2019; Henning et al., 2008; 

LRRB, 2005; Verhaenghe et al., 2010). Therefore, to ensure sustainability, the design 

and construction of gravel roads should aim to limit gravel loss. Henning et al. (2008) 

explain that limiting gravel loss can have significant benefits in lowering maintenance 
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costs and placing less demand on winning gravel, less surface ravelling, better ride 

qualities and improved road safety.  

1.4 Innovative material treatment 

Gravel loss can be reduced by, among other methods, selecting suitable material 

(Kassa, 2015; TRH20, 1990; van Zyl et al., 2007). However, such materials may not 

always be available near the construction site. Bennet et al. (2002), Henderson and 

van Zyl (2017) and Paige-Green and Hongve (2003) all highlight shortages of suitable 

gravel materials for road construction in various regions of SA. Various contributing 

factors have been advanced, including lack of cooperation by landowners, the need 

to avoid restricted areas containing endangered indigenous vegetation, nature 

reserves, national parks and high value agricultural areas, and poor underlying 

geology (Henderson and van Zyl, 2017). The alternative of hauling suitable materials 

from distant areas contributes significantly to the high cost of road construction. 

Gourley and Greening (1999) add that the continued sourcing and extraction of new 

gravel material has far-reaching impacts on the environment, including permanent loss 

of natural resources, morphological damage, habitat fragmentation and dust pollution.   

Reclamation of existing materials and sourcing of locally available marginal quality 

gravels are often the last options for road construction. Such materials are modified 

and enhanced through stabilisation with various products, the most common being 

cement, lime and bitumen. However, these products pose significant challenges for 

particular conditions including; increased material rigidity, proneness to cracking, 

incompatibility with certain materials, susceptibility to particular environmental 

conditions (e.g. water or temperature) and deterioration with use (Akhalwaya and 

Rust, 2018; Steyn, 2009). Furthermore, changes in construction equipment and 

techniques, available raw materials, effects of climate change and the need for rapid 

construction have resulted in updating some construction practices for these products 

(Paige-Green, 2008). Against this background, alternative (non-standard) products 

are being sought, which can be used to improve available in-situ materials to reduce 

losses and enable them to fulfil the required specifications. One such category of 

products that has been receiving greater consideration in SA is nanomaterials. 
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Nanomaterials are defined as materials possessing, at minimum, one external 

dimension measuring in nanometres (Nagarajan and Hatton, 2008). It is a rapidly 

emerging technology with enormous potential to create new materials and products 

(with unique properties) for numerous applications. They are characterised by their 

extremely small sizes (compared to their bulk states) which means they have a much 

greater specific surface area. The small size of particles also means a greater 

proportion of the particle’s atoms are found at the surface where chemical reactions 

occur. Thus, a small quantity of nanomaterial can significantly improve reactivity 

properties between intermixed materials. For this reason, nanomaterials have found 

use in the pavement engineering industry although this has mainly been limited to 

improving binders for asphaltic materials (Jordaan and Steyn, 2021a; Rust et al., 

2020). 

The current study considers an innovative nanotechnology-based product, Nano 

Modified Emulsion (NME), for the stabilisation of a naturally available micaceous 

gravel to be used as a gravel road-wearing course. The NME considered for this study 

comprises of Conventional Bitumen Emulsion (CBE) modified with a compatible 

organofunctional nanosilane. Studies by Akhalwaya and Rust (2018), Jordaan et al. 

(2017a, 2017b), Jordaan and Steyn (2021a, 2021b, 2021c), Kidgell et al. (2019) and 

Rust et al. (2019, 2020) show that this product has the potential to improve the stability 

and hydrophobicity characteristics of most gravel materials. NME is distinguished from 

the standard bitumen stabilisation (foamed or emulsion) practice by the lack (non-

addition) of an active filler. 

1.5 Problem statement  

The adoption of NME in the road industry has the potential to reduce construction 

costs by up to 50 per cent or more by maximising the use of materials recycled from 

within the pavement structure or found in the vicinity of the construction site (Jordaan 

and Steyn, 2021b; Rust et al., 2020). This would be a significant step towards the 

provision of sustainable road infrastructure. However, current knowledge of the 

product is limited, leading to inertia in its adoption by the industry. On-going efforts to 

streamline concepts, understand, and develop design guidelines of NME stabilised 

materials (NMESMs) require further research into these materials’ fundamental 
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properties and behaviour. Therefore, experimental based research is proposed to 

demonstrate and extend the knowledge on the efficacy of NME stabilisation.  

NME Draft Project Specifications (NDPS), included in TRH24 (2022), propose material 

mixing and evaluation procedures for NMESMs for various material categories. The 

evaluation procedures are mainly based on results of Indirect Tensile Strength (ITS) 

and Unconfined Compressive Strength (UCS) laboratory tests. The procedures 

provide an avenue for further testing and understanding of the behaviour of NMESMs. 

By incorporating advanced test methods such as triaxial testing, fundamental material 

engineering properties that better characterise the strengths and behaviour of 

NMESMs can be obtained. The results of these tests also provide critical inputs in 

applications that simulate and predict the materials’ performance through pavement 

responses in structure analysis procedures such as those deployed in mechanistic-

empirical pavement designs.   

1.6 Aim and objectives 

The aim of this study is to investigate the efficacy of NME for gravel material 

stabilisation by characterising and evaluating the engineering strength and durability 

properties of NMESMs in the laboratory. Thus, advancing sustainable gravel road 

construction through innovative nano-emulsion treatment of a micaceous gravel. The 

study objectives are to: 

i. Evaluate characteristics of the mechanical strength and load bearing capacity 

of NMESMs,  

ii. Evaluate stiffness and deformation characteristics of NMESMs, 

iii. Determine durability and moisture susceptibility characteristics of NMESMs, 

iv. Determine the permeability and void characteristics, 

v. Evaluate changes in phase composition and microstructure,  

vi. Model and analyse pavement responses of a gravel road structure 

incorporating NME stabilised layers.    

1.7 Significance of the study 

A large proportion of the road network in SA is already established, thus, the demand 

is mostly for maintenance and rehabilitation activities. The focus is therefore on 
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increasing the durability of the established roads, through rehabilitation, so that they 

can last longer and reduce maintenance requirements (Steyn, 2008). However, the 

continued use of traditional road rehabilitation methods (against the backdrop of 

limited resources) has brought about challenges in the industry leading to a backlog 

of rehabilitation projects. Furthermore, rehabilitation practices such as re-gravelling, 

aim at repairing damage after it occurs rather than minimizing or preventing its 

occurrence in the first place (Li, 2016). This leads to a reduced life cycle of these roads 

and means more resources are required for maintenance and rehabilitation activities.  

The use of new and innovative technologies, such as NME, is targeted at breaking the 

cycle of hauling good quality materials by functionalising recycled material from within 

the pavement structure or locally available in the vicinity of the road project. This study 

broadens the understanding of the engineering properties of NMESMs. These 

properties are crucial for predicting performance and allowing for informed decisions 

on the use of the material. The study also contributes to the ongoing development of 

design standards and the drive for eventual acceptance and adoption of the 

technology by the pavement industry. Potential savings that would be realised from 

the implementation of NMEs would significantly minimise the challenges faced by the 

industry.   

1.8 Scope and limitations of the study 

The characteristic behaviour and performance of stabilised material mixes are 

influenced, to a large extent, by the individual constituent materials, i.e. the NME 

binder and the gravel material in this case. Due to limitations of time and resources, 

only one gravel material type and one NME binder type were considered for this study. 

The NME binder is a proprietary material provided by a local vendor (in SA). A 

micaceous gravel material was chosen as a suitable candidate for demonstrating the 

effectiveness of NME due to its problematic nature. The fundamental mixing 

procedures contained in NDPS (TRH24, 2022) were adopted and used to produce the 

mix. 

This study is limited to laboratory testing to assess the behavioural characteristics of 

the mix (of the two materials) by identifying patterns and trends in the measured 

engineering properties at varied NME application levels. Other factors that may 
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influence the behaviour and performance of NMESM, such as grading and density 

were not assessed but kept constant to minimise their influence.  

Routine tests including, Laboratory Dynamic Cone Penetration (DCP-DN), California 

Bearing Ratio (CBR), Unconfined Compressive Strength (UCS), and Indirect Tensile 

Strength (ITS) were supplemented by advanced tests i.e. Static Triaxial Tests (STT) 

and Repeated Load Triaxial (RLT) tests for Resilient Modulus (MR) and plastic strain 

(εp). The durability of the mix was evaluated in terms of its resistance to moisture 

damage through the Moisture-Induced Damage Ratio (MDR). The study did not 

consider an economic analysis or life cycle assessment of the product (NME).   

1.9 Thesis structure 

The layout of the remainder of the thesis is as follows: 

Chapter 2: The literature review is discussed. It details the broad context of the 

development of NME and the compatibility requirements in applying the 

product to gravel materials. The principles of nanotechnology, its 

applications and the policy framework to advance research and 

development in this field in SA are also discussed.  

Chapter 3: Presents the research approach and experimental design procedure. 

Materials used in the research are itemised, and the standard test 

methods used for classification and material property tests. The adopted 

mixing and evaluation procedure is also presented.  

Chapter 4: Provides the results of material characterisation tests and the mix 

procedure. The gravel material is classified based on index tests in 

applicable material standards. In addition, the aggregate mineralogy is 

presented based on X-Ray Diffraction (XRD) test results.   

Chapter 5:  Details main results of the study. The results of load-bearing capacity 

tests, mechanical strength tests, stiffness and resilient modulus tests, 

Etc., are discussed. Patterns and trends are identified and benchmarked 

against available standards and recent research.        
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Chapter 6:  Discusses the development of a pavement structure model to simulate 

the behaviour of the NMESM. Pavement responses are analysed and 

benchmarked against equivalent unstabilised material layers. 

Chapter 7:  This Chapter concludes the research. Major findings are summarised in 

line with the objectives. The findings of the laboratory test results are 

linked to the performance of NME stabilised materials to improve current 

design methods. Recommendations are made for implementation and 

further research. 
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2 LITERATURE REVIEW 

2.1 Introduction 

Materials play a significant role in the performance of gravel roads. The choice of 

materials for construction of gravel roads depends on, among other factors, 

availability, cost and environmental factors. Additionally, functional requirements of the 

road dictate that the materials meet specified requirements including;   

a) Stiffness – required to quantify the load carrying capacity, 

b) Resilience - ability to recover after release of load, 

c) Strength - defined by limits of the stress-strain relationship,  

d) Retained strength after exposure to particular climatic conditions (moisture, 

temperature), 

e) Durability - cumulative distress during pavement service-life and susceptibility 

to weathering action.  

The extent to which materials meet these requirements is dependent on the materials’ 

inherent properties, qualities of the individual particles in the materials and the means 

by which they are held together (PDM, 2013). Various stabilisation technologies are 

available to bind material particles and enhance performance properties of particularly 

low-quality materials that do not meet these functional requirements. The efficacy and 

suitability of these binders for use with a particular material is evaluated through 

laboratory-based characterisation and strength tests. 

This Chapter reviews literature on the potential of NME, a relatively new technology, 

for material stabilisation. NME offers the promise of the construction of sustainable 

roads by taking advantage of the unique properties of nanotechnology. The review 

begins with an overview of a gravel road pavement structure. Nanotechnology 

applications, the state and framework for advancement of the technology in the SA 

road industry are discussed. The constituents of NME, i.e. nanomaterial and CBE are 

explored, and the process leading to the production of NME. Further, the properties of 

materials for road construction are highlighted with regard to compatibility 

requirements for stabilisation with NME. The last part of the review centres on the 
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fundamental behavioural properties of NMESM and laboratory test properties that 

exemplify this behaviour as depicted in Figure 2-1. 

 

 

 

 

 

 

 

Figure 2-1: Depiction of the formulation of NME stabilised materials 

2.2 Gravel road structure 

A gravel road consists of designed layers of imported gravel to form a wearing course 

and a structural layer (base) which covers the in-situ material (Figure 2-2). The 

wearing course, which is directly in contact with traffic, is designed considering the 

loss of surface material due to traffic and effects of the environment (e.g. rain). The 

base course is designed to protect the subgrade from excessive compressive stress 

(Pinard et al. 2019). However, in many cases, the same material is used for both the 

structural layer and the wearing course thus forming one upper layer – the surfacing. 

According to Toole et al (2018), the surfacing of most gravel roads is typically 100 mm 

to 300 mm thick and provides sufficient structural strength and cover thickness to 

distribute the applied traffic loads to the roadbed material. Most design guidelines, 

including TRH20 (1990), stipulate that to provide all-weather access, the minimum 

thickness of the surfacing should be maintained in service by replenishing the gravel 

material throughout the design life of the road.  

Material selection is a critical aspect for gravel road construction. The best quality 

gravel material should be selected to ensure adequate performance and durability. 
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According to Henning et al., (2008), an ideal material should have properties which 

result in an even, tight, relatively impermeable, erosion-resistant and wear-resistant 

surface. Often, the selection of materials is a compromise between achieving the 

desired properties with available funds. Environmental factors may eliminate some 

sources of material.  

Figure 2-2: Typical cross section of gravel road (Pinard et al. 2019) 

2.3 Nanotechnology 

The term “Nanotechnology” was coined by Taniguchi, a Japanese scientist, in 

1974.  In the paper, “On the Basic Concept of Nanotechnology”, Taniguchi describes 

nanotechnology as mainly consisting of the processing, separation, consolidation and 

deformation of materials by one atom or one molecule (Taniguchi, 1974). According 

to Bayda et al., (2019), "nano" is a Greek prefix that means dwarf or extremely small.  

Many authors have attempted to describe nanotechnology in the modern era. What is 

evident from the definitions is the broad context in which the technology is applicable.  

Tolochko (2009), for instance, asserts that it is a broad term covering a wide spectrum 

of technologies based on various types of physical, chemical and biological processes 

realised at nanometre level. Papadimitropoulos et al. (2018) add that it is not just a 

science that deals with materials in minute dimensions, but a science that exploits the 

unique physical, chemical, mechanical and optical properties of materials on this 

scale. Saidi and Douglas (2017) also describe it as a microcosm of the innovation 

system, covering the creation of nanomaterials through to their application. The 

authors assert that the technology has a ubiquitous influence on the whole 

manufacturing industry and a propensity to spur complementary innovations that span 

the full breadth of the field of science and engineering.  
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The application of nanotechnology and nanomaterials can be traced as far back as 

the fourth century AD (Bayda et al., 2019). The Lycurgus Cup, a typical example of 

nanotechnology from the ancient world, exhibits peculiar optical properties. It appears 

red in transmitted light or green in reflected light due to the dichroic (two colours) glass 

it was made of. In 1990, the cup was analysed using a Transmission Electron 

Microscope (TEM). The observed dichroism was determined to be due to 

nanoparticles, 50–100 nm in diameter, (Bayda et al. 2019; Leon et al. 2020). Similar 

and other nano-products and discoveries made throughout the 19th century are 

accounted for in various literature including, Bayda et al. (2019). 

Nevertheless, purposely created and applied technological processes and means of 

manipulating matter at the nanoscale, subsequently termed nanotechnology, is 

relatively new, conceptualised by Richard Feynman in 1959 (Bayda et al., 2019; Leon 

et al., 2020; Tolochko, 2009). Delivering a lecture dubbed “There is a lot of space down 

there” at a session of the American Physics Society, the possibility of creating nano-

sized products with the use of atoms as building blocks was considered for the first 

time. In the 1980s to the early 1990s, several discoveries and inventions were made, 

which impacted the further development of nanotechnology (Tolochko, 2009). One 

such development was the invention of the Scanning Tunnelling Microscope (STM) by 

IBM researchers; Gerd Binnig and Heinrich Rohrer in 1981. It allowed scientists and 

engineers the ability not only to image atoms but also to manipulate atoms and clusters 

with a precision equal to that of a chemical bond (Goddard et al., 2003).  

Materials and structures developed through nanotechnology perform tasks that are 

not possible using the materials in their typical macroscopic form (Steyn, 2008).  For 

this reason, the technology has found use in almost all aspects of modern life.  Kumar 

et al. (2011) depict the broad range of sectors where nanotechnology applications are 

being explored as shown in Figure 2-3.  
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Figure 2-3: Schematic representation of nanomaterials and their applications 
(Kumar et al. 2011) 

Marr (2020) and Nanowerk (2020) also list some products, incorporating 

nanotechnology-based materials or processes, currently on the market and in daily 

use; 

a) Cosmetics; sunscreen, moisturisers and hair care products,  

b) Sports equipment; baseball bats, tennis and badminton racquets, hockey 

sticks, racing bicycles, golf balls/clubs, skis, etc.  

c) Clothing; sports clothing, protective garments for workers involved in 

emergency services, etc. 

d) Furniture; particle boards, high scratch resistant lacquers, antibacterial, self-

cleaning or easy-to-clean coatings and ultra-strong concrete material for 

kitchen and street furniture applications 

e) Coatings; corrosion, water and ice protection and friction reduction 

f) Automotive equipment; fuel cells, batteries, wear-resistant tires, lighter but 

stronger materials, etc.  

2.4 Dimensional aspects 

Nanomaterials are defined as materials characterised at least in one of three 

measurements by the nanometre (nm) scale. A nanometre is a billionth of a metre (10-

9m), that is, about 1/80,000 of the diameter of a human hair or 10 times the diameter 
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of a hydrogen atom (SANI, 2003).  Therefore, nanomaterials are too small to be seen 

with the naked eye and even with conventional laboratory microscopes. Typically, the 

dimensions that are considered to be at the nanoscale range up to several hundred 

nm (NNI, 2021).  However, Boverhof et al. (2015) explain that while the size limits are 

somewhat arbitrary, there is a general agreement that any unique nano-specific 

phenomena of particulates are most likely to occur between 1 and 100 nm.  

The surface of an object becomes increasingly important as its size 

decreases because the surface area increases significantly with size reduction. This 

is exemplified by Bell (2006) in Figure 2-4. It is shown that the surface area of a cubic 

centimetre of a solid material is six square centimetres but if the same cube is 

pulverised into 1-nm particles, the total surface area of the cube in an ultrafine powder 

form is 60 million square centimetres.   

 

Figure 2-4: Surface Area Coverage (Bell, 2006) 

The surface area of nanomaterials is of significance because most chemical reactions 

involving solids happen at the surfaces, where chemical bonds are incomplete. 

Therefore, a larger surface provides more area for reactions and the chemical activity 

of a material increases drastically. For this reason, nanomaterials exhibit unique 

features, characteristics and properties compared to commonly used materials 

(Papadimitropoulos et al., 2018). Majeed and Taha (2013) itemise some of the 

properties brought on by the transition to nanoscale level;  

 The greater surface area to volume ratio results in a higher cation exchange 

capacity. Because of this, nanomaterials interact very actively with other 
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particles and solutions such that even very minute amounts can significantly 

influence the physico-chemical behaviour and engineering properties.  

 Movement and interactions are dominated by electromagnetic forces rather 

than gravity forces.  

 Instead of classical mechanics, quantum mechanical models are utilized for 

describing movement and energy at the nanoscale.  

 Random molecular movements are of higher significance at the nanoscale 

2.5 Nanotechnology in SA 

SA is one of the countries that has realised the potential of nanotechnology and moved 

to adopt it with the aim of enhancing global competitiveness and sustainable economic 

growth. A number of SA research institutions, universities, science councils and 

industrial companies are actively researching in nanotechnology. In 2002, the SA 

Nanotechnology Initiative (SANI) was formed as a collaborative effort between 

universities and industrial companies. In 2003, the SA government commissioned 

SANI to develop the National Nanotechnology Strategy (SANI, 2003). The strategy 

was developed and approved in 2005 with the objectives to;  

i. Support long-term nanoscience research,  

ii. Support the creation of new and novel devices for applications in various areas,  

iii. Develop the required resources; human and supporting infrastructure,   

iv. Stimulate new developments in technology missions such as nano-bio 

materials for biotechnology, precious metal-based nanoparticles for resource-

based industries, and advanced materials for information and communication 

technologies. 

The strategy also aims to contribute, directly or indirectly to other national strategies 

in line with the broad development goals of economic growth, poverty reduction and 

enhancing quality of life.   

2.6 Nanotechnology in road construction 

In the early 1990s, the construction industry was one of the first industries to identify 

nanotechnology as one of the emerging technologies with potential to contribute to its 
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development. However, it is only since the early 2000s that significant advancements 

have been made in research and development in the broad area of construction (Zhu 

et al., 2004).   

In pavement engineering and road construction, most of the early research on 

nanotechnology has been concentrated on asphalt materials through modification of 

binders with the main research areas depicted by Partl et al. (2004) in Figure 2-5. 

However, studies in many parts of the world demonstrate the potential of this 

technology for improving natural gravels and soils used in structural layers of road 

pavements. Alireza et al. (2013) report on the increased CBR strength after the 

addition of up to 3% nano-silica and 5% lime to a mixture of a weak local soil. However, 

it was observed that increased nano-silica up to 5% had the opposite effect on the 

material. Gallagher and Mitchell (2002), Kodaka et al. (2005) and Persoff et al. (1999), 

report improved material properties including, UCS, permeability, cyclic shear strength 

and liquefaction, on application of various percentages of colloidal silica to different 

soil types. Ugwu et al. (2013) also showed that the stabilization of laterite and clay 

soils with nanomaterial improves the CBR strength, Liquid Limit (LL), Plastic Limit (PL), 

Shrinkage Index (SI) and hydrophobic properties. The nanomaterial also improved the 

hydrophobic properties of black soil but not the strength.   

In SA, Jordaan and Kilian (2016) and Jordaan et al. (2017a) report that a scientifically 

based programme to prove the viability of nanotechnology on roads was embarked on 

in 2014 after it was identified as a potential game changer in delivery of cost-effective 

roads. Suitable roads to demonstrate the applicability of the technology were identified 

and rehabilitated, incorporating NMEs. Jordaan et al. (2017a) reports that initial results 

at design stage and through Accelerated Pavement Testing (APT) with a Heavy 

Vehicle Simulator (HVS) showed good promise, prompting more research in the area. 
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Figure 2-5: Schema of focus areas for nanotechnology development in asphaltic 
materials (Partl et al. 2004) 

2.7 Synthesis and characterisation of nanomaterials 

Nanomaterials exist in nature and can also be created from a variety of products and 

minerals such as carbon, silicon, silver etc. They can be synthesised in different 

morphologies depending on the required properties for the desired application 

(Jeevanandam et al., 2018). Nagarajan and Hatton (2008) discuss the methods for the 

synthesis of nanomaterials listed below;  

 Mechanical processes of size reduction such as grinding, milling and alloying. 

 Gas phase processes - flame pyrolysis, high temperature evaporation and 

plasma synthesis, microwave irradiation, physical and chemical vapor 

deposition synthesis.  

 Colloidal or liquid phase methods - chemical reactions in solvents leading to the 

formation of colloids.  

 Molecular self-assembly 
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Nagarajan and Hatton (2008) also explain that the synthesis of material to nano-sizes 

renders them chemically very reactive and/or physically aggregative. Thus, the 

synthesised nanoparticles have to be surface modified in most cases, for the purposes 

of passivating a very reactive nanoparticle, stabilizing a very aggregative nanoparticle 

in a medium (such as a solvent or polymer) where the nanoparticles are to be 

dispersed, functionalising the nanoparticle for applications such as molecular 

recognition or promoting the assembly of nanoparticles. Most commonly used surface 

modification methods include grafting thiolated surfactants or polymers, adsorption of 

charged surfactants, charged ligands or polymer brushes, attachment of biological 

molecules or coating a continuous polymer film on nanoparticles.   

Based on the method of synthesis and characteristic material nature, nanomaterials 

can be organized into four categories (Jeevanandam et al., 2018);  

 Carbon-based nanomaterials: Generally, these nanomaterials contain carbon, 

and are found in morphologies such as hollow tubes, ellipsoids or spheres. 

Fullerenes (C60), carbon nanotubes (CNTs), carbon nanofibers, carbon black, 

graphene (Gr), and carbon onions are included under the carbon-based 

nanomaterials category. Laser ablation, arc discharge, and chemical vapor 

deposition (CVD) are the important production methods for these carbon-based 

materials fabrication (except carbon black). 

 Inorganic-based nanomaterials: These nanomaterials include metal and metal 

oxides. These nanomaterials can be synthesized into metals such as Gold (Au) 

or Silver (Ag) nanoparticles, metal oxides such as TiO2 and ZnO nanoparticles, 

and semiconductors such as silicon and ceramics. 

 Organic-based nanomaterials: These include nanomaterials made mostly from 

organic matter. The utilization of noncovalent (weak) interactions for the self-

assembly and design of molecules helps to transform the organic 

nanomaterials into desired structures such as dendrimers, micelles, liposomes 

and polymer nanoparticles. 

 Composite-based nanomaterials: Composite nanomaterials are multiphase 

with one phase on the nanoscale dimension. They can either be a combination 

of nanoparticles with other nanoparticles or nanoparticles with larger or bulk-

type materials (e.g., hybrid nanofibers) or more complicated structures, such as 
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metal-organic frameworks. The composites may be any combinations of 

carbon-based, metal-based, or organic-based nanomaterials with any form of 

metal, ceramic, or polymer bulk materials.  

2.8 Silanes 

For centuries scientists experimented on various products to protect and preserve 

stone material for art work, buildings and other works against ageing and the effects 

of the environment. Around the mid-1800s, with the synthesis of various silicon-based 

compounds, it was recognised that silanes could be used for this purpose (Wheeler, 

2005).  

Silanes are compounds that contain monomeric silicon structures (Jerez et al. 2018; 

Materne et al. 2012). The root name, silane (SiH4) is derived by analogy with methane 

(CH4). Each hydrogen atom in the compound may be replaced by other elements or 

groups, for example, replacement by one, two, three or four chlorine atoms yields the 

names chlorosilane (ClSiH3), dichlorosilane (Cl2SiH2) trichlorosilane (Cl3SiH) and 

tetrachlorosilane (SiCl4), the latter more often called silicon tetrachloride (Wheeler, 

2005). When the hydrogen atoms in the Si-H bond in the silane are replaced with 

alkoxy (alkyl + oxygen) groups, the silanes are known as alkoxysilanes and when there 

is at least one carbon-silicon bond (Si-C) structure, they are known as an 

organosilanes (Jerez et al., 2018; Materne et al., 2012; Xu et al., 2019).  

A typical silane compound, depicted in Figure 2-6, contains;  

⁃ R – a non-hydrolysable organic moiety; This moiety can be reactive towards 

another chemical (e.g., amino, epoxy, vinyl, methacrylate, sulfur) or non-

reactive (e.g., alkyl). 

⁃ OR – a hydrolysable group; like an alkoxy group (e.g., methoxy (CH3O) or 

ethoxy (CH3CH2O)) or an acetoxy group  



 

 
22 

 

 

 

 

 

Figure 2-6: Silane Molecule (BRB, 2021) 

Silane compounds are distinguishable by the nature of the hydrolysable groups 

attached to the silicon. They exhibit unique chemical reactivity and, in the presence of 

moisture, form siloxane bonds (Materne et al., 2012). The ability to form siloxane 

bonds is one of the major reasons why silanes are used in stone preservation – 

soil/aggregate stabilisation.  

The formation of siloxane bonds with substrates such as soil happens through a four-

stage process (Arkles, 2006; Materne et al., 2012; Wheeler, 2005). First, the 

hydrolysable groups in the silane molecule are hydrolysed i.e. react with atmospheric 

or absorbed water on a surface to form silanol, Si-OH (Figure 2-7).   

 

 

 

 

Figure 2-7: Hydrolysis of Silane molecule (BRB, 2021) 

In the second step, oligomers (molecule consisting of a few repeating units) are formed 

through a condensation process. The oligomers hydrogen bond with hydroxide (OH) 

groups of soils (substrate), in the third step, and finally during drying or curing, covalent 

bonds - siloxane (-Si-O-Si) bonds - are formed with the soil, with concomitant loss of 

water. Figure 2-8 provides a summary of the process.  
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Figure 2-8: The mechanism of hydrolysis, condensation and bonding of silanes 
to Inorganic surface (Materne et al., 2012) 

Usually only one bond is formed from each silicon to the interface with the substrate. 

The two remaining silanol groups are present either in condensed or free form. The R 

group remains available for covalent reaction or physical interaction with other phases 

(Arkles, 2006).  

2.8.1 Properties of silanes 

The siloxane bonds have many properties that are beneficial to soil. They (siloxane 

bonds) are one of the strongest bonds established in nature (see Table 2-1). They 

have good weathering resistibility, possess thermal and oxidative stability and resist 

cleavage by ultraviolet solar radiation. This is exemplified by the abundance and long 

life of rain- and sun-drenched silicate minerals in the earth's crust (Wheeler, 2005; Xu 

et al. 2019). 

Table 2-1: Chemical Bond Strengths (Wheeler, 2005) 

 

 

 

 

 

 

 

Bond Strengths in kcal/mol 

Si-O 108 

C-H 99 

C-C 83 

C-O 86 

C=C 148 

C=O 169 
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Mealey and Thomas (2006) and Wacker (2015) further explain that silanes are hybrid 

compounds that combine the functionality of a reactive organic group and an inorganic 

group in a single molecule. For this reason, they are called organofunctional silanes. 

They have dual reactivity and work by forming molecular bridges between inorganic 

substrates (soils) and organic/polymeric matrices as shown in Figure 2-9. This unique 

dual reactivity differentiates silanes from other treatments. 

Figure 2-9: Organofunctional silanes act as molecular bridges between organic 
polymers and inorganic materials (Wacker, 2015) 

Arkles (2006), Fonseca et al. (2018) and Wheeler (2005) add that silanes are relatively 

easy to apply and have low viscosities. The low viscosities make for mobile liquids that 

easily penetrate the intergranular network of substrates (soils). No harmful by-products 

are produced during the formation of the siloxane bonds and it does not compromise 

aggregate strength nor form hardened/brittle layers due to over-consolidation.  

Brinker and Scherer (1990) demonstrate that silanes are hydrophobic. Hydrophobicity 

is the ability of a material to repel water. The hydrophobicity of silanes is imparted onto 

the surfaces of stabilised soil/aggregates such that the surfaces tend not to absorb or 

be wetted by water. This is demonstrated in Figure 2-10 (Jordaan et al., 2021b). This 

is an important property as road materials are adversely affected by water through 

loss of bearing strength, leading to manifestation of pavement defects and 

serviceability loss.  
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Figure 2-10: Illustration of hydrophobicity of stabilised materials (Jordaan et 
al., 2021b) 

However, not all silanes can be used for stabilisation of material, bringing about the 

benefits of hydrophobicity among other properties. According to Wheeler (2005), to 

function as a consolidant the silane compound must have the ability to form three-

dimensional networks and so must have a minimum of three reactive groups. 

Therefore, only tri- and tetra-functional silicon compounds form gels to bind soils. All 

difunctional compounds that form only linear polymers are eliminated. Additionally, 

some silanes produce harmful by-products such as hydrogen gas and hydrochloric 

acid on hydrolysis. This is discussed further in Section 2.11.6. Such compounds are 

avoided as they cause environmental and human health problems. Vapour pressure 

and reactivity rate are two other factors considered. Silanes with high vapour pressure 

are likely to evaporate before consolidation occurs. This may be exacerbated by high 

temperature and/or low humidity. Slow acting volatile stabilisers also stand the risk of 

evaporative loss. On the other hand, stabilisers that react too rapidly may not be able 

to penetrate deep into the soil/aggregate before gelation occurs. 

Brinker and Scherer (1990) and Wypych et al. (2018) explain how steric and inductive 

effects also come into play in silane reactivity. Steric effects (or steric hindrance) is the 

crowding or blocking of the central silicon atom by larger or geometrically more 

complicated alkyl or alkoxy groups. Steric hindrance can also happen when reactive 

groups on the polymer chains do not match positions of the reactive sites on mineral 

surfaces. Thus, few (if any) covalent bonds are formed due to reduced rates of 

hydrolysis and condensation. Inductive effects refer to the effect on electron density in 
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one portion of a molecule due to electron-withdrawing or electron-donating groups 

elsewhere in the molecule. In silanes, this may result from substituting alkyl for alkoxy 

groups. For example, replacing a methoxy group on tetramethoxysilane with an 

‘electron-donating’ methyl group (transforming it into methyltrimethoxysilane 

(MTMOS)) increases the electron density on the silicon atom and, under acid 

conditions, increases the rate of hydrolysis. However, for base conditions, the alkyl-

for-alkoxy trade decreases the rate of hydrolysis. Reduced hydrolysis rate means 

reduced condensation and therefore reduced gelation.  

2.8.2 Nanosilanes 

Nanosilanes are derivatives of silanes, and may be produced through one of the 

processes discussed in Section 2.7. According to Nagarajan and Hatton (2008), the 

molecular self-condensation method is a particularly effective method for the 

production of polymeric nanoparticles. Thermodynamically stable nanoparticles can 

be produced whose size and shape can be controlled by the self-assembly conditions. 

Figure 2-11 illustrates the production of liquid phase nanosilanes through the process 

of self-condensation.  

Figure 2-11: Production of silane nanoparticle through self-condensation (Feng 
et al. 2016) 

Feng et al. (2016) explain that the process begins with the formation of silane 

oligomers through the first condensation process. Further condensation of oligomers 

leads to the formation of nanosilanes consisting of thousands of repeating silane units. 

Nanosilanes offer additional advantages for use in soil stabilisation due to their 

characteristically small molecular size (nano size). They are particularly suited for 

deep penetration into the intergranular network of soils (Feng et al. 2016; Jordaan et 

al. 2017a; Kidgell et al., 2019). This is aided by their low viscosity and high mobility. In 

addition, they have high molecular weight and low vapour pressure and, thus, are less 
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likely to evaporate (Feng et al. 2016; Wheeler, 2005). Further, nanosilanes, with more 

repeating silane units, have more RO groups available for condensation and bond 

formation with soils. Due to size, the siloxane bonds are formed at the molecular level 

of a mineral soil or aggregate (Jordaan et al. 2017a). This means more surface area 

covered and hence higher (molecular) level hydrophobicity on a treated surface.  

However, Wendler et al. (1999) and Wheeler (2005) point out that nanosilanes cannot 

be singly used to bridge gaps and bind together aggregates/soil particles used in road 

construction. The (small) sizes of nanosilanes means that when applied to a soil, the 

gels formed can only bridge pore sizes of up to 60 µm. Such pore sizes are only 

possible for a maximum aggregate size of about 4mm while soils and aggregates used 

in road construction currently vary in size from less than 0.075mm to about 63mm. It 

is for this reason that in many studies (Alireza et al. 2013; Ugwu et al. 2013; Hussain, 

2016; Rosales et al, 2020), nanomaterials are added to other binders (of larger 

molecules) to aid the bridging effect required to bind aggregates. Cement, lime and 

water have all been used to pair the nanomaterial.  

2.9 Bitumen Emulsions 

Emulsions are heterogeneous systems with two or more liquid phases, i.e. a 

continuous liquid phase and at least a second liquid phase dispersed in the former as 

fine droplets. Thus, bitumen emulsions consist mainly of two immiscible liquids, 

bitumen and water. The bitumen is dispersed throughout the continuous water phase 

in the form of discrete globules and is referred to as Oil in Water (O/W) emulsion. The 

water is referred to as the dispersing phase and the bitumen as the dispersed phase. 

Bitumen emulsions are widely used for cold paving technologies and material 

stabilisation (Lesueur, 2011). It offers many advantages including environmental 

friendliness, better safety profile and ease of application. Heating of emulsions during 

storage or application is not required, avoiding short-term ageing of the binder.   

2.9.1 Manufacturing method 

There are a number of methods for manufacturing bitumen emulsions, one of which is 

by colloid mill. Using this method, bitumen, heated to between 120 to 180 ᵒC with a 

viscosity of about 0.2 Pa.s and water (at a temperature between 40 and 65 °C) is 
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mixed by forcing the two mediums through small openings (<1 mm) of a colloid mill. 

The mixing process is achieved under high shear conditions of around 1000 to 6,000 

rotations per minute. The amount of bitumen added ranges from 40 to 70%, depending 

on the nature of use of the bitumen emulsion. Above this range, very large droplets 

are formed and the emulsions have little storage stability (Al-Mohammedawi and 

Mollenhauer, 2022; Lesueur et al., 2008; Murphy et al., 2019; Rahman, 2021). A 

schematic of the manufacturing process is depicted in Figure 2-12.   

 

 

 

 

 

 

 

Figure 2-12: Manufacture of Bitumen Emulsion (TG2, 2009) 

Chemical emulsifying agents are used to facilitate the mixing of the two mediums, 

bitumen and water, which otherwise do not mix. These are surface-active agents 

(surfactants) that act to reduce the interfacial energy between the water and the 

bitumen, promoting the stable distribution of bitumen droplets in the dispersing 

(aqueous) phase. Additionally, they control bitumen emulsion properties such as 

viscosity, breaking, and adhesivity (Abdullin and Emelyanycheva, 2019; Al-

Mohammedawi and Mollenhauer, 2022).  

A surfactant molecule has two parts, a hydrophilic (head) part and hydrophobic (tail) 

part and are thus called amphiphilic. The hydrophilic heads of surfactant molecules 

typically have positive and negative charge areas (polar) and therefore are attracted 

by the molecules of polar solvents such as water. The tail consists of a long chain 

organic group (such as a hydrocarbon) that is not soluble in water but is soluble in 

other organic materials e.g. bitumen. Thus, an emulsifying agent is one molecule with 
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both hydrophilic and lipophilic (oil-loving) ends (commonly referred to as “Janus” 

particle; from the Greek mythology meaning “two-faced”) (Bitumina, 2014; 

Kopeliovich, 2013; Murphy et al., 2019). In a bitumen emulsion, the hydrophilic end of 

the surfactant molecule orients towards the water phase and the lipophilic end towards 

the bitumen. Thus, each bitumen droplet is similarly charged and will repel each other 

in continuous water phase, thereby form a stable solution as depicted in Figure 2-13.   

 

 

 

 

 

 

 

 

 

 

 

Figure 2-13: An illustration of an emulsifier stabilised bitumen droplet (Al-
Mohammedawi and Mollenhauer, 2022)  

2.9.2 Classification 

Emulsions are classified as anionic, cationic and non-ionic depending on the charge 

their head groups adopt in water (James, 2006). Franklin and Zhou (2018) explain that 

in anionic bitumen emulsions, generally the non-polar tails of the anionic emulsifier 

align inward toward the bitumen material to form a bitumen emulsion particle having a 

generally negative charge due to the outward-facing negatively charged polar heads 

surrounding the bitumen particle. In cationic bitumen emulsions, the non-polar tails of 

the cationic emulsifier align inward toward the bitumen material to form a bitumen 
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emulsion particle having a generally positive charge due to the outward-facing 

positively charged polar heads surrounding the bitumen particle.  

The bituminous properties of bitumen emulsions are obtained after the emulsion 

breaks (when it comes into contact with aggregates) and droplets of bitumen coalesce 

and adhere to the aggregate and the water is expelled. The rate of this breaking 

depends on, among other factors, the amount of emulsifier, temperature, the reactivity 

of the emulsion and the surface properties and reactivity of the aggregates (Al-

Mohammedawi and Mollenhauer, 2022; Manual 30, 2011). The breaking rate of 

emulsions can be controlled depending on final application, to be either rapid, medium 

or slow. Thus, bitumen emulsions are also classified as Rapid-Setting (RS), Medium-

Setting (MS) and Slow-Setting (SS) (Franklin and Zhou, 2018, Ignatavicius et al., 

2021). RS emulsions are reactive and set quickly in contact with unreactive clean 

aggregates (of low-surface area). MS emulsions set sufficiently less quickly that they 

can be mixed with aggregates of low surface area. SS emulsions are unreactive and 

mix with reactive aggregates of high surface area (James, 2006). The actual breaking 

and curing time in the field depends on the mixing techniques, materials used as well 

as the environmental conditions.  

2.9.3 Properties of bitumen emulsions 

Al-Mohammedawi and Mollenhauer (2022) and Murphy et al. (2019) explain that most 

of the emulsion properties are determined by various factors of the manufacturing 

process including, properties of bitumen used, properties of the surfactant, the 

pressure under which the bitumen emulsion is manufactured as well as the applied 

shear during mixing with water. Thus, through the manufacturing process, the 

emulsion can be tailored to the application. Some properties of bitumen emulsions, 

particularly relevant to this study, are discussed below (Bahia et al., 2008; Kashaya, 

2013; Hunter et al., 2015; Murphy et al., 2019; TG2, 2020). 

a) Physical stability: Stability refers to the ability of bitumen droplets to stay 

dispersed throughout the continuous phase for a prolonged period. During 

storage, bitumen droplets in an emulsion tend to approach one another, a 

phenomenon called flocculation. Coalescence occurs if the surfactant layer 

between the droplets is compromised, allowing the droplets to contact one 
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another. The surfactant can be compromised by lack of agitation, flow of the 

emulsion caused by pumping, heating (convection currents) or transportation. 

Some emulsifiers also have a tendency to foam, which may cause coalescence 

because bitumen particles in the thin film of a bubble are subjected to the forces 

of surface tension. Coalescence of bitumen emulsion also depends on 

formulation, i.e. bitumen grade, temperature and surfactant type.  

b) Chemical stability: Jordaan and Steyn (2021d) explain that in terms of chemical 

stability, bond strengths between the various atoms in the emulsifying agent 

play a major role in the stability of the emulsion. The authors submit that bond 

strengths between the elements comprising an anionic emulsifying agent are 

considerably stronger than the bond strengths comprising typical cationic 

emulsifying agents. Thus, anionic bitumen emulsions are characteristically 

more stable than their cationic counterparts and will normally have a longer 

shelf life, an important factor in practice.   

c) Settlement: Settlement or sedimentation is the end-result of instability of 

emulsions as depicted in Figure 2-14. Bitumen emulsions with low viscosity and 

low bitumen content as well as those with densities of bitumen higher than that 

of the aqueous phase of the emulsion are prone to sedimentation. The bitumen 

droplets tend to fall through the aqueous phase, resulting in a bitumen-rich 

lower layer and a bitumen-deficient upper layer. Other factors that influence 

settlement are the amount of emulsifier and storage temperature. Settlement 

can be reduced by equalising the densities of the two phases, reducing either 

the mean particle size or the range of particle sizes present in the mix and/or 

increasing the viscosity of the aqueous phase. For a stable emulsion, gentle 

agitation restores its original quality after settlement.  

 

Figure 2-14: Sedimentation process of bitumen emulsion (James, 2006) 
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d) Breaking/setting rate: This is the time it takes the bitumen to separate from the 

water phase (through flocculation) and coalesce to produce films of bitumen on 

the aggregate. In the process, the emulsion changes from a liquid to a 

continuous film of bitumen, turning from a brown to a black colouration. 

Breaking is differentiated from curing, which is the displacement of water and 

subsequent increase in stiffness and tensile strength. Factors that influence 

breaking and curing include bitumen content, type and dosage of emulsifier, 

pH, the type of aggregate and particle size distribution, moisture content, 

environmental conditions, mineralogical composition of aggregate and 

mechanical action such as compaction or trafficking.  

e) Viscosity: Emulsion viscosity is a key performance factor of bitumen emulsions. 

Highly viscous emulsions may not distribute well in the material whereas low 

viscosity emulsions may affect the aggregate/binder adhesion evolution, which 

in turn affects the gaining of the mechanical strength. According to Al-

Mohammedawi and Mollenhauer (2022), viscosity is affected by factors such 

as emulsion particle size and particle size distribution, the bitumen to water ratio 

and the surfactant type.  

f) Wettability:  The bitumen in the emulsion needs to ‘wet’ the aggregate to create 

the maximum effective contact area. This is called wettability. The potential 

wettability of a substrate is indicated by the contact angle which is the angle the 

liquid makes on a solid interface as explained in Section 2.8.1. A lower contact 

angle is associated with increased wettability. Wettability is dependent on the 

solid surface (tension) free energy which must be high enough to ensure that 

the bitumen spreads easily over the surface of the aggregate. The resultant 

adhesion should generally exceed the cohesion of the bitumen, to avoid 

ravelling failure. Poor wettability can be caused by premature coalescence 

occurring away from the emulsion-aggregate interface or presence of water or 

dust at the interface.  

g) Granulometry: The granulometry of an emulsion can be characterised as a 

function of mass, volume and surface of droplets, though the mean average 

size is the most commonly used definition (Al-Mohammedawi and Mollenhauer, 

2022). Emulsions are classified into two types, based on droplet size, macro-
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emulsions and micro-emulsions. Macro-emulsions have particle sizes 

measurable in micrometres (µm), and are thermodynamically unstable whereas 

micro-emulsions are in the size range of nanometres (nm) and are 

characterised by thermodynamic stability. Additionally, the droplet size also 

influences the emulsion’s rheological characteristics as explained in Section 

2.10.  

2.9.4 Modification of bitumen emulsion 

Bitumen emulsions have a limited application range as not all (emulsions) meet 

requirements for particular applications (Lesueur, 2011). Factors like traffic volume, 

deflection bowls, crack activity and environmental conditions may preclude the use of 

conventional bitumen emulsions (TRH7, 1994). Al-Mohammedawi and Mollenhauer 

(2022) add that low early mechanical performances, such as low bearing capacity and 

adhesion, are some of the main obstacles that stands against the vast usage of 

bitumen emulsions. There is a continuing need for improvements in bituminous 

emulsions and for optimizing compositions for various applications (Franklin and Zhou, 

2018). As such, bitumen emulsion may be modified to improve its performance and 

meet specific requirements for its intended use and the environment in which it is to 

be used. The modification is done to improve the emulsion’s properties during storage, 

shipping and application. Through the years, several additives have been developed 

as modifiers to bitumen emulsions. Murphy et al. (2019) identify some of them and 

their functions; 

 Calcium chloride - reduce the osmosis of water into the bitumen and reduce the 

risk of an increase in viscosity during storage, 

 Sodium tripolyphosphate - acts as a water “softener” and improves the 

emulsion quality, 

 Bitumen peptizers - improve adhesion properties, promote smaller particles and 

reduce the risk of settlement and higher viscosities, 

 Latex polymer modifications - improve the bitumen characteristics in terms of 

crack resistance at low temperatures or resistance against deformation and 

flow at high temperatures (the type of latex need to be compatible with the type 

of emulsion used with control of pH balances to ensure that latex is added 

successfully to the emulsion and create a stable mix), 
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 Fisher-Tropsch (FT) wax modifications - used to improve the bitumen 

characteristics in terms of low temperature crack propagation and high 

temperature deformation 

 Emulsion thickeners - introduced to the mix to increase the viscosity to reduce 

emulsion run-off (these products could also negatively affect the breaking and 

adhesion of the emulsion), and 

 Adhesion promoters - added to the bitumen or the emulsion to improve the 

adhesion characteristics of the emulsion – (similar restrictions in compactability 

as related to the addition of latex modifications apply). 

2.10 Nano Modified Emulsion (NME) 

The advent of nanotechnology means that nano-additives can now be incorporated 

into bitumen emulsions so that the bituminous residue obtained after curing behaves 

in the manner of nano-composites, which are generally more durable than unmodified 

residues. These additives can be incorporated into the bituminous emulsions during 

formulation, by post-addition of the additive into bituminous emulsions after the 

emulsions have been formed or by use of bitumen materials already modified with 

nano-additives (Franklin and Zhou, 2018). 

For this study, CBE is modified with an organofunctional nanosilane through an 

emulsification process, at high shear to ensure even distribution throughout the 

emulsion (Jordaan and Steyn, 2021d). The organic group of the organofunctional 

silane reacts with a functional group of the bitumen emulsion to create a chemical 

bond between the emulsion and the nano-additive while the hydrolysable group is left 

free to bond with inorganic substrates such as soils/aggregates.   

However, as was discussed in Section 2.8.1, not all silanes that form siloxane bonds 

are useful for consolidating soil/aggregates. Only tri- and tetra-functional silicon 

compounds can act as consolidants and of these, few have the correct balance of 

volatility and reactivity and are safe for the environment and soil/aggregate. In the 

same vein, not all nanosilanes react with bitumen emulsions to form a stable, low risk 

NME with a long shelf life and the desirable properties, usable for soil stabilisation. 

The nanosilane must be compatible with the bitumen emulsion for the two to attach 

firmly and achieve successful mixing and stability of NMEs. According to Jordaan and 
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Steyn (2021b), compatibility and short- or medium-term stability are influenced by 

basic properties such as the condition of materials. The authors submit that 

compatibility is achievable by pairing/modifying anionic or cationic emulsions with 

appropriate anionic or cationic nanosilane modifiers. Mkhize (2022) demonstrates this 

in Figure 2-15.  It is shown that unstable, non-homogenous solutions are obtainable 

when an anionic nanosilane is used to modify a cationic bitumen emulsion and 

conversely, a cationic silane used to modify an anionic emulsion. Similar findings are 

reported by Qacha (2022).    

Figure 2-15: Stability of bitumen emulsions modified with silane nano-additives 
(Mkhize, 2022) 

2.10.1 Properties 

It was explained in the preceding section that the nanosilane is incorporated into the 

bitumen emulsion through an emulsification process. Thus, to produce the NME, the 

bitumen undergoes two emulsification processes. The bitumen droplets obtained from 

the first emulsification process are classified as macro-emulsions and are of sizes, 1-

10 µm. They have relatively high surface tension characteristics and can almost be 

made out due to the effect of Van der Waal forces (Jordaan, 2019). Macro-emulsions 

are also considered to be thermodynamically unstable, have relatively high settlement 

and break down over time due to various physicochemical destabilizing factors 

including, gravitational separation, coalescence, flocculation, inversion and Ostwald 

ripening (Engmana et al. 2000; Solà, 2013; Aswathanarayan and Vittal, 2019; Kiihnl, 

2020). The modification of the bitumen emulsion by the introduction of another 

emulsifier (nanosilane) in a second emulsification process results in increased 

concentration of the emulsifier and the further reduction of bitumen droplet sizes. Thus, 
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a bitumen emulsion with effectively separated nano-sized molecules is obtained 

(NME) (James, 2006; Jordaan, 2019; Yaacob et al. 2013).  

The NME produced is characterised by thermodynamic metastability and kinetic 

stability. Due to the weaker attraction forces between the small sized bitumen droplets, 

there is no gravitational separation and droplet aggregation. Movement is governed 

by Brownian forces as demonstrated in Figure 2-16 (Jordaan and Steyn, 2021b). 

These unique qualities mean that the NME can be transported and stored for many 

months, a great advantage in the road construction industry. 

 

 

 

 

 

 

 

 

Figure 2-16: Demonstration of the stability of nano-scale technologies in a water 
carrier fluid (Jordaan and Steyn, 2021b) 

The droplet size of NMEs also influences its rheological properties and release 

behaviour (Aswathanarayan and Vittal, 2019; Goodarzi and Zendehboudi, 2018). 

Engmana et al. (2000) show that emulsions with smaller average particle size have 

higher viscosities (Figure 2-17). The authors also explain that the size of the droplets 

directly affects their mobility towards the surface of the aggregate under the influence 

of the surface charge, since smaller particles move faster. Better penetration power in 

substrates is also expected with smaller bitumen droplets.  

Thus, the distribution, coverage and consequently, stabilisation properties of bitumen 

emulsions are considerably enhanced by modification with organofunctional 
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nanosilanes. Due to the increased performance qualities, just a minimal amount of 

residue bitumen is needed to meet design strength requirements. The imparted 

hydrophobicity is aided by the encapsulation and immobilisation of finer particles of 

the material by the binder. Additionally, the organofunctional properties of the 

nanosilane promote the polar attraction between the emulsion and aggregates. Thus, 

the nanosilane acts as an adhesion promoter, enabling the increased adhesion of the 

residue bitumen with the aggregate during stabilisation.   

 

 

 

 

 

Figure 2-17: Effect of emulsion particle size on emulsion viscosity (Engmana et 
al. 2000) 

2.11 Nano Modified Emulsions Stabilised Materials (NMESM) 

NMESMs are composed of NME and aggregates/soil, with the latter making up the 

majority - more than 98%. The two ingredients have to be evaluated individually and 

optimally combined to produce a NMESM that provides reliable performance for 

specific application. Having discussed the properties of NMEs in the preceding 

sections, this section begins by addressing particular aggregate properties that have 

been proved to influence the engineering properties of the composite product. 

According to TG2 (2020), bituminous materials with less than 2% added binder behave 

in much the same way as granular materials, therefore, the properties of the 

aggregate/soils are expected to significantly influence the fundamental behaviour and 

performance of NMESMs.   

2.11.1 Aggregate properties  

Aggregate properties play a crucial role in interactions with binders. While the 

mineralogy of the aggregates and soils have been promulgated as the primary 
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consideration for determining the suitability for NME treatment (Jordaan et al. 2017b; 

Jordaan and Steyn, 2021a), other properties including material type, gradation and 

plasticity are equally important and form the basis for the different classification of 

NMESMs, as discussed in Section 2.11.6.   

2.11.1.1 Material type 

Based on SA standards, road construction materials are classified as G1 to G10 

depending on the source, maximum aggregate size, relative compaction density, CBR 

and plasticity of fines, among other factors (TRH14, 1985). Therefore, reference to 

material type is mostly based on this classification. G1 to G3 are high quality materials 

sourced from crushing of rock and usually do not require stabilisation for use in 

pavement construction. G4 to G6 are natural, modified or processed gravels of 

medium to low quality and G7 to G10 are gravel soils of low quality. Gravels and gravel 

soils may require chemical or mechanical stabilisation depending on the particular 

application.  

Current guidelines for BSMs restrict the use of the stabilisation technology to G5 and 

higher quality materials. NME stabilisation is targeted at lower quality materials (G5 to 

G7) (Jordaan and Kilian, 2016).  These materials offer a comparative advantage as 

they are readily available at least cost as indicated in Figure 2-18.  

2.11.1.2 Particle Size Distribution (PSD) 

Generally, a refined continuous PSD targeted at providing the lowest Voids in the 

Mineral Aggregate (VMA) produces the most desirable mix properties of materials 

including, density and permeability requirements (TG2, 2020). For lower quality 

materials, TRH14 (1985) classifies the PSD requirements based on the Grading 

Modulus (GM). The GM gives an indication of the coarseness or fineness of a material 

based on a delineated scale of 3 (for coarse material) to 0 (for fine material) (Paige-

Green, 1999). The GM of G5 to G7 materials range from 0.75 to 1.5 (TRH14, 1985). 

Rolt et al. (2020) submit that the GM is one of the most crucial elements for the 

functionality and effective performance of gravel roads.    
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Figure 2-18: Typical material costs based on South African experience (Jordaan 
and Steyn, 2022) 

An important consideration of the PSD of material is the quantity of filler (i.e. fraction 

passing the 0.075 mm sieve). The amount of filler has an impact of the achievable 

density, moisture sensitivity and permeability characteristics of the material. The filler 

also has an impact on how the materials react to moisture, and by extension, to colloid 

based binders. Fillers present a greater specific surface area than medium and coarse 

aggregates, leading to an increased demand for the binder needed for stabilisation.  

2.11.1.3 Plasticity 

Plasticity is one of the major concerns regarding use of naturally available (marginal 

quality) materials. The chemical decomposition of materials results in the release of 

secondary minerals (such as clays) which are associated with high plasticity, typified 

by a high Plasticity Index (PI). This leads to a reduction in the strength and bearing 

capacity of the materials. According to TG2 (2020) materials with a high PI (more than 

6%) are not suitable for bituminous stabilisation.   

Kidgell et al. (2019) studied the effectiveness of NME on the properties of dolomite, a 

material particularly prone to chemical weathering. Results show that application of up 

to 1.2% NME improved the properties of the dolomite by reducing the plasticity and 
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moisture sensitivity of the material. The PI of the material reduced by 90% and 85% 

for fractions passing the 0.425 mm and 0.075 mm sieves respectively, as shown in 

Figure 2-19. 

 

 

 

 

 

 

 

 

 

Figure 2-19: Effect of NME on PI of Dolomite (Kidgell et al., 2019) 

Ugwu et al. (2013) also treated native materials labelled Mfamosing and Nru with 

nanomaterial diluted in water to ratios, 1:500 down to 1:150. Results obtained (Figure 

2-20) show improvements in all the material properties with the PI reducing by as much 

as 74% at concentrations of 1:150.  

 

 

 

 

 

 

 

Figure 2-20:  Atterberg limit tests for Mfamosing and Nru soils (Ugwu et al. 2013) 
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Another study by Ugwu et al. (2018), using an organosilane to stabilise an active soil 

at concentration ratios of up to 1:50 (with water), made the following observations; 

Increase of Plastic Limit (PL) by more than 15% and decreases of Liquid Limit (LL) by 

24%, PI by 45%, Shrinkage Limit (SL) by 29% and Activity Index (AI) by 7.4%. Ugwu 

et al. (2018) attributed the findings to cation exchange reactions in the material, 

brought on by the organosilane, resulting in the flocculation and agglomeration of the 

clay particles, lowering the PI and the Optimum Moisture Content (OMC) because of 

the decrease in surface area.  

2.11.1.4 Density 

Density is probably the single most important property for the structural performance 

of materials. Aggregate shape and texture, PI, moisture content, PSD and compaction 

method are among factors that influence the achievable density. The introduction of a 

binder in the material might influence the density by affecting the frictional contact 

between particles or changing the material PSD. Kidgell et al.’s (2019) study of the 

effect of NME on dolomite showed that the OMC and Maximum Dry Density (MDD) of 

the material remain unaffected after stabilisation with up to 1.2% NME. This is in 

contrast to Ugwu et al.’s (2018) findings that the OMC is reduced. The difference 

between the two findings can be attributed to the different carrier fluids.  Nonetheless, 

Kidgell et al. (2019) show that the NME reduces the sensitivity of the material to 

moisture changes as shown in Figure 2-21.  

Figure 2-21: Effect of NME on MDD and OMC of Dolomite (Kidgell et al. 2019) 
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2.11.1.5 Surface free energy 

Aggregates are composed of an assemblage of one or more minerals that have 

definite chemical compositions and order of atomic arrangement as discussed in the 

succeeding section. The arrangement of the minerals in the atomic lattice is such that 

each atom is bound by neighbouring atoms through electrostatic coordination bonds 

(Mitchell, 1993). When aggregates are crushed or cleaved in the quarry, during 

construction, or while in-service, some of these coordination bonds are broken, leaving 

new, unbalanced atoms at the surface. These (surface) atoms seek to repair the 

damaged coordination bonds by creating new ones, thus, a surface charge is created 

(surface free energy) (Tarrer and Wagh, 1991; Twagira, 2010). This surface free 

energy is responsible for the materials’ surface adsorption and desorption 

characteristics and interactions with binders (during stabilisation), which in turn affects 

the strength and durability of soils and aggregates. Higher surface free energy is 

required to have strong attraction (adhesion) forces of the material. 

2.11.1.6 Mineralogy 

Figure 2-22 shows some of the most common rock-forming minerals. It is observed 

that Silicon (Si) and Oxygen (O) elements occur abundantly in most of the minerals. 

In fact, the earth’s crust is composed mostly of these two elements (accounting for 

more than 74 percent), largely in the form of silica (SiO2). Hence, materials are 

generally categorised as silicate and non-silicate materials (Jordaan and Steyn, 

2021a; Twagira, 2010; Wheeler, 2005). Minerals such as quartz, feldspar, mica, 

amphibole, pyroxene and olivine are all examples of silicate minerals. These are 

characteristic components of igneous and certain metamorphic rocks and the rocks 

composed of these minerals are called crystalline rocks. With the exception of quartz, 

these minerals are susceptible to decomposition i.e. they may undergo chemical 

weathering and give rise to the development of secondary minerals, particularly clay 

(Weinert, 1980).  
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Figure 2-22: Chemical composition and mineral content of aggregates (Jordaan 
and Steyn, 2021a) 

The building block of silicate minerals is the silica tetrahedron shown in Figure 2-23. 

The silica tetrahedron is a combination of four oxygen atoms and one silicon atom that 

form a four-sided pyramid shape with O at each corner and Si in the middle. These 

tetrahedra are arranged and linked together in a variety of ways, from single units to 

chains, rings and more complex frameworks. The bonds in a silica tetrahedron have 

some of the properties of covalent bonds and some of the properties of ionic bonds. 

The hardness of quartz and the fact that it breaks irregularly and not along smooth 

planes result from the strong covalent/ionic bonds characteristic of the silica 

tetrahedron (Klein and Hurlbut, 1993). 
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Figure 2-23: The Silica Tetrahedron (McGoldrick, 2020) 

When a silicate-based aggregate is fractured, unsatisfied charges are created on the 

surface as illustrated in Figure 2-24. When water adsorbs, a hydration process occurs 

and H2O is dissociated into H+ and OH- in response to the unsatisfied charges 

(Twagira, 2010). The H+ and OH- attach themselves to the aggregate and OH groups 

are created on the surface of aggregate. These OH groups are available to hydrogen 

bond with oligomers of silanes (or other agents) as explained in Section 2.8.   

Figure 2-24: Elemental composition and break up of silicate mineral (agg – bulk 
aggregate structure) (Twagira, 2010)  

2.11.2 Compatibility 

The preceding section highlights factors that affect the interactions between binders 

and aggregates.  It follows therefore, that not all aggregates and soil materials have 

the right conditions required for stabilisation with NME. The two media have to be 

compatible to produce a composite product with the required benefits.  

Section 2.8.1 discusses a number of reasons why only a few nanosilanes are able to 

function as soil/aggregate consolidants. Arkles (2006) and Jordaan and Steyn (2021b) 

extend the discussion by explaining that some nanosilanes can only react effectively 

with soils with large quantities of silica and appropriate surface free energies. This is 

necessary to form strong and significant number of Si-O-Si bonds. In this regard, 
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Arkles (2006) delineates substrates in order of their recipiency for silane modification 

in Figure 2-25.   

 

 

 

 

 

 

 

 

 

Figure 2-25: Silane effectiveness on Inorganics (Arkles, 2006) 

Another consideration for compatibility between nanosilanes and soils is the type and 

concentration of OH groups, which vary widely depending on soil type. Some soil types 

have few OH groups with which silanes can react quickly to form bonds. For instance, 

the reaction of MTMOS with calcite is so slow that most of the MTMOS ends up 

evaporating (Arkles, 2006; Wheeler, 2005). However, Weiss et al. (2000) explains that 

it is possible to chemically change the surface of some soils to produce more OH 

groups via a procedure known as Hydroxy Conversion Treatment (HCT), enabling the 

production of siloxane linkages. However, this is not part of the scope of the current 

work. Additionally, Arkles (2006) explains that hydrogen bonded vicinal silanols react 

more readily with silane compared to isolated or free OH groups.   

The bond formed between the soil and the nanosilane has to be hydrolytically stable 

to be effective. Some bonds are susceptible to chemical decomposition in the 

presence of significant amounts of physically adsorbed water (Arkles, 2006). This 

leads to loss of durability of the material and is undesirable especially for gravel roads.   
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Silanes have a penchant for materials with corresponding pH conditions. This has 

been documented since the early 1900s when Laurie (1926) observed that the 

application of silicic-ester to an acidic material resulted in the formation of preservative 

layer within the pores and on the surface. However, the opposite occurred with an 

alkaline-stratum, forming a soft gelatinous precipitate, useless as a preservative layer. 

According to Ignatavicius et al. (2021), materials with high silica content are 

considered acidic (low pH) while materials with high carbonate and metallic oxide 

contents are alkaline (high pH).  

Ignatavicius et al. (2021) reports that a premise was put forward in 1950s that 

aggregates possess surface charges, such that acidic aggregates generally possess 

an electro-negative charge while basic aggregates have an electro-positive charge. 

Based on this premise, bitumen emulsions, cationic or anionic, have been rationally 

intuited to be best suited for stabilisation of aggregates and soils of opposite electro 

surface charge. However, this premise has been disputed by some researchers 

including, Dybaiski (1976) who argued that all aggregates have negative surface 

charges. Therefore, the adsorption and breaking of emulsions on aggregates is 

influenced by other factors including evaporation and mechanical action of compaction 

or traffic. Plotnikova (1993) also points out that the adsorption rates of cationic and 

anionic emulsifiers onto wet or dry aggregates are different. Ignatavicius et al., (2021) 

submit that this could explain why slow set (stable grade) anionic bitumen emulsions 

are almost exclusively used for stabilisation of all material types in SA.   

The state or condition of the soil/aggregate is another consideration with regard to 

compatibility. According to Jordaan and Steyn (2021b), the presence of secondary 

minerals produced as a result of chemical weathering and decomposition, can be used 

to quantify the condition of the soil. Secondary minerals have detrimental effects when 

used for road construction in an unstabilised state and react adversely with particular 

stabilising agents. Therefore, the identification of these (secondary) minerals is a 

necessary step in the design process to aid the selection and quantification of 

appropriate nanosilane modifiers that work to neutralise and/or counteract their 

negative effects. Jordaan and Steyn (2019) identify some of these (secondary) 

minerals;  
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 Clay minerals such as smectite (e.g. montmorillonite), kaolinite, illite, etc., Clay 

minerals often cause difficulties in construction due to their low strength and 

stiffness and tendency to soften and liquefy in the presence of water. The 

crystals of clay particles are smaller than 1 nm in size and the amount of clay 

in the percentage of sample passing the 0.075 mm sieve can be crucial to the 

amount of nanosilane required to effectively protect against the negative impact 

of these minerals.   

 Mica minerals (e.g. muscovite) - present in most metamorphic, sedimentary or 

igneous rocks such as granites, shales, etc. Free mica (especially muscovite) 

tend to absorb and retain water, resulting in heaving and rutting failures.  

Miskovsky (2004) also claims that mica absorbs low molecular bitumen phases 

resulting in the rapid ageing of bitumen while Mshali and Viser (2014) 

demonstrate that, stabilisation with cement causes significant decrease in 

material strength.   

 Others include calcretes, sulphide and iron minerals, soluble salts and organic 

materials. 

2.11.2.1 Mineralogy Testing  

The preceding section highlights the need to identify primary and secondary minerals 

contained in materials. Jordaan et al. (2017a) state that this is necessary to optimise 

design aspects with regard to the chemical interaction of the binder with the various 

mineral components of materials. Various methods exist for the determination of 

mineralogy of materials, broadly classified under the following categories (Jordaan et 

al. 2017a; Platypus, 2022); 

 Microscopic analyses: Microscopes employ a variety of techniques to generate 

magnified images of objects and surfaces. Optical microscopes produce a 

magnified image with visible light by employing a combination of lenses and 

mirrors. Electron microscopes use beams of electrons instead of light beams to 

conduct material characterisation. Other varieties of microscopies include, 

Atomic Force Microscopy (AFM), Ultraviolet (UV) Microscopy, X-Ray 

Microscopy and Scanning Electron Microscope (SEM).  

 Spectroscopy: Spectroscopy is the investigation and measurement of response 

produced by material to electromagnetic radiation. Depending on the chosen 
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technique, material characterization can be determined by the measurement of 

absorption, emission, impedance or reflection of incident energy by a sample. 

Some of the most commonly used techniques for spectroscopy include infrared 

(IR) spectroscopy, nuclear magnetic resonance spectroscopy (NMR), Raman 

spectroscopy and X-Ray Diffraction spectroscopy (XRD).   

The XRD and Scanning Electron Microscope (SEM) are discussed here because they 

are pertinent to this study.  

XRD uses x-ray radiation to identify minerals, measure crystallite size, determine 

thicknesses of atomic layers, recognise deformation of crystals and other phenomena 

of crystalline organic and inorganic samples. The x-rays are diffracted in a pattern 

determined by the position, arrangement, and size of the constituents of the crystal. 

Scattered photons lead to a characteristic diffraction pattern, which is specific to the 

crystalline powder and may serve as its fingerprint, allowing it to be defined (Tamiri 

and Zitrin, 2013).  

A SEM projects a focused stream of electrons over a surface to produce detailed, 

magnified images of an object. The electrons in the beam interact with the sample, 

thereby producing various signals that can be used to obtain information about the 

surface’s topography and features. In combination with the Energy-Dispersive X-Ray 

Spectroscopy (EDX), it also provides detailed elemental analysis that can be targeted 

at particular points on the magnified sample image (Kambole, 2018). 

2.11.3 Mixing procedure 

The mix design process of bituminous materials requires the optimisation of 

compatibility, volumetrics and workability (TG2, 2020). The optimisation of volumetrics 

and workability is critical to ensure the proper construction and performance of 

materials. Factors such as void volume and binder content are important in this regard.   

The determination of compatibility between the two materials, NME and aggregate, is 

achieved by conducting XRD tests to determine the primary and secondary minerals 

in the material as explained in the preceding sections. Jordaan and Steyn (2019) 

explain that primary minerals are determined by testing the bulk sample of the material 

while secondary minerals are identified by testing of the fraction of material passing 

the 0.075 mm sieve.  
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Figure 2-26 shows the discrimination of materials as silicate and non-silicate based on 

the primary minerals contained therein, while the combined quantity of secondary 

minerals determines the particle size of the NME. The quantity of NME needed for 

stabilisation, in the second step, is determined by the quantity of the fraction passing 

the 0.075 mm sieve and the secondary minerals contained therein, as exemplified in 

Section 4.4. Evaluation of engineering properties and durability is then used to 

optimise material constituents by checking for compliance with set requirements.  

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-26: Input to the selection of a material compatible NME (Jordaan and 
Steyn, 2021a) 

2.11.4 Characteristic behaviour of NMESMs  

NMESMs are differentiated from BSMs by the lack of active filler in the mix. According 

to TG2 (2020), the purpose of incorporating active fillers in BSMs is to: 
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siloxane bonds in NME are expected to combine to prevent moisture from accessing 

the fines, reducing chances of secondary chemical weathering and moisture damage 

to the material. The bound fines also reduce chances of pumping failure when 

subjected to load under saturated conditions. Additionally, according to TG2, (2020), 

bituminous materials are relatively thermally insensitive due to the non-continuity of 

the bitumen phase.  

The stiffness of NMESM is expected to be stress dependent and deformation rather 

than fatigue cracking should be the primary mode of failure. The stiffness of NMESM 

is likely to be much less than BSMs due to the action and quantity of the filler in the 

latter. Nonetheless, similar to BSMs, the stiffness of NMESM is expected to be 

influenced by (TG2, 2020); 

 The inherent quality of the untreated material. 

 The density of the material in the layer (a function of packing). 

 The dispersion of the binder throughout the mixed material. 

 The local climate, 

 The stiffness of the underlying support. 

2.11.5 Engineering evaluation 

The development and introduction of new materials for road construction requires that 

the materials are adequately defined in terms of behaviour and engineering properties. 

Several practical tests exist for the engineering evaluation of NMESM. Most are based 

on empirical derivations and only provide indicative material behaviours. Nonetheless, 

these tests find extensive usage in practice due to availability and lower associated 

costs. Coupling these with fundamental tests such as triaxial testing (i.e. resilient 

modulus, permanent deformation, and shear property) augments evidence of the 

material behavioural traits (Twagira, 2010). These tests are even more essential as 

they provide input parameters for mechanistic design techniques. UP (n.d) provides 

an example of the required definition of materials for incorporation in the SA 

Mechanistic Design Method (SAMDM);  

 The behaviour of the material should be properly defined in terms of resilience, 

strength and performance characteristics.  
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 Representative input parameters should be defined, representing behavioural 

pattern and failure mechanism 

 Performance model should be developed, relating calculated stress or strain 

condition to structural performance and terminal condition level.  

The next few sections discuss laboratory-based tests available for evaluating 

bituminous materials particularly pertinent to this study.      

2.11.5.1 Permeability 

Permeability is one of the critical factors that influence the performance and durability 

of gravel roads. It is defined by SABITA (2014) as a measure of the penetration of the 

material by air, water or water vapour. According to Saha and Ksabaiti (2017), 

permeability (also called hydraulic conductivity) is one of the primary causes of 

deterioration of gravel roads due to stagnation of water on the surface as the road 

loses shape. The stagnant water ingresses the wearing course to the underlying road 

layers, compromising their strength and bearing capacity, leading to various distresses 

including deformation and potholes. A study by Qacha (2022) found that NME can 

reduce the permeability of material by more than 220%. Alsharef et al. (2016) and Liu 

et al. (2021) report similar results with different nanomaterials. However, due to the 

differences in carrier fluids of the nanomaterials and methods of test used, this 

property remains worthy of further investigations.   

2.11.5.2 California Bearing Ratio (CBR) and Laboratory DCP-DN  

The laboratory test for CBR was developed in the early 1930's for the testing of 

material strengths in the laboratory for the design of pavements. Most early pavement 

design procedures are based on the CBR method where the CBR values of the 

subgrade and structural layers are used to determine the required thickness of 

imported necessary material (Paige-Green and Du Plessis, 2009). This test remains 

relevant today for differentiation of different material classes and selection and design 

of unbound material layers as provided for in various technical guidelines (SATCC, 

1998; TRH4, 1996).     

The DCP is a hand-operated tool that has been an important part of pavement 

evaluation for many years. The test is simple, almost non-destructive and inexpensive. 
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It was standardised in the 1970s and guidelines for its interpretation and application 

included in the national code of practice on pavement rehabilitation investigation and 

design (Netterberg, 2018; TRH 12, 1997). Previous use for pavement design was 

based on various correlation models with CBR and other pavement strength 

parameters. The test has since been developed into a full-fledged method for the 

structural design of Low Volume Roads (LVRs) that avoids the use of correlations by 

utilising the cone penetration rate (DN value) directly as a design parameter (ReCAP, 

2023). A laboratory version of the test is used for the evaluation and classification of 

laboratory compacted materials through the procedure detailed in Section 3.4.1.      

No tests for CBR and DCP-DN for NMESMs could be found in the literature. However, 

the NDPS (TRH24, 2022) proposes limiting values for these properties, most likely 

based on comparable material test findings.  

2.11.5.3 Tensile and compressive strength 

UCS and ITS tests are proposed for compressive strength and tensile strength 

respectively, of NMESMs and durability using standard test procedures for the 

measurement of MDR (Jordaan and Steyn, 2019). Numerous researchers have 

employed these tests for evaluating NMESMs. Jordaan et al. (2017a, 2017b), 

Akhalwaya and Rust (2018), Kidgell et al. (2019), Rust et al. (2019, 2020) and Murphy 

et al. (2019), all report improved material strengths of more than 15% based on UCS 

and ITS tests. Jordaan and Steyn (2021b) compared results of stabilising a G8 

material with NME and regular BSM (bitumen emulsion at 1.5% and cement at 1%) 

and reported UCS results of NME stabilisation to be within 80% of BSM results while 

the ITS results of NME were more than 70% of BSM’s. Qacha (2022) investigated the 

effect of adding an active filler (hydrated lime) to NMESMs and reported another 

intriguing result. ITS results showed that lime additive does not increase the strength 

of NMESMs; on the contrary, increased lime content had the reverse effect of 

decreasing the strength of the material. Similar findings are reported by Alireza et al. 

(2013), highlighted in Section 2.6.   

These two test methods remain the most useful for practical applications, as indicator 

tests for initial evaluation, screening and optimisation of constituent materials before 
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deployment of fundamental testing such as STT. The two tests provide the best 

avenue for continual research to refine the NMESM specifications.  

2.11.5.4 Static Triaxial Test  

STT for shear strength provides a measure of the soil’s resistance to deformation by 

continuous displacement of its individual soil particles. This resistance is influenced by 

material gradation, moisture and density, maximum particle size, amount and plasticity 

of fines, geometric properties and confining pressure (Mulusa, 2009). According to 

TG2 (2020), the shear strength of bituminous materials is influenced by two 

components; the cohesive strength, which is determined mainly by the mastic and the 

frictional strength provided by inter-particle contact. When compressed, the cohesive 

and frictional components together define the stiffness and shear strength of the 

material while when in tension, material particles are not in contact and the stiffness 

and shear strength are determined mainly by the cohesive element.  

According to Jenkins et al. (2007), shear parameters, cohesion (C) and internal friction 

angle (φ), used to define the shear strength of materials, provide a point of reference 

to analyse relative damage resulting from repeated loading at lower stress states. The 

shear strength of material is defined using a Mohr-Coulomb failure criterion. According 

to the criterion, shear strength increases with increasing normal stress on the failure 

plane as indicated in Equation 2-1. 

𝜏௙ =  𝐶 +  𝜎௙ . 𝑡𝑎𝑛 𝜑                                          Equation 2-1 

Where; 

𝜏௙ = shear strength,  

C = cohesion, 

 𝜎௙ = major principal stress at failure, and 

 φ = angle of internal friction. 

The stress conditions at which shear failure occurs can be represented by means of 

Mohr-Coulomb circles (Mohr Circles). A tangent line (represented by Equation 2-1) 

between two Mohr circles of stress, obtained from two STTs at different confining 

stresses, is used to approximate the failure of the material. A third test, conducted at 
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a different confining pressure, provides more reliability to define the tangent line. Shear 

parameters, C and φ, are as defined in Figure 2-28.  

 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-28: Mohr-Coulomb circles at failure and determination of shear 
parameters (Twagira, 2010) 

The major principal stress at which failure occurs σଵ୤ is defined geometrically using a 

relationship between the failure parameters, C and φ, and the minor principal 

(confining) stress σଷ as shown in Equation 2-2. 

𝜎ଵ௙ =  
(ଵା௦௜௡ ఝ).ఙయା ଶ.஼.௖௢௦ఝ 

(ଵି௦௜௡ )
                            Equation 2-2 

Smit et al. (2021) conducted a study on the shear strength properties of NMESMs. A 

G5 material stabilised with 0.7% NME showed an increase in the cohesion parameter 

of more than 400% while the friction angle remained relatively unchanged as shown 

in Table 2-2. More studies are required to understand the shear strength properties of 

NMESMs and to develop limiting values, usable as input parameters in design of 

pavement structures.    

Table 2-2: Static triaxial tests results (Smit et al. 2021) 

 

  
Cohesion 
C (kPa) 

Friction angle φ 
(⁰) 

Saturation 
(%)  

Relative density 
(%) 

Untreated 31.3 49.7 71 81 
NME-treated 181 50.9 74 82 



 

 
56 

 

2.11.5.5 Resilient modulus and plastic strain  

NMESMs are expected to behave in a manner comparable to granular materials and 

thus can be examined by their response to elastic and plastic deformations under 

repetitive loads. Figure 2-29 illustrates the typical material response, resilient and 

plastic strain (deformation) under loading and unloading cycles. The Resilient Modulus 

(MR) defines the elastic properties of materials under dynamic (repetitive) loads, which 

is a key input parameter in pavement design systems. Plastic strain characterises the 

rutting potential of materials, the primary distress mode of granular materials layers 

(Jayakody et al., 2019).  

 

 

 

 

 

 

Figure 2-29: Typical material response during axial loading (Buchanan, 2007) 

2.11.5.5a Resilient Modulus (MR) 

MR is described as the ratio of applied deviator stress to recoverable or resilient strain. 

It is a measure of material stiffness, reflected by the deviator stress-resilient strain 

relation, which is typically nonlinear and stress-dependent in nature (Buchanan, 2007; 

Wang et al., 2022). MR is used to characterise pavement materials under loading 

conditions that will not result in failure of the pavement system (Buchanan, 2007) and 

provides a better representation of the pavement behaviour under traffic loads and 

three-dimensional stress state (Sağlik and Gungor, 2012).  

A number of factors affect the MR of granular materials including, stress history, 

moisture content, density, aggregate properties (type, angularity, texture), gradation, 

and fines content (Ba et al.,2011; Ebels, 2008). Ekblad (2007) reports that greater MR 
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values are obtained for aggregate specimens containing coarser particles compared 

to specimens containing finer particles. Equally, angular aggregates with rough 

surfaces exhibit a higher MR than round aggregates with smooth surfaces (Barskale, 

1989). Li et al. (2021) and Gu et al. (2020) also report that MR increases with increased 

loading frequency and amplitude of deviator stress. According to Hicks and Monismith 

(1972), the single most primary factor influencing MR is the state of stress. MR can 

therefore be related to the confining pressure, σ3, or to the bulk stress, θ. Generally, 

MR increases with increase in stress. However, Ebels (2008) asserts that it is not 

uncommon for a material to exhibit the following phenomena concurrently: 

 An increase in MR (stiffening) with increasing confinement (σ3) at constant 

deviator stress (σd) and 

 A decrease in MR (softening) with increasing deviator stress  

(σd) at a constant confinement (σ3). 

Since MR is determined as a function of the stress condition, it is possible to fit models 

to allow the MR to be predicted at any imposed stress condition within the tested range 

of stress conditions. Several models have been developed and are available that 

project the resilient behaviour of granular materials. Various researchers, including 

Jenkins (2000), van Niekerk (2002), Ebels (2008) and Qacha (2022) have 

demonstrated that the MR models developed for granular material can also be used to 

describe the behaviour of bituminous materials such as NMESMs. Table 2-3 provides 

a summary of models considered in the current study. The models, developed by 

various researchers, estimate the MR based on the influence of various factors 

including, bulk stress, confining and deviator stresses and principal and deviator stress 

ratios and regression constants, 𝑘ଵ, 𝑘ଶ, etc.   
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Table 2-3: Selected MR models 
No. Name Formula Source 
1 MR-θ Mୖ =  kଵθ୩మ Jenkins (2000), 

Ebels (2008) 
2 Uzan Model Mୖ =  kଵθ୩మσୢ

୩య Uzan (1985) 
3 Universal 

Mୖ =  kଵPୟ ൬
θ

Pୟ
൰

୩మ

൬
τ୭ୡ୲

Pୟ
+ 1൰

୩య

 
Wang et al. 
(2022) 

4 Superpave  
Mୖ =  kଵPୟ ൬

θ − 3kସ

Pୟ
൰

୩మ

൬
τ୭ୡ୲

Pୟ
൰

୩య

 
Hopkins et al. 
(2001), Wang et 
al. (2022) 

5 MR-θ-σd/σdf 
Mୖ =  kଵθ୩మ ቆ1 −  kଷ ൬

σୢ

σୢ୤
൰

୩ర

ቇ 

 

Jenkins (2000),  
 Kotzé (2022) 

6 Parabolic 
MR-σ3-σd  
 

Mୖ =  kଵσଷ
୩మ ቆkଷ ൬

σୢ

σୢ୤
൰

ଶ

+ kସ ൬
σୢ

σୢ୤
൰ +  kହቇ 

 
 

van Niekerk 
(2002) 

7 MR-θ-σ1/σ1f 
Mୖ =  kଵθ୩మ ቆ1 − kଷ ൬

σଵ

σଵ୤
൰

୩ర

ቇ 

 
 

Jenkins (2000),  
 Kotzé (2022) 

8 TU Delft 
MR-σ3- σ1/σ1f 
 

Mୖ =  kଵσଷ
୩మ ቆ1 −  kଷ ൬

σଵ

σଵ୤
൰

୩ర

ቇ 

 

Jenkins (2000),  
 Kotzé (2022) 

9 MR-σ3- σd/σdf 
 Mୖ =  kଵσଷ

୩మ ቆ1 − kଷ ൬
σୢ

σୢ୤
൰

୩ర

ቇ 

 

Jenkins (2000),  
 Kotzé (2022) 

Where; 

θ  = bulk stress = σ1 + σ2 + σ3 

σ3 = confining stress,  

σdf = deviator stress at failure  

σd = deviator stress 

Pa = atmospheric pressure (i.e. 100 kPa) 

ꚍoct = Octahedral shear stress  =  
ଵ

ଷ
 ඥ(𝜎ଵ − 𝜎ଶ)ଶ + (𝜎ଵ − 𝜎ଷ)ଶ +  (𝜎ଶ − 𝜎ଷ)ଶ 

2.11.5.5b Plastic strain (εp)   

εp or Permanent Deformation (PD) accumulated in base, subbase or subgrade layers 

contribute to surface rutting and deformation, which can result in functional and 

serviceability failure of a pavement (Puppala et al., 2005). εp is characterised for 
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granular materials using the triaxial set-up by means of repeated load applications for 

a controlled stress ratio. According to Puppala et al. (2005) and Jenkins et al. (2007), 

it is possible to determine εp from RLT tests for MR; however, this is not accurate for 

most soils. Therefore, separate εp measurements are conducted for better 

characterisation of soils in flexible pavement design.  

According to Jenkins et al. (2007), the accumulation of εp for most materials follow two 

model forms;    

 Hyperbolic Linear (HL), which is applicable to εp results with a two-phase 

structure i.e. a primary phase at a fast rate followed by a secondary phase of 

stabilised deformation (either plateau or constant rate), 

 Double Exponential (DE), which includes the same two phases as HL but is 

followed by third phase, the tertiary flow, defined by accelerated deformation. 

The three phases typical of DE are depicted in Figure 2-30. Dal Ben (2014) explains 

that the primary phase, the accumulation of permanent deformation, occurs fairly 

quickly and is attributed to bedding-in, seating of the loading plates and densification. 

The secondary phase is characterised by a constant rate of deformation. The 

accumulation of permanent deformation is somewhat linear with respect to load 

repetitions. The tertiary phase is characterised by an accelerated accumulation of εp 

due to tertiary flow. The tertiary phase begins at a point called the flow-point and the 

material may be considered to be failing in shear under repeated loading. van Niekerk 

et al. (2000) provides a mathematical formulation, Equation 2-3, describing the DE 

model form; 

𝜀௣ = 𝐴. ቀ
ே

ଵ଴଴଴
ቁ

஻

+ 𝐶. ቀ𝑒஽
ಿ

భబబబ − 1ቁ                            Equation 2-3 

Where; 

N = Number of applied load cycles, 

𝐴 =  𝑎ଵ. ൬
஢భ

஢భ.೑
൰

௔మ

; B=  𝑏ଵ. ൬
஢భ

஢భ.೑
൰

௕మ

; 𝐶 =  𝑐ଵ. ൬
஢భ

஢భ.೑
൰

௖మ

; 𝐷 =  𝑑ଵ. ൬
஢భ

஢భ.೑
൰

ௗమ

              

σ1 = major principal stress, 

σ1,f = major principal stress at failure, 

a1,a2, … , d2 = model coefficients 
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Figure 2-30: Typical material permanent deformation behaviour (Alzaidy and 
Albayati, 2021) 

2.11.5.6 Susceptibility to moisture damage 

The susceptibility of bituminous materials, including NMESMs, to moisture damage 

has been discussed. The MDR is a widely used approach for quantifying moisture 

damage to a material (Twagira, 2010). In this approach, moisture (wet) conditioned 

specimens are tested for the same parameters as dry specimens and the ratio of the 

wet to dry specimen is quantified as the retained strength of the material. Moisture 

conditioning simulates the detrimental effect of exposure of the material layer to 

moisture in the field. The appropriate period of exposure to moisture in the laboratory 

may be different for different materials, but it is agreeable that a longer period, subject 

to time and test constraints, is desirable. In this regard it is noted that standards specify 

up to twenty-four hours for BSMs (TG2, 2020) and four hours for NMESMs (TRH24, 

2022).      

2.11.6 Classification of NMESMs 

Jordaan et al. (2017b) proposed material categories and specifications to aid testing 

and further studies on NMESMs. Five classes were proposed ranging from NME1 to 

NM-EG5 based on the inherent quality of the aggregate/soil and expected 

performance properties of the mix as shown in Table 2-4. Materials are classified 

based on traditional tests i.e. plasticity, grading and strength and the performance 

parameters are based on mechanical strength tests, DCP-DN, ITS and UCS. Limits of 
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elastic moduli are also provided, probably based on the performance limits of 

equivalent materials. The material categories are defined as follows;  

i). NME1 - Highest quality naturally available materials - stabilised with a 

compatible NME. Suitable for use in upper layers of pavement structures 

capable of withstanding high axle loadings under conditions of high tyre 

pressures without durability problems. Can be compared to a typical G1 or C1 

equivalent material,  

ii). NME2 – High quality naturally available materials - stabilised with a compatible 

NME. Capable of withstanding relatively high traffic loadings and tyre pressures 

without durability problems; can be compared to a typical G2 or C2 equivalent 

material,  

iii). NME3 – Medium quality naturally available materials - stabilised with a 

compatible NME. Capable of withstanding traffic loadings of medium impact. 

Can be compared to a typical G3 of C3 equivalent material,  

iv). NME4 – Relatively low quality naturally available materials, normally rejected 

for use in pavement layers using current criteria - stabilised with a compatible 

NME. The NME stabilisation will enable these materials to be utilised 

successfully within the pavement structure, and 

v). NM-EG5 – Lower quality material (quality less than that of a G5 material) -

modified with a suitable NME to become water repellent and an improved 

bearing capacity of a minimum CBR of 45 at 95% Mod AASHTO. Usable as 

wearing course for gravel roads.  

Akhalwaya and Rust (2018) recognise the need for more studies and tests to refine 

these material classes. The authors observed that results of tests conducted on 

particular materials sometimes fall in a class, different from what is defined in the 

proposed specifications. Additionally, the presumed material properties need to be 

verified and the limits of material performance characteristics need to be expanded to 

include fundamental property parameters.  
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Table 2-4: Classification of NMESMs (Jordaan et al., 2017b) 

2.11.7 Safety, Health and Environment (SHE) 

Despite the obvious benefits of nanotechnology, concerns exist regarding how it may 

affect human life and the environment and whether the benefits outweigh the potential 

risks associated with the technology. Therefore, it is critical to understand the form 

and response of nanoparticles during service and after undergoing degradation so that 
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any undesirable effects can be addressed or avoided (Ray et al., 2009). For instance, 

Smita et al. (2010) point out that most of the engineered nanomaterials that are made 

up of carbon, silicon, metal or metal oxides are believed to adversely affect the 

environment and human health directly or indirectly.  

The incorporation of nanomaterials in road construction brings about three major areas 

of concern (Steyn, 2009; Jordaan and Steyn, 2021b);    

 Release of materials into airways (e.g. through the generation of dust on 

unpaved roads),  

 Exposure to potentially harmful materials during construction and maintenance 

operations  

 Leaching of materials and contamination of groundwater,  

According to Jordaan and Steyn (2021b), two chemical processes are usually 

applicable with the use of nanosilanes in pavement engineering i.e., a process of 

hydrolysis when mixing with the carrying fluid (e.g., water) and condensation during 

construction, when the product attaches to the material during treatment or 

stabilisation. Some nanomaterials produce toxic by-products during the two 

processes, harmful to life forms and to the environment (Wheeler, 2005). For instance, 

silanes such as SiH4 are toxic, volatile and generate hydrogen gas during hydrolysis 

as shown in Equation 2-4. 

SiH4 + 4H2O => Si(OH)4 + 4H2                                    Equation 2-4 

Tri- and tetra-functional chloro- and fluoro-silanes (silicon halides) form volatile and 

dangerous acids under hydrolysis, such as hydrochloric (Equation 2-5) and 

hydrofluoric acids (Equation 2-6) that are also detrimental to the various mineral 

groups of aggregates and are not suitable to be used as consolidants (Wheeler, 2005).  

        SiCl4 + 4H2O => Si(OH)4 + 4HCL                       Equation 2-5 

                                     SiF4 + 4H2O => Si(OH)4 + 4HF                       Equation 2-6 

Jordaan and Steyn (2021b) also add that carbon (C), in combination with reactive 

groups containing chlorine (Cl), can produce chloroform (CHCl3) as a by-product 

during hydrolysis or during the consolidation process. This is a volatile material that 
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quickly evaporates to gas and is typically difficult to detect. It is harmful and even fatal 

when applied in confined areas or under conditions with low or no wind-speeds. It is 

important that such products are excluded from use.  

Organofunctional nanosilanes fit the bill of products suitable for material stabilisation 

because of their low vapour pressures and the fact that they do not produce toxic 

gases or acids during hydrolysis, but instead produce water as a by-product or, in the 

worst-case, a non-corrosive alcohol (Wheeler, 2005).  

The benefits of employing bitumen emulsion as a carrier fluid in NME is outlined in 

TG2 (2020). Bitumen emulsion is regarded as a non-hazardous material, can be 

handled at considerably low temperatures and does not emit any significant fumes or 

vapour that could be harmful if inhaled by humans. Jordaan and Steyn (2021b) add 

that the functionality of the nanosilanes in NME as adhesion promoters ensures the 

firm attachment of the residue bitumen to the soil/aggregate through permanent 

bonds, preventing detachment and eliminating the risk of leaching or contamination.  

2.12 Summary 

This Chapter reviewed literature related to NME stabilisation of gravel materials for 

use in road construction. It is highlighted that various nanomaterials exist in nature 

and can be engineered for various purposes. One such material, organofunctional 

nanosilane (with sizes down to 5 nm), readily available in SA and worldwide, has been 

found useful for stabilisation of gravel material for use in road construction. The 

nanosilane is incorporated into conventional bitumen emulsion to produce NME. The 

potential of NME is premised on its capacity to improve performance of low-quality 

gravel materials, normally available near the site of construction, thus, reducing costs 

associated with hauling good quality material from distant places.   

Various researchers have indicated the positive impact of NME on various low-quality 

materials, improving them to meet required specifications for use in pavement 

structural layers. The ability of the NMESMs to resist moisture damage is also 

exemplified by MDR, which accounts for loss in material strength after a specified 

period of exposure to water. It is also highlighted that the material is relatively safe, 

does not produce harmful by products and is not likely to contaminate the environment.     
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The need for further studies on the material has been recognised and include, the 

need for continued development of design standards and test protocols, the need to 

include advanced, fundamental testing methods to better characterise material 

behaviour and the need to build confidence in the efficacy of the material, which will 

lead to its adoption and greater usage.  
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3 EXPERIMENTAL DESIGN 

3.1 Introduction 

This Chapter provides the methodology implemented to achieve the objectives of the 

study. Proposed tests are based on material test procedures contained in relevant SA 

standards. The methodology begins by identifying and classifying the gravel material 

used, necessary to select a compatible Nano Modified Emulsion (NME). The mixes 

(NMESMs) are evaluated for engineering properties pertinent to performance 

prediction. The key steps of the methodology are shown in the schematic in Figure 

3-1;   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-1: Research design process 
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3.2 Materials  

3.2.1 Description 

Table 3-1 provides the description and visual images of the two materials, the gravel 

and NME. The NME is a proprietary material provided by a local vendor while the 

gravel was obtained from Stockville Quarry in Pinetown, Eastern SA.  

Table 3-1: Material description and source 
  Gravel Material             Nano Modified Emulsion 

D
e

sc
rip

tio
n 

Weathered ferruginous granite              Thick milky brown colloid 

P
ic

tu
re

 

  

3.2.2 Characterisation of materials  

3.2.2.1 Gravel Material 

Classification tests conducted on the gravel material including motivation and 

standards used are itemised in Table 3-2. The XRD test, though not part of traditional 

material classification tests, is included and the principle of the test discussed in the 

succeeding Section. The results of the tests are given in Chapter 4.   

Table 3-2: Material Characterisation tests 
Test       Objective Test Method 
Grading 

Tests to determine nature 
and class of material   

TMH1 Method A1 
Atterberg Limits TMH1 Method A3 
Max Dry Density TMH1 Method A7 
CBR TMH1 Method A8 

XRD Tests 
Test to determine mineralogy 
of the material -  
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3.2.2.1a XRD test description and procedure 

Figure 3-2 depicts the principle method of the XRD test, explained by Chacha (2014); 

a fixed wavelength X-ray source is used to irradiate a powdered sample, producing a 

diffracted beam that is recorded with a detector as depicted in Figure 3-2. The angle 

and intensity of the diffracted beam forms a diffraction pattern, called a diffractogram, 

which provides information about the crystalline phases of the sample. Each crystalline 

phase has a unique diffraction pattern whose ‘fingerprint’ can be matched against a 

database of recorded phases. If parallel planes of atoms of a crystal are struck at the 

same angle, coherent (additive) intensity is detected and recorded as a peak.  

 

 

 

 

 

 

 

 
 

                    Figure 3-2: Principle of XRD (AAPG WIKI, 2014) 

The procedure followed in conducting the test is outlined below;  

1. A 500g representative sample of the gravel was collected and split into two as 

shown in Plate 3-1.   

 

 

 

 

Plate 3-1: Sample splitting 
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3.2.2.2 NME  

The NME used for this study is based on a SS60 anionic bitumen emulsion modified 

with a compatible organofunctional nanosilane. No chemical analysis tests were 

conducted on the NME, as it is a proprietary product bound by copyright ownership. 

However, the manufacturer provides a description of the chemical composition of the 

product; a water-based dispersion of a polyvinyl acetate homopolymer and a mixture 

of heavy hydrocarbons, high molecular weight organic compounds that are obtained 

from processing residue streams from the refining of Petroleum crude oils. Physical 

properties of the material are provided in Table 3-3. 

Table 3-3: Physical Properties of the NME 
 

 

 

 

 

 

3.3 Material mixing  

3.3.1 Compatibility and determination of NME quantity 

The method of determining the compatibility and quantity of NME required for 

stabilising a particular gravel material espoused by Jordaan and Steyn (2021a) was 

adopted. Figure 3-3 shows a flow chart that was used to quantify the NME required 

for stabilisation. The first input, the CBR of the gravel material is used to reference to 

traditional material classification tests. The second input is an adjustment based on 

the quantity of material passing the 0.075 mm sieve. The third and last input is the 

quantity of the secondary minerals present in the 0.075 mm sieve as determined from 

the XRD test. The quantity of NME for laboratory evaluation is selected depending on 

Zones 1, 2, 3A and 3B as exemplified in Section 4.4.  

Properties        NME  
Appearance       Thick milky brown 
Odour       Slight 
pH       10 - 11 
Density       1.01g/cm3 
Boiling Point       100 ⁰C 
Specific gravity        > 1.0 
Vapour pressure       As per water 
Water solubility       Fully miscible 
Environment       Environmentally friendly 
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Figure 3-3: Material input information required for the selection of NME (Adapted 
from Jordaan and Steyn, 2021a) 

3.3.2 Preparation of test specimens 

The procedure for material preparation recommended in NDPS (TRH24, 2022) was 

followed in preparing specimens for evaluation. Mixing was achieved using a vertical 

shaft mixer, shown in Plate 3-4, as recommended by various standards including TG2 

(2020). Relatively small material samples were mixed at a time, to ensure a shorter 

duration between mixing and compaction. Longer mixing times have been known to 

affect specimen quality by impairing bond formation during compaction.    

The specimens were prepared at OMC and rapid cured using a forced draft oven. The 

NDPS proposes a curing period of 48 hours at ± 45 ᵒC after an initial 24-hour settling 

period at 30 ᵒC. However, repeat tests with this procedure produced less than 

satisfactory results. It was determined that this curing period was not adequate to 

ensure sufficiently dry specimens as moisture content differences of up to 50% would 

be recorded when the curing period is extended by a further 24 hours. Greenwood 

and Norris (1999) assert that curing periods that do not allow sufficient time for drying 

can produce misleading results. Reeb and Milota (1999) also indicate that at low oven 

temperatures, the relative humidity of the ambient air may influence the relative 
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humidity in the oven, affecting the extent to which specimens in the oven dry and the 

equilibrium moisture content attained. Taking this into account, the procedure for 

production of test specimens set out, includes an adjustment to the material curing 

procedure as indicated in steps number 5 and 6 below;  

 

 

 

 

 

 

 

 

Plate 3-4: Material mixing 

1. The MDD and OMC of the material was determined according to TMH1 Method 

A7.  

2. NME stabilised samples were prepared at OMC by mixing the NME with water. 

For example, if the OMC of the material determined in (1) is 5.8% and 0.7% of 

the NME stabiliser is to be added, then 5.1 per cent water (less the materials’ 

hygroscopic moisture) is added to achieve OMC.  

3. The NME was added to the water to ensure a good dispersion of the NME in 

the material.    

4. Briquettes, such as those shown in Plate 3-5, were prepared depending on the 

tests to be conducted as indicated in Section 3.4.  

5. Each briquette was weighed and placed in the oven for 24 hours at a 

temperature of 30 °C before being subjected to a rapid curing process for 48 

hours at 45 °C. (Note: The temperature should not be allowed to exceed 50 °C 

as some polymers are known to degrade at such temperatures (Jordaan et al., 
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2017b) and limiting the temperature (to < 50 °C) also ensures that excessive 

softening of the bitumen residue is avoided.  

 

 

 

 

 

 

 

 

 

 

 

 

                Plate 3-5: Briquettes prepared for ITS and UCS Tests 

6. After 48 hours, each specimen was weighed to the nearest 1 g and returned in 

the oven. The specimens were reweighed after a further 4 hours in the oven. If 

the specimen weights differ by more than 10 g, the specimen were returned in 

the oven for a further 24 hours. This was repeated until there was a consistency 

in weight.     

7. After the rapid curing, the temperature was reduced back to 30 °C to allow the 

samples to cool off for 24 hours.  

8. Six briquettes were prepared for each test, with three tested in a dry state 

immediately after curing while the other three were tested after wet 

conditioning. Wet conditioning was done for a stipulated period (depending on 

the test) by submerging in water at 25 ᵒC, ensuring the specimens are 

completely submerged by up to 25 mm of water.  
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3.4 Laboratory evaluation tests 

3.4.1 Dynamic Cone Penetration (DCP-DN) Test 

The DCP test is a non-destructive indicator test used in the assessment of pavement 

structures. The test is performed by driving a standard metal cone into the pavement 

by repeatedly striking it with an 8 kg weight dropped from a distance of 575 mm. The 

rate of penetration and change in the penetration rate of the cone into pavement layers 

is used to indicate layer thickness and to derive in-situ material strengths. This is an 

important test particularly for gravel roads due to its simplicity and relatively low cost.  

A laboratory version of the test, DCP-DN, was used to determine the cone penetration 

rate of moulded, laboratory compacted specimens. The procedure of the test is similar 

to that of the CBR test except that a DCP cone is used instead of the CBR plunger as 

shown in Plate 3-6. The test was used to evaluate the strength characteristics and 

behavioural patterns of material stabilised with varying percentages of NME compared 

to an unstabilised, control specimen. The test specimens were cured, re-moulded and 

soaked in water for four days in the CBR mould, before testing according to the 

procedure detailed by Pinard et al. (2020), summarised below;  

1. The CBR mould with the sample was placed on a level floor with the annular 

weight on top.  

2. An empty CBR mould was placed upside down next to the full mould, as shown 

in Plate 3-6, to support the base of the DCP ruler.  

3. The DCP cone was positioned in the middle of the CBR mould and held in a 

vertical position. It (DCP) was knocked down slightly until the top of the 3 mm 

shoulder of the cone was level with the top of the sample and the zero-reading 

recorded. 

4. Two to three blows (depending on the material strength) were applied to the 

DCP and the reading on the ruler, recorded. This is continued until just before 

the tip of the cone touches the base plate in order to avoid blunting the cone.  

5. The obtained data was analysed using the Laboratory Module of the ReCAP 

LVR DCP Software (a freeware). 
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Plate 3-6: Laboratory DCP-DN Test 

3.4.2 California Bearing Ratio  

The CBR test was developed by the California Department of Transportation to 

measure the strength of materials used in road construction. It is defined as the ratio 

of force per unit area required to penetrate a soil mass with a standard circular plunger 

of 1 935 mm2 at the rate of 1.27 mm/min, expressed as a percentage of standard 

values of a California crushed limestone. The method of the test, as detailed in TMH1-

Method A8, specifies penetration depths of 2.54 mm, 5.08 mm and 7.62 mm and 

standard forces, 13.3 kN, 20.0 kN and 25.4 kN, respectively.  

The test was used to assess the performance of NME stabilised samples against an 

unstabilised, control sample. The tests were performed on remoulded cured samples, 

soaked for four days. The test specimens were also checked for swell as shown in 

Plate 3-7. 

. 
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Plate 3-7: Specimen soaking and preparation for CBR test 

3.4.3 Indirect Tensile Strength (ITS) test 

ITS is the stress at failure generated by the load required to split a cylindrical 

specimen. The test is performed according to TMH1 Method A14. A cylindrical 

specimen of height, 127 mm and diameter, 152 mm, is loaded on its diametrical axis 

at a steady rate of 50 ± 5 mm/min as depicted in Plate 3-8. The ITS is determined 

according to Equation 3 -1.  

                                 𝐼𝑇𝑆 =
ଶ × ௉

గ × ௗ × ௛
 ×  10଺                                Equation 3-1 

Where; 

ITS - indirect tensile strength [kPa] 

P - applied force [kN] 

d - specimen diameter [mm] 

h - specimen height [mm] 

ITS tests were conducted on the NME stabilised samples. A set of three specimens 

were tested for each of the dry and wet conditioned tests at each of the NME contents 

from 0.7% to 1.5%. A neat (unstabilised) sample was also tested as a control.  
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Plate 3-8: ITS Test setup 

3.4.4 Unconfined Compressive Strength (UCS) test 

UCS tests were performed according to TMH1 Method A16T. Cylindrical specimens 

measuring 127 mm in height and 152mm in diameter were crushed to total failure in a 

compression testing machine that applies load at a rate of 153 kN/min as shown in 

Plate 3-9. The maximum force required to crush the specimen was recorded and the 

UCS determined according to Equation 3-2.  

                                                  UCS =1000  
௉

గ௥మ                                   Equation 3-2 

Where: 

UCS – Unconfined Compressive Strength [MPa] 

P - applied force [kN] 

r – radius of specimen [mm] 

UCS tests were conducted on the NMESM. Similar to ITS, a set of three specimens 

were tested for both the dry and wet conditioned tests at NME contents from 0.7% to 

1.5%, with a neat (unstabilised) sample used as a control.  
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Plate 3-9: UCS Test Setup 

3.4.5 Triaxial Testing 

Three types of triaxial tests were performed i.e., the STT and RLTT for resilient 

modulus and plastic strain. 

3.4.5.1 Static Triaxial Tests 

The method of the STT is detailed in TG2 (2020). Test specimens, 150 mm in diameter 

and 300 mm high, were prepared using the vibratory hammer compaction method and 

tested by compression testing in a triaxial cell. The test was conducted by applying a 

vertical load at a constant rate of 3 mm/min at four confining pressures, i.e. 0 kPa, 50 

kPa, 100 kPa and 200 kPa at each of the NME contents from 0.7% to 1.5% until the 

load reaches a maximum and starts to reduce. The control test (0% NME) was tested 

at three confining stresses, i.e. 50 kPa, 100 kPa and 200 kPa. Readings of maximum 

load (fi) and displacement (Δi) were taken and a sample of the specimen was collected 

after the test for moisture determination. For each test, plots of applied stress versus 

the induced displacement (strain) were produced as depicted in Figure 3-4.    
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Figure 3-4: Plots of stress vs strain from STT (adapted from Mulusa, 2009) 

Two specimens were tested at each confining stress and for each of the dry and wet 

conditions except for the unstabilised specimens, which were tested in the dry 

condition only. Therefore, a total of seventy tests were conducted. Plate 3-10 to Plate 

3-13 show preparation for testing of specimens for STT.  

 

 

 

 

 

 

 

 

 

 

 

Plate 3-10: Measurement of specimen after compaction   
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Plate 3-11: Specimens ready for curing 

 

  

 

 

 

 

 

 

 

 

 

 

 
 

Plate 3-12: Mounting of STT specimen 
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Plate 3-13: Static triaxial testing 

The tests were conducted at 25 ᵒC. The Mohr-Coulomb criterion was used to 

determine the shear strength parameters of the material.  

3.4.5.2 Repeated Load Triaxial Tests (MR) 

MR is determined in the laboratory through RLTT by applying a series of combinations 

of confining and deviator stresses. Repeated axial cyclic stresses of fixed magnitude, 

load duration and cyclic duration are applied to a test specimen, while subjected to a 

static confining stress provided by a triaxial pressure chamber. Low stresses are 

applied creating low strains so that the elastic range of materials is not exceeded. The 

total resilient axial deformation response of the specimen is measured and used to 

calculate the MR using Equation 3-3; 

                                           𝑀ோ  =  
ఙ೏

ఌೝ
                                         Equation 3-3 

Where,  

Mୖ  is the resilient modulus, 

σୢ is the deviator stress, 
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ε୰ is the resilient (recovered) axial strain due to σୢ 

The Council for Scientific and Industrial Research (CSIR) protocol was used for the 

MR test. The protocol is based on the Long-Term Pavement Performance (LTPP) 

Protocol P46 (FHWA, 1996) with in-country specific modifications. Due to resource 

limitations, the tests were conducted on a single NME application rate (i.e. 1.5%) for 

both the wet and dry conditions. The test on unstabilised specimens were used as 

control. Variables of the tests included;  

 Temperature = 25 ⁰C.  

 Stress Ratio = 20% to 60% (in 10 % increments)  

 Confining pressure = 20 kPa, 50 kPa, 100 kPa, 150 kPa and 200 kPa.  

 Load waveform = haversine  

 Load duration = 0.2s load and 0.8s rest   

Up to 1000 conditioning cycles were applied at axial deviator stress of 45% of the 

deviator stress at failure, with a confining pressure of 200 kPa. The deformation was 

measured by two Linear Variable Displacement Transducers (LVDT’s) installed on the 

specimen.   

3.4.5.3 Repeated Load Triaxial Tests (Plastic Strain) 

The long duration RLTT is used to assess the potential of a material for plastic strain. 

This is done by measuring the irrecoverable strain responses, recorded by LVDTs, to 

the application of several thousand repeated cyclic loads, which correspond to a 

certain SR.  

RLTT were performed on 1.5% NME stabilised (dry and wet conditioned) specimens 

as well as on the neat specimen to compare and establish the plastic strain behaviour 

of the mixes. The selected variables for the tests included;  

 Loading waveform = haversine  

 Frequency = 2.5Hz 

 Temperature = 25 ⁰C  

 Stress ratio = 20% 
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 Confining pressure = 100kPa 

 Cycles = 80,000 (as per CSIR protocol).   

3.4.6 Voids analysis 

The void content of bituminous material mixes is important as it influences various 

factors including, stability, deformability, permeability and durability. Therefore, the 

determination of the void content is critical for the characterisation of the material 

mixes.     

The void content of the NMESMs were evaluated according to TMH1 methods C3 and 

C4 by carrying out tests for the Bulk Relative Density (RDv) and Maximum Theoretical 

Relative Density (RDm). Equation 3-4 was used to determine the void content.  

𝑉𝑜𝑖𝑑𝑠 % =  
ோ஽௠ିோ஽௩

ோ஽௠
 𝑥 100                                         Equation 3-4 

Where; 

RDm = maximum theoretical relative density 

RDv = bulk relative density 

The determination of the RDv of the unstabilised specimens was practically 

impossible, as the specimens would disintegrate before the stipulated minimum of 3 

minutes immersion in water. Therefore, the void content of the unstabilised specimen 

is based on secondary data sources, in particular Geotechdata (2013).  

3.4.7 Permeability test 

Permeability is critical especially for gravel roads as it influences the bearing strengths 

of materials. It is crucial that the gravel-wearing course limits the ingression of water 

through to the subgrade to maintain road performance.     

The falling head permeability test method was used to determine the permeability of 

a material mixed with 1% NME. This was gauged against an unstabilised specimen. 

The test involves flow of water through a soil sample of height (i) connected to a 

standpipe which provides the water head and also allows the measurement of the 
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volume of water passing through the sample. A schematic of the falling head test is 

shown in Figure 3-5.   

 

 

 

 

 

 

 

 

 

Figure 3-5: Schematic of falling head permeability test (adapted from CIVCAL, 

2023) 

Where; 

a  = area of standpipe, 

i = height of the sample, 

A = area of sample 

t = time for water level to drop from h଴ to hଵ 

h଴ = initial water level 

hଵ = final water level.  

The time required for the water in the standpipe to drop from predefined heights h0 to 

h1 was recorded. Three readings were taken for sensitivity analysis and statistical 

significance. The average of the three results was used to calculate the permeability 

(k) using Equation 3-5. 

                                   𝑘 =  
ଶ.ଷ௔×௜

஺×௧
𝑙𝑛 ቀ

௛బ

௛భ
ቁ                                     Equation 3-5 



 

 
85 

 

3.4.8 Scanning Electron Microscopy (SEM) 

SEM testing is another good method for characterising stabilised specimens as it 

allows for the observation of the dispersion of the binder in the gravel material, 

validating (or disapproving) some of the presumptions made with regards to NMEs. 

EDX analysis also aids in the determination of the mineralogy (and changes thereof) 

of the composite material resulting from the stabilisation.  

SEM tests were conducted on NMESMs stabilised at 1.2% and 1.5% NME contents 

as well as on a control test. The two were considered due to the relatively higher binder 

contents. The procedure of the tests, done at the Microscopy and Microanalysis Unit 

(MMU) of UKZN, is detailed below;   

1. Small pieces of the sample (<10 mm) were carefully cut from the compacted 

specimen, ensuring that they do not disintegrate.   

2. The samples were mounted onto aluminium SEM stubs with double-sided 

adhesive carbon tape as shown in Plate 3-14. 

 

 

 

 

 

 

 

                       Plate 3-14: Specimens mounted on SEM stubs 

3. The stubs were gold sputter coated with a Quorum K 150 RES sputter coater. 

This prevents charge build-up on the specimen surface.  

4. The samples were imaged with a Zeiss Ultra Plus FEG SEM (Plate 3-15), 

5. EDX data was obtained with the Oxford X-Max EDX detector. 
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Plate 3-15: Zeiss Ultra Plus FEG SEM 

3.5 Modelling 

Modelling was employed as part of the analytical procedure to provide the predictive 

performance of NMESMs in a pavement structure. Results from the laboratory testing 

were used as input parameters in a Finite Element (FE) based software, ANSYS 2022 

R2, to model a pavement structure incorporating a NME stabilised gravel-wearing 

course, contrasted against a corresponding structure without the stabilised layer. The 

pavement structure modelled was based on Ingweni road, a gravel road in Pinetown 

area of Eastern SA, constructed and maintained using the same gravel material as 

used in this study. Chapter 6 provides details of the modelling.        

3.6 Summary 

This Chapter provides the methodology used for the study. The methodology is 

designed in line with the objective to characterise and evaluate the engineering 

behavioural traits of NMESMs in the laboratory. The gravel material classification is 

based on traditional classification tests, extended to include mineralogy tests using 

XRD. This is critical to the selection and quantification of a compatible NME that 

adequately binds the material as well as provide the level of hydrophobicity required.   

Procedures proposed in the NDPS (TRH24, 2022) for material preparation and mixing 

are followed with the only point of departure being the curing period. The curing 

procedure was adjusted somewhat after diagnostic assessments revealed a 

considerable effect on the results of mechanical tests as explained in Section 3.3.2.    

The NMESM mixes are proposed to be evaluated for mechanical strength properties 

through traditional strength characterisation tests including, DCP-DN, CBR, ITS and 
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UCS. The tests are conducted at four NME contents; 0.7%, 1%, 1.2% and 1.5%, to 

observe trends in performance of the materials. Tests on the neat (unstabilised) 

specimens are also performed as control tests. Advanced testing, through STT and 

RLTT is also detailed. These tests provide fundamental material properties that more 

accurately represent the performance of material in the pavement structure. The tests 

consider the dry and wet conditions, to evaluate the retained strengths of NMESM 

after soaking, indicative of the durability of the material. Other tests proposed include 

voids analysis and permeability, performed to determine the extent to which NME 

stabilised layers protect underlying layers (subgrade) from water ingress and SEM, 

proposed to evaluate the dispersion of the NME in the material and establish the 

chemical changes resulting from the stabilisation.  

Finally, modelling using a Finite Element (FE) based platform is proposed to provide 

the predictive performance of structural layers of NMESMs and contrasted against a 

corresponding unstabilised layer.   
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4 MATERIAL CHARACTERISATION 

4.1 Introduction 

The structural capacity of a pavement structure is a function of the ability of the 

different layers to distribute loads, which is determined by the engineering properties 

of the materials in each particular pavement layer that are in turn dependent on the 

materials’ intrinsic properties (RA, 2014). Paige-Green (2008) submits that materials’ 

range of intrinsic properties such as strength, gradation, density, moisture content and 

resistance to deformation reflect the impact of physical, chemical and environmental 

factors on the materials over time.  

The essence of material characterisation is to determine the intrinsic properties and 

behavioural characteristics of materials to enable their usage for specific purposes.  

Some materials, capable of high performance, are usable in construction of particular 

pavement layers without the need for further enhancements whilst others, of marginal 

or low quality, may require enhancement through mechanical and/or chemical 

stabilisation to improve their engineering properties and performance. The suitability 

of a material for stabilisation with a particular technology is also determined through 

material characterisation. Therefore, this Chapter discusses the results of 

characterisation tests conducted on the gravel material used in this study. Based on 

the results of laboratory tests, the material is classified by referencing to appropriate 

SA material standards. This Chapter also presents results of mineralogy tests 

conducted on the material and how the mineralogy is used together with results of the 

characterisation tests to select a compatible NME to be used in the mix design to 

produce the composite, NMESM.  

4.2 Gravel material classification 

4.2.1 Particle Size Distribution (PSD) 

Dry sieving of a representative sample of the material was carried out according to 

TMH1 Method A1(b). This is in line with the recommendation by TG2 (2020) as wet 

sieving may indicate a high percentage of filler material (fraction passing the 0.075 

mm sieve) than would be available during full-scale mixing. Figure 4-1 presents the 

PSD of the material resulting from the sieve analysis.  
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                        GM = 
(௉ଶ.଴଴ ௠௠ ା ௉଴.ସଶହ ௠௠ ା ௉଴.଴଻ହ ௠௠) 

ଵ଴଴
               Equation 4-1 

Where; 

GM = Grading Modulus 

P2.00 mm etc. = Percentage retained on the indicated sieve 

The Gc indicates the percentage of fine and medium gravel in a material. It ranges 

from 0 (all particles smaller than 2 mm) to 100 (gravel with all particles larger than 4.75 

mm and smaller than 26.5 mm) (Paige-Green, 1999). It was calculated as 26.8 from 

Equation 4-2 and meets requirements set out by COTO (2020), which recommends a 

Gc between 15 and 35 for material to be used for rural and urban gravel roads.  

Gc = 
((% ௣௔௦௦ ଶ଺.ହ ௠௠ – % ௣௔௦௦ ଶ.଴଴ ௠௠) ௫ (% ௣௔௦௦ ସ.଻ହ ௠௠))

ଵ଴଴
           Equation 4-2 

The influence of the filler content of materials is discussed in Section 2.11.1.2. 

Accordingly, the amount of filler influences the optimum quantity of the NME binder 

that is effective for the treatment of the material. The filler fraction of the material also 

influences the material properties such as the maximum density achievable. The 

results show that the material meets requirements set out by TG2 (2020), which 

recommends a filler content between 6 and 10% for bituminous stabilisation.  

4.2.2 Plasticity characteristics 

The results of tests conducted for Atterberg limits of the material are provided in Table 

4-1. The PI of the material (i.e. the difference between the LL and PL) is 4%. Based 

on the LL and PI, the fine fraction of the material is classified as low plastic silt 

according to the Unified Soil Classification System (USCS) as shown in Figure 4-2. 

According to Sherwood (1993), silty materials are sensitive to small changes in 

moisture and, therefore, may present difficulties with some stabilisation technologies. 

Plasticity of a soil is an important characteristic that indicates the materials’ sensitivity 

to moisture and its ability to undergo deformation without cracking. Highly plastic 

materials used for gravel wearing courses lead to cracking of the surface while 

materials with low plasticity may ravel, leading to material losses. Increase in plasticity 
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also results in reduced density and shear strength properties of gravel materials. The 

NDPS (TRH24, 2022) specifies a PI of less than 16% for gravel wearing course.   

Table 4-1: Atterberg Limits 
Atterberg Limits 

Liquid Limit (LL) (%)  30.1 
Plastic Limit (PL) (%)  26.1 
PI (%)  4 
Linear Shrinkage (LS) (%)  0 

 

 

 

 

 

 

 

 

Figure 4-2: Material plasticity chart 

The Shrinkage product (Sp) is another property that is particularly useful for materials 

used for construction of gravel roads. It is the product of the percentage of material 

passing the 0.425 mm sieve and the material’s LS. It has been established that the 

right combination of Gc and Sp results in a generally good gravel road wearing course 

with adequate strength to resist potholing when effectively maintained, indicated as 

Zone E of Figure 4-3.  

The LS of the material was determined to be 0 thus, the Sp is 0. With a Gc of 26.8, it 

is shown that the material lies in Zone B of Figure 4-3. Accordingly, this material 

generally lacks cohesion (low PI) and is highly susceptible to the formation of loose 

material (ravelling) and corrugations. A visual assessment of Ingweni road, a gravel 
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road section constructed using this gravel material confirmed the occurrence of wide 

spread corrugations and presence of loose materials as shown in Plate 4-1. The road 

is said to be maintenance intensive.   

   

 

 

 

 

 

 

Figure 4-3: Diagrammatic indication of expected performance of gravel road 
wearing course (Adapted from Paige-Green, 2007) 
 

 

 

 

 

 

 

 

 

 

 

 
 

Plate 4-1: Section of Ingweni road in Pinetown, SA showing corrugation failures 
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material. The guidelines are based on the specification method. According to the 

method, the material is assigned a class based on it meeting specified limits given in 

standard specifications for the material properties. These are essentially one-fail-all-

fail type criteria, and if any one test fails the criterion for the material class, then the 

material cannot be assigned to that class. Based on the specifications provided in the 

two guidelines and the results of classification tests conducted, the material is 

classified as a G6 material. Material property descriptions and limits for a G6 material 

are provided in Table 4-2.  

Table 4-2: Material property limits for a G6 

Property TRH14 (1985) COTO (2020) 
Material 

Parameters 

Material 
Description 

Natural gravel or a 
mixture of natural gravels 
and boulders which may 
require crushing 

Natural gravel or 
natural gravel and 
boulders which 
may need crushing 
or crushed rock 

Natural gravel  

Nominal 
Max. Size 

2/3 compacted layer or 
63mm whichever is 
smaller 

Uncrushed: 2/3 
compacted layer. 
Crushed: 63mm 
before compaction 

 37.5mm 

Grading 
Modulus 

> 1.2 2.6 ≥ GM ≥ 1.2 2.3 

PI (-
0.425mm 
fraction) 

< 3GM + 10 < 12 or < 3GM + 10 4.1 

Strength 
(CBR) 

> 25% at 93% of Mod 
AASHTO 

> 25% at 95% of 
Mod AASHTO 

42.5% at 95% of 
Mod AASHTO 

Swell 
(Max.) 

< 1% < 1% 0% 

G6 materials are described as relatively poor-quality natural gravel materials, usually 

only considered for use in pavement construction after stabilisation. This material is 

generally considered unsuitable for the conventional bituminous stabilisation provided 

for in TG2 (2020). Successful stabilisation with NME would provide a great alternative 

in this regard, enabling the materials’ use in road construction.   

4.2.6 X-Ray Diffraction Test  

The mineralogy of the materials was identified using XRD tests. The tests were 

conducted on the bulk sample and the sample of the fraction passing the 0.075 mm 
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sieve as explained in Section 3.2.2.1. The XRD patterns of the two samples are shown 

in Figure 4-6 while Table 4-3 presents the main mineralogy phases of the gravel 

material samples. 

 

 

 

 

Figure 4-6: XRD test results of gravel samples 

It is observed that the material is mainly comprised of quartz (58%), a continuous 

network of silica tetrahedron. The silica (containing silicon and oxygen) is essential for 

the formation of siloxane bonds. The larger the quantity of silica, the more siloxane 

bonds that can be formed. The results also show that the material weathers down to 

Mica (Muscovite) at 7.7%. Mica is a deleterious mineral that has the tendency to 

absorb and retain moisture as explained in Section 2.11.2. In base or subbase layers 

of road pavements, the retention of moisture may cause heaving and rutting failures 

and reduction in bearing capacity. It also reacts adversely to bitumen or cement 

treatment. COTO (2020) recommends that aggregates should not contain more than 

4% free mica, especially muscovite.  
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Table 4-3: Main mineralogy phases 

The results also show clay minerals (Kaolinite and Smectite) at 36.5% in the fraction 

passing the 0.075 mm sieve. Clay minerals are problematic for road construction due 

to their low strength, high compressibility and high level of volumetric changes. The 

swell-shrinkage behaviour of clays in reaction to changes in moisture content may 

cause heaving or settlement of layers, undesirable in roads. COTO (2020) advises 

that the most careful assessment of durability be conducted on materials containing 

clay minerals especially in areas with low Weinert N values.  

The combined quantity of the deleterious minerals (mica and clay) is used to determine 

the quantity of NME required for stabilisation and consideration of laboratory 

evaluations. 

4.3 Compatible NME 

The results show that the gravel material is silicate-based, with the silica-based 

mineral, quartz, accounting for more than 50% of the material’s mineralogy content. 

Based on the first consideration in compatibility requirements explained in Section 

2.11.3, it was determined that a bitumen emulsion modified with an organofunctional 

nanosilane is compatible and could be used for treatment of the gravel material without 

  Bulk Sample 0.075mm Fraction 
Mineral Groups Individual Combined total Individual Combined total 

Primary - Not subject to weathering 
Quartz 58   20.4   
    58   20.4 

Primary - Subject to weathering 
Plagioclase 20.1   17.8   
Microline 20.6   16.9   
Diopside 0.1   0   
Hematite 0   0.7   
    40.8   35.4 

Mica 
Muscovite 1   7.7   
    1   7.7 

Clay Minerals 
Kaolinite 0.2   23.9   
Smectite 12.6   12.6   
    12.8   36.5 
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the need for any conversion treatments. In this regard, the NME was obtained with the 

properties provided in Section 3.2.2.2.    

4.4 Quantifying NME 

The second stage of the design process is the quantification of the NME 

recommended for evaluation of the material. This is established based on the surface 

area of the material to be covered by the NME stabilising agent. Therefore, the process 

involves primarily adjusting the NME for the fraction of material passing the 0.075 mm 

sieve and the quantity of clay minerals and mica present in this fraction of materials 

as shown in Figure 4-7.  

Figure 4-7: Recommended quantity of NME for stabilisation of material (modified 
from Jordaan and Steyn, 2021a) 

Based on the results obtained, the CBR of the gravel material was determined to be 

42.5% (at 95% of Mod AASHTO density). The grading analysis shows that 6.1% of 

the material passes the 0.075 mm sieve and from the XRD tests, the total combined 

percentage of mica and clay minerals is 44.2%. Plotting these values as shown in 

Figure 4-7, it was determined that the material lies in delineated Zone 2. This means 
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the optimum NME required for stabilisation is between 0.7% and 1.5%. This is what 

was used for laboratory evaluation and strength tests. 

4.5 Summary 

This Chapter presents results of tests conducted for gravel material characterisation. 

Traditional material characterisation tests contained in the relevant TMH1 standards 

including; sieve analysis, Atterberg limits, MDD/OMC and CBR, were conducted on 

the material. The results of the tests were compared against specified material classes 

to identify the gravel material as a G6, based on SA material standards.  

G6 materials are low quality natural gravels usually only considered for use in 

pavement construction after stabilisation. The material is however not suitable for 

conventional bituminous stabilisation practised in SA. XRD tests of the fraction of 

material passing the 0.075 mm sieve shows that it contains deleterious minerals, 

among other minerals, and may be unsuitable for most stabilisation technologies. The 

mineralogy results however indicate that it contains enough quantities of the silica 

mineral required for NME stabilisation. Thus, a compatible NME was selected for 

stabilisation of the material with recommended applications rates between 0.7% and 

1.5%.  
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5 LABORATORY EVALUATION OF NMESM MIXES   

5.1 Introduction 

This Chapter provides results of the laboratory evaluation of NMESMs. Although this 

study focuses on gravels roads, it is recognised that NMESMs have the potential for 

use across the entire road class range, from low-end rural access roads (e.g. gravel 

roads) to major urban access roads (surface roads), thus, the laboratory tests 

conducted take this into account. Mechanical strength tests conducted can be classed 

at three levels, i.e. low-reliability – (DCP-DN and CBR), medium-reliability – (ITS and 

UCS) and high-reliable – (STT and RLTT). This corresponds to the design 

requirements and reliability levels required of different categories of roads. Additional 

tests are incorporated to supplement the characterisation of the material performance.  

A number of factors including, material density, moisture, particle strength, grading 

and plasticity are known to influence results of laboratory tests for load bearing, 

mechanical and shear strength and durability properties of compacted soil specimens. 

Therefore, to evaluate the effect of NME on material strength, it is critical that these 

parameters are maintained relatively constant. To this end, measures were taken to 

limit the influence of the aforementioned factors by ensuring consistency in the 

material sampling, handling and testing procedures highlighted in Chapter 3. 

5.2 Influence of NME on DCP-DN 

The DCP-DN laboratory test is a critical part of the DCP-DN pavement design method 

that is widely been promoted as a simple yet appropriate LVR design method 

especially for developing countries. The test was used to evaluate NMESM mixes after 

four days soaking, stabilised at NME applications from 0.7% to 1.5%. Tests on the 

unstabilised specimens were conducted as control tests. An attempt was made to test 

at least three specimens per NME application. However, sometimes, refusal was 

encountered and, in such cases, the results were excluded. The recorded penetration 

data was analysed using the ReCAP LVR-DCP freeware provided by CSIR and results 

appended in Appendix A. Figure 5-1 provides extracted results of the tests.   
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It is also observed that at 1.5% NME application, the penetration rate of 1.03 mm/blow 

obtained for the material, meets requirements for class NME1, notwithstanding the 

higher compaction requirements.   

Table 5-1: DCP-DN limits for NMESM classes (TRH24, 2022)    

Property 
Material classes 

NME1 NME2 NME3 NME4 NME-EG5 

Mod AASHTO Density >100% >98% >97% >95% >95% 

DCP-DN (Unstabilised) <3.6 <5.7 <9.0 <18.6 <13.5 

DCP-DN (Stabilised) <1.1 <1.6 <2.6 <3.4 <3.4 

Based on limits provided for cement stabilised materials by SAPEM (2013) and Pinard 

et al. (2020), the range of DCP penetration rates from 2.6 mm/blow to 1.03 mm/blow 

meet requirements equivalent to lightly cemented materials C3 to C4 (based on SA 

standards) adequate to sustain up to 0.7 million Equivalent Standard Axle Loads 

(ESAL).  

The penetration rate measured using the DCP is an indicator of the shear strength of 

the material. It is sensitive to density, moisture content, particle strength, grading and 

plasticity (TG2, 2020) and in a soaked condition, measures the cohesive strength 

component of the shear strength of materials. The specimens in this study were 

prepared and tested under similar conditions, thus, the recorded improvements in 

strength of the material can be attributed to the action of the NME in material bonding 

and resistance to moisture damage, even after four days of soaking.  

5.3 Influence of NME on CBR 

Soaked CBR tests were conducted on the NMESMs at NME applications from 0% to 

1.5%. The CBR of the unstabilised specimen was used as the control test as explained 

in Section 4.2.4. Graphs of plunger load vs penetration depth were obtained and are 

appended in Appendix B. The CBRs were computed and are provided in Table 5-2 

and illustrated in Figure 5-2 for better perception of the trends.  
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Caicedo and Mendoza (2015), CBR is essentially a bearing capacity test working in a 

different strain range than the strains created within materials by moving loads. Thus, 

the test is more related to the strength characteristics of the material (friction angle 

and cohesion) than its stiffness (Young’s modulus and Poisson’s ratio (μ)).  

COTO (2020) specifies minimum CBR requirements for granular materials to be used 

as base and subbase layers of flexible pavements at 80% and 30%, respectively. The 

CBR specifications for gravel roads, which are ideally meant to carry low volume 

traffic, is quite low at a minimum of 15% (COTO, 2020). The results show that at 0.7% 

NME application, the material meets requirements for use as a gravel-wearing course 

for gravel roads and subbase layer for surfaced flexible pavements. The material can 

also be used as a base layer on application of at least 1% NME.   

Due to the large proportion and extensiveness of the gravel road network in most 

countries, SA included, it is inevitable that heavy vehicles use these roads. The higher 

CBR values would thus be advantageous and would contribute to the durability of the 

roads and cost savings stemming from reduced maintenance requirements.  

5.4 Influence of NME on UCS results 

The UCS test was used to evaluate the strength characteristics of NMESM mixes with 

NME application levels from 0% to 1.5%. Plots of load vs time (typical graph shown in 

Figure 5-3) were obtained for the wet and dry tests and are appended in Appendix C. 

Three tests were conducted for each test condition as part of sensitivity analysis and 

the average of the peak loads at which failure occurred, used to calculate the UCS as 

explained in Section 3.4.4. The results of the tests are shown in Figure 5-4.   

The results show that the application of 0.7% NME to the material results in a 33% 

increase in UCS strength of the dry test (UCSd). The strength appears to plateau 

thereafter up to 1.5% NME. This is shown in Figure 5-5, where a linear function (R2 = 

0.665) is used to represent the variation of UCSd relative to the NME application levels 

from 0.7% to 1.5%.    
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application level for achieving the required residual UCS of the material to be used as 

a gravel-wearing course.    

For most requirements in the built environment, the UCS test is a suitable indicator of 

the mechanical strength of material and provides a measure of the shear strength and 

the stress-strain relationship. However, the test is highly influenced by the stone type 

in the material and thus it is not considered very useful in evaluation of bituminous 

stabilised materials and it is omitted from the TG2 (2020) guide. This notwithstanding, 

Jordaan and Steyn (2021b) submit that the RCS, derived from the ratio of UCSw and 

UCSd, is an indicator of the future behaviour of the pavement structure and the 

potential for formation of potholes when exposed to water. The residual strength is 

also an indicator of the materials durability and resistance to secondary weathering 

effects. The results show that increasing NME applications above the minimum 0.7% 

does not increase the UCSd strength of the material but increases the UCSw and thus 

the RCS of the material. The plateauing of the UCSd is attributable to the depletion of 

the surface free energy and unsatisfied charges necessary for the formation of 

siloxane bonds described in Sections 2.11.1.5 and 2.11.1.6. It is supposed that once 

all the siloxane bonds are formed, further addition of the binder does not result in the 

formation of new bonds but only adds to the hydrophobicity of the material.   

The results obtained at 1.5% NME meet requirements for a NME1 class material 

(TRH24, 2022) and by extension, requirements for a gravel-wearing course material. 

NME1 materials are described as high-quality material, capable of withstanding high 

traffic loadings and tyre pressures. The material is likened to a G1 crushed stone 

material or C1 cement stabilised material (COTO, 2020), usable as a base layer in a 

heavily trafficked road. 

5.5 Influence of NME on ITS results 

ITS tests were conducted as explained in Section 3.4.3. Similar to UCS test results, 

graphs of load vs time were obtained (and appended in Appendix D) from which the 

average peak load was determined and used to calculate the ITS. The results for both 

the dry test (ITSd) and wet test (ITSw) are provided in Figure 5-6. 

The results show an increase in ITSd of more than 16% on application of 0.7% NME 

to the neat material. Thereafter, the ITS remains relatively constant despite increased 
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Table 5-3 provides limits of ITS tests for material categorised as BSM1 and BSM2 in 

TG2 (2020). It is notable that the limit of ITSd for BSM2 (>175 kPa) is higher than the 

proposed limit for NME2 (>140 kPa) while the ITSw for BSM2 is the same as for NME2. 

The results show that, at 1.5% NME, the 151 kPa recorded for the ITSd falls short of 

the BSM2 limit of 175 kPa while the 147kPa recorded for the ITSw is well within the 

range of BSM2.  

Table 5-3: BSM ITS test limits (TG2, 2020) 

 

 

It should be noted that BSMs are almost exclusively for major (high-end) roads and 

the limits provided are for material of classes, G5 or better with added filler, so the 

comparison may not be valid or fair. However, it does provide a very good appreciation 

of the potential of NMESMs and the effect of NME especially with regard to resistance 

to moisture damage.      

5.6 ITS-UCS relationship 

The establishment of a relationship between ITS and UCS would be useful for practical 

purposes, whereby one of the parameters can be estimated based on the results of 

the other. A similar relationship is suggested for cement stabilised materials (TRH13, 

1986) such that the ITS is related to UCS using a material coefficient, 𝑎, as indicated 

in Equation 5-5;   

                                               𝐼𝑇𝑆 = 𝑎𝑈𝐶𝑆                                                Equation 5-5 

Accordingly, the material coefficient is the ratio between ITS and UCS. Various factors 

influence such a relationship including, compaction density, moulding moisture and 

curing conditions, all of which are controllable. However, one uncontrollable factor is 

the difference in measurement configuration. Therefore, a large data set is required to 

develop a reliable correlation. Nonetheless, based on the data collected in this study, 

a correlation was ventured by plotting a linear function between the results of the two 

parameters for both the wet and dry tests as shown in Figure 5-8.  
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a lubricating effect on the material, making it more flexible. A minimum strain of 0.7% 

is recorded before failure at 0 kPa confinement. This strain level appears to be a 

threshold, below which shear failure does not occur under static loading, although this 

could be a conservative value as materials in a pavement structure are rarely in a 

situation of zero confinement. 

5.9.1 Mohr-Coulomb plots  

Mohr circle plots of the STT results were developed to determine the shear 

parameters, cohesion and angle of friction of the material. The plots for the 

unstabilised and 0.7% NME stabilised, for both dry and wet conditioned specimens, 

are shown in Figure 5-14 and Figure 5-15 respectively, while plots for 1.0%, 1.2% and 

1.5% NME applications are appended in Appendix G.  

 

Figure 5-14: Mohr-Coulomb circles – Unstabilised 

Table 5-4 provides a summary of the results and the shear parameters. The linear 

function analysis used to derive the Mohr-Coulomb failure envelope lines produced 

good coefficients of determination in excess of 0.99. This demonstrates the 

consistency of the results for ultimate strengths obtained at the various confinement 

levels. 
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The Retained Cohesion (RetC) is defined as the percentage of residual cohesion of 

the NMESM after moisture exposure. It provides an indication of the durability of the 

material and is defined by Equation 5-6 (TG2, 2020); 

                          𝑅𝑒𝑡𝐶 =  
ఙభೈಶ ,ಷିఙయ

ఙభಶೂೆ಺ಽ,ಷି ఙయ
 × 100                             Equation 5-6 

Where;  

RetC = retained cohesion after soaking, expressed as a percentage;  

σ3 = confining pressure in kPa  

σ1WET,F =  conditioned applied peak stress at confining pressure σ3, in kPa  

σ1EQUIL,F = dry peak stress read from the best fit line at confining pressure (σ3) in kPa.  

RetC is calculated at a confining stress (σ3) of 100 kPa at each of the NME applications 

from 0.7% to 1.5%. The results are provided in Table 5-6. It is shown that a minimum 

RetC of 75% is obtained at 0.7% NME application. This increases up to 99% at 1.5% 

NME, indicating increased hydrophobicity with increase in NME application. TG2 

(2020) defines a RetC threshold of 65%, above which materials are considered 

relatively moisture insensitive or less susceptible to moisture damage. Therefore, the 

minimum 0.7% NME is adequate and optimum, based on this requirement.  

Table 5-6: Retained Cohesion 
NME (%) RetC (%) 

0.7 75 
1 78 

1.2 78 
1.5 99 

5.9.3 Angle of Friction 

The angle of friction component of the shear strength is mobilised through particle 

contact when compressive stresses force the particles together. It is influenced by 

material grading and other aggregate properties including angularity and texture. 

Table 5-5 provides typical range of values of angle of friction for a G5/6 material.  

Figure 5-17 depicts the results of angle of friction for both dry and wet conditioned 

tests shown in Table 5-4. It is observed that the measured angles of friction for the 

treated materials (for both wet and dry material conditions) do not vary significantly 

from that of the unstabilised nor from each other. This is consistent with the findings 
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σଵ୤ =  
(1 + sin φ). σଷ +  2. C. cosφ 

(1 − sin φ)
 

 

 

 

 

 

 

 

 

Figure 5-20: Mohr Coulomb diagram for determination of compressive and 
tensile strength (Ebels, 2008) 

Table 5-7: Estimated compressive and tensile strengths 

NME (%) Condition 
Estimated compressive 

strength (kPa) 
Estimated tensile 

strength (kPa) 
0 Dry 694 94 

0.7 
Dry 1016 153 
Wet 518 67 

1 
Dry 1054 128 
Wet 603 69 

1.2 
Dry 981 115 
Wet 796 116 

1.5 
Dry 1000 137 
Wet 809 90 

 

The results show that the estimated compressive strength of the material increases by 

an average of 46% upon stabilisation (dry condition). Thereafter, not much difference 

is observed between 0.7 to 1.5% NME applications. For the wet conditioned materials, 

the compressive strength is observed to increase uniformly between 0.7% and 1.2% 

NME and plateaus up to 1.5%. A similar pattern is observed with the tensile strength. 

The average increase on NME application to the material is 42% (dry condition). In the 

wet condition, the tensile strength is relatively constant between 0.7 and 1.0%, 

increasing at 1.2% before decreasing again.   
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According to Thompson and Visser (1996), granular materials exhibit distress through 

cumulative permanent deformation or inadequate stability. Both forms of distress are 

related to the ultimate shear strength of the material and to prohibit shear failure or 

excessive gradual shear deformation in the layer the traffic-generated shear stresses 

must be limited. SAPEM (2013) provides a method of determining the shear strength 

of the materials (also known as the safety factor) using the shear parameters obtained 

from the Mohr-Coulomb model, using Equation 5-7. This is used in a transfer function 

(Equation 5-8) to estimate the material's structural capacity to a terminal condition of 

20 mm of rutting in a pavement layer. 

𝐹 =  
ఙయቂ௞ቀ௧௔௡మቀସହ

ф

మ
ቁିଵቁቃାଶ௞஼௧௔௡ቀସହ

ф

మ
ቁ

(ఙభିఙయ)
                                           Equation 5-7 

𝑁 = 10(ఈிାఉ)                                             Equation 5-8 

Where; 

F = Shear strength (factor of safety) 

𝜎ଵ, 𝜎ଷ= Major and minor principle stresses acting in the middle of the granular  

C = Cohesion 

Ф = Angle of friction 

K = Constant for moisture, 0.8 for moderately wet and 0.95 for normal 

α, β = Constants based on road category. Values provided in SAPEM (2013) 

N = Number of ESAL to safeguard against shear failure 

The two equations are depicted in graphical format in Figure 5-22 for categories of 

roads from A to D, as defined by SA standards (SAPEM, 2013). The graph was used 

to determine the structural capacity of a NMESM constructed layer based on obtained 

results of shear strength tests. Considering a Category D road class, defined as a rural 

access road with a daily traffic of less than 500 equivalent vehicle units (evu) and a 

design reliability of 50%, the results show that a layer of NMESM can sustain over a 

million ESAL in a dry state and more than 0.7 million ESAL in a wet condition. It is 

observed that the traffic sustainable by the NMESM in the TD condition is well over 

220% of what would be sustained in the UT material condition. 
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Figure 5-22: Transfer function for granular materials (Theyse et al. 1996) 

5.10 Repeated Load Triaxial Test (MR)  

MR tests were conducted on an unstabilised (control) specimen and on both dry and 

wet conditioned specimens stabilised at 1.5% NME. As explained in Section 3.4.5.2, 

the tests were conducted at SRs of 20%, 30%, 40%, 50% and 60% at each of the 

confining pressures; 20 kPa, 50 kPa, 100 kPa, 150 kPa and 200 kPa. The results of 

the tests at each confinement pressure were plotted against bulk stress in Figure 5-23.  

The results show higher MR values for the TD results followed by the TW and lastly the 

UT. This is consistent at all confining stresses. The MR is observed to vary between 

150 to 600 MPa for the UT material condition, 190 to over 900 MPa for the TW 

condition and 600 to over 1500 MPa for the TD condition, indicating average 

differences of 92% between TD and TW and 45% between TW and UT material 

conditions.  The results show that MR increases with increase in confining pressure. 

This can be attributed to the increase in density resulting in higher material stiffness. 

Additionally, stress dependency is observed particularly in the results of the UT and 

TW results. This is typical granular material behaviour, as Jenkins et al. (2007) explain, 

and can be attributed to stress hardening. However, this behaviour appears to wear 

down with the TD results as evidenced from the change in slope of the function lines. 
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A summary of the evaluated models is reproduced in Table 5-8 for easy reference 

while Figure 5-25 shows typical regression graphs based on the Bulk Stress-Resilient 

Modulus (MR-θ) model. The rest of the models are appended in Appendix H and a 

summary of the results provided in Table 5-9.  

Table 5-8: Summary of evaluated MR models (reproduced from Table 2-3) 
No. Name Formula Source 
1 MR-θ Mୖ =  kଵθ୩మ Jenkins (2000), 

Ebels (2008) 
2 Uzan Model Mୖ =  kଵθ୩మσୢ

୩య Uzan (1985) 
3 Universal 

Mୖ =  kଵPୟ ൬
θ

Pୟ
൰

୩మ

൬
τ୭ୡ୲

Pୟ
+ 1൰

୩య

 
Wang et al. 
(2022) 

4 Superpave  
Mୖ =  kଵPୟ ൬

θ − 3kସ

Pୟ
൰

୩మ

൬
τ୭ୡ୲

Pୟ
൰

୩య

 
Hopkins et al. 
(2001), Wang et 
al. (2022) 

5 MR-θ-σd/σdf 
Mୖ =  kଵθ୩మ ቆ1 −  kଷ ൬

σୢ

σୢ୤
൰

୩ర

ቇ 

 

Jenkins (2000),  
 Kotzé (2022) 

6 Parabolic 
MR-σ3-σd  
 

Mୖ =  kଵσଷ
୩మ ቆkଷ ൬

σୢ

σୢ୤
൰

ଶ

+ kସ ൬
σୢ

σୢ୤
൰ +  kହቇ 

 
 

van Niekerk 
(2002) 

7 MR-θ-σ1/σ1f 
Mୖ =  kଵθ୩మ ቆ1 − kଷ ൬

σଵ

σଵ୤
൰

୩ర

ቇ 

 
 

Jenkins (2000),  
 Kotzé (2022) 

8 TU Delft 
MR-σ3- σ1/σ1f 
 

Mୖ =  kଵσଷ
୩మ ቆ1 −  kଷ ൬

σଵ

σଵ୤
൰

୩ర

ቇ 

 

Jenkins (2000),  
 Kotzé (2022) 

9 MR-σ3- σd/σdf 
 Mୖ =  kଵσଷ

୩మ ቆ1 − kଷ ൬
σୢ

σୢ୤
൰

୩ర

ቇ 

 

Jenkins (2000),  
 Kotzé (2022) 
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Figure 5-25: MR-θ fitted model 

Relatively varied results of the correlations between the predicted data and the 

measured data (based on the R2) are obtained as shown in Table 5-9. The first four 

models appear to produce relatively inconsistent findings among the three treatment 

conditions, with one or two material conditions exhibiting good fit while the other(s) is 

(are) fairly low. Models five to nine appear to provide better fit of the data (among the 

three treatment conditions) with R2 above 0.9 for all three material treatments. This is 

especially so for the TD and the UT materials as can be seen from Figure 5-26, Figure 

5-27 and Figure 5-28, which show plots of the predicted vs measured data for TD, TW 

and UT materials respectively. The first four models are plotted separately from the 

last five mainly to avoid crowding the plots. Note that models five to nine are only 

plotted for points with results of σଵ୤ and σୢ୤ available from the respective ST tests.  
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Table 5-9: Summary of regression model coefficients 
No Model Cond. k1 k2 k3 k4 k5 R2 

 
1 MR-θ  

TD 87.448 0.3748       0.7688 
TW 30.962 0.4612       0.9809 
UT 11.892 0.5072       0.7927 

                 
 

2 Uzan 
TD 75.873 0.3963 0.001     0.7913 
TW 28.173 0.4754 0.0004     0.9825 
UT 8.71 0.001 0.5954     0.9855 

                 
 

3 Universal 
TD 4.606 0.7163 -0.5353     0.9203 
TW 2.519 0.4762 -0.001     0.9825 
UT 1.139 0.5478 -0.001     0.8182 

                 
 
 

4 
Superpave 

TD 0.478 1.3666 -0.4728 -149.18   0.9905 
TW 1.6004 0.6334 -0.0159 -59.85   0.9859 
UT 0.0151 1.6883 -0.001 -557.09   0.8390 

                 
 

5 Mr-θ-σd/σdf  
TD 388.3 0.5487 0.9496 0.0225   0.9751 
TW 3.43 0.4782 -7.079 0.001   0.9721 
UT 2.23 0.4815 -7.6792 0.393   0.9958 

                 
 
 

6 
Parabolic 

TD 193.28 0.3826 0.788 -0.591 1.035 0.9882 
TW 6.8617 0.3008 19.03 -0.1778 19.922 0.9848 
UT 4.3929 0.3216 -14.42 41.671 4.8321 0.9963 

                 
 

7 Mr-θ-σ1/σ1f  
TD 415.37 0.5795 0.964 0.0225   0.9746 
TW 31.726 0.4891 0.2035 0.1   0.9848 
UT 0.4594 0.4555 -51.061 0.4365   0.9952 

                 
 

8 Mr-σ3-σd/σdf  
TD 8.5405 0.3834 -20.351 0.0068   0.9830 
TW 4.7545 0.301 -40.951 0.2365   0.9778 
UT 7.467 0.3213 -19.156 0.678   0.9962 

                 
 

9 Mr-σ3-σ1/σ1f  
TD 8.054 0.3829 -21.721 0.0093   0.9830 
TW 5.159 0.2755 -43.66 0.3158   0.9765 
UT 6.8724 0.2896 -25.534 0.8177   0.9967 

TD – Treated Dry, TW – Treated Wet, UT – Untreated 
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5.10.1.1 Optimal MR prediction model 

Additional assessments were conducted on the prediction models to determine the 

optimum model to be considered for design purposes. Statistical data, other than the 

R2 coefficient, were used to quantify the goodness-of-fit of the data from the prediction 

models and the measured data. Comparisons of the two data sets are made based on 

the Root Mean Square Error (RMSE) and the Mean Absolute Error (MAE). Other 

statistics of the predicted data are included to show consistency of the data. Table 

5-10 presents the results for all three material conditions, UT, TW and TD. 

It is determined that low values of RMSE and MAE are obtained for the UT and TD 

specimens for models five to nine as established in the preceding section with the R2 

coefficients. This is not the case with the TW specimens, which shows relatively good 

fit with all the models, particularly the superpave and parabolic. Nonetheless, the 

results appear to show that factors, θ, Pୟ and  τ୭ୡ୲ do not significantly influence the MR 

of NMESMs. Instead, it is shown that the principal stress ratio (
஢భ

஢భ౜
 ) and deviator stress 

ratio (
஢ౚ

஢ౚ౜
) influence the MR, with the latter appearing to have the most influence. These 

findings are consistent with the assertion by Jenkins (2000) that the ratio (
஢ౚ

஢ౚ౜
) is a 

better performance parameter of granular materials. Confining stress also appears to 

influence the MR quite significantly as indicated in the models where it is incorporated. 

The variance and standard deviation of the predicted data for all the models are 

comparable while the skewness does not significantly depart from zero, indicating a 

generally symmetrical distribution. The negative kurtosis for all models means fewer 

and/or less extreme outliers of the distribution. These factors show consistent 

distribution of the predicted data.  

On consideration of all the factors, the parabolic model is shown to have the best 

combination of factors and is thus determined to provide the best fit for the three 

datasets.   
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Table 5-10: Comparison of statistics of the MR prediction models evaluated 

 

Model  Mod MR-θ Uzan Universal 
Condition  UT TW TD UT TW TD UT TW TD 
Residual Sum of Squares 66568 8404 303255 4285 8331 301939 53923 8326 116617 
Root Mean Square Error 51,60 18,34 110,14 13,09 18,25 109,90 46,44 18,25 68,30 
Mean Absolute Error 0,134 0,023 0,096 0,033 0,023 0,095 0,122 0,023 0,058 
Variance 14272,9 20174,9 48366,0 12250,4 19676,5 49170,9 10582,3 19681,1 58590,8 
St. Deviation 119,47 142,04 219,92 110,68 140,27 221,75 102,87 140,29 242,06 
Skewness 0,200 -0,072 -0,069 0,333 -0,077 -0,063 0,078 -0,077 -0,302 
 Kurtosis -0.765 -0.819 -0.852 -0.468 -0.816 -0.854 -0.792 -0.817 -1.151 
Model  Superpave Mr-θ-σd/σd,f Parabolic 
Condition  UT TW TD UT TW TD UT TW TD 
Residual Sum of Squares 47721 6665 13772 795 6653 20508 698 3629 9675 
Root Mean Square Error 43,69 16,33 23,47 7,28 21,06 36,98 6,82 15,56 25,40 
Mean Absolute Error 0,115 0,017 0,017 0,021 0,022 0,023 0,018 0,016 0,015 
Variance 10353,1 19462,1 59771,9 13391,7 16725,0 57675,3 13331,5 16673,7 58411,9 
St. Deviation 101,75 139,51 244,48 115,72 129,33 240,16 115,46 129,13 241,69 
Skewness 0,693 0,107 0,154 0,406 0,173 0,158 0,477 0,465 0,204 
 Kurtosis -0.201 -0.893 -1.385 -0.144 -0.777 -1.588 -0.112 -0.476 -1.580 
Model  Mr-θ-σ1/σ1,f Mr-σ3-σ1/σ1,f Mr-σ3-σd/σd,f 
Condition  UT TW TD UT TW TD UT TW TD 
Residual Sum of Squares 907 6456 20940 612 5600 13991 718 5298 14009 
Root Mean Square Error 7,77 20,75 37,36 6,38 19,32 30,54 6,92 18,79 30,56 
Mean Absolute Error 0,022 0,021 0,023 0,017 0,021 0,019 0,018 0,022 0,019 
Variance 13461,2 16714,6 57556,0 13388,3 16708,2 58269,5 13325,8 16651,9 58272,1 
St. Deviation 116,02 129,29 239,91 115,71 129,26 241,39 115,44 129,04 241,40 
Skewness 0,374 0,173 0,137 0,436 0,269 0,182 0,483 0,345 0,182 
Kurtosis -0.158 -0.840 -1.602 -0.093 -0.827 -1.615 -0.080 -0.801 -1.615 
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observed. However, this is not the case with the TD specimen. During the third phase, 

the material may be considered to be failing in shear under repeated loading. The 

beginning of the third phase is called the flow-point. Before this point, the rate of strain 

accumulation is minimal, while after the flow point, strain accumulation accelerates.  

Jenkins (2000), Ebels (2008) and Twagira (2010) identify the existence of a critical 

deviator stress ratio (DSR). When a material is repeatedly loaded above this critical 

DSR, the permanent deformation behaviour includes a third phase as described 

above. Repeated loading below this critical stress ratio results in on-going stable 

second phase behaviour. The results obtained appear to suggest a critical DSR of 

around 20% for the UT and TW specimens, however, this is worth further 

investigations as only one SR was considered in this study and the number of load 

cycles was limited.  

5.12 Void content analysis and permeability  

The void content of bituminous materials is a critical parameter linked to the 

performance and durability of the material mix. While a sufficient amount of voids is 

needed to maintain material stability, high void contents allow for intrusion of air into 

the mix, which may induce hardening of the binder leading to brittleness and failure of 

the material. Water intrusion, equivalently, leads to loss of bearing strength of the mix 

and underlying layers. The intrusion and flow of water through soil voids (called 

permeability) is governed by Darcy’s law, which states that for laminar flow conditions 

in a saturated soil, the rate of flow of water is directly proportional to the hydraulic 

gradient.     

5.12.1 Voids analysis 

The void contents of the NMESMs were evaluated after carrying out tests for the RDv 

and RDm as detailed in the methodology. The results of the tests, shown in Figure 

5-30, indicate that the void content of NMESMs varies within a narrow range, reducing 

from 22% to 20% for NME applications from 0.7% to 1.5%. This indicates a reduction 

of up to 10% from the presumed void content of the unstabilised specimen. By 

comparison, it is noted that BSMs have a void content between 10 and 13% (Twagira, 

2010) probably a result of a higher bitumen residue content of more than 2%. Material 
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grading, compaction level and the physical properties of mineral aggregates also 

influence the voids content of materials.  

 

 

 

 

 

 

 

 

 

Figure 5-30: Void Content 

5.12.2 Permeability 

Recognising the narrow range of the void content of NMESM, the permeability was 

determined at 1% NME only, as well to save on resources. Results, comparing the 

stabilised and unstabilised specimens, are presented in Appendix I and illustrated in 

Figure 5-31.     

It has been suggested by a number of researchers that permeability increases with 

increase in the degree of saturation (Dal-Ben, 2014; Trishna, n.d). In unsaturated 

mixes, the pressure head is negative, meaning that it is lower than atmospheric 

pressure (soil suction) and some of the void spaces are filled with gas (air). This is not 

the case with saturated soils and the absence of air in the pore spaces means that 

water can flow easily without hindrance. Therefore, the specimens were subjected to 

saturation until steady-state flow through the specimens was achieved before 

proceeding with the test. Of note was the considerable amount of time (days) needed 

to saturate the NME sample.  
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appearance and gelation of the binder in relation to the gravel particles. The images 

provided in this section are chosen on the basis of clarity, to exemplify the effect of the 

NME in the material mix.  

Figure 5-32 shows an image of the unstabilised sample. It appears as a hard crust, 

probably quartz, with some loose particles, a result of cleaving from the large 

specimen. Some voids can be made out as indicated by the ellipses. Arrangements of 

crystallised morphologies of flaky clay particles, probably kaolinite, are also observed 

as indicated by the arrows. These are observed more clearly in Figure 5-33, which 

shows the same image at twice the magnification. The image also shows additional 

voids on the surface of the specimens.  

 

 

 

 

 

 

 

 

 

Figure 5-32: SEM micrograph of unstabilised (control) specimen 
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Figure 5-33: SEM micrograph of unstabilised (control) specimen 

Figure 5-34 shows elements in the control specimen. It is shown that Silicon (Si), 

Oxygen (O), Aluminium (Al) and Iron (Fe) are the most abundant elements in the 

material with relative amounts of 17.47%, 32.58%, 8.22% and 29.6% respectively, at 

the indicated error percentage level in Table 5-11. The combined total of the said 

elements makes up more than 87% of the elemental composition of the material. They 

probably occur as oxides corresponding to Silica (SiO2), Alumina (Al2O3) and Iron 

(FeO and Fe2O3). The high concentration of SiO2 is typical of this type of material as 

was indicated by the XRD tests in Section 4.2.6.  

Figure 5-35 and Figure 5-36 show stabilised specimens at 1.2 and 1.5% NME. The 

images appear to show a gel of the NME encapsulating some of the (finer) particles 

of the material mix. Some tendrils of gel attaching to neighbouring particles can just 

about be made out as indicated in Figure 5-35. Figure 5-36 appears to show an 

increased concentration of the gel encapsulating what appears to be loose particles 

from the mix matrix. Loose particles may be a result of cleaving which is quite a 

challenge for a granular material, prone to disintegration. This obviously impacts the 

clarity of images produced. 

B 
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Figure 5-34: EDX element analysis of control) 

Table 5-11: Elemental composition of control 

 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 5-35: SEM micrograph of 1.2% NME specimen 

Element C O Mg Al Si K Ti Mn Fe Total 
Wt% 4.35 32.58 2.52 8.22 17.47 3.49 1.47 0.3 29.6 100 

Wt%Sigma 0.79 0.36 0.07 0.11 0.19 0.07 0.06 0.07 0.31  
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Figure 5-36: SEM micrograph of 1.5% NMESM 

Figure 5-37 and Figure 5-38 show EDX analyses of the elemental compositions of the 

material mixes at 1.2 and 1.5% NME applications, respectively. It is observed that the 

Si and O peak in both specimens compared to the control.  

 

 

 

 

 

 

 

Figure 5-37: EDX elemental analysis (1.2% NME) 

Table 5-12 and Table 5-13 show that the weight percentage of Si increases from 17.47 

to 26.72 and 28.62 at 1.2 and 1.5% NME respectively with the O increasing by similar 
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margins. This is an indication of the formation of siloxane (Si-O-Si) bonds in the 

material mix.   

Table 5-12: Elemental composition (1.2 % NME) 

 

 

 

 

 

 

 

 

 

Figure 5-38: EDX element analysis (1.5% NME) 

Table 5-13: Elemental composition (1.5% NME) 

5.14 Summary 

This Chapter provided detailed results and analyses of the tests conducted on the 

NMESMs in line with the objectives of the study. The results generally show and 

confirm that the NME improves material properties by increasing mechanical strength 

and improving the materials’ resistance to moisture damage. It is observed that 

minimal application of 0.7% NME increases material strength properties by more than 

70% in the case of CBR. The results of ITS, UCS and STT show that increasing the 

application rate of NME, above 0.7%, does result in significant improvements of the 

strength of the material. However, wet conditioned test results show that increasing 

the NME application rate acts to improve the materials’ hydrophobicity properties and 

hence resistance to moisture damage. This is one prominent feature of NME 

Sample 3 C O Na Al Si K Ca Fe Total 
Wt% 7.64 47.45 7.97 9.21 26.72 0.15 0.26 0.61 100 
Wt% Sigma 0.86 0.48 0.11 0.11 0.28 0.03 0.03 0.05  

Sample 4 C O Na Al Si K Ca Fe Total 
Wt% 7.31 43.54 6.82 11.32 28.62 0.7 1.41 0.28 100 
Wt% Sigma 0.92 0.48 0.11 0.14 0.32 0.04 0.04 0.05  
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stabilisation, invaluable for roads that are directly exposed to moisture. Furthermore, 

based on ITS and UCS test results, it is shown that NMESMs can retain more than 

65% of the strength after twenty-four hours of moisture exposure. 

Results of STT show that the NME improves the shear strength of material by 

increasing the cohesive strength component while the angle of friction remains virtually 

unchanged. The increased shear strength improves the materials’ traffic carrying 

capacity by more than 200% in the dry condition and over 100% in the wet condition 

as simulated by the four-hour soaking. In the same vein, the resilient response to load 

and permanent deformation properties are improved such that the material, even in a 

wet condition, retains significantly superior characteristics than in its UT state. 

The improvement of the material properties is extended to permeability, an invaluable 

property particularly for gravel roads. It is shown that the NME acts to reduce the 

materials’ void content, and the interconnectedness of the voids, thus, reducing 

permeability of the material. In this way, use of the NMESM as a gravel-wearing course 

would protect the underlying material (subgrade) from moisture and retain its bearing 

strength.  
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6 PAVEMENT MODELLING AND STRUCTURE ANALYSIS 

6.1 Introduction 

Numerical modelling of pavement performance has become an integral part of 

modern-day pavement engineering. The availability of various applications that model 

and simulate pavement performance on a small scale make it easier for engineers to 

make decisions about the implementation of various interventions on road pavement 

structures. More so with the advent of mechanistic design methodologies, the iterative 

manipulations required to converge to a solution, which would otherwise be quite 

daunting if done manually, can now be done with the aid of various packages that are 

based on established performance models.   

Pavement performance numerical models are based on two different approaches, 

linear and non-linear. The linear approach uses theory of elasticity to determine 

structural dynamic properties and response to loading effects while non-linear 

approach presumes a non-linear relationship between applied forces and responses 

thereof. Non-linear effects can originate from geometrical non-linearities (i.e. large 

deformations), material nonlinearities or contact (Femto, 2017). Various linear and 

non-linear elastic multi-layer programs are available for numerical modelling of 

pavement performance, such as BISAR (Shell, 1998), KENPAVE (Huang, 1993) or 

RUBICON (MAS, 2007), however, more accurate models are obtained from models 

that are based on FE methods.  

This Chapter presents results of numerical modelling implemented in this study. A FE 

based platform, ANSYS 2022 R2, was used to simulate a pavement structure and 

critical responses to applied loading obtained to indicate pavement performance. A 3-

D model was implemented due to its distinctive accuracy in configuration and ability 

to capture non-linear effects and asymmetrical effects. The pavement structure 

simulated is based on the Ingweni road identified in Section 3.5.   

6.2 Pavement structure and material conditions 

Three pavement structures were considered for this study as shown in Figure 6-1. Two 

structures consisting of a gravel-wearing course material stabilised with NME in the 

wet and dry condition are compared to the one without the treatment. The wearing 
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et al. 1999). Thus, a resulting uniform contact pressure equal to 650 kPa was 

considered as shown in Figure 6-3.  

 

 

 

 

 

 

 

 

 

 
Figure 6-2: FE geometry of model 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

Figure 6-3: Loading condition 







 

 
150 

 

      

 

 

 

 

 

 

 

 

 

Figure 6-6: Deformation responses of UT pavement to linear analysis 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-7: Deformation responses of UT pavement to geometric non-linear 
analysis 
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6.6 Analysis incorporating material non-linearity  

The treated pavement structures (TD and TW) models were developed by duplicating 

the validated UT model above and inputting/changing material properties for the 

NMESM wearing courses as indicated in Figure 6-1. Material non-linearities were 

considered in the wearing course. The ANSYS software provides a number of options 

for this purpose, one of which is the Drucker-Prager (DP) model. This is a 3-D 

pressure-dependent model for estimating the stress state at which a material fails or 

undergoes plastic yielding (Alejano and Bobet, 2012). To use the DP model in ANSYS 

2022 R2, linear elastic parameters, E and μ, are augmented with parameters for the 

DP model; uniaxial compressive strength, uniaxial tensile strength and biaxial 

compressive strength. These were determined from the ST tests as indicated in Table 

6-1.  

Table 6-1: Input parameters for DP model 

TD, DP Base 
Uniaxial Compressive Strength (MPa) 0.957 
Uniaxial Tensile Strength (MPa) 0 
Biaxial Compressive Strength (MPa) 1.875 
TW, DP Base 
Uniaxial Compressive Strength (MPa) 0.629 
Uniaxial Tensile Strength (MPa) 0 
Biaxial Compressive Strength (MPa) 1.636 

6.6.1 Stress distribution 

The equivalent stress distribution models of the UT, TW, and TD pavement structures 

are presented in Figure 6-8, Figure 6-9 and Figure 6-10 respectively. The UT 

pavement structure does not include material non-linearity and is only included in the 

analysis to extend the discernment of the influence of the NMESM. This is on the basis 

that the strain and deformation responses obtainable, if material non-linearity was 

included in the UT pavement structure, would be larger.  
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Figure 6-8: Stress distribution of UT pavement structure 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-9: Stress distribution of TW pavement structure 
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Figure 6-10: Stress distribution of TD pavement structure 

It is observed that the influence of stress in the UT pavement structure (Figure 6-8) 

extends quite significantly into the subgrade. This is comparable to the TW pavement 

structure but it is not the case with the TD pavement. The NMESM wearing course in 

TD pavement structure is observed to take the brunt of the stresses, with very limited 

influence on the subgrade (Figure 6-10). This demonstrates the superiority of the 

NMESM in terms of load spreading abilities and stress distribution, especially in the 

dry condition, protecting the subgrade from excessive stresses.  

6.6.2 Strain distribution 

Figure 6-11 compares the vertical strain responses of the three pavement structures. 

It is observed that the critical (maximum) strain responses occur in the wearing course, 

close to the interface with the subgrade. The results also show that introduction of 

NMESM wearing courses reduces the critical strain by more than 14% and 12% in the 

dry and wet conditions respectively. Larger differences in critical strain responses 

would be expected when material non-linearity is considered in the UT wearing course. 

The influence of stress in the subgrade is also observed from the strain distribution 

results of the pavement structures. Differences in strain responses are observed to 

extend up to a depth of about 1500 mm into the subgrade.      
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with increased subgrade strength, the difference of the influence of the stress in the 

subgrade is not very significant as observed from the gaps of the strain distribution 

curves of the three pavement structures. This indicates that the stress distribution is 

confined to the upper section of the pavement structure.     

6.7 Discussion of results 

The results show maximum vertical strains occurring near the bottom of the wearing 

course. These are not critical strains as failure of the wearing course is governed by 

the shear safety factor as discussed in Section 5.9. However, the results indicate the 

propensity of the pavement structure to fail through deformation. More so, the fact that 

these strains occur near the transition with the subgrade. It is an established fact that 

failure mechanisms of subgrades is determined by the vertical compressive stress at 

the surface.  

Sensitivity analyses show that reducing the wearing course thickness shifts the 

maximum strain to the surface. In this case, it is clear that deformation of the wearing 

course is a key factor. However, results of deflection indicate that the pavement still 

performs better with the 100 mm NMESM wearing course than the case with the 150 

mm UT wearing course.  

The subgrade strength is observed to play a significant role in the performance of the 

pavement structure. This is demonstrated by the reductions in deflection and vertical 

strain of up to 70% and 88% respectively. It is observed in Figure 6-16 that the 

increase in subgrade strength does not result in the shifting of the maximum strain 

locations of the NMESM wearing course, as the case with the UT, where the strain 

appears to shift towards the centre.  

6.8 Summary 

This Chapter considered the modelling of pavement structures, implemented on a FE 

based platform, ANSYS 2022 R2. Pavement structures incorporating NMESM wearing 

courses in the wet and dry condition are compared to a structure without the stabilised 

layer, acting as the control. The KENPAVE pavement structural design and analysis 

software was used to validate the UT pavement structure model. TW and TD models 
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were developed based on the validated UT model and analysed, taking into account 

geometric and material non-linearities.     

The analysis shows that the use of NMESMs as a wearing course improves the 

performance of the gravel road, by absorbing most of the stresses applied on the 

surface, thus protecting the subgrade. Consequently, strain and deflection responses 

of the pavement structure are improved by as much as 28%. In this regard, the 

thickness of NMESM wearing course can be reduced, saving costs of materials in the 

process.  It is also observed that even in the wet condition, the NMESM wearing course 

performs better.  

The findings in this study and models developed are only applicable to the test 

conditions that were used. While care was taken to choose realistic and typical test 

conditions, actual pavement structural conditions may vary from those selected for 

numerical modelling. Consequently, the pavement responses determined are 

hypothetical and show how the material qualities determined in the study may help in 

pavement modelling.  
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7 CONCLUSION AND RECOMMENDATIONS 

7.1 Introduction 

This study hypothesises that advancing sustainable gravel road construction through 

innovative nano-emulsion treatment of a micaceous gravel is significant. The study 

investigated the efficacy of NME for gravel material stabilisation by evaluating and 

characterising the engineering strength and durability properties of NMESMs in the 

laboratory. The study extends the knowledge on NME efficacy by supplementing 

routine material strength characterisation tests with advanced testing through STT and 

RLTT. The investigation of the behavioural trends of NMESMs stabilised at varying 

NME applications using STT has not been done before and is crucial to optimising the 

constituent materials, particularly the binder, in mix designs. Equally, very little 

information is available regarding the resilient response and plastic strain behaviour 

of NMESMs.  

7.2 Conclusions 

The findings of the study show that NME has the potential to make a significant impact 

on the road construction industry. The viscoelastic properties of the residue bitumen 

are greatly improved by the properties of the nanomaterial, resulting in improved 

binding abilities. The nanomaterial also allows for the use of minimal quantities of 

binder, potentially leading to substantial savings of bitumen emulsions. The binder acts 

at molecular level, protecting the gravel material from secondary weathering effects 

by limiting the access of moisture. This has been shown to significantly improve the 

material’s durability and bears significant importance in the advent of climate changes. 

Additionally, because the NMESMs are less permeable, the potential of swelling of 

pavement layers due to moisture hoarding is reduced. The stabilised material 

produced remains flexible, and permanent deformation is the most credible failure 

mechanism. Pavements with flexible layers require far less effort to rehabilitate when 

the terminal condition is reached, compared to materials that fail due to full-depth 

cracking. These properties allow naturally available materials to be used in any 

pavement layer at a low risk. The maintenance of the gravel colour is another 

advantage of NME stabilisation, particularly for gravel roads. It has functional 

advantages as it prevents road users from visualising the road as a surfaced road and 
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applying excessive speeds (as the case may be where gravel surface has a dark 

outlook).  

The following points were also noted:  

a) Not all nanosilanes can function as material stabilisers. Only compounds with 

the ability to form three-dimensional networks and have a minimum of three 

reactive groups can function as stabilisers. Others are also excluded on 

account of their toxicity or propensity to produce toxic by-products.  

b) The production of a stable NME with a long shelf life can only be achieved if the 

two media, nanosilane and CBE, are compatible. This requires matching the 

chemistry of the two materials.  

c) The modification of CBE with organofunctional nanosilanes improves many 

properties of the emulsion including thermodynamic and kinetic stability, size, 

rheological and stabilisation properties. Additionally, the material is imparted 

with hydrophobic properties, such that it repels water.  

d) The effective stabilisation of gravel materials with NME requires compatibility 

between the two media. This requires matching of the mineralogy of the gravel 

materials to the NME. Currently, NMEs are commercially produced and can be 

tailored to the gravel material considered for stabilisation.  

e) In addition to point d), the formation of siloxane bonds between the nanosilane 

and gravel materials requires the presence and availability of adequate SIO2. 

Thus, silicate-based materials are particularly suited for NME stabilisation.  

f) The incorporation of active fillers, especially hydrated lime, does not improve 

the properties of NMESM.  

The remainder of this section is organised into six subsections. Subsection 7.2.1 

summarises the major findings on the characteristics of the mechanical strength and 

load bearing capacity of NMESMs while subsection 7.2.2 deals with the major findings 

on stiffness and deformation characteristics of NMESMs. Subsection 7.2.3 focuses on 

durability and moisture susceptibility characteristics of NMESMs, while Subsection 

7.2.4 presents findings on the permeability and void characteristics. Subsection 7.2.5 

presents findings on changes in phase composition and microstructure and 

Subsection 7.2.6 highlights results from numerical modelling of gravel road structures 

incorporating NME stabilised layers.  
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7.2.1 Findings on the characteristics of the mechanical strength and load 
bearing capacity of NMESMs  

The evaluation of the characteristics of the mechanical and load bearing strength 

properties of NMESMs was done through five test methods, i.e. DCP-DN, CBR, ITS, 

UCS and STT. Key findings from these tests are itemised below; 

a) Improvement in strength properties by over 70% for DCP-DN and CBR, 33% 

for UCS and 16% for ITS on application of 0.7% NME.  

b) Results of UCS and ITS show no significant improvements after application of 

more than 0.7% NME.  

c) Improvement of the shear strength of materials by improving the cohesion 

parameter by up to 54% while the angle of friction parameter remains virtually 

unaffected. 

d) Improvement of materials’ resistance to moisture damage, which improvement 

is increased with increase in applied NME. Based on ITS and UCS tests, it is 

shown that NMESMs can withstand up to twenty-four hours of moisture 

exposure, retaining up to 65% of the original strength. 

e) Can be used to functionalise marginal quality materials and the obtainable 

material properties (after stabilisation) are equivalent to high quality materials 

usable even as base and subbase layers of flexible pavements. 

f) Based on the stress-strain relationships, it is observed that stabilisation with 

NME results in flexible materials with permanent deformation the main failure 

mechanism.  

g) Based on obtained material shear strength properties and by using established 

material transfer functions, it is observed that the traffic loading capacity of 

NMESM increases by over 200% in the dry condition and over 100% in the wet 

condition compared to the equivalent unstabilised material.   

7.2.2 Findings on stiffness and deformation characteristics of NMESMs  

The synthesis of collective results of tests for stiffness and deformation characteristics 

evaluated through RLT tests enabled the following results to be drawn; 
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a) Significant increase in MR observed with NME treatment especially for TD 

specimens. TW specimens are also observed to perform better that UT 

specimens at all confinement pressures. 

b) Results obtained exhibit a combination of stress-dependent and –independent 

behaviour. For UT and TW, MR increases with increase in deviator stress but 

this is not case with TD specimens especially at low confining stress. 

c) MR is also observed to increase with increase in confinement due to the 

increased stiffness resulting from the density increase.    

d) The parabolic model is determined to best describe the resilient behaviour of 

NMESMs.  

e) Based on the limited tests conducted for plastic strain behaviour, lower 

deformation properties of TD and TW specimens are indicated compared to 

UT.  

7.2.3 Findings on durability and moisture susceptibility characteristics of 
NMESMs  

The MDR concept was utilised to evaluate the durability and moisture susceptibility 

characteristics of NMESMs. Results of various tests on wet conditioned material 

specimens were compared to their dry conditioned equivalents to determine the 

residual strength. Key findings from this aspect of the study are listed below; 

a) NME imparts hydrophobic properties on stabilised materials such that they 

resist wetting by water. 

b) Resistance to moisture damage is increased with increased application of NME.  

c) At high NME application levels of up to 1.5%, wet conditioned material 

specimens can retain more that 65% and 75% of UCS and ITS strengths 

respectively, even after 24 hours of wet conditioning.  

d) The resistance to moisture damage is enhanced by the action of residue 

bitumen in encapsulating fine particles, resisting water access. 

7.2.4 Findings on the permeability and void characteristics  

Key findings from the tests for permeability and void characteristics include; 

a) NME stabilisation results in the reduction in void ratio of the material by up to 

33%.  
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b) Void ratio of NMESMs over 50% higher than typical void ratios of BSMs 

probably due to the higher residue bitumen in the latter. 

c) Over 85% reduction in permeability of gravel material is obtainable due to NME 

stabilisation. 

d) The NME not only acts to reduce voids but also reduces the interconnectedness 

of the voids thus, the reduction in permeability.    

7.2.5 Findings on changes in phase composition and microstructure  

SEM tests conducted to evaluate changes in phase composition and microstructure 

yielded the following findings; 

a) NME stabilised specimens appear as gel encapsulating what appears as fine 

particles in the material. The breaking and crumbling of the materials make it 

difficult to get clear images.    

b) The probable formation of Si-O-Si bonds is indicated by the increase in phase 

compositions of Si and O after NME stabilisation.  

7.2.6 Findings on numerical modelling of a gravel road structure incorporating 
NME stabilised layers  

Numerical modelling and pavement structure analysis was implemented in a FE based 

modelling software and the key findings from the study include; 

a) NMESM wearing course takes up the brunt of the stresses from the traffic 

loading, thus protecting the subgrade from excessive stresses. 

b) Implementation and use of NMESM as a wearing course reduces strain and 

deflection responses of pavement structure by up to 14% and 28% respectively.  

c) The increased performance of the pavement structure resulting from 

implementation of NMESM makes it possible to reduce the thickness of the 

wearing course, thus saving on material. 

d) The subgrade strength plays a critical role in the performance of the gravel 

road.  

7.3 Study recommendations 

As highlighted in Section 2.11.6, the proposed NDPS provides material specifications 

before and after treatment of the gravel material with NME. It is observed that the 
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gravel material used in this study meets requirements that would result in a NME2 

material. However, after stabilisation, the NMESM falls short of the requirements for 

NME2 and is instead classified as NME4. Akhalwaya and Rust (2018) make similar 

observations and propose for the redefining of the NME classes. In this regard, it is 

the considered view of this author that, despite the fact that the specifications provided 

for untreated material are minimum specifications, such specification may be a source 

of confusion. It is recommended that this specification be excluded and, in its place, a 

minimum material class (e.g. G8 or better) be provided for consideration with NME 

treatment. Material test requirements for NMESM classes should only be specified 

after stabilisation.  

Additionally, as part of material characterisation and for use in high-level pavement 

design, the recommendations for range of STT limits in Table 7-1 are proposed. In 

such a case, a similar assessment would be conducted to determine if STT must be 

included in the mix design as proposed in TG2 (2020) for BSMs.  

Table 7-1: Recommended classification limits for STT 
Material Class Conditioning Cohesion (kPa) Angle of Friction (ᵒ) 

NME3 to NME4  
Dry 175 - 190 45 - 50 
Wet 110 - 140 45 - 50 

7.4 Recommendations for further studies 

This study provides a good understanding of the behavioural characteristics of 

NMESMs, particularly with regard to mechanical strength properties and durability. It 

is the considered view of the author that NMESMs would also benefit from further 

studies in the following areas;  

a) Currently NME and similar products are commercial products and, depending 

on the number of producers, among other factors, their costs may inhibit full 

implementation. Therefore, a Life-Cycle Cost Analysis (LCCA) is required to 

quantify the cost-benefit ratio of implementing the product.  

b) There is need for further plastic strain tests on the NMESMs at increased cycles 

and different SRs to ensure tertiary flow behaviour is properly captured. 

c) Methods of preparing test specimens for SEM tests should be looked into, to 

avoid disintegration of specimens and appearance of loose particles on the 
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surface. SEM tests after a specified period of, say six months or more, be 

considered to observe the final, equilibrium, distribution of the binder in the 

material.   

d) Consider methods of assessing the short-term and long-term strength aspects 

of NMESMs that include ageing aspects of NMEs e.g. by analysing cores 

obtained from in-service roads over a specified period.   

e) All tests were conducted at room temperature in the range of 20 to 25 C. The 

viscosity of the emulsion allows that stabilisation is done at room temperature. 

However, it may be beneficial to determine how the material behaves in 

different temperature environments. This is in recognition of the susceptibility 

of some nanomaterials to temperature effects, especially high temperatures.  
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Appendix A – DCP-DN Results 
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Appendix A 3: 0.7NME DCP-DN 1 
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Appendix A 4: 0.7NME DCP-DN 2 
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Appendix A 5: 0.7NME DCP-DN 3 
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Appendix A 6: 1.0NME DCP-DN 1 

 

 

 



 

 
194 

 

Appendix A 7: 1.0NME DCP-DN 2 
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Appendix A 8: 1.0NME DCP-DN 3 
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Appendix A 9: 1.2NME DCP-DN 1  
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Appendix A 10: 1.2NME DCP-DN 2 

 

 

 

 



 

 
198 

 

Appendix A 11: 1.5NME DCP-DN 1  
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Appendix B – CBR Results 
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Appendix B 5: 1.0NME CBR 
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Appendix C 2: 0.7NME UCS D 
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Appendix D 8: 1.5NME ITS D 
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Appendix F – CBE Results 
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Appendix H 7: MR-θ-σ1/σ1f fitted model 
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Appendix I – Permeability Results 
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