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ABSTRACT 

Lack of universal design standards for CMA has led to the use of Laboratory-Field 

Curing Correlation techniques to predict the performance (strength) in CMA. Such 

techniques involve performance-based tests that were originally developed for hot mix 

asphalt. Laboratory-Field curing correlation techniques disregard the gradual strength 

gain in CMA, which is affected by curing time and temperature. Moreover, they have 

demonstrated considerable inconsistencies in the prediction of strength in CMA during 

curing. The main objective of this study was to predict the indirect tensile strength (ITS) 

of cold asphalt emulsion mixtures (CAEMs) produced using siliceous aggregates and a 

cationic bitumen emulsion. Materials characteristics were determined and mix designs 

were developed using virgin and recycled aggregates from Reclaimed Asphalt Pavement 

(RAP). The Marshall method was used to produce specimens of size 100 mm diameter 

and 63.5 mm thickness. Specimens were subjected to isothermal curing regimes at 

temperatures of 25, 40 and 60 ºC.  The curing periods considered were 3, 8, 13, 18 and 

23 days for each temperature. ITS was subsequently measured for each of those curing 

regimes. After 3 days of curing, the ITS of RAP mix cured at low temperature of 25 ºC 

was 47.04% lower than that of the virgin mix. However, for all temperature regimes, the 

difference in ITS of the virgin and RAP mix was 3% for specimens cured for 23 days 

and a maximum of 6% for specimens cured for 18 days. The temperature sensitivity 

factor (B) of the RAP mix was 94% higher than that of the virgin mix. This work 

determined that a linear-hyperbolic strength maturity function predicts the ITS of 

CAEMs produced using siliceous aggregates and a cationic bitumen emulsion with an 

accuracy of more than 95%. The study recommends the use of Maturity method to 

predict tensile strength of CAEMs during design and to monitor gradual strength gain in 

CAEMs during construction 

. 
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CHAPTER ONE 

INTRODUCTION 

1.1  Background to the study 

The use of cold mix asphalt (CMA) for surfacing of flexible pavements is accompanied 

by sustainable environmental and economic benefits. Environmental benefits of using 

cold mix asphalt include reduced pollution, reduced depletion of natural resources 

through recycling of aggregates and reduced landfill requirement. CMA is produced and 

used at ambient temperatures hence energy consumption is limited and overall cost of 

production is reduced (D’Angelo et al., 2008; You, Goh & Qingli, 2011). Use of CMA 

at ambient temperatures enables safer working environment compared to hot mix asphalt 

and has significantly influenced the employment of labor-based methods that create 

employment especially in developing nations like Kenya.  

The performance of CMA is significantly affected by the level of curing (Kuna, Airey & 

Thom, 2016). Lack of universal standards for design and evaluation of CMA has led to 

the use of Laboratory-Field Curing Correlation techniques to determine the level of 

curing in CMA (Doyle, McNally, Gibney & Tabaković, 2013; Kim, Im & Lee, 2011). 

These techniques predict the performance (strength) of CMA by correlating the moisture 

content of CMA specimens cured in the laboratory with the moisture content of a CMA 

pavement layer subjected to in-situ curing conditions (Lee, 1981). The correlation is 

done using the Residual Moisture Content (RMC) and minimal curing age. The RMC 

method considers the amount of moisture in CMA after a predetermined curing regime 

while the minimal curing age method assumes that CMA has effectively cured after a 

predetermined curing age (Kim et al., 2011).  
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Laboratory-Field Curing Correlation techniques have illustrated a variety of arbitrarily 

selected isothermal curing regimes used by different researchers based on their 

objectives, level of expertise, and locally available materials. Moreover, performance-

based tests such as: rutting resistance, stiffness and moisture resistance tests (Zaumanis, 

Poulikakos & Partl, 2018; Asphalt Institute, 2008) are done at the end of pre-determined 

isothermal curing regimes hence the gradual strength gain nature of CMA is not 

considered.  As a result, the use of Laboratory-Field Curing Correlation techniques is 

accompanied by considerable inconsistencies in the simulation of field curing and 

prediction of actual the performance of CMA pavements (Maccarone, Holleran & Ky, 

1995; Kishore, Amar, Amarantha & Sudhakar, 2008; National Roads Authority, 2011; 

Acott, 1979; Kim, Lee & Heitzman, 2007; Ruckel, Acott & Bowering, 1983). 

Maturity method used in cement concrete takes into consideration two important factors 

that affect strength gain of CMA. These are the combined effect of curing time and 

temperature on the strength gain of CMA and gradual strength gain in cold mix asphalt 

during curing (Carino & Lew, 2001; Doyle et al., 2013; Kuna et al., 2016; Chelelgo, 

Gariy & Shitote, 2019). Doyle et al. (2013) developed a logarithmic strength-maturity 

function for emulsified asphalt that overestimated the long-term strength of emulsified 

asphalt concrete. Using a logarithmic strength-maturity function, Kuna et al. (2016) 

obtained overestimated stiffness of foamed bituminous mixtures (FBMs) cured for 296 

days and they recommended the use of parabolic-hyperbolic strength maturity functions 

for the prediction of stiffness of FBMs.  Chelelgo et al. (2019) concluded that there is a 

strong correlation between the fatigue maturity of cold mix asphalt and the actual fatigue 

strength using the parabolic-hyperbolic strength-maturity function. 

From the foregoing, there is no literature correlating the Maturity method and the tensile 

strength of cold asphalt emulsion mixtures produced from siliceous basaltic aggregates 

and a cationic bitumen emulsion. Engineering significance of indirect tensile strength in 
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asphalt concrete includes: simulation of tensile stresses at the base of asphalt concrete 

surface course when subjected to loading. Moreover, ITS demonstrates the strength and 

adherence of asphalt concrete against fatigue failure, temperature cracking and rutting 

failure. From the foregoing, this study used the Maturity method to predict the indirect 

tensile strength of cold asphalt emulsion mixtures produced using siliceous basaltic 

aggregates commonly found in Kenya and a slow setting cationic bitumen emulsion. 
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1.2 Problem statement 

Use of cold mix asphalt has economic, environmental and social benefits. Cold mix 

asphalt gains strength gradually through curing, hence strength in CMA is directly 

proportional to the level of curing. Laboratory-Field Curing Correlation techniques 

which are currently used to predict the strength of CMA have produced considerable 

variations of results with regard to determination of gradual curing and strength 

prediction in CMA. Examples of such variations include; estimation of similar field 

curing age of 365 days of emulsified CMA subjected to different isothermal curing 

regimes of 40 oC for 28 days (Kishore et al., 2008) and 20 oC for 100 days (Brown & 

Needhem, 2000). Foamed CMA subjected to similar isothermal curing regimes of 40 oC 

for 3 days estimated different field curing age of 30 days (Ruckel et al., 1983) and 180 

days (Kim et al., 2007). Strength prediction statistical models like the Michaelis-Menten 

and Exponential model have only demonstrated strength evolution in CMA during 

curing. Studies on application of Maturity method on CMA have demonstrated strong 

correlations between maturity and stiffness modulus of CMA. They however, have not 

shown how strength-maturity functions can be used to predict the tensile strength of 

emulsified asphalt produced from siliceous basaltic aggregates and a cationic bitumen 

emulsion. From the foregoing, this study used hyperbolic strength-maturity functions to 

predict the indirect tensile strength of cold asphalt emulsion mixtures (CAEMs). 

 

1.3 Justification 

Inability to determine the performance of CMA during curing is one of the factors 

limiting their use. CMA is produced at ambient temperature hence The use of CMA for 
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pavement of flexible pavement is accompanied by reduced pollution, reduced fuel 

consumption and employment of labor based methods required in developing countries 

like Kenya. This study used Maturity method to predict the tensile strength of cold mix 

asphalt.  Knowledge from this study will instill confidence in the use of CMA which is 

currently shunned by professionals in the road construction sector.  

1.4 Research objectives 

1.4.1  General objective 

To predict the tensile strength of cold asphalt emulsion mixtures using the Maturity 

method. 

1.4.2 Specific objectives 

1. Characterization of materials and mix design 

2. To determine the effect of curing time and temperature on indirect tensile strength 

of cold asphalt emulsion mixtures. 

3. To predict the indirect tensile strength of cold asphalt emulsion mixtures using the 

Maturity method. 

1.5 Research Questions 

1. What are the material characteristics and mix design parameters required for the 

study? 

2. What are the effects of curing time and temperature on the indirect tensile strength 

of cold asphalt emulsion mixtures? 
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3. Can the Maturity method accurately predict the indirect tensile predict the strength 

of cold asphalt emulsion mixtures? 

1.6 Scope and Limitation 

1.6.1 Scope 

The research scope was done at the Materials Testing & Research Division (MT&RD) 

of the Ministry of Transport, Infrastructure, Housing & Urban Development located at 

Nairobi, Kenya. Virgin and recycled aggregates were considered to produce 120 sample 

specimens of CAEMs produced using basaltic siliceous aggregates and a cationic 

bitumen emulsion. Indirect tensile strength tests coupled with hyperbolic strength-

maturity empirical equations were used to predict the tensile strength of cold asphalt 

emulsion mixtures. 

1.6.2 Limitation 

Available tests used to evaluate tensile characteristics of asphalt concrete pavement 

layers include: direct tensile test, bending test and indirect tensile tests. Due to 

unavailability of flexural and cohesiometer equipment to evaluate the bending moment 

and modulus of rapture in CAEMs during failure the indirect tensile strength test was 

used to determine tensile strength. 

1.7 Significance of the Study 

A maturity-based strength prediction in CMA pavement layers enables timely 

knowledge of actual early-age tensile strength gained by CAEMs during curing. This 

enables the making of important and safe decisions like the earliest time a pavement 

layer can be overlaid by a wearing course or be opened to traffic. Knowledge from this 

study will enhance for effective planning and management of road construction projects. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Introduction  

The study reviewed theoretical and empirical literature. Theoretical literature reviewed 

included: a brief description of asphalt concrete and detailed review of materials, 

production process and available design manuals developed for cold mix asphalt. The 

empirical section of the literature review covers the currently used strength prediction 

techniques that include: Laboratory-Field Curing correlation techniques and statistical 

models. Statistical strength prediction models outlined are Michaelis-Menten (MM) 

model, Exponential (EX) model, Maturity method.  Lastly, the application of the 

Maturity method in cold mix asphalt is reviewed.  

2.2 Asphalt Concrete  

Asphalt concrete is a complex heterogeneous mixture of aggregates, fillers, asphalt 

binder and air voids used surfacing of modern road pavement (Aragão, Kim, Lee, & 

Allen, 2011). There are three types of asphalt concrete categorized based on how they 

are produced: hot mix asphalt (HMA) produced at high temperatures ranging from 138 - 

180ºC; warm mix asphalt (WMA) produced at moderate temperatures ranging from 66 - 

135 ºC and cold mix asphalt (CMA) produced at ambient temperatures (Read & 

Whiteoak, 2003). HMA is conventionally used for road pavement and its production is 

accompanied by adverse effects to the environment, natural resources and the human 

health (You et al., 2011). Some of these negative effects include emission of particulate 

matter such as dust, smoke, poisonous bituminous fumes and gases like CO2, SO2 and 

NO2 that pollute the air, cause greenhouse effect and pose health risks to the humans 
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(Al-Hdabi, 2014). Moreover, the production of HMA consumes a lot of energy that 

contributes to high production cost (D’Angelo et al., 2008).  

2.3 Cold Mix Asphalt 

Cold mix asphalt is batched, mixed, laid and compacted at ambient temperature of 

approximately 23-30 ºC (Dash, 2013). Some of the benefits of using CMA include: 

i. Reduced energy and fuel consumption during production (Bouteiller, 2010). 

ii. Reduced emission of smoke, greenhouse gases and other particulate matter 

like dust that cause air pollution, global warming and pose health risks to 

human health. (You et al., 2011; Al-Hdabi, 2014).  

iii. Reduced depletion of natural resources by incorporation of recycled 

aggregates from reclaimed asphalt pavement (Arimilli, Jain & Nagabhushana, 

2016; Thanaya, Negara & Suarjana, 2014). Recycling reduces landfill 

requirements for waste during pavement renovation (Ma, Wang, Zhao, Huang 

& Pi, 2015; Thanaya et al., 2014). 

iv. The CMA production is independent of the mix temperature. Hence, they are 

suitable for construction and maintenance of rural roads using labor based 

methods (Thanaya, Zoorob & Forth, 2009). 

Some of the factors limiting the use of cold mix asphalt for construction of flexible 

pavements include:  

i. Lack of universal standards for their design and evaluation (Bessa, Almeida, 

Vasconcelos & Bernucci, 2016).  

ii. Time-consuming curing process required for gain strength (Kim et al., 2011; 

Thanaya, 2007).  
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iii. High air void content above 7% that makes the pavement susceptible to water 

ingress (Oluwasenyi, 2011; Thanaya et al., 2014; 2009). Moreover, the porosity 

of the RAP mix after in-situ compaction has been found to range above 10% 

(Valentin, Čížková, Suda, Batista, Mollenhauer & Simnofske, 2016; Moloto, 

2010) 

Cold mix asphalt can either be an emulsified mixture or a foamed mixture depending on 

the type of binder used. Foamed asphalt binder is produced by injecting water into hot 

bitumen to produce a spontaneous binder foam, which is mixed with aggregates in an 

expansion chamber to produce cold foamed asphalt mixtures (Kuna, 2015). Emulsified 

asphalt binder is produced by mixing asphalt with water in a colloid rotor at controlled 

temperature causing asphalt droplets to be dispersed in water as an emulsion (Transport 

Research Board, 2006). The asphalt emulsion is mixed with aggregates at ambient 

temperature to produce cold asphalt emulsion mixtures.   

2.4 Components of cold Asphalt Emulsion Mixtures 

Cold asphalt emulsion mixtures (CAEMs) are composed of well-graded mineral 

aggregates that are bound together by a bitumen emulsion.  

2.4.1 Aggregates  

Aggregates are mineral materials such as gravel, ballast, crushed stone, blast furnace 

slag, quarry dust and sand. They can be naturally occurring or artificially obtained 

through physical and chemical processes on industrial by-products (O’Flaherty, 2002). 

Aggregates are mixed with binders such as bitumen, cement, lime and other hydraulic 

components to form bound materials used for construction of engineering structures. 

There are two categories of aggregates namely coarse aggregates and fine aggregates. 

The size of coarse aggregates ranges from 2.36 - 37.5 mm while that of fine aggregates 
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range from 0.075 - 2.36 mm. Aggregates that pass sieve size 0.075 mm are called inert 

fillers (Transport Research Laboratory, 2002). According to Federal Highway 

Administration (FHWA) tech brief, 90 – 95% of asphalt concrete is composed of 

aggregates, the remaining 5 - 10% is a summation of binder and air voids (West et al., 

2010). Grading is the physical blending of aggregates of different sizes to fit the blend 

within a specific band. It determines the concrete mix matrix which can be dense-

graded, open graded or gap-graded (Sterling & Zamhari, 1997). The mix matrix of 

asphalt concrete determines the mechanical properties of the pavement layer 

constructed. This study used a dense-graded mixture of nominal size 20 mm. 

2.4.2 Bitumen Emulsion 

An emulsion is a two-phase co-existence of immiscible fluids represented by the 

dispersion of one fluid in the form of fine droplets in another continuous fluid. 

Emulsions are categorized into three groups: oil-in-water (O/W), water-in-oil (W/O) and 

multiphase emulsions (Figure 2.1, TRB, 2006). For oil-in-water emulsions, the dispersed 

phase is an oily fluid and water is the continuous fluid. The water-in-oil emulsion has 

the water as the dispersed fluid in a continuous oily fluid and the multiphase emulsion 

has a third phase, which contains globules of both the dispersed and the continuous 

fluids. Bitumen emulsion is an oil-in-water emulsion with bitumen droplets of 

approximately 0.1 - 20 microns representing the dispersed fluid while water is the 

continuous fluid (Al-Hdabi, 2014). 
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Figure 2.1: Types of emulsions 

(Source: TRB, 2006) 

Bitumen and water have different chemical composition hence they are immiscible. A 

chemical emulsifier also known as a surfactant is a surface-charge activating agent that 

enables mutual co-existence of bitumen and water at ambient temperatures. 

Transportation Research Board (TRB, 2006) defined an emulsifier as a water-soluble 

component that alters the properties of a solvent and the surface they contact. In the case 

of bitumen emulsion, the emulsifier coats the dispersed bitumen droplets to prevent them 

from coalescing prior to the required function of the emulsion. Bitumen emulsions have 

a range of 40 - 80% bitumen content depending on the purpose of the emulsion. 

Visually, the bitumen emulsions are brown in color prior to breaking. 

2.4.3 Breaking mechanism of bitumen emulsion 

Breaking of bitumen emulsion is also known as setting. It involves the expulsion of 

water from a bitumen emulsion allowing the bitumen droplets to coalescence and form a 

continuous bitumen binder. The speed at which the bitumen droplets coalescence is 

known as the breaking rate or setting rate (TRB, 2006). The setting rate of a bitumen 
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emulsion is influenced by the chemical reaction of the emulsion and environmental 

factors like temperature, humidity, wind speed and mechanical action (Meyer, 1999). 

Some of the breaking mechanisms of bitumen emulsion include:  

i. Emulsifier abstraction – This is the withdrawal of the emulsifier from the 

bitumen-water interface by the aggregates. The positively charged surfactant 

coating the bitumen droplets is attracted to the negatively charged aggregate 

surface. This renders the bitumen droplets unstable causing them to coalesce 

for stability. 

ii. Emulsifier deprotonation- This is the adsorption of protons from the acidic 

surface of the bitumen droplets by the basic sites on aggregate surface. The 

bitumen droplets become unstable and they coalesce to form a continuous 

binder. 

iii. Droplet Migration – The positively charged bitumen droplets are attracted to 

the negatively charged aggregate surface causing the bitumen droplets to 

spread over the aggregate surface. The spreading of bitumen causes them to 

coalesce in to a continuous film that coats the aggregates. 

iv. Emulsifier adoption - The aggregate surface adsorbs free emulsifier coating 

the bitumen droplets and from the bitumen-water interface. The adsorption 

causes the surface of the aggregates to be lipophilic (oil loving) in nature 

which attracts the unstable bitumen droplets. As a result, the bitumen droplets 

coalesce to form a continuous binder.  

For the production of cold asphalt emulsion mixtures, one or more of the 

aforementioned breaking mechanisms occurs when bitumen emulsion is mixed with 

aggregates (Figure 2.2). 
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Figure 2.2: Breaking mechanism of bitumen emulsion  

(Source: Al-Hdabi, 2014) 

 

2.4.4 Classification of bitumen emulsions 

Bitumen emulsions are classified in accordance to their electrical charge and their rate of 

breaking (Al-Hdabi, 2014; TRB, 2006). Bitumen emulsions defined by their electrical 

charge include:  

i. Anionic bitumen emulsion – The bitumen molecules contain negatively 

charged electrons that move to the anode on application of an electric 

potential.  

ii. Cationic bitumen emulsion – The bitumen molecules contain positively 

charged electrons that move to the cathode on application of an electric 
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potential. They are commonly used to produce cold asphalt emulsion 

mixtures. 

iii. Non-ionic bitumen emulsion - The bitumen molecules have a neutral charge 

hence they do not move to any pole on application of electrical potential. 

iv. Clay-stabilized bitumen emulsions – The bitumen molecules have a neutral 

charge. They are used for industrial works and products.  

Bitumen emulsions defined by their rate of breaking when in contact with the aggregates 

include: 

i. Rapid setting bitumen emulsions – They set quickly when in contact with 

aggregates especially of low surface area. Their rapid breaking nature does not 

allow effective mixture of binder and aggregate. They are suitable for spray 

application like tack coat between two asphalt layers. 

ii. Medium setting bitumen emulsion – They set at a slower rate than the rapid 

setting emulsions. They can be used with coarse aggregate mixtures 

containing little or no fines.  

iii. Slow setting bitumen emulsions –They are the most suitable for production of 

cold asphalt emulsion mixtures because they set at slow rate. The slow rate of 

setting enables the aggregates to be effectively coated with the emulsion 

during mixing. Furthermore, it enables CAEMs pavement layers to be well 

mixed, laid and compacted prior to setting.  

This study used a slow setting cationic bitumen emulsion as the binder for cold asphalt 

emulsion mixtures. 
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2.5 Cold Mix Asphalt Design Guides 

There is no universal mix design standards for cold mix asphalt. Therefore, countries 

that use cold mix asphalt for road pavements have to do preliminary mix designs by 

modifying the Marshall mix design standard (ASTM-D6926-10, 2010) which was 

originally developed for hot mix asphalt in accordance to their locally available 

resources (Bessa et al., 2016; Moghadam & Farhad, 2017; Tebaldi et al., 2014; Thanaya, 

2007). Some of the available mix design manuals include: 

i. Performance Based Specifications for Emulsified Asphalt Mixes (Serfass, 2012) 

ii. Cold Mixed Granular Materials Guide (Bullen, John, Lancaster, Maccarrone, 

Mungan & Rebbechi, 1997) 

iii. Standard Specification for Road and Bridge Construction in Kenya (Ministry of 

Roads and Public Works, 1986) 

iv. Asphalt Cold Mix Manual (Asphalt Institute, 1989) 

v. Basic Asphalt Emulsion Manual (Asphalt Institute, 2008) 

i. Performance Based Specifications for Emulsified Asphalt Mixes 

Cationic asphalt emulsions are used to prepare cold mix asphalt for road pavement in 

France. Aggregate selection and characterization is the first step of the mix design. The 

aggregate sizes recommended for the production of CMA are outlined in Table 2.1.  

Table 2.1: Aggregates size for the cold mix asphalt 

Type Aggregate Gradation (mm) Thickness Range (mm) 

Very Thin 0/6, 0/10,  0/14 20 – 30 

Thin 0/6, 0/10, 0/14 30 – 50 

Thick 0/10, 0/14 50 – 80 

(Source: Serfass, 2012) 
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After aggregate selection and characterization, trial blends called “bowl tests” are 

developed using empirical formulas. The bowl tests are visually observed to assess the 

aggregate grading, the pre-mix water and bitumen content. The mix is selected based on 

the quality of aggregate coating, the workability of the mix and the achieved mix 

compaction level. After compaction, the selected specimens are subjected to isothermal 

curing at accelerated temperatures. Isothermal curing involves subjecting of CMA 

specimens to controlled curing temperatures for a specified curing time.  Cured 

specimens are then tested for moisture sensitivity using the compressive strength test 

and stiffness modulus test.  

The procedures outlined in this guide are consistent with the Asphalt Cold Mix Manual 

(Asphalt Institute, 1989). This manual recommends the use of the CMA as a surface 

course while the Asphalt Cold Mix Manual recommends the use of CMA as a binder 

course of low to medium volume traffic roads because of inferior mechanical properties 

especially at early curing age. To enhance the mechanical properties of CMA, hydraulic 

additives like ordinary Portland cement are added during production (Bessa et al., 2016; 

Kuna, 2015). This mix design manual does not clearly outline the effect of the additives 

on the mix for it to be sufficient for use as a surface course of a road pavement.   

ii. Cold Mixed Granular Materials Guide 

The Cold Mixed Granular Materials Guide outlines the design specifications of cold mix 

asphalt in Australia using either the emulsified or the foamed bitumen as the binder 

(Bullen et al., 1997). The guide also predicts the in-situ performance of the cold mix 

asphalt under various conditions of traffic and environment. The guide recommends 

compaction using the gyratory compactor. The mix stiffness, resistance to permanent 

deformation, resistance to fatigue cracking and durability are the main variables 

considered during the mix design. The curing regimes outlined in the manual are:  



  

17 

 

i. Early age curing simulated by isothermal curing of specimens in the oven at 

temperatures of 40 ± 2 oC for 4 hours before indirect tensile strength test. 

ii. Long-term curing simulated by isothermal curing of specimens in the oven for 4 

days at temperatures of 60 ± 2 oC. 

The use of the aforementioned curing regimes to simulate short and long term in situ 

curing disregards the residual moisture content (RMC) in the mix after curing that 

affects the performance of CMA. Furthermore, in situ weather conditions fluctuates, 

meaning that both the early age and long term curing are not well simulated by 

isothermal curing regimes in the laboratory. Moisture sensitivity is done using the 

indirect tensile strength (ITS) method where cured specimens are soaked in water at 23 

oC for 18 hours followed by 2 hours under vacuum de-airing. The ratio between the 

strength of soaked specimen to that of dry specimen is called the tensile strength ratio 

(TSR). TSR is an indicator of moisture susceptibility of the mix.  Moisture assessed of 

this mix design guide is consistent with the French manual (Serfass, 2012).  

iii. Standard Specification for Road and Bridge Construction in Kenya 

The Standard Specification for Road and Bridge Construction in Kenya, (Ministry of 

Roads and Public Works, 1986) recommends the use of cold mix asphalt for patching 

and surfacing of low volume traffic roads. This standard does not have a clear outline of 

the mix design procedure for CMA. Therefore, mix properties like stability, air voids 

and moisture susceptibility are not well described. With the above note, this standard 

was not used in this study.  
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iv. Asphalt Cold Mix Manual  

The Asphalt Cold Mix Manual (Asphalt Institute, 1989) outlines a mix design procedure 

for emulsified asphalt concrete. The mix design commences with material quality tests 

that determine the physical and mechanical properties of the materials. The mix binder 

demand is approximated using either the Centrifuge Kerosene Equivalent test (C.K.E) or 

an empirical equation. The ability of the bitumen emulsion to coat the aggregates is 

determined using the coating test. The proposed binder should coat at least 50% of the 

aggregates for it to be used for production of CMA. Moisture density relationships are 

determined in terms of maximum dry density (MDD) and optimum total fluid content 

(OTFC). The total fluid content affects the aggregate pre-mix water and the bitumen 

content required. The optimal bitumen content is selected based on how it effects on the 

stability, stability loss, porosity, dry density and moisture absorption of cold asphalt 

emulsion mixtures. The design criteria are outline in Table 2.2. 

Table 2.2: Mix design criterion 

Test Property Minimum Maximum 

Stability (N) at 22.2 oC for paving mixtures 2224N - 

Stability Loss (%) - 50 

Aggregate Coating (%) 50 - 

(Source: Asphalt Institute, 1989) 

v. Basic Asphalt Emulsion Manual  

The proposed CMA mix design procedures outlined in the Basic Asphalt Emulsion 

Manual (Asphalt Institute, 2008) are a replica of the procedures in the Asphalt Cold Mix 

Manual (Asphalt Institute, 1989) with a few modifications that include:  
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i. The coating test where the loosely coated cold asphalt emulsion mixtures are 

subjected to isothermal curing in the oven for 24 hours at 60 oC. After curing, 

the loose aggregates are boiled, stirred and air-dried for 24 hours. After curing 

for 24 hours, the percentage and quality of aggregates coated is visually 

assessed. 

ii. Air curing is introduced during mixing to allow the specimen to be compacted at 

optimal moisture content based on visual inspection. Isothermal curing is done 

with the specimen in the moulds for 48 hours at 60 oC. 

iii. Compaction of specimen is increased to 75 blows on each face of the specimen 

to represent medium volume traffic roads. Further compaction is done after 

curing using a double plunger. 

This study used the asphalt institute manuals MS-14 (1989) and MS-19 (2008) to 

develop cold asphalt emulsion mixtures.  

2.6 Techniques Used to Predict Strength of Cold Mix Asphalt 

2.6.1 Curing of Cold Mix Asphalt 

The performance (strength) of a cold mix asphalt pavement is directly related to its level 

of curing. Curing is the process of water expulsion from a cold mix asphalt that enables 

the bitumen and the aggregates to bond (Moloto, 2010; Serfass, Poirier, Henrat & 

Carbonneau, 2004). The two main sources of water in cold mix asphalt are aggregate 

pre-mix (pre-wetting) water and the water phase in the bitumen emulsion (TRB, 2006). 

The aggregate pre-mix water activates the surface charges on the aggregates and 

improve the workability of cold mix asphalt during production. Curing occurs in two 

stages; emulsion breaking and water expulsion. Emulsion breaking occurs when the 

bitumen emulsion is mixed with the aggregates as explained in section 2.4.3. Water in 

the emulsion evaporates hence the suspended bitumen droplets flocculate and coalesce 
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into a continuous bitumen film that coats the aggregates (TRB, 2006). The rate of 

emulsion breaking depends on the setting time of the emulsion used. Water expulsion is 

a gradual, time-consuming process, which begins during mixing and proceeds long after 

compaction (Graziani, Godenzoni, Cardone & Bocci, 2016; Kuna et al., 2016).  

Lack of universal standards for design and evaluation of CMA has led to the use of 

Laboratory-Field Curing Correlation techniques and statistical models to determine the 

level of curing in CMA for strength prediction.   

2.6.2 Laboratory-Field Curing Correlation techniques 

Laboratory-Field Curing Correlation techniques involve subjecting CMA specimens to 

isothermal curing regimes in the laboratory and correlating their level of curing to in-situ 

curing conditions (Lee, 1981). Isothermal curing involves subjecting CMA specimens to 

controlled curing temperatures, humidity and pressure for a pre-determined time (Kuna 

et al., 2016). Isothermal curing regimes above room temperature are used during design 

to accelerate the rate of curing of CMA and enable the determination of expected 

performance of CMA (Carino, 1984; Serfass et al., 2004; Kuna et al., 2016; Ojum, 

Kuna, Thom & Airey, 2014).  

Correlations between laboratory curing and field curing are currently assessed using the 

residual moisture content (RMC) and minimal curing age of CMA (Kim et al., 2011). 

The RMC method proposed by Lee (1981) considers the amount of moisture in CMA 

after a predetermined curing regime. As a result, different regions and states like Iowa, 

Arizona, Washington and Vermont are currently using a range of 1.0 - 1.5% RMC. 

Spain has less than 1.0% RMC requirement prior to placement of an overlay while 

Kansas has set its limits to 2% RMC (Kim et al., 2011). The use of RMC to assess the 

in-situ performance of CMA at the end of curing disregards the effect of curing 

temperature on the gradual strength development of CMA. 
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Minimal curing age method is another way of assessing the in situ performance of CMA 

pavements. Spain has set a minimum age of 7 days of in situ curing while the United 

Kingdom has a minimal age requirement of 36 hours of curing depending on the in situ 

climatic conditions. States like Idaho, Ontario, Maine, New York and Delaware have 

specified different curing durations ranging from 4 - 45 days (Kim et al., 2011). 

Application of the minimal curing age method does not account for the fluctuating in 

situ conditions. Moreover, it does not consider the effect of curing temperature on 

strength development of cold mix asphalt.  

Laboratory-Field Curing Correlation techniques have used a variety of arbitrarily 

selected isothermal curing regimes used by different researchers based on their 

objectives, level of expertise, and locally available materials. As a result, there are 

considerable inconsistencies/deviations in the simulation of field curing which 

ultimately affects accurate prediction of strength in CMA during curing (Table 2.3). 

Table 2.3: Laboratory-Field curing correlations of cold asphalt mix 

Binder 

Type 

Isothermal 

curing regimes 

In-situ 

Curing 

(days) 

Deviation 

Curing 

days 

predicted 

Study 

Temp 

(oC) 

Time 

(days) 

Emulsion 60 3 365 similar (Maccarone et al., 1995) 

Emulsion 40 28 365 similar (National Roads Authority, 2011) 

Emulsion 20 100 365 similar (Brown & Needhem, 2000) 

Foam 60 3 365 165 (Maccarone et al., 1995) 

Foam 60 3 200 (Acott, 1979) 

Foam 40 3 180 150 (Kim et al., 2007) 

Foam 40 3 30 (Ruckel et al., 1983) 
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CMA specimens subjected to similar isothermal curing regimes simulated different 

curing ages under in situ conditions (Table 2.3). For example, foamed bituminous 

mixtures cured at 40 oC for 3 days by Ruckel et al. (1983) and Kim et al. (2007) and 

simulated in situ curing age of 30 days and 180 days respectively. Studies by Maccarone 

et al. (1995) and Accot (1979) cured foamed CMA specimens 60 oC for 3 days and 

simulated in situ curing age of 60 days and 200 days respectively. Lastly, emulsified 

CMA cured at different isothermal regimes of 40 oC for 28 days (Kishore et al., 2008) 

and 20 oC for 100 days (Brown & Needhem, 2000) simulated similar in situ curing age 

of 365 days. Additional limitations of using Laboratory-Field Curing Correlation 

techniques include: 

i. Isothermal curing regimes in the laboratory are controlled and their results 

cannot be compared to in situ fluctuating conditions (Doyle et al., 2010; 2013). 

ii. Performance-based tests such as; rutting resistance, stiffness and moisture 

resistance tests (Zaumanis et al., 2018) are done at the end of pre-determined 

curing regime hence the gradual strength gain nature of CMA is not considered.  

Knowledge of gradual strength development in CMA pavements under construction 

enable important and safe decisions to be made on time like the earliest time to overlay a 

CMA pavement layer with a wearing course or to allow traffic on the pavement. 

2.6.3 Statistical Models used to predict curing in CMA 

Statistical models are mathematical functions that simulate the asymptotic response of 

the mechanical properties of CMA during curing. Three statistical models outlined in 

literature include Michaelis-Menten (MM) model, Exponential (EX) model and Maturity 

method. Michaelis-Menten (MM) model and Exponential (EX) model were used to 
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demonstrate the evolution of physical and mechanical properties of CMA as a function 

of curing time (Graziani et al., 2016). Physical property analyzed was evaporated water 

(DW) and Mechanical properties analyzed were Indirect Tensile Stiffness Modulus 

(ITSM) and Indirect Tensile Strength. Both the MM and the EX models demonstrated 

gradual strength gain in CMA during curing. The EX model however underestimated the 

asymptotic values of the measured response (DW, ITSM and ITS) and had lower 

precision compared to the MM model. The study concluded that overtime loss of water 

(curing) improves the ability of cold mix to resist failure (Graziani, Godenzoni, Cardone, 

Bocci & Bocci, 2017). The study however did not asses the effect of curing temperature 

on strength development in cold mix asphalt and the models did not predict the strength 

of CMA. 

2.7 The Maturity Method 

The Maturity method is non-destructive approach used to analyze the performance of 

cement concrete under in situ conditions. The Maturity method uses the combined effect 

of curing time and temperature to predict the strength of cement concrete (Carino & 

Lew, 2001; Wilde, 2013). The extent of the developed strength in cement concrete is 

called maturity. Maturity index (M) is an indicator of maturity that is calculated from the 

temperature history of the cementitious mixture by using a maturity function (ASTM 

C1074-11, 2011).  

The origin of the maturity method can be traced back to researchers from England in 

1949 who used steam to accelerate the curing process of cement concrete produced for 

commercial use (McIntosh, 1949; Nurse, 1949). McIntosh (1949) observed that any 

curing temperature, which was above the datum temperature, had a direct influence on 

the rate of concrete hardening for a particular mix. He concluded that the curing 

temperature of cement concrete affects the rate of strength gain. With this knowledge, he 
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developed a model called the Concrete Hardening Index (CHI), which was correlating 

the basic age of concrete and its relative compressive strength within a temperature 

range of 15 - 93 °C. Nurse (1949) accelerated the curing temperature of cement concrete 

by subjecting the specimens to steam curing. He developed a Time-Temperature Factor 

(TTF) that used the combined effect of time and temperature to estimate the strength of 

concrete. 

The improvement of the Temperature-Time Factor (TTF) led to the development of the 

Nurse-Saul maturity function (Nurse, 1949; Saul, 1951). The maturity rule states that 

concrete drawn from the same batch will have approximately the same strength at the 

same maturity index (Figure 2.3). This is the case despite the fact that concrete drawn 

from the same batch could be subjected to different combinations of curing temperature 

and time (Carino & Lew, 2001). M1 and M2 represent the maturity indices of two 

concrete batches subjected to cold and hot curing regimes respectively. At the same 

maturity, concrete mixtures cured under different regimes will have similar strength 

(Nixon, Schindler, Barnes & Wade, 2008).  

 

Figure 2.3: The Maturity Rule 

(Source: Nixon et al., 2008) 
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The maturity method has been modified overtime by preceding studies and constructive 

measures have been developed to standardize its application in the concrete construction 

industry (ASTM C-1074-11, 2011). Some of the advantages of using the Maturity 

method include: 

i. The method is a non-destructive approach that shows the continual strength 

gain of concrete compared to the convectional compressive strength method 

that involves crushing of samples at predetermined time intervals (Salama, 

2008). 

ii. Timely knowledge of the earliest strength of concrete enables the making of 

important decisions, which are required for work on site to proceed safely and 

effectively. Such decisions include; the earliest time to remove formwork and 

shores supporting structures, the appropriate time to do transverse jointing and 

post-tensioning of structures and to open concrete pavements to traffic. 

Proper application of this relatively simple procedure can result in savings by allowing 

construction operations to be performed safely at the earliest possible time (Carino & 

Lew, 2001). The application of the maturity method in the construction industry is 

accompanied by several limitations: 

i. The maturity curve for a particular mix cannot be used in another mix even 

though the design strength is the same. 

ii. Any change in the mix in terms of quality or quantity changes the maturity 

index. Therefore, high precision is required during the production of CMA for 

construction.  

iii. The maturity method only considers time and temperature as factors affecting 

strength development in concrete ignoring other important factors that affect 
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the strength of concrete like the mix design process and the heterogeneous 

nature of concrete (Carino & Lew, 2001; Nixon et al., 2008).  

2.7.1 Maturity Functions 

Maturity functions are mathematical expressions that calculate the index that is 

indicative of maturity of a cementitious mixture using temperature history and a 

predetermined curing period (ASTM C1074-11, 2011).  The two mostly used maturity 

functions are; Nurse-Saul and Arrhenius maturity functions (Wilde, 2013). 

i. Nurse-Saul Maturity Function 

The Nurse-Saul maturity function computes the maturity of a concrete sample as a 

function of its curing temperature and time as illustrated by Equation 2.1. 

        (2.1) 

Where:  

M = Maturity at age t (℃-hours or ℃-days)  

t = Elapsed time (hours or days) 

Δt = Time interval (hours or days) 

T = Average concrete temperature during the time interval Δt (℃) 

To = Datum temperature - temperature below which no curing occurs (℃) 

The maturity of concrete is the area between the curve and datum temperature in the 

temperature history graph (Figure 2.4, Nixon et al., 2008).  



  

27 

 

 

Figure 2.4: Nurse-Saul Maturity Function  

(Source: Nixon et al., 2008) 

The Nurse-Saul maturity function assumes a linear relationship between the rate of 

strength gain and the curing temperature (Carino, 1984). This is not realistic because 

concrete is a heterogeneous mix that undergoes complex chemical reactions during 

curing. As a result, Hansen & Pedersen (1977) proposed the Arrhenius maturity function 

that takes in to account the rate of chemical reaction during hydration with respect to 

material sensitivity to temperature.  

ii. Arrhenius Maturity Function 

The Arrhenius maturity function was developed to address the non-linear relationship 

between curing temperature of concrete and strength gain. It accounts for the rate of 

chemical reaction during concrete hydration with respect to material sensitivity to 

temperature (Carino & Lew, 2001; Hansen & Pedersen, 1977). The maturity of concrete 

is expressed as equivalent age illustrated by Equation 2.2. 
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       (2.2) 

Where: 

  = Equivalent age at the reference temperature (hours or days) 

 t = Elapsed time (hours or days) 

  = Time interval (hours or days) 

  = Apparent activation energy (J/mol) 

  = Universal gas constant (8.314 J/mol-K) 

  = Average temperature of the concrete during time interval  (℃) 

  = Reference temperature (20℃ in Europe, Kenya 18 ℃) 

2.7.2 Activation Energy 

Instant chemical reactions within active chemical compounds like concrete are hindered 

because of low initial energy of dormant reactants. Therefore, Carino (1984) proposed 

the use of “activation energy” to activate dormant reactants from their low energy state. 

Activation energy also known as rate constant (k) illustrated by Equation 2.3 is the effect 

of curing temperature on the rate of strength development in concrete (Carino & Lew, 

2001).  

       (2.3) 

Where: 

k = Rate constant (1/days), 



  

29 

 

 = Regression coefficient 

T = Average temperature of the concrete during time interval  (℃) 

 = Datum temperature - temperature below which no curing occurs (℃) 

The rate constant (k) can be obtained using empirical formulas (ASTM C-1074-11, 

2011) or from typical values obtained from previous studies (Nixon et al., 2008). Further 

improvement of the rate constant led to the development of an exponential relationship 

between the rate constant and the curing temperatures as illustrated by Equation 2.4 

(Carino & Tank, 1992).    

        (2.4) 

Where: 

k = Rate constant, initial slope of strength versus duration curve (1/days) 

 = The value of the rate constant at 0 ℃ (1 / days) 

B = Temperature sensitivity factor (1 / ℃) 

T = Concrete temperature (℃) 

 = The reference temperature (20 ℃ in Europe, Kenya 18 ℃) 

Temperature sensitivity factor (B) illustrate how the curing temperatures affect the rate 

constant (k) of concrete mixtures at varying curing temperature with respect to material 

used (Carino & Lew, 2001). It is obtained by fitting an exponential curve of Equation 
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2.4 to a plot of rate constants (k) versus the curing temperatures (ASTM C-1074 -11, 

2011). Arrhenius Equivalent age is an exponential function of curing temperature, curing 

time and temperature sensitivity factor (Equation 2.5).  

        (2.5) 

Where: 

 = Equivalent age at the reference temperature (hours or days) 

t = Elapsed time (hours or days) 

 = Temperature sensitivity factor (1/℃) 

 = Average concrete temperature during time interval  (℃) 

 = Absolute reference temperature (20℃ in Europe, Kenya 18℃) 

 = Time interval (Hours or days) 

2.7.3 Strength-Maturity Relationships 

Strength-maturity functions are empirical relationships between strength and maturity. 

Strength-Maturity functions are developed by a series of experimental tests conducted 

simultaneously on a specific batch of concrete whose curing time and temperature 

history has been recorded up to the time of test (ASTM C1074-11, 2011). The procedure 

involves: 

i. Concrete from the same batch are moulded in to a number of specimens. 
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ii. Temperature sensors, which are connected to temperature recording devices, are 

installed in some of the specimens during moulding. 

iii. Specimen are subjected to isothermal curing regimes at varying time intervals.  

iv. Maturity of concrete is calculated as a function of curing temperature and time 

using either the Nurse-Saul or the Arrhenius maturity functions.  

v. Compressive strength of specimens are measured using the compressive tests 

after each curing regime.  

vi. Strength-maturity functions are obtained either by a plot of compressive strength 

versus the maturity or by regression analysis using a computer (Kuna, 2015). 

Strength-maturity functions are expressed as either exponential, logarithmic or 

hyperbolic equations shown by Equations 2.6, 2.7 and 2.8 (Carino & Lew, 2001; Kwon, 

2013; Nixon et al., 2008; Wilde, 2013). 

a) Exponential strength-maturity function 

         (2.6) 

Where: 

  = Strength at maturity (M) 

 = Limiting strength  

M = Maturity index (℃ - hours/days) 

   = Characteristic time constant (℃ - hours/days) 

  = Shape parameter. 
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b) Logarithmic Strength-Maturity Function 

        (2.7) 

Where: 

= Strength at the beginning of strength development 

 = Maturity index (℃ - hours/days) 

 and  = Mixture-specific constants related to water cement ratio  

c) Hyperbolic Strength-Maturity Function 

        (2.8) 

Where:  

S = Strength at age t 

Su= Limiting strength 

 k = Rate constant - initial slope of strength-maturity curve (1/days) 

Mo = Maturity index at the beginning of strength development (℃ - hours/days) 

M = Maturity index (oC-Hours or oC-days) 
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The logarithmic strength-maturity function illustrates a linear relationship between 

strength and maturity index. This does not well represent the complex chemical 

reactions in concrete mixture (Doyle et al., 2013). The hyperbolic strength-maturity 

function is recommended for isothermal curing regimes used in the laboratory during 

design (Carino & Lew 2001; Kuna et al., 2016) Therefore, the hyperbolic strength 

maturity function was used in this study. 

Superior attributes of using the Arrhenius Equivalent-age strength-maturity functions to 

analyze curing CMA concrete with respect to other statistical models include: It takes in 

to account the non-linear relationship between curing temperature and strength gain in 

concrete. It demonstrates the rate of strength gain of concrete at a constant temperature 

using the rate constant (k) hence gradual strength gain in CMA cab be monitored during 

curing. It is able to predict mechanical properties of CMA like the stiffness modulus and 

fatigue strength (Chelelgo et al., 2019; Kuna et al., 2016; Doyle et al., 2013). It takes in 

to account the temperature sensitivity of the material at varying curing temperature.   

2.7.4 Application of Maturity Method in Cold Mix Asphalt  

Strength gain nature of cold mix asphalt concrete is similar to that of cement concrete 

because it occurs gradually through curing. Maturity method used in cement concrete 

takes into consideration two important factors that affect strength gain of CMA. These 

are the combined effect of curing time and temperature on the strength gain of CMA and 

gradual strength gain in CMA during curing (Carino & Lew, 2001; Doyle et al., 2013; 

Kuna et al., 2016; Chelelgo et al., 2019). Doyle et al. (2013) used emulsified cold mix 

asphalt cured isothermally in the laboratory at temperatures of 20, 40, 60 and 18 ºC. 

They used regression analysis to develop a logarithmic strength-maturity function. The 

model predicted the short-term stiffness of cold mix asphalt and overestimated long-term 

stiffness of CAEMs (Table 2.4).   
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Using a logarithmic strength-maturity function, Kuna et al. (2016) predicted early-age 

stiffness of foamed bituminous mixtures (FBMs) within the range of the measured 

stiffness but the model overestimated the stiffness of FBMs cured for 296 days beyond 

the expected realistic in situ stiffness. Moreover, FBMs cured for 296 days did not have 

a crossover effect, which is a phenomenon that occurs during curing of cement concrete 

whereby higher early-age curing temperatures result in higher initial strength and lower 

long-term strength (Carino & Lew, 2001). The study recommended the use of parabolic-

hyperbolic strength maturity functions for the prediction of stiffness of FBMs.  Chelelgo 

et al. (2019) concluded that there is a strong correlation between the fatigue maturity of 

emulsified cold mix asphalt and the actual fatigue strength using the parabolic-

hyperbolic function (Table 2.4). 

Table 2.4 Application of Maturity Method in Cold Mix Asphalt 

Study CMA 

Type 

CMA test Maturity 

function 

Results 

Doyle et 

al. (2013) 

Emulsified  Stiffness 

modulus 

(ITSM) 

Logarithmic 

function 
Estimated early age 

stiffness. 

Over predicted long term 

stiffness  

Kuna et 

al. (2016) 

Foamed  Stiffness 

modulus 

(ITSM) 

Logarithmic 

function. 

Parabolic-

hyperbolic 

Over predicted long term 

stiffness. 

Predicted actual stiffness of 

FBMs 

Chelelgo 

et al. 

(2019) 

Emulsified Fatigue 

strength (4 

Point 

bending 

test) 

Parabolic-

hyperbolic  
Strong correlation between 

fatigue-strength and 

maturity strength 

With regard to stiffness modulus, the Maturity method demonstrated the ability of CMA 

specimens to resist elastic deformation under load (Kuna et al., 2016; Doyle et al., 

2013). Moreover, the repeated cyclic stresses that result to fatigue of CMA pavements 



  

35 

 

were modelled using the Maturity method (Chelelgo, 2019). There is however no 

literature correlating the Maturity method and the tensile strength of cold asphalt 

emulsion mixtures produced from siliceous basaltic aggregates and a cationic bitumen 

emulsion. Tensile strength measures the maximum load adhered by a material prior to 

permanent deformation or fracture failure (Figure 2.5).  

 

Figure 2.5: Stress and strain curve  

In asphalt concrete, indirect tensile strength (ITS) test is used to illustrate cracking 

properties of flexible pavement layers by simulating the tensile stresses at the base of 

asphalt concrete surface course (Ma et al., 2015). Tensile stresses are determined by 

dividing the load at the point of failure with the cross sectional area. ITS demonstrates 

the adherence of asphalt concrete against fatigue failure, temperature cracking and 

rutting failure (Bouramia & Qiu, 2017). From the foregoing, the current use of the 

Maturity method in cold mix asphalt is still limited despite its ability to bridge the gap 
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between laboratory curing during design and actual curing during construction of CMA 

pavements. 
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2.8 Summary of the Literature Review and the Research Gap 

The outlined Laboratory-Field Curing Correlation techniques and statistical models used 

to predict the strength of CMA by correlating isothermal curing regimes during design 

and actual curing of CMA pavements under construction are limited in several ways:  

i. The isothermal curing regimes used during design are controlled and pre-

determined in the laboratory and therefore they do not well represent the actual 

weather conditions appropriately of CMA pavements at in situ (Kuna et al., 

2016; Doyle et al., 2013).  

ii. Performance-based tests used like the stiffness, rutting and moisture resistance 

tests are done at the end of curing. Hence, they disregards the gradual strength 

gain nature of cold mix asphalt (Graziani et al. 2016). This causes delays in the 

making of decisions related to work progress like the earliest time to overlay the 

earliest time to overlay a CMA pavement layer with a wearing course or open a 

CMA pavement layer to traffic.   

iii. Finally, the application of Maturity method in cold mix asphalt has not been 

studied with respect the tensile strength of emulsified asphalt.  

From the foregoing, this study used the Maturity method to predict the indirect tensile 

strength of cold asphalt emulsion mixtures produced using siliceous basaltic aggregates 

commonly found in Kenya and a slow setting cationic bitumen emulsion.  To achieve 

the study objectives, the independent variables considered included the materials used 

and the curing regimes while the outputs considered were mix design and strength 

functions (Figure 2.6). Specimens were subjected to isothermal curing regimes at 

temperatures of 25, 40 and 60 ºC. There are no universal standards for the design of 

CMA hence; curing temperatures were selected below the softening point of the bitumen 
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binder used in the study. This prevents flow of bitumen and change in its dispersion 

during curing (Kuna et al., 2016). The curing periods considered were 3, 8, 13, 18 and 

23 days for each temperature (Figure 2.6). A range of 5 days per curing regime was used 

to determine a trend during curing. ITS was subsequently measured for each of those 

curing regimes  

 

Figure 2.6: Conceptual framework 
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1  Introduction 

This chapter defines the materials and methods used in the study. The study was 

conducted at the Materials Testing & Research Division (MT&RD) of the Ministry of 

Transport, Infrastructure, Housing & Urban Development located at Industrial Area in 

Nairobi. The study was done in three sections as demonstrated by the research design 

(Figure 3.1). The first section outlines the material characterization and mix design 

procedures. Second section outlines the procedures used to mould, cure and test CAEMs 

specimens. The last section outlines the empirical procedure used to develop hyperbolic 

strength-maturity functions for the prediction of indirect tensile strength of CAEMs.  



  

40 

 

 

Figure 3.1: Research Design  
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3.2 Material Characterization and Mix Design 

3.2.1 Material Collection 

Virgin aggregates, recycled aggregates from reclaimed asphalt pavement (RAP) and a 

slow setting bitumen emulsion were collected for the study. The virgin aggregates of 

maximum nominal size 20 mm were obtained from D.M Quarries Limited located in 

Katani area of Machakos County. They were sourced from basaltic rocks, which are 

siliceous in nature. The virgin aggregates were packed in sacks at the collection point in 

sizes of 0/6, 6/10, 10/14 and 14/20 mm respectively (Figure 3.2a). Recycled aggregates 

from RAP were obtained from the Enterprise Road Expansion Project in Kenya. The 

RAP material was collected in large blocks (Figure 3.2b). Bitumen emulsion (K3-65) was 

obtained from COLAS East Africa Limited located at Industrial Area in Nairobi.  

   

Figure 3.2: Material Collection: (a) Virgin Aggregates; (b) RAP Aggregates 

3.2.2 Research Equipment 

Equipment used were a Hobart rotary mixer (A200-B3HE), Rotor Vapor (Buchi EL-

131), Marshall compaction apparatus (UTAS 0082E), Genlab electric ovens 

(b) (a) 



  

42 

 

(MINO/18/SS), MATEST Tensile Splitting device (B047-02), Silverline Vernier 

calipers (380244), a set of standard sieves and a sieve shaker (ELE ISO3310-1:2000), an 

electronic weighing scale (KERN FCB-30KG), Automatic Digital Ring and Ball 

apparatus (MATEST - B070N1), bitumen penetrometer (NORMALB ANALYS P-734). 

3.2.3 Preparation of Reclaimed Asphalt Pavement Aggregates   

A hammer was used to break down the large recycled aggregates from RAP blocks to 

small blocks. The small RAP blocks were heated in the oven at a temperature of 50℃ 

for 4 hours to enable the asphalt binding the aggregates to soften and allow the 

aggregates to separate. The recycled aggregates obtained after aggregate separation were 

sieved, packed and stored in sacks as per their sizes of 0/6, 6/10, 10/14, and 14/20 mm 

respectively (Figure 3.3). This was done to enhance homogeneity during mix design. No 

preparation was required with the virgin aggregates.  

 

Figure 3.3: Research Materials: (a)Virgin Aggregates; (b) RAP Aggregates 
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3.2.4 Material Characterization Tests 

Bitumen emulsion (K3-65), virgin aggregates and the RAP aggregates were subjected to 

physical, mechanical and mineralogical tests to determine their quality and viability for 

the production of cold mix asphalt.  

i. Aggregate Physical Tests 

Aggregate physical tests done were specific gravity tests and moisture absorption (BSI 

812:112, 1985). Aggregate specific gravity measures the materials density as compared 

to the density of water at 23 ℃. The specific gravity of fine aggregates was determined 

using the Pycnometer water method (ASTM D854 – 14, 2014). The weight of fine 

aggregates sample sets of size 0/6 – 6/10 mm were measured and their volume was 

determined by submerging them in a Pycnometer of known volume. Density was 

calculated by dividing mass with the volume. Specific gravity was the ratio of the 

aggregate density to the density of water at 23 ℃. For course aggregate, the specific 

gravity was determined by measuring the weight of sample aggregates in three different 

conditions, namely: oven dried, saturated surface dried and submerged. Specific 

gravities considered were bulk specific gravity, apparent specific gravity and bulk 

saturated gravity. They were used to determine the voids in mineral aggregates (VMA) 

and air void contents (Ogunbayo et al. 2018; FHWA, 2010). 

 Moisture absorption of aggregates was used to determine the permeability of aggregates 

that affects durability and determined binder absorption in asphalt concrete. It was 

determined by comparing the weight of dry aggregates to those of surface dry aggregates 

after submerging in water (BSI 812:112, 1985).  
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ii. Aggregate Mechanical Tests 

The mechanical tests were done to assess aggregates toughness and abrasion 

characteristics with respect to traffic loads. The mechanical properties considered were: 

(1) Aggregate Crushing Value (ACV) where sample aggregates of size 14-20mm were 

subjected to a compressive load of 400 kN for 10 minutes. Resistance to crushing was 

assessed by sieving the crushed sample through sieve size 2.36 mm (BS 812:110, 1990). 

(2) Flakiness Index (FI) was illustrates the particle shape that affects the degree of 

parking of particles. FI of aggregates of size 6-20 mm was obtained as percentage by 

weight of particles whose thickness is less than three-fifths (0.6 times) of their mean 

dimension (BS 812:105, 1998). (3) Los Angeles Abrasion (LAA) was obtained by 

rotating coarse aggregates of size 10/14 and 14/20 mm in a steel drum containing 10 

steel spheres at a speed of 30 revolutions per min. The abrasion loss value was assessed 

by sieving the sample aggregates through sieve size 1.7mm (BS EN 1097-2, 2010).  

iii. Mineralogical Attributes 

The mineralogical properties of the aggregate were obtained using a non-destructive 

elemental chemical analysis known as the X-Ray Fluorescence spectrometry method (X-

RF). The virgin and the RAP aggregates were subjected to X-Rays interaction using the 

BRUKER XR-F spectrometer (ASTM E1621-13, 2013). The XR-F method involves 

interaction between the aggregates and X-Ray by either absorption, scattering or 

transmission (Moreno-Perez, et al., 2018). Mineral composition of aggregates were 

produced by the XR-F spectrometer done at the Ministry of mining located along 

Machakos Road in Nairobi County. 
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iv. Aggregates Grading 

Grading also known as sieve analysis was done to determine of particle size distribution 

of aggregates. Sieve analysis involved sifting sample aggregates through a stack of wire 

mesh sieves. The set of standard sieve sizes considered were ranging from 0.075-20 mm 

The sieves were arranged in reducing size order; having the largest (sieve 20 mm) at the 

top to the smallest  sieve (0.075 mm) at the bottom. They were vibrated using a sieve 

shaker for 60 seconds. The weight of aggregates passing and retained in each sieve were 

measured, recorded and grading curves was plotted (BSI 410-2, 2010). 

v. Bitumen Characterization Tests 

A slow setting bitumen emulsion (K3-65) was used as the binder. K3-65 was composed of 

65% bitumen and 35% water. K3-65 was selected because of its slow rate of setting 

(breaking) which enables effective mixing and coating of aggregates with binder. 

Bitumen coating the recycled aggregates from RAP was extracted using the solvent 

extraction method (BS EN 12697-1, 2012). The bitumen extraction process involved 

mixing the RAP aggregates with methylene chloride to form a solution of bitumen and 

methylene chloride. The extracted solution was subjected to Rotary Evaporator Method 

to separate the bitumen and the methylene chloride by distillation (Figure 3.4, BS EN 

12697-3, 2013). 
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Figure 3.4: Rotary Evaporator Method  

(BS EN 12697-3, 2013)  

Binder tests considered for the bitumen emulsion (K3-65) and the extracted bitumen from 

RAP were:  

i. Bitumen penetration test involves the penetration of a needle under a load of 

100g through sample bitumen binder at a fixed temperature of 25℃ for 5 

seconds (Figure 3.5a). Penetration distance of the needle recorded in 

decimillimeter (0.1mm) illustrates the hardness/softness of the binder (BS 2000-

49, 2007). 

ii. Ring and Ball softening point test was done by placing a 3.5g steel ball on 

sample bitumen binder contained within a brass ring and submerged in a water 

bath. The temperature of the water bath was increased at 5℃ per minute until 

the point where the binder softens and deforms causing the ball to pass through 

the ring to the base plate located 25mm below (Figure 3.5b). The temperature at 

the point of binder deformation is called the softening point temperature (BS EN 

1427, 2007).  
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Figure 3.5: Bitumen quality tests: (a) Penetration test; (b) Softening Point test. 

(BS 2000-49, 2007; BS EN 1427, 2007) 

3.2.5 Mix Design 

Two mix designs were developed using the virgin and the RAP aggregates respectively 

in accordance to the Asphalt Cold Mix manual - series No. 14 (The Asphalt Institute, 

1989) and Basic Asphalt Emulsion Manual (Asphalt Institute, 2008). The mix design 

procedure was:  

i. Combined aggregate grading. 

ii. Determination of the initial emulsion content (IEC). 

iii. The emulsion coating test. 

iv. Determination of optimal total fluid content (OTFC).  

v. Determination of aggregate pre-mix water. 

vi. Variation of the bitumen content (BC) 

vii. Selection of optimal bitumen content (OBC). 

viii. Determination of optimal compaction properties. 

(a) (b) 
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i. Combined Aggregate Grading 

Combined aggregate grading was calculated using Cooper’s formula (Equation 3.1). The 

objective was to develop a cold mix asphalt with minimal air voids and maximum 

density (Asphalt Academy, 2009).  

      (3.1) 

Where: 

 P = Material passing a sieve of size d (%),  

d = Selected sieve size (mm),  

D = Maximum aggregate size (mm),  

F = Mineral filler content (%) 

n = An exponent that dictate the concavity of the grading line for optimal 

aggregate   packing (0.45 or 0.50)  

The selected exponent (n) was 0.45 to enable optimal packing of aggregates that 

ultimately enhances the density of dense-graded asphalt mixtures (Thanaya et al., 2009). 

The maximum aggregate size (D) was 20 mm. No mineral filler (F) was used for this 

study. Proportions of fine virgin aggregates of size 0/6mm and RAP aggregates were 

calculated (Equation 3.2) and blended to reduce coarse grading in RAP mix. The study 

intended to produce combined aggregate grading curves that are within the grading 

envelope (Asphalt Academy, 2009).  



  

49 

 

       (3.2) 

Where:  

P = Combined aggregates passing a particular sieve (%) 

a, b & c = Proportions of individual aggregates sizes used in the combination (%) 

A, B & C = Aggregate passing a particular sieve for individual aggregates sizes (%) 

ii. Determination of the initial emulsion content 

Initial emulsion content (IEC) is the approximate amount of binder required to produce a 

cold mix asphalt. It can be obtained by using the Centrifuge Kerosene Equivalent test 

(CKE). In the absence of the CKE testing equipment as was the case in the laboratory, 

total binder demand (Pb) is calculated as a function of aggregate retained in sieve size 

2.36mm, aggregate passing sieve size 2.36mm and filler passing sieve size 0.075 mm 

(Equation 3.3, Asphalt Institute, 1989). 

Pb = (0.05A + 0.1B + 0.5C) x 0.7      (3.3) 

Where:  

Pb = Total binder demand by mass of the combined aggregates (%). 

A = Aggregates retained on sieve size 2.36 mm (%). 

B = Aggregates passing sieve 2.36 mm and retained on sieve 0.075 mm (%) 

C = Filler passing sieve size 0.075 mm (%). 
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The initial emulsion content (IEC) was calculated using Equation 3.4. 

        (3.4) 

Where: 

IEC = Initial Emulsion Content by mass of total mixture (%) 

X = Bitumen content in the emulsion (65%) 

For the RAP mix, existing binder coating the recycled aggregates was considered during 

design. Therefore, additional new binder required by the RAP mix was calculated using 

Equation 3.5. 

        (3.5) 

Where: 

r = Virgin aggregates content blended with the RAP aggregates (%) 

Psb = Asphalt binder content in RAP (%) 

Pnb = Additional new binder content (%) 

Pb = Total binder demand by mass of the combined virgin aggregates (%) 

iii. Emulsion Coating Test 

The emulsion coating test was done to assess how the bitumen emulsion (K3-65) would 

coat the aggregates at varying pre-mix (pre-wetting) water content. A suitable bitumen 



  

51 

 

emulsion should coat at least 50% of the aggregates at a specific pre-wetting water 

(Asphalt Institute, 2008; 1989). Five samples of blended aggregates of mass 200 grams 

were prepared for virgin mix and the RAP mix respectively. Aggregate pre-mix water 

was varied from 1 - 5% by mass of dry aggregates for the five samples respectively. 

Aggregates and the pre-mix water were mixed for 60 seconds. Bitumen emulsion 

equivalent to the pre-determined initial emulsion content was added to the virgin and the 

RAP samples respectively. Mixing was done for 60 seconds then the samples were 

placed on white filter papers and left to air cure for 24 hours (Figure 3.6). After 24 

hours, the percentage of the aggregates coated by the bitumen emulsion was visually 

assessed. The coating test that guides the study on the range of bitumen content to be 

considered when determining the optimal bitumen content during mix design. 

 

Figure 3.6: Coating test - Air curing of coated aggregates  

(Asphalt Institute, 1989) 

iv. Determination of optimal total fluid content 

Optimal total fluid content (OTFC) also known as Optimum Moisture Content 

(OMC)was used to illustrate the moisture-density relationship of cold mix asphalt (BS 

1377-4, 1990). Five sets of combined aggregates were prepared for the virgin and the 
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RAP mix respectively. Moisture contents of the virgin mix were varied from 7.7 to 

11.5% while those of the RAP mix were varied from 5.2 to 9.5%. Each specimen was 

compacted in three layers by vertically pressing the vibratory hammer for 60 seconds per 

layer (Figure 3.7).  

 

Figure 3.7: Vibrating Hammer Method  

(BS 1377-4, 1990) 

Dry density was calculated as a function of bulk density and moisture content (Equation 

3.6). Dry density was plotted against moisture content. Maximum Dry Density (MDD) is 

the peak density at a specific moisture content. The moisture content at MDD is the 

optimal total fluid content (OTFC)  

        (3.6) 
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Where: 

   = Dry density  

  = Bulk density  

  = Moisture content (%) 

v. Determination of aggregate pre-mix water content 

Specimens composed of 1100 grams of blended aggregates, bitumen emulsion content 

equivalent to the calculated IEC and varying pre-mix water were moulded and 

compacted using the Marshall Method (ASTM-D6926-10, 2010). The pre-mix water 

content was varied from 1% to 5% by mass of dry aggregates for both the virgin and the 

RAP aggregates. Three samples were prepared for each pre-mix water content. Curing 

was done in three stages: mould curing for 24 hours at ambient room temperatures, 

isothermal curing in the oven for 72 hours at 40 oC, then air curing for 3 hours at 

ambient room temperature prior to stability test (Oluwasenyi, 2011). Stability was 

obtained by loading the specimen diametrically using the Indirect Tensile Strength (ITS) 

apparatus up to the point of failure (ASTM D6931-12, 2012). The dial reading at the 

point of failure was multiplied by the ring factor (0.0228 KN) to get stability. Pre-mix 

water content was plotted against stability and optimal pre-mix water content was 

selected at the highest stability.  

vi. Varying the bitumen content  

Bitumen emulsion (BC) used was composed of 65% bitumen and 35% water. The 

percentage bitumen content was varied two points above and two points below the 

calculated Initial Bitumen Content (IBC). Six specimens were prepared for each bitumen 

content at a constant predetermined pre-mix water content. After compaction, specimen 



  

54 

 

were labelled and cured in three stages: mould curing for 24 hours at ambient room 

temperatures, isothermal curing in the oven for 72 hours at 40oC, then air curing for 3 

hours at ambient room temperature. Three specimens were subjected to moisture 

conditioning as outlined in the Asphalt Cold Mix manual MS-14 (Asphalt Institute, 

1989) and were tested for stability as soaked specimens. The other three specimens were 

not subjected to moisture conditioning hence they were tested for dry stability. The 

effect of bitumen content on the performance of cold mix asphalt was analyzed in terms 

of the stability, stability loss, resistance to moisture absorption and porosity. 

vii. Selection of optimal bitumen content 

The optimal bitumen content (OBC) was selected based on its effect on stability, 

stability loss, resistance to moisture damage and porosity. 

viii. Determination of optimal compaction properties. 

Compaction properties of CAEMs was assessed based on the air void content obtained at 

different compaction levels. The study was targeting air voids contents ranging between 

6-10% for the virgin mix and 10-15% for the RAP mix respectively. To achieve this, 

three compaction levels were considered: 50, 75 and 150 blows respectively. Six 

specimens: three for RAP mix and three for virgin mix were compacted using the 

Marshall hammer for each compaction level. Air voids were determined as per the 

Asphalt Cold Mix manual (Asphalt Institute, 1989). Air voids content were plotted 

against the compaction level for analysis. 

From the mix design, specific mix proportions of combined aggregate grading, pre-mix 

water content, bitumen content and number of compaction blows were determined and 

were used for preparation of specimens to be used for the attainment of objectives two 

and three. 
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3.3 Determining the effect of curing time and temperature on the ITS of CAEMs. 

3.3.1 Experimental Set-up 

Using the mix proportions obtained from the mix design, cylindrical specimens of 

diameter 100 mm and thickness 63.5 mm were moulded and compacted using the 

Marshall Method (ASTM-D6926-10, 2010). They were cured in moulds for 24 hours at 

ambient temperatures. Specimens (4 replicates for each regime) were subjected to 

isothermal curing temperatures of 25, 40 and 60℃. There are no universal standards for 

the design of CMA therefore, curing temperatures were selected with respect to the 

softening point of the bitumen binder used in the study. This prevents flow of bitumen 

and change in its dispersion during curing (Chelelgo et al., 2019, Kuna et al., 2016, 

Doyle et al., 2013). Curing age considered were 3, 8, 13, 18 and 23 days for each curing 

temperature. A range of 5 days per curing regime was used to determine a trend during 

curing. 

3.3.2 Data Collection and Analysis 

Indirect tensile strength test was used to determine the strength of cold mix asphalt 

(ASTM D6931-12, 2012). Specimens were loaded diametrically at a rate of 50.8 

mm/min up to a point of failure (Figure 3.8a). This loading configuration develops a 

relatively uniform tensile stress perpendicular to the direction of the applied load and 

along the vertical diametrical plane. Therefore, the specimen fail by splitting along the 

vertical diameter (Figure 3.8b). The dial reading at the failure point was recorded and 

multiplied with the ring factor 0.0228 kN to get maximum load (Pult). Indirect tensile 

strength of the specimen was calculated using Equation 3.7. 

        (3.7) 



  

56 

 

Where: 

 St = Indirect tensile strength (N/mm2) 

Pult = maximum load (N) 

t = thickness of the specimen (mm) 

d = diameter of specimen (mm) 

          

Figure 3.8: Indirect Tensile Strength test: (a) ITS Test; (b) Failed Specimens. 

(ASTM D6931-12, 2012) 

3.4 Prediction of ITS of CAEMs using the Maturity method  

3.4.1 Experimental set-up 

Data required for the development of the strength-maturity function were indirect tensile 

strength (kN/m2), curing temperature (oC) and curing time (days). Data was obtained 

from specimens prepared, cured and tested in objective one. 

(a) (b) 
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3.4.2 Data Collection and Analysis 

The Maturity Method was used to develop strength-maturity functions for cold asphalt 

emulsion mixtures. Strength-maturity functions are empirical relationships between 

strength and maturity that are obtained by testing specimens whose temperature history 

up to the time of test has been recorded (ASTM C1074-11, 2011). The strength-maturity 

functions were developed as follows: 

a) Determination of the rate constant (k) 

b) Determination of the temperature sensitivity factor (B) 

c) Maturity in terms of equivalent age (te) 

d) Modified Arrhenius maturity function. 

e) Developing strength-maturity functions. 

f) Validating the strength-maturity function. 

a) Determination of the rate constant 

Rate constant (k) is the rate of strength gain with respect to the curing temperatures 

(Carino & Lew, 2001). Strength-age relationships were used to determine the rate 

constant (ASTM C-1074-11, 2011). For isothermal curing regimes, a hyperbolic 

strength-age relationship (Equation 3.8) is recommended for the determination of the 

rate constant (Carino, 1984). The rate constants and the limiting strengths for each 

curing temperature were obtained by fitting ITS data to an appropriate equation using 

the least squares fitting technique of regression analysis (Equation 3.8).     

        (3.8) 
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Where:   

S = Strength at age t 

Su = Limiting strength 

 k = Rate constant (1/days) 

t0 = Curing age at start of strength development (days) (t0 = 0) 

t = Curing age (days). 

Limiting strength (Su) is the asymptotic value of the strength for the hyperbolic function 

that fits the data. 

b) Determination of the temperature sensitivity factor 

Temperature sensitivity factor (B) for the virgin and the RAP mix were determined by 

fitting an exponential curve of Equation 2.4 in a plot of rate constant against curing 

temperature. 

c) Maturity in terms of Equivalent Age  

The Maturity of cold asphalt emulsion mixtures was calculated using the Arrhenius 

equivalent-age (te) maturity function (Equation 2.5). Strength was plotted against 

Maturity.  

d) Modified of the Arrhenius maturity function 

Maturity rule states that concrete drawn from the same batch will have approximately 

the same strength at the same maturity index, despite being subjected to different 
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combinations of curing temperature and time (Carino & Lew, 2001). Curing mechanism 

of cold mix asphalt concrete and cement concrete differ in two major ways: 

a) Curing of cold mix asphalt involves loss of water for strength gain while that of 

cement concrete requires addition of water for strength gain. 

b) Cold mix asphalt concrete does not undergo crossover effect that occurs in 

cement concrete (Kuna et al., 2016).  

A study on foamed bituminous mixtures (FBMs) proposed the incorporation of curing 

temperature in Arrhenius maturity function (Equation 2.5). For specimens cured under 

isothermal curing regimes, Kuna et al. (2016) recommended the calculation of maturity 

(M) of FBMs as a function of equivalent age and curing temperature (Equation 3.9).  

       (3.9) 

Where: M = Maturity index (oC - days) 

T = Curing temperature (oC) 

te = Equivalent age at the reference temperature (days) 

e) Development of strength-maturity functions 

For specimens cured under isothermal conditions, as was the case for this study, 

hyperbolic strength-maturity functions are recommended for strength prediction (Carino, 

1984; Kuna et al., 2016). Linear-hyperbolic (Equations 3.10) and parabolic-hyperbolic 

(Equations 3.11) were considered for development of strength-maturity functions of 

CAEMs. 
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         (3.10) 

        (3.11) 

Where:  

S = Strength at age t (kN/m2) 

M = Maturity index at age t (oC - days) 

Su = Limiting strength (kN/m2) 

k = Rate constant (1/days)  

The difference between Equations 3.10 and 3.11 is based on the rate of mix chemical 

reaction during the curing process (Knudsen, 1984). Regression analysis using the least 

square fitting technique was used to determine k and Su. 

f) Validating the strength-maturity functions 

A set of virgin and RAP mix specimens (three replicates per curing regime) were 

prepared using the Marshall method (ASTM-D6926-10, 2010) and subjected to different 

isothermal curing regimes. Data required to calculate the maturity of CAEMs were 

curing temperature of 50 oC and curing age of 1, 3, 6, 9, 12, 15, 18, 27, 30 and 33 days. 

Indirect tensile strength was measured after every curing step and was recorded as 

measured strength (kN/m2). Maturity index (M) of CAEMs was calculated as a function 

of equivalent age and curing temperature (Equation 3.9). The rate constant (k) and the 

limiting strength (Su) were determined using hyperbolic strength-maturity functions for 

the virgin and the RAP mix respectively. The maturity index (M) of CAEMs was 

incorporated in the developed strength-maturity functions to predict the tensile strength 
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of cold asphalt emulsion mixtures. Measured strength (ITS) was plotted against 

predicted tensile strength for analysis. 
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CHAPTER FOUR 

RESULTS AND DISCUSSIONS 

4.1 Introduction 

This section of the thesis covers detailed discussion of the results obtained in the study. 

The first section describes the mix design results; the components of the virgin and the 

RAP mix respectively. The second section elaborates how curing temperature and time 

affect the strength of cold asphalt emulsion mixtures. Lastly, strength-maturity functions 

are developed for prediction of strength of cold asphalt emulsion mixtures.  The 

developed strength-maturity functions are validated by assessing their accuracy in 

predicting the indirect tensile strength of CAEMs specimens subjected to different 

curing regimes. Data in tables and graphs were summarized from the Appendices.  

4.2 Material Characterization and Mix Design 

4.2.1 Material Properties 

The obtained specific gravities were within the recommended range of 2.5 to 2.9 kg/m3 

for flexible road pavements (BS 812 -112, 1985). The bulk, apparent and saturated 

specific gravities of virgin aggregates were higher than those of the RAP aggregates 

meaning that the virgin aggregates were denser than the RAP aggregates (Figure 4.1 a, b 

& c). High aggregate density depicts that the aggregate is tough and highly resistance to 

failure by mechanical action (Ogunbayo et al., 2018). The observed difference in the 

densities between the virgin and the RAP aggregates could have been contributed by 

difference in the geological formation process of their parent rock and differing 

environmental factors like nature of weathering and fluctuating climatic conditions 

(Zhang, Pei, Liu & Zou, 2019; Buertey, Atsrim & Offei, 2016).  
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(a) Bulk specific gravities   

 

(b) Apparent Specific gravities 
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(c) Bulk Saturated Specific Gravities 

 

(d) Moisture absorbed 

Figure 4.1: Aggregates physical properties 
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The virgin aggregates absorbed more moisture compared to the RAP aggregates for all 

the aggregate sizes (Figure 4.1d). The highest moisture content absorbed (2.65 %) was 

observed for the virgin mix of size 0/6 mm. High moisture absorption by 0/6 mm 

aggregates could have been contributed by of the fines that increased the surface 

required by water compared to that of the RAP aggregates. Fine RAP aggregates (0/6 

mm) were agglomerated to each other or to the coarse aggregates by the existing aged 

binder hence surface area was reduced and water absorption was limited. 

Irrespective of lower density values, the RAP aggregates was more resistance to 

crushing (ACV) and abrasion (LAA) compared to those of the virgin aggregates (Figure 

4.2). This can be explained by the stiff nature of the RAP material because of aging 

during its service life (Taher & Aman, 2016). The virgin aggregates had a flakiness of 

14.71%, which was higher than 13.4% of the RAP aggregates. This could have 

contributed to the observed low resistance of virgin aggregates to mechanical action 

compared to the RAP mix.  

 

Figure 4.2: Aggregates Mechanical Properties 
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Both the virgin and the RAP aggregates had more than 65% of siliceous mineral 

component (Si02) (Figure 4.3). Aggregates with high siliceous (Si02) and Aluminum 

(Al202) content have density and strength parameters (Pekala, 2015). Si02 is negatively 

charged hence a positively charged slow setting cationic bitumen emulsion (K3-65) was 

used as a binder.  

 

Figure 4.3: Aggregates mineral composition  

The aged binder from the RAP aggregates had lower penetration distance of 18 dmm 

compared to 58.25 dmm of K3-65 (Table 4.1). Moreover, the RAP binder had a higher 

softening point of 65.05 ºC compared to that of 60.90 ºC of the virgin binder. The results 

observed indicate that the aged binder from RAP was harder and required high 

temperatures to soften. Hardening of the RAP bitumen binder could have been as a 

result of aging during its service life (Norouzi, Sabouri & Kim, 2014). 
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Table 4.1: Properties of bitumen emulsion (K3-65) and RAP bitumen 

Property Standards / Codes Tests Result Status 

K3-65 RAP Bitumen  

Bitumen content 

(%) 

BS EN 12697-1:2012 65.0 

- 

- 

4.4% 

OK 

OK 

Penetration at 25oC 

(0.1 mm) 

BS 2000-49:2007 58.25 18 OK 

Softening Point - 

Ring and Ball (oC) 

BS EN 1427:2007 60.90 65.05 OK 

Particle charge (Using litmus paper) +ve - OK 

Material properties suitable for the productions of CAEMs include: Specific gravities 

ranging between 2.4 – 3.0%, moisture absorption below 5%, aggregate crushing value 

below 25%, Flakiness Index below 20%, Los Angeles Abrasion below 30% (Asphalt 

Institute 2008; MoTC, 1987; FHWA, 2010). Aggregates with high siliceous content 

above 50% is recommended for strength improvement (Pekala, 2015). Binder properties 

suitable for the production of CAEMs are penetration above 40 dmm and softening point 

above 40 oC is recommended to prevent flow of binder. In summary, the physical, 

mechanical and mineralogical properties of the aggregates and the binder were within 

the limits of their respective standards. Hence, the materials were used for the 

production of CAEMs. 

4.2.2 Aggregate Grading 

Single sized grading of the RAP aggregates had coarse grading compared to the virgin 

aggregate with only 1% passing sieve size 0.425mm (Figure 4.4a) while the virgin mix 

had 19% passing sieve 0.425mm (Figure 4.4b). Fine virgin aggregates of size 0/6 mm 
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were blended with the RAP aggregates to improve the coarse grading of the RAP 

aggregates.  

 

 

Figure 4.4: Single-size Aggregate Grading 
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Combined aggregate grading curves of the virgin and the RAP mix were within the 

upper and lower limits of the grading envelope (Figure 4.5) in accordance to the 

Technical Guide for bitumen stabilized materials (Asphalt Academy, 2009). Combined 

Virgin - RAP aggregates improved the fines passing sieve size 0.425mm by 10% (Figure 

4.5). Hence, no filler was used to improve coarse grading of the RAP mix.  

 

Figure 4.5: Combined aggregate grading 

4.2.3 Initial Emulsion Content  

RAP mix required a lower binder content of 3% compared to 5% of the virgin mix 

(Table 4.2). This could be contributed to the presence of the existing aged binder coating 

the RAP aggregates.  
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Table 4.2: Initial Emulsion Content 

Parameters Virgin Mix  RAP Mix 

Binder demand (Pb) 5.285%  

Additional new binder (Pnb) - 3.085% 

Initial emulsion content (IEC) 8.13% 4.8% 

Bitumen Content 5% 3% 

4.2.4 Emulsion Coating Test 

The percentage of RAP aggregates coated was lower than that of the virgin aggregates 

coated for all pre-mix water contents (Figure 4.6). Moreover, increase in pre-mix water 

content increased the amount of aggregates coated for both the virgin and the RAP 

aggregates (Figure 4.6). The bitumen emulsion should coat at least 50% of the 

aggregates for it to be used for production of CMA (Asphalt Institute, 2008). The 

bitumen emulsion (K3-65) coated 50% of the virgin and the RAP aggregates at 3% and 

3.7% pre-mix water content respectively. 

 

Figure 4.6: Emulsion coating test 
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4.2.5 Optimal Total Fluid Content (OTFC)  

The virgin mix achieved a maximum of 2065 kg/m3 at 9.6% moisture content while the 

RAP aggregates achieved a maximum dry density of 1945 kg/m3 at 7.7% moisture 

content (Figure 4.7). The virgin MDD of the virgin mix was 6% higher than that of the 

RAP mix. Lower dry density of the RAP mix could have been contributed by the aging 

of the recycled aggregates during their service life. The virgin mix required higher 

moisture content of 9.6% compared to 7.7% of the RAP mix (Figure 4.7). High moisture 

requirement by the virgin aggregates could have been contributed the high content of 

size 0/6 mm fines in the virgin aggregates that increased the surface area required by 

water.  

 

Figure 4.7: Moisture – Density relationships 
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4.2.6 Aggregate Pre-Mix water content 

A plot of stability versus pre-mix water content illustrated that the RAP mix had a higher 

optimal stability of 2.81 kN at 4% pre-mix water content compared to that of the virgin 

mix of 2.64 kN at pre-mix water content of 2.8% (Figure 4.8). Optimal stability of RAP 

was 6% higher than that of the virgin mix. Higher stability in CAEMs illustrates high 

resistance to failure by mechanical action. This could have been contributed by the stiff 

nature of the binder coating the RAP aggregates that occurs by oxidation during their 

service life (Taher & Aman, 2016). At optimal stability, pre-mix water content of the 

RAP mix was 1.2 % higher than that required by the virgin mix. The presence of 

deleterious materials and fines agglomerated to the RAP aggregates by the aged binder 

could have absorbed moisture prior to coating and compaction hence the RAP mix 

required more pre-mix water than the virgin mix. 

.    

Figure 4.8: Pre-mix water content 
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4.2.7 Optimal Bitumen Content 

At optimal bitumen contents of 5.2% and 3% for the virgin and the RAP mix 

respectively, the RAP aggregates improved the stability of CAEMs by 16% (Table 4.3). 

The RAP material is stiff as a result of in-situ aging during its service life and its 

recycling is recommended to reduce permanent deformation of asphalt pavements 

(Taher & Aman, 2016; Oluwasenyi, 2011). The RAP mix had a higher stability loss of 

20.7% compared to 3% of the virgin mix. This means that the RAP mix was highly 

susceptible to moisture damage compared to the virgin mix. This was validated by the 

lower of tensile strength ratio (TSR) value of 0.79 of the RAP mix compared to 0.97 of 

the virgin mix. At the selected optimal bitumen content, more than 50% of the virgin and 

the RAP aggregates were coated (Table 4.3). 

Table 4.3: Properties of selected optimal bitumen content  

Mix Property Virgin mix 

5.2% OBC 

RAP mix 

3% OBC 

Requirements      

MS-14 (1989) 

Status 

Stability – conditioned  3.52 kN 4.10 kN 2.2 kN (Minimum) OK 

Stability Loss (%) 3% 20.7% 50%  (Maximum) OK 

Coating (%) 85% 60% 50% (Minimum) OK 

Tensile Strength Ratio 0.97 0.79 > = 0.7 OK 

4.2.8 Optimal Compaction Properties. 

The minimal air void contents of the virgin and the RAP mix were 9.2% and 12.9% 

respectively (Figure 4.9). Air void content of the RAP mix was higher than that of the 

virgin mix for the three compaction levels (Figure 4.9). This can be explained by the 

coarse grading of RAP aggregates caused by the agglomeration of fine aggregates in the 
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RAP mix by the existing aged binder (Valentin et al., 2016; Thanaya et al., 2014; 

Moloto, 2010).  

 

Figure 4.9: Effect of compaction on air voids in CAEMs 

4.2.9 Mix Design Summary 

Variables considered for mix design of CAEMs were combined aggregate grading, pre-

mix water content, optimal bitumen content and number of compaction blows (Table 

4.4). Combined aggregate grading of the RAP mix was improved by incorporating 50% 

of fine virgin aggregates of size 0/6 mm. The virgin mix design had lower pre-mix water 

content demand and a higher binder demand compared to the RAP mix. With respect to 

the targeted air void contents below 10% and 15% for the virgin and the RAP 

respectively, compaction level of 150 blows per face were used for both mixtures.   
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Table 4.4: Mix Design Summary 

Mix design variables Virgin Mix RAP Mix 

Combined Aggregate Grading 0/6 virgin – 55% 0/6 virgin – 50% 

- 0/6 RAP – 10% 

6/10 virgin – 15% 6/10 RAP – 10% 

10/14 virgin – 15% 10/14 RAP – 15% 

14/20 virgin – 15% 14/20 RAP – 15% 

Pre - mix water by mass of aggregate 2.8% 4.0% 

OBC by mass of aggregate.  5.2% 3% 

Bitumen Emulsion by mass of aggregate 8% 5% 

Compaction level 150 Blows 150 Blows 

Conclusions drawn from objective one include:  

i. CAEMs produced from RAP aggregates have a coarser gradation compared to 

the virgin aggregates. However, the addition of fine virgin aggregates of size 

0/6mm improved the combined aggregate grading of the RAP mix. 

ii. The RAP mix required more pre-mix water content than the virgin mix. This 

could have been contributed by the presence of pores within the aged RAP 

aggregates that retained water during mixing. 

iii. At optimal bitumen content, use of RAP aggregates improved the stability of 

CAEMs by 16%. However, RAP mix was more susceptible to moisture damage 

compared to the virgin mix.  

iv. CAEMs produced from RAP aggregates had a higher air void content above 10% 

for the three compaction levels.  
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4.3 Effect of curing temperature and time on ITS of CAEMs. 

The indirect tensile strength of CAEMs increased with moisture loss as illustrated in 

Figure 4.10. Virgin mix specimens cured at temperatures of 25 ℃ and 40 ℃ did not lose 

more than 3% moisture during the 23 days curing periods. However, RAP mix 

specimens cured at 40 ℃ lost more 3.5% moisture. Specimens cured at 60 ℃ 

experienced the highest moisture loss ranging between 2- 4% depending on the curing 

period (Figure 4.10). 

 

Figure 4.10: Effect of moisture loss on the strength of CAEMs 

For all curing regimes, specimens cured at 25 ℃ had the lowest strength ranging 

between 122 - 414kN/m2, while those cured at 60 ℃ had the highest strength ranging 

between 383 - 609 kN/m2 (Figure 4.11). At high curing temperatures high amount of 

moisture loss was observed. Moreover, enhanced binder adhesion that increases strength 

in CMA could have been contributed by high curing temperatures (Thanaya et al., 2014; 

Kuna et al., 2016). 
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Figure 4.11: Effect of curing time and temperature on the strength of CAEMs 

This study observed that at Early-age of 3 days the ITS of RAP mix cured at low 

temperatures of 25 ºC was 47.04% lower than that of the virgin mix. However, for all 

temperature regimes, the difference in ITS between the virgin and RAP mix was 3% for 

specimens cured for 23 days and a maximum of 6% for specimens cured for 18 days. 

(Figure 4.11). Virgin mix demonstrated consistent gain in tensile strength for all curing 

regimes while the RAP mix had consistent gain in tensile strength up to 13 days for 

specimen cured at 25 ℃ and 40 ℃ (Figure 4.11). At 13 days of curing, the ITS of RAP 

mix cured at 25 ℃ and 40 ℃ were 27% and 22% higher than those of the virgin mix. 

Moreover, the ITS of the RAP mix dropped at 18 days of curing followed by increase in 

ITS at 23 days of curing. Additional studies are required to establish the cause of this 
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phenomenon. After 13 days of curing, the study observed minimal difference in ITS 

ranging from 3-6% for specimens cured for 18 days and 23 days. With respect to the 

tensile strength of pavement construction, there is no difference of using virgin 

aggregates or recycled materials (Norouzi et al.,  2014; (Oluwasenyi, 2011). Specimens 

cured at 60 ℃ had optimal ITS at 18 days of curing.  

Specimens cured for 3 days had the lowest strength for the three curing temperatures and 

the strength increased gradually with increase in curing time (Figure 4.11). This was 

probably because loss of moisture from CAEMs is a gradual process that takes time 

(Graziani et al., 2017; Serfass et al., 2004).  

Conclusions drawn from specific objective two were: 

i. Increase in curing temperature and time increases the amount of moisture 

expelled from cold asphalt emulsion mixtures irrespective of the materials used. 

ii. Early-age (3 days) strength of RAP mix cured at low temperatures of 25 ºC was 

47.04% lower than that of the virgin mix. However, for all temperature regimes, 

the difference in ITS between the virgin and RAP mix was 3% for specimens 

cured for 23 days and a maximum of 6% specimens cured for 18 days. 

4.4 Prediction of ITS of CAEMs using the Maturity method  

The strength-maturity functions of cold asphalt emulsion mixtures were developed 

mathematically using a series of empirical formulas outlined in section 3.5.2 (Carino & 

Lew, 2001; Doyle et al., 2013; Kuna et al., 2016). Factors determined during the 

development of the strength-maturity functions are outlined below.  

i. The rate constant (k) 

ii. The temperature sensitivity factor (B) 
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iii. Maturity in terms of equivalent age (te) 

iv. Modified maturity function 

v. Strength-Maturity relationships 

vi. Validation of the strength-maturity function 

4.4.1 The Rate Constant 

The rate constant (k) of the RAP mix increased with increase in curing temperatures 

while for the virgin mix, increase in temperature had minimal effect on k (Figure 4.12a). 

The virgin mix rate constant k varied between 0.4 and 0.6 1/day. The limiting strength 

(Su) of the virgin and the RAP mix generally increased with increase in the curing 

temperature (Figure 4.12b). Therefore, no crossover effect was observed during the 23 

days of curing of cold asphalt emulsion mixtures (Carino & Lew, 2001). Kuna et al. 

(2016) did not observe a crossover effect after curing cold-foamed bituminous mixtures 

for 296 days. Therefore, it can be concluded that cold mix asphalt concrete does not 

experience a crossover effect during curing.   
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Figure 4.12: Effect of curing temperature on;(a) rate constant; (b) limiting strength 

4.4.2 Temperature Sensitivity Factor  

The RAP mix temperature sensitivity (B) was 94% higher than that of the virgin mix 

(Table 4.5). This was probably caused by the rejuvenation of the aged bitumen in the 

RAP mix (Oluwasenyi, 2011).  

Table 4.5: Rate constant at 0℃ (A0) and temperature sensitivity factor (B) 

Mix Ao (1/day) B R2 

Virgin mix 0.4378 0.0021 0.9999 

RAP mix 0.0931 0.0361 0.9681 
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4.4.3 Maturity in terms of Equivalent age 

The study observed difference in ITS at the same equivalent age (te) (Figure 4.13). For 

example, at equivalent age of 13 days the ITS of the virgin mix cured at 25, 40 and 60℃ 

were 347 kN/m2, 402 kN/m2 and 514 kN/m2 respectively, giving a ITS difference of 167 

kN/m2 (Figure 4.13a). However, at any equivalent age the difference in ITS of the RAP 

mix subjected to different curing regimes was lower compared to that of the virgin mix. 

An example is at day 17 equivalent age, RAP mix cured at 25 ℃ and 40 ℃ had ITS 

difference of 32kN/m2 (Figure 4.13b). The above results disregard the maturity rule 

(Carino & Lew, 2001). 
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Figure 4.13: Effect of Equivalent age on ITS: (a) Virgin mix; (b) RAP mix 

4.4.4 Modified Arrhenius Maturity 

A plot of indirect tensile strength against maturity shows that, the indirect tensile 

strength CAEMs specimens subjected to different curing regimes was the same at the 

same maturity (Figure 4.14).  
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Figure 4.14: Effect of Maturity on indirect tensile strength 

Maturity beyond 3000℃-days was only observed for RAP specimens cured at 60 ℃. 

The temperature sensitivity factor of the RAP mix was found to be higher than that of 

the virgin mix (section 4.4.2, Table 4.5). High maturity of the RAP mix could have been 

contributed by combined effect of high curing temperatures of 60 ℃ and high RAP 

material temperature sensitivity factor.   

4.4.5 Strength-Maturity Relationships 

The linear-hyperbolic function (Equation 3.10) predicted limiting strengths (Su) of the 

virgin mix (576.10 kN/m2) and the RAP mix (558.63 kN/m2) within the observed tensile 

strength range of 231-591 kN/m2 for the virgin and 122-609 kN/m2 for the RAP mix 

respectively. However, the limiting strengths (Su) of the virgin mix (990.73 kN/m2) and 
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the RAP mix (763.04 kN/m2) predicted by the parabolic-hyperbolic function (Equation 

3.11) were beyond the observed tensile strength range (Table 4.6, Appendix 14).   

Table 4.6: Rate constant and limiting strength of strength-maturity functions 

Function Virgin Mix RAP Mix 

k Su k Su 

Measured ITS (kN/m2)  231-591  122-609 

Linear-hyperbolic function  0.0070 576.10 0.0043 558.63 

Parabolic-hyperbolic function 0.0012 990.73 0.0019 763.04 

Therefore, the linear-hyperbolic function was used to develop two strength-maturity 

functions for the virgin mix (Equations 4.1) and the RAP mix (Equation) 4.2. 

        (4.1) 

 

        (4.2) 

Strength-maturity functions in Equations 4.1 and 4.2 are specific to the mix design 

parameters. The rate constant (k) which was developed using specimens subjected to 

different curing regimes illustrates the rate of strength gain for a particular mix. Limiting 

strength (Su) is the asymptotic value of the tensile strength for the hyperbolic function 

that fits the data. Tensile strength (S) of specimens subjected to different curing regimes 

can be determined by incorporating Maturity (M) calculated as a function of curing time 

and temperature in Equations 4.1 and 4.2. Therefore, strength-maturity functions can be 

able to predict the tensile strength of CAEMs provided accurate curing time and 

temperatures are provided.  
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4.4.6  Validation of strength-maturity functions 

The linear-hyperbolic strength-maturity functions predicted the actual strength of cold 

asphalt emulsion mixtures accurately and achieved an R2 value of 99% for the virgin 

mix and an R2 value of 95% for the RAP mix (Figure 4.15). This suggests that the 

Maturity method can be confidently used to predict the tensile strength of cold mix 

asphalt pavements.  
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Figure 4.15: Validation of strength-maturity functions: (a) virgin mix; (b) RAP mix 

Conclusions drawn from specific objective three were: 

i. The temperature sensitivity factor (B) of the RAP mix was 94% higher than that 

of the virgin mix. This probably explains why maturity beyond 3000℃-days was 

only observed for RAP specimens cured at 60℃. 

ii. Maturity of CAEMs as a function of Equivalent age and curing temperature 

simulated similar indirect tensile strength of CAEMs subjected under different 

curing regimes. 

iii. Linear-Hyperbolic strength-maturity function predicts the strength of CAEMs 

composed of a cationic bitumen emulsion and siliceous aggregates with an 

accuracy of 99% for the virgin mix and 95% for the RAP mix. 
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CHAPTER FIVE 

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

5.1 Summary  

The main objective of this study was to predict the strength of cold asphalt emulsion 

mixtures using the Maturity method. Two mix designs were developed using the virgin 

and the RAP aggregates respectively. The effect of moisture loss, curing time and 

temperature on indirect tensile strength of cold asphalt emulsion mixtures was analyzed. 

Linear-hyperbolic strength-maturity functions predicted the indirect tensile strength of 

CAEMs with an accuracy of more than 95%. Use Maturity method as a performance-

based tool for gradual strength prediction in cold mix asphalt during construction is 

recommended for effective project management: like determination of the earliest time 

to overlay a CMA pavement layer with a wearing course or open a CMA pavement layer 

to traffic.  The study concludes as follows: 

5.2 Conclusions  

5.2.1 Conclusions for objective one 

1. CAEMs produced from RAP aggregates have a coarser gradation compared to 

the virgin aggregates. However, the addition of fine virgin aggregates of size 

0/6mm improved the combined aggregate grading of the RAP mix. 

2. The RAP mix required more pre-mix water content than the virgin mix. This 

could have been contributed by the presence of pores within the aged RAP 

aggregates that retained water during mixing. 
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3. At optimal bitumen content, use of RAP aggregates improved the stability of 

CAEMs by 16%. However, RAP mix was more susceptible to moisture damage 

compared to the virgin mix.  

4. CAEMs produced from RAP aggregates had a higher air void content above 10% 

for the three compaction level.  

5.2.2 Conclusions for objective two 

1. Increase in curing temperature and time increases the amount of moisture 

expelled from cold asphalt emulsion mixtures irrespective of the materials used. 

2. At early-age of 3 days the ITS of RAP mix cured at low temperatures of 25ºC 

was 47.04% lower than that of the virgin mix. However for all temperature 

regimes, the difference in ITS between the virgin and RAP mix was 3% for 

specimens cured for 23 days and a maximum of 6% specimens cured for 18 days. 

5.2.3 Conclusions for objective three 

1. The temperature sensitivity factor (B) of the RAP mix was 94% higher than that 

of the virgin mix. This probably explains why maturity beyond 3000℃-days was 

only observed for RAP specimens cured at 60 ℃. 

2. Maturity of CAEMs as a function of Equivalent age and curing temperature 

simulated similar ITS of CAEMs subjected under different curing regimes. 

3. Linear-Hyperbolic Strength-Maturity functions predicts the strength of CAEMs 

composed of a cationic bitumen emulsion and siliceous aggregates with an 

accuracy of 99% for the virgin mix and 95% for the RAP mix. With accurate 

curing time and temperature data, strength-maturity functions can predict actual 

tensile strength in CAEMs pavement layers under in situ conditions.    
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5.3 Recommendations  

5.3.1 Recommendations for use 

1. For consistency indirect tensile strength of CAEMs subjected under isothermal 

curing temperatures of 25 ℃ and 40 ℃ virgin and RAP mix should be cured for 

at least 23 days. However, CAEMs cured at 60 ℃ have optimal indirect tensile 

strength after 18 days of curing. 

2. Gradual gain of tensile strength of CMA during construction can be monitored 

using the Maturity method provided accurate curing time and temperatures are 

recorded. This study recommends the use of the Maturity method during design 

to predict the performance (tensile strength) of CAEMs and monitor curing 

during construction.  

5.3.2 Recommendations for future studies 

1. For all curing regimes, virgin mix demonstrated consistent gain in indirect tensile 

strength. However, the RAP mix had a consistent drop in ITS at day 18 for 

specimens cured at 25℃ and 40℃ followed by a rise in ITS at day 23 of curing. 

Additional studies are required to establish the cause of this phenomenon. 

Maturity beyond 3000℃-days was only observed for RAP specimens cured at 60℃. This 

study suggests that this phenomenon could be contributed by high rate constant and 

temperature sensitivity factor observed for RAP mix cured at 60℃. Additional studies 

are required to establish the cause of this phenomenon. 
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APPENDICES 

Appendix  I: Aggregates Physical Properties 

Properties: BS 812 

Part 112: 1985 

0/6mm 6/10mm 10/14mm 14/20mm 

VA RAP VA RAP VA RAP VA RAP 

Bulk specific 

gravity (kg/m3) 

2.18 2.31 2.47 2.33 2.64 2.51 2.67 2.55 

Apparent  specific 

gravity (kg/m3) 

3.03 2.55 2.73 2.56 2.64 2.51 2.67 2.55 

Bulk saturated 

gravity (kg/m3) 

2.88 2.49 2.62 2.46 2.52 2.46 2.60 2.49 

Water absorption 2.65 2.31 2.42 1.9 1.69 1.25 1.66 1.44 

 

Appendix  II: Aggregates Mechanical Properties 

Properties Aggregates 0/6mm 6/10

mm 

10/14

mm 

14/20

mm 

KRDM (Part 3) 

(MoTC, 1987) 

Aggregate crushing 

value (%) 

VA 14.7 Maximum = 25 

RAP 13.9 

Flakiness Index (%) VA - 12.8 14.3 13.4 Maximum = 20 

RAP - 13.7 15.6 14.84 

Value (LAA)% VA 18.0  Maximum = 30 

RAP 15.91 
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Appendix  III: Virgin aggregates mineralogical components 
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Appendix IV: RAP aggregates mineralogical components 
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Appendix V: Virgin aggregates - Single sized grading 
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Appendix VI: RAP aggregates - Single sized grading 
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Appendix VII: Aggregate combined grading 

 



  

108 

 

Appendix VIII: Emulsion Coating Test 

Pre-mix water 

(%) 

Coated Aggregates (%) 

Virgin Mix RAP Mix 

1 20 10 

2 35 25 

3 50 40 

`4 65 55 

5 80 70 

 



  

109 

 

Appendix IX: Virgin mix Moisture-Density relationship (VH-Method) 
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Appendix X: RAP mix Moisture-Density relationship (VH-Method) 
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Appendix XI: Pre-Mix Water Content 
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Appendix XII: Bitumen content 

 



  

113 

 

 



  

114 

 

 



  

115 

 

 

Appendix XIII: Air Voids at different compaction levels 
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Appendix  XIV: Air Voids at different compaction levels 
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Appendix XV: Rate constant (k) and limiting strength (Su) 

Curing Temperature 

(℃) 

Virgin Mix RAP-Mix 

k Su k Su 

25 0.3878 429.77 0.1617 547.38 

40 0.5575 499.64 0.4187 554.45 

60 0.5635 610.24 0.7515 601.76 
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Appendix XVI: Equivalent Age (te) and Modified Arrhenius function (M) 

 



  

121 

 

Appendix XVII: Model Validation 

 


