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ABSTRACT 

A responsive pavement management infrastructure is essential for providing durable pavement 

infrastructure. This need has been accentuated by the quest for sustainability through the adoption 

of Road Traffic Management System (RTMS) patterns as employed by the various Departments 

of Transportation (DOT) in South Africa.  It can be summarised that increasing humidity/moisture 

content resulting in percentage increase in saturation content of the underlying base, subbase or 

subgrade layers will significantly result to a reduction of the Resilient Modulus (MR) of the entire 

pavement structure weather flexible or rigid. However, this scenario poses a great threat to the 

structural carrying capacity of the pavement structure. Therefore, it is imperative to provide a 

solution to such critical problems as they occur and when there is no control to avert them.  This 

can, only be made possible by identifying the exact cause of the problem and providing a feasibly 

efficient and achievable solution. In the design of roads, flexible pavement has overtime 

experienced associated distress failure modes resulting in potholes, loss of skid resistance, and 

reduction in riding quality, noise and road surface ponding. Many of these have being tackled by 

research, both in the past and currently. The structural collapse of pavement is as a result of distress 

modes caused by human factors, construction error, excessive traffic loading, environmental 

factors, cumulative design and geometric errors results to unnecessary loss of strength and stability 

during the estimated design pavement service life. The objective of this current study is to develop 

stress intensity failure rate propagators induced by the factors of distress earlier mentioned in order 

to develop performance functions of asphaltic pavement model using the finite element method 

followed by a semantic stream-web data analysis (JAVA Expert System Shell analysis JESS). 

Multivariable transfer functions are generated in order to assess the different modes of failure for 

Mode I where the onset of crack begins to develop. Moisture sensors are embedded into the 

pavement in other to determine the real time failure modes populated under service loading and 

environmental conditions. Damage models are obtained to evaluate the evolution of crack growth 

and the strain energy release rate for failure mode I (crack initiation). The analysis of this study is 

further modelled in Abaqus CAE 6.13 as well as a proposed web-based computation analysis of 

pavement failure (JESS).  The FE model indicates that at 20% moisture ingress, the vertical 

deformation of the subgrade is stable with a value 6.65 E-05. With further increase in moisture, 

the pavement stiffness reduces and the deformation increases with a failure rate value of 9.68 E-

05.  The difference indicates that there is a high percentage correlation between moisture content 
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or saturation content increase in pavement and the resilient modulus of the pavement (Stiffness 

coefficient). Further subjecting the pavement to the same load or increasing load cycles will result 

in gradual delamination and further yield to total deformation. The results are as presented and 

discussed as the data obtained from the sensor probes are discretised for analysis in the workbench. 

A network level pavement management system to contribute to the development of a framework 

for evaluating pavements’ quality index (PQI) and service life capacity with varying 

environmental and climatic conditions is presented. The results indicate variation of stiffness with 

increasing moisture content. Increase in moisture propagation increased saturation of the unbound 

granular base which reduced the elastic modulus of the subbase layer and reduced the strength of 

the pavement leading to formation of bottom-up cracks and cracking failure. The horizontal tensile 

strain (E11) at the asphalt layer at 20% was 69.57x10-4, which increased to 140.8x10-4 at 60% 

moisture content. The horizontal deformation (E22) reduced, assuming that the material is 

experiencing work-hardening and no further stress can result to any significant damage. The 

damage remained at a constant value of 96.8 x 10-4 at 60% saturation. Consequently, the 

performance of the pavement is affected by temperature gradient. This implies that increasing 

temperature gradient results in reduction in stiffness of the asphalt layer. In tropical regions, this 

can result to immediate rutting failure of the asphalt layer, which overtime leads to formation of 

top-down cracks and potholes with increasing moisture content, even if it is a newly constructed 

road less than two years old. The web data architecture analysis provides deflection values for 

failure occurring within the pavement underlying layers. The findings indicate that there is a high 

correlation between Environmental Condition and road pavement (Asphalt Concrete). The result 

indicates that increasing temperature gradient of the pavement reduces the fracture energy of the 

pavement, which results in delamination and collapse over a longer period of time. On the contrary, 

reduced temperature gradient increases the fracture Energy, making the pavement stiffness high 

and resistant to failure, but at very low temperatures a compromise is reached and the strength is 

breached resulting in a brittle material (glass). Although the failure is not visible at the onset of 

crack propagation, but continual exposure to increasing temperatures as well as increasing 

moisture content will lead to failure of the pavement before the design life is reached. There is also 

a surge in the relationship between Pavement Fracture Energy and the Pavement Resilient 

Modulus. Further, it is found that, the higher the temperature, the higher the rate of deflection and 

the lower the temperature, the lower the deflection.  
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𝑘1𝑟,2𝑟,3𝑟 = Global field calibration parameters (from the NCHRP 1-40D recalibration; Kir = -

3.35412, K2r = 0.4791, k3r = 1.5606 

𝑘𝑧 = Depth confinement factor 

hHMA = Thickness of HMA layer/sublayer, in 

T = Pavement Temperature 

𝑘𝑧 = (𝐶1 + 𝐶2𝐷)0.328196
𝐷  

D = depth below the surface, in 

HHMA = total HMA thickness, in 

  = Permananet or plastic deformation for the layer/sublayer, in 

n = Number of axle-load repetition 

𝜀0 = Intercept determination from laboratory repeated load permanent deformation tests, in/in 

𝜀𝑟 = Resilient strain imposed in laboratory test to obtain material properties 𝜀0, 𝜀𝑟 and p, in/in 

𝜀𝑣 = Average vertical resilient or elastic strain in the layer/sublayer and calculated by the structural 

response model, in/in 

hsoil = Thickness of the unbound layer/sublayer, in 

 = local calibration constant for the rutting in the unbound layers; the local calibration constant 

was set to 1.0 for the global calibration effort 

𝐾𝑠1 = Global calibration coefficient; k1 = 1.673 for granular materials and 1.35 for fine grained 

materials 

ε p(HMA)
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𝐵𝑠1 = local or mixture field calibration constant; for he global calibration these constants were all 

set to 1.0 

𝑙𝑜𝑔𝛽 = (−0.6119 − 0.017638𝑊𝑐) 

𝜌 = 𝑠𝑜𝑖𝑙𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑓𝑎𝑐𝑡𝑜𝑟 

wc = water content, % 

a1,9 = Regression constant; a1 = 0.15 and a9 = 20.0 

b1,9 = Regression constant; b1 = 0.0 and a9 = 0.0 
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CHAPTER ONE: BACKGROUND 

1.0 Introduction 

In the past decade, sustainability of road, transportation came with advances using monitoring 

devices in the form of instrumentation to monitor pavement response as well as bridge responses 

while in service.  Very little information is available about the performance of these instruments, 

considering —   environmental conditions. Environmental and climatic conditions as well as 

human activities has exacerbated negative effects on the performance and durability of road 

pavements (Maharaj, Rean, Mahase,, M., and Maharaj, Chris, 2019; Mohamed N., Maharaj R. and 

Ramlochan D., 2017; Zapata, P. and Gambatese, J.A., 2005; Gang, Z. 2003). Thus, it is important 

to identify degradation mechanisms (i.e. under the influence of traffic loads, weather conditions 

and aging materials, road pavements deteriorate. The rate of deterioration or degradations can be 

of different kinds: fatigue rutting, fatigue cracking).  in order to minimize cost-overrun in 

pavement maintenance. The incidence of varying climate change produces variations in 

environmental and atmospheric conditions, resulting in harzardous conditions, which require 

human efforts to provide sustainable solutions. Global warming and climate change variations 

affect pavements exposure in various ways, ranging from positive to negative actions, reducing 

pavement stiffness and significantly resulting in increased degradation over time (Bumjoon Kang, 

Moudon, Hurvitz,  and  Saelens, ., 2017; Akhter, and Witezak, 1985; Kim,  et al., 2009; 

Witezak,1985). The effects may have direct impacts or induced effects; on road safety (pavement 

quality, stiffness and design life expectancy) or traffic noise (roughness). The occurrence of 

changing climate conditions makes it necessary to apply modern technology to determine 

pavement response resulting from expected climate and its effects (Field et al, 2014; Hajek and 

Haas, 1987). 

The common flexible pavement design in South Africa is the conventional Hot Mix Asphalt 

(HMA) prior to this time has been in use since the 1920’s (Sabita Manual, 2005). As far back as 

1978, the National Institute for Transport and Road Research, now CSIR (Council for Scientific 

and Industrial Research) developed the Technical Recommendations for Highways (TRH8). The 

technical recommendation document was under the Committee of the State Road Authorities 

(CSRA) approved to serve as a reference material for the design of HMA surfaces. TRH8:19871 

serves as the most recent and improved edition of the approved document, which is centred on the 
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Marshall Design method, including but not limited to additional information and design criteria 

for component assessment. 

New technology and improvement in the road construction industry has exposed deficiencies and 

or loop holes in the scope and depth of the methodology contained in TRH8:1987 (Technical 

Recommendations for Highways).  These changes include: an aggressive design causing increase 

in traffic capacity volumes. The inundation of pre-existing information and innovative methods 

often times result to fragmentation of methods used within the South Africa mix design. Increasing 

use of Asphalt design mixes such as the Stone Mastic Asphalt (SMA), Large Aggregate Mix Bases 

(LAMBS), Ultra-Thin Friction Courses (UTFC) and other thin layer asphalt surface (<25mm) 

having no adequate provision as documented in the TRH8:1987 can greatly affect the design 

specifications needed.  However, the basic issues experienced with HMA are: certain mixes (Semi-

open Graded Mix) are not in alignment with the IGHMA (Interim Guideline for Hot Mix Asphalt 

in South Africa) or the TRH8 Code of Practice for flexible pavement mixes. The difficulties 

experienced with the design density measurement of thin layers (<25mm); the mix design process 

for HMA is not fully integrated with the structural design process (stress-strain values). These 

related concerns have resulted in an increasing need to construct and design highway facilities 

especially where accessibility is needed to link a rural region to an urban region (Sabita, 2005). 

Scarcity of highway infrastructure funds and public expectation surge for improved ballyhoo and 

peculiarity has made it critical to understand the effect of environmental pavement conditions on 

Hot Mix Asphalt pavement performance. In view of the salient contributions of roadway 

infrastructure to the economy and communication activities within modern societies, researchers 

have been studying earnestly to find alternative measures to attain the most suitable road pavement 

behaviour patterns (Shafabakhsh et al., 2013a), and consequently design and construct safe, stable, 

cost-effective and environmentally friendly roads. Structural failure in a highway infrastructure is 

caused by a number of damage mechanisms: fatigue cracking, advanced crushing, pavement 

temperature variation, changing load cycles and varying moisture content resulting in delamination 

or degradation of the pavement surface over time. The standard of design adopted for this study is 

based on the South African road pavement design manual (COLTO manual). The utilization of 

Finite Element Method (FEM) to evaluate the stress-strain non-linear response behaviour of the 

pavement model structure is developed considering Mechanistic-Empirical Pavement Design 
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Guide. The evaluation of pavement structures, using the FEM; enables enactment of constitutive 

models that take account of the unsystematic behaviour of unbound aggregate layers. ABAQUS 

bench work tool, is adopted to evaluate pavement conditions (Saevarsdottir, 2014; Oscarsson, 

2011; Lekarp et al., 2000a, 2000b; Erlingsson, 2010 & 2007). These conditions are increasing 

varying axle wheel loads, unbound aggregate material stiffness, unsystematic material behaviour 

is adopted to evaluate the stress deformation obtained from the road. Specific data required for the 

analysis is acquired within specific study test points. The data collected forms the basis of the 

design for sustainable design. Furthermore, a standardized hybrid pavement design is adopted in 

this study. This goes a long way to enhance sustainable development growth and development of 

the South African economic sector in the transportation of goods and agricultural products from 

province to province within the country. 

1.1 Problem Statement 

The total axle load anticipated over the design life of a roadway needs to be evaluated based on 

prevailing Equivalent Standard Axle Loads (ESAL) and traffic growth projections (future traffic 

loading, which is given in the form of ESAL 80 over a period of time, t). Most often, this is usually 

taken care of in the design method considered for the pavement design. However, the estimated 

magnitude of total axle loads over the pavement design service life is expressed in terms of an 

equivalent number of 18-kip single-axle loads ESALs (Hall, 2000); this is why many newly 

constructed roads do not meet the required life span before failure. It has been observed, that 

flexible pavements usually experience fatigue cracking and/or deformation of the subgrade at 

premature ages. This scenario is generally caused by: soil expansion due moisture ingress into the 

underlying layers, inadequate soil stabilisation, inappropriate material specification in the base 

course, inadequate thickness of pavement layers, pavement temperature variations, especially in 

tropical and cold regions, and increasing growth rate of axle wheel loads, etc. This is to note that 

the roads need regular maintenance to attain the design life span, which in turn increases the 

operational cost of the roads. In order to enhance sustainable transportation and sustainable 

pavement design, this study focuses on developing stress intensity failure propagation models in 

flexible pavement using environmental condition-variable data (temperature and moisture 

variables) collected in real-time. Consequently, the principle of stress concentration factors, 

(maximum shear —  Von Mises Criterion) is considered, assuming the pavement is represented as 
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a brittle material in the Finite Element analysis model environment in Abaqus CAE 6.13. Transfer 

equation models are developed using JESS script to determine the deflection of the pavement 

considering real-time data obtained from the sensor devices. 

 

1.2 Aim and Objective of study 

The conducted study aims to develop stress intensity failure propagators as variables promoting 

crack growth in Hot Mix Asphalt pavement design. The objectives of the study are to: 

 Build/fabricate sensor probes to collect moisture and temperature data from Hot Mix 

Asphalt flexible pavement using smart technology. 

 Install the sensor probes to a road pavement test section to collect pavement response data. 

 Examine the response of the pavement using: Finite element method and multi-layered 

elastic methods for appropriate pavement design. 

 Develop a framework for pavement response with regards to failure and maintenance plans 

based on the pavement response considering environmental conditions.  

 

1.3 Justification of Study 

The majority of the primary roadways in the Republic of South Africa are constructed using Hot 

Mix Asphalt laid over selected granulated under lying base material. The strength of the pavement 

matrix is governed by the environmental conditions (Saevarsdottir and Elingsson 2013). 

Uncontrolled humidity/moisture in the underlying base layer results in loss of its structural load 

bearing capacity. This in turn reduces the spread, which the traffic load is distributed. The surge 

in humidity/moisture level over time decreases the Resilient Modulus and increases irreversible 

deformation (Miller and Bellinger, 2014; Davies, 2004). Humidity/moisture and fine particles that 

cannot be accounted for in most cases, get hauled by hydrostatic pressure to the surface layers, 

thus reducing the strength of the overlying HMA by increasing strain under service conditions 

(Miller and Bellinger, 2014). Furthermore, uncontrolled moisture ingress in the HMA surface 

layers causes deterioration through stripping and ravelling of the bitumen binder from the 

aggregates. An understanding of the environmental effects of moisture on HMA allows better 
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service performance and failure prediction of pavement under working loads as it is evident that 

the performance of a pavement while in service with prejudice is affected by the presence of 

moisture within underlying layers (Tam, Ibrahim, Rahman and Mazura, 2014; Davies, 2004). 

There is, therefore, a need to investigate how environmental conditions impact the flexible 

pavements in order to improve their design. In this study, therefore, a reliability-based analysis is 

carried out to determine the safety index margins using stochastic response surface method to 

determine the onset of failure and crack propagation with regards to the flexible pavement. 

1.4 Scope of Study 

Pavement instrumentation has not gained popularity in the past decades. In the United States of 

America, some full-scale testing has been conducted at different facilities to monitor pavement 

response. Examples of these are the Naardo Experiment, the Transport and Road Research 

Laboratory, United Kingdom (TRRL) Road Test and the Finnish Road Test (Tabatabee et al, 

1992); the exercitation of an innovative pavement section on Motorway A10 (Duong, N., Blanc, 

J. and Hornych, P., 2016). Variables such as instrumentation schemes, pavement structures, truck 

speed and axle load configuration have not been fully addressed (Sohm, Hornych, Kerzrého., 

Cottineau, Le Cam, Hautière, De La Roche, and Van Damme. 2012b; Duong et al., 2016). 

Information regarding pavement response while in service for evaluation pavement is limited. 

Pavement design and construction are generally carried out to keep the underlying layers 

unsaturated. For this study, the underlying layers are categorised into three states: unsaturated, 

semi-saturated and saturated states respectively. The source of information is moisture sensor 

probes buried inside selected test core and monitored over a period of one complete seasonal year 

(12 months) to obtain data on the variation of moisture content and temperature gradient of the 

pavement layer subjected to hygroscopic content in different seasonal changes. The moisture 

probes are designed to collect data every 10 minutes per day and 30 minutes in off-peak periods 

of rainfall precipitation. The data received is inputted into pre-set design models programed to 

ascertain the pavement behaviour or response pattern: horizontal tensile strain at the bottom of the 

Asphalt Concrete layer as well as vertical compressive strain at the top of the asphalt subbase layer. 

Figure 1.0 presents the process which harnesses road pavement with information technology and 

the proposed sensor device. 
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Figure 1.0: Moisture and temperature instrumentation for pavement stress intensity failure rate 

propagation. 

1.5 Limitations of Study 

As previously mentioned, instrumentation of pavement is not a common practice (Reza et al, 2006: 

Tabatabee, N., Al-Qadi, I. L., Sebaaly, P. EE. 1992). Full-scale Asphalt Concrete pavement tests 

have been conducted on selected strain measuring devices, pressure cells and deflection-measuring 

devices. The principle made use of technology that can be correlated with pavement design 

principles, but there has not been any case considering pavement instrumentation and 

environmental condition. This research study is restricted to failure of flexible pavements (Hot 

Mix Asphalt   —    HMA). The focus was centred on deterioration of flexible pavement due to 

fatigue cracking, rutting and pavement deformation under excessive working loads due to 

increasing moisture/hydration coefficient and temperature gradient change as the primary 

environmental factors resulting in pavement deterioration while the road is in use during its 

designed life. The test region is located within the Eastern Cape (East London-Road Section 
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MN508) where the instrumentation was performed. The choice of the location was due to its 

proximity to be able to monitor the panels and the device so that neither of the two could be stolen 

by chance. The technical limitation was very challenging with regards to the choice of 

casing (sensor-enclosure) and the type of sensor to be used to collect the data. Due to the exposure 

condition, a Faraday casing was specified as the enclosure to safely secure the sensor components 

when embedded inside the underlying road pavement layers. 

The computation of the pavement response was performed using a Java Expert Shell System 

(JESS) script and coded via a web architecture domain system. Currently, static analysis is 

employed in pavement design using multi-layered elastic packages as well as finite element 

analysis which are fixed programs that determine failure response based on an input-output system. 

This study considers real-time analysis of environmental condition data as they remain a constant 

variable affecting pavement structural stability and performance over time. 
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1.6 Outline of Dissertation    

1.6.1 Chapter One 

The background of the thesis is presented in this chapter. This chapter aims at unveiling the general 

problems associated with pavement deterioration considering the major causes as specified in the 

aim of the conducted study. Consequently, associated problems facing pavement failure is 

presented to introduce the justification of the conducted study. The objective of this thesis is 

presented in a step-by-step format which will be adequately tackled in the course of the study. The 

scope and restriction of the study is also presented. 

1.6.2 Chapter Two 

In this chapter, a further and deeper background of the problem is discussed. Related research on 

pavement life, pavement failure, distress effects, their causes as well as remedial actions previously 

taken to avert the outlined failure mode as evident from literature were discussed. Consequently, 

the methods used previously also discussed. 

1.6 3 Chapter Three 

Given the previously discussed literature and background study, the methodology is presented in 

the chapter. It includes an explicit background on Finite Element Analysis and reliability of Hot 

Mix Asphalt pavement. Also, moisture sensitivity saturation models for flexible pavement are 

presented. This is followed by the development of the transfer function models which are used to 

introduce damage models for flexible pavement subject to data obtained from the installed 

moisture and temperature sensors. 

1.6.4 Chapter Four 

This chapter focuses on the instrumentation technique needed for the study and the procedure for 

the instrumentation is given in Appendix V.  

1.6.5 Chapter Five 

The resulting analysis is presented and discussed in this chapter. Failure models as obtained from 

the Finite Element workbench is also analysed. The data is compared with the previous study on 

damage criteria for flexible pavement. 

1.6.6 Chapter Six 

The chapter constitutes the findings, discussions, recommendation and conclusion. 
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CHAPTER TWO: LITERATURE REVIEW 

2.0 Introduction 

Highway infrastructure system constructed previously during the Roman Empire was the first 

recorded account of road pavement network in human history. The success recorded in road 

construction during this era was predicated on the notion of drainage. The importance of road 

pavement drainage control systems (verges, side drains, grade/slope and/or road camber) cannot 

be over emphasized (Toryila, 2016; Finn, Buckley, Kelly, McDaid, Mullaney, Power, 2004; North 

East Somerset Council, 2016; NCHRP, 1998). In recent times, Finn et al., (2004) proposed 

specifications for road drainage design and construction. This centred on principles that drainages 

form the basic parameter towards design and construction of highway structural platforms and this 

needs to be strictly adhered to especially new road construction projects. It also means that 

pavement structures are designed in such a way as to easily drain water away by introducing 

camber or pavement gradient. The underlying weaker layers (subgrade, subbase and base course) 

must be properly protected. In other words, the pavement surface must possess features to prevent 

flooding, ponding and seepage by providing adequate slope, thereby keeping the carriageway 

and/or shoulders free of ponding water occurring in the course of flood times (Bath & North East 

Somerset Council, 2016; Finn et al., 2004). A deeper insight of the pavement material properties 

results to an efficient and economical sustainable design (Maharaj et al., 2019; NCHRP, 2004, 

2010). Ingress of increasing moisture saturation can be extremely dangerous to pavements as it 

affects service life performance. Proper design, construction, and maintenance of pavement 

drainage has the ability to prolong pavement performance. In the design and construction of a 

proposed roadway, drainage issues are addressed by incorporating subsurface drainage mediums 

into the pavement structural matrix. In other to attain proper drainage design, pavement design 

engineers carefully need to evaluate the rate of permeability of the drainage layer as well as 

selectively assess the hydraulic conductivity of the drainage materials. Globalisation and the need 

for sustainable development, results to an increase in urbanisation causing green fields to be 

converted to urban settlement and industrial use which increases stormwater runoff. Advancement 

in technology has resulted to Engineers and Scientists introduce innovative thinking to manage 

urban runoff and harvest stormwater for productive purposes (irrigation, storage tanks, reservoirs, 

etc.). Meanwhile, with developments in urbanisation, there is the occurrence of associated pull 

factor i.e. attraction to urban living) and push factor i.e. (dissatisfaction with rural life). This 
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contributes to the increasing distortion of the ecosystem as well as disruption of the ozone layer 

resulting in global warming which has its associated repercussion (Lean, 2010: Lockwood, 2009). 

Uncontrolled runoff occurs resulting from inefficiency of the drainage systems to handle peak 

flows during high precipitation (Zhang, 2006). Table 2.0 shows the components of a sustainable 

drainage system for sustainable transportation. 

Table 2.0: Components of a Pavement Drainage System  

Basic Components Variable Components 

Wearing course Rigid Surface: Portland Cement Concrete  

Flexible Surface: Asphaltic Concrete 

Permeable Base Course Destabilized or Unbound Granular Base 

Asphalt Stabilised Granular Base (Bitumen 

Treated Base, Emulsion Treated Base)  

Cement Stabilised Granular Base 

Filter Layer Dense-Graded Granular Base(Sub-base)  

Geotextile Base (polyethylene components) 

Subgrade Bearing capacity of Subgrade Soil  

Depth of Water Table  

Grade formation layer 

Edge drains (including outlets with headwalls) Aggregate Trench Drain with Geotextile Filter 

& Drain Pipes 

Prefabricated Geo-Composite Side-drain  
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The components of a drainage system as well as its variable parameters are presented. The 

requirement followed must ensure that the top asphaltic concrete surface layer type does not retain 

water, dust, snow or ice and its material properties should be water-resistant. The base must possess 

water-resistant properties, either as an impermeable material or as a semi-porous layer which 

allows for water drainage through its pores (bitumen-treated bases or cement treated bases). The 

underlying layers should be designed to standard specification for road bases as well as subgrade 

design. 

From Table 2.0, it can be concluded that; there is a paramount need for the material components 

used in the pavement matrix to be selected thoughtfully and properly placed on site to provide for 

permeability and uniform stability. It is needful to also note that, inadequate material compaction 

of the drainage layer possesses tendency to alter the gradation (particle size distribution) and create 

additional fines, which may result in lower permeability (Porous Asphalt Pavement, 2015). 

Construction activities associated with storage, haulage and compaction of aggregate largely 

results to segregation, non-uniform permeability and stability of the pavement over time (Sharma, 

A. and Sharma, D., 2017). 

The efficacy of runoff drainage layers after being spread and compacted on site is imperative. 

Quality Assessment and Quality Control (QA/QC) protocols for simple, rapid, in-situ testing of 

permeability and stability are needed (IOWA State University, 2003). 

In the study conducted by David (2004), he postulated that the stability of pavement layers is 

enhanced considering aggregate properties; angularity, abrasion, durability, specific gravity, 

toughness, density, as well as aggregate shape and size. Angular aggregates resist degradation 

under persistent loading and possess dense gradation that interlock together under compaction. A 

densely graded sample has the ability to enhance stability and reduce permeability. Secondly, 

Reclaimed Crushed Concrete Aggregate samples were found to have lower permeability, lower 

strength, and lower resistance to particle size degradation compared with limestone and gravel-

stone samples. Laboratory and field measurements indicate that with accentuated fines content 

(material passing No. 200 sieve) increase, permeability decreases dramatically. The results were 

obtained from the concept of Accelerated Pavement Testing (APT), which requires in-situ input 

variables of Dry-Density and humidity/moisture variation to ascertain the saturated Hydraulic-

Conductivity state of the Sample. Approximated variable parameters for an expansive variation of 
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the underlying base materials are available. Considerably, best accuracy will require actual 

measurements to be taken.   Thus, the choice of selecting sensor probes to collect time-domain 

data from the pavement while traffic load is applied to it in real-time (Duong et al., 2016; ASTM 

D7369 2011; Liu et al., 2004; Muñoz-Carpena, 2004). 

Depending on the particular environmental condition, a possibility arises when analytical variables 

considered in derivation equations change due to varying environmental and climatic changes, 

especially moisture variation, caused by water retention properties (Tam et al., 2014; Yang et al., 

2008). In principle, it means that the structural damage in the pavement takes the form of cracking 

and deformation due to the changing climate or environmental condition as well as constant 

loading repetitions over the infiltrated weak underlying pavement bases (Su, Xiao, Wang, and 

Amirkhanian, 2017). Common cracks in Hot Mix Asphalt pavements are fatigue cracking, thermal 

cracking. Contrary to fatigue cracking, thermal cracks are traditionally referred to as reflective 

cracks (Golestani, Nam, Noori, An and Tatari, 2016; Greene, et al., 2012; Amini, 2005a, 2005b).  

Fatigue in pavements can be referred to as fracture failure under repeatedly changing traffic load 

cycles (Miller and Bellinger, 2014). Furthermore, Miller and Bellinger (2014) alongside Himeno 

and Watnabe (1987) postulated an innovative criterion of fatigue failure, “it was stated that, fatigue 

pavement failure can initiate at the top of the pavement slab when the pavement stiffness or 

resilient modulus is low”. Reduction in the stiffness ratio or resilient modulus can be as a result of 

poor compaction and/or inadequate methods or compaction equipment.  At tropical regions, 

reduction in the temperature gradient (freeze and thaw) can incite pavement thermal cracking. The 

essential mechanisms of low-temperature cracking have been explored by Kucukvar et al. (2014), 

Wu et al. (2014), Noori et al. (2014), and Christison, 1972. Pavement sections subjected to low 

temperature gradient, develop micro-cracks which occur at the surface of the pavement. These 

cracks propagates through the full depth of the asphalt layer with successive repeated thermal 

cycles. Although excessively low temperatures initiates micro-cracks. The initiation of cracks 

develops over time resulting from poor compaction. This has the tendency to significantly 

accelerate full development of these cracks (Noori et al., 2014). Symons and Herrin, (2009), and 

Mostafa et al, (2005) in their study concluded that surface cracking has the tendency to 

consequentially result to reactions that affect the service life of the Hot Mix Asphalt Concrete. 

However, the occurrence of surface cracks induced at the time of construction is usually not the 

reason for the development of the varying types of crack failure in Hot Mix Asphalt pavements. 
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The generated surface cracks serve as catalyst which over time accelerates the development of 

bottom-up-cracking and eventually results in failure of the pavements (Mostafa and Abd El Halim, 

2004). The effects of moisture on asphalt concrete pavements resulting in crack development have 

been examined extensively (Kucukvar et al., 2014; Noori et al., 2014; Mostafa et al., 2005).  

Increasing moisture causes the asphalt concrete mixture to exhibit a segregation of the asphalt 

binder film from the aggregate surface area in a phenomenon better known as stripping. Stripping 

of the aggregate from the Asphalt Concrete Layer is one of the key contributors to loss of the 

structural integrity, which ultimately accelerates the deterioration/delamination failure of the 

pavement. 

2.1 Stress and Strain Measurement in Pavement 

The design consideration of pavements around the 1920’s was solely centred on experience 

(Huang, 2004; Ghosni et al., 2014); standard pavement layer thickness was adopted in this study 

regardless of the type of subgrade formation soils. The empirical methods have been ameliorated 

to consider the effect of subgrade soils using different soil classification methods and strength 

tests. These test vary from: The California Bearing Ratio (CBR) test, among others etc. There is a 

perception shift in the construction of highway facilities from the empirical methods to the use of 

semi-analytical methods as well as the fully optimised analytical methods (Ghosni et al., 2014; 

Saevarsdottir, 2014). It is necessary to ascertain the particular mode for pavement failure, either 

resulting from crack growth or as a result of inadequate compaction (Dobriyal,,Qureshi,,Badola,, 

and Hussain,,2012; Colliander,,  Jackson,, Bindlish,, Chan,, Das,, Kim,  2017). 

Electrical Strain Gauges.  

Previously, electrical resistance strain gauges were introduced to measure strain in flexible 

pavement. For this reason, strain gauges were selected based on their gauge length. For pavement 

application, the criterion then was based on the maximum aggregate size of the pavement mixture 

matrix, usually taken as 25.4mm. The length of the gauge ranges from three to five times the 

maximum nominal aggregate size. The electrical strain gauge was further developed into the 

Asphalt Concrete Strain Gauge.  
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Time-Domain Reflectometry Sensor (TDR)  

The Time-Domain Reflectometry Sensor is a conventional sensor. Many of the Time Domain 

Reflectometry Sensors have more than two or more metal rods extending from the sensor casing 

or enclosure to be embedded into the test point. This occurs when a pulse wave is transmitted onto 

the metal rods. The wave propagates along the metal rods and is reflected at the end of the metal 

rods. Taking measurement of the wave propagation time back and forth along the metal rods, the 

dielectric constant of the soil that holds the metal rods can be calculated. The dielectric constant 

provides the moisture content value of the soil. The success of this method considers a high cost 

incurred and the complicated electronics of TDR sensors. 

 

H- Gauges and Strip Gauges. 

These are strain gauges in the form of a foil glued to carrier blocks prepared in the laboratory and 

also referred to as Soil Strain Gauges. The commonly used gauge is the H-gauge. This is 

manufactured by Kyowa (‘Kyowa gages"). H-gauges consists of a 120 Ω unbounded metallic-

filament (wire) synchronized in acryl possessing modulus of elasticity value of 2800 MPa (400 

000 psi). Aluminium, Steel, or Brass fastener bars are usually attached to both ends of the strip. At 

the Technical University of Denmark, H-gauges have been modified to improve data collection 

accuracy, and durability (OECD, 1985). The H-gauge is fully synchronized in a strip of fibreglass 

reinforced with epoxy possessing minimal stiffness, high-rise flexibility and strength (Tabatabee 

et al., 1992).  

 

Piezoelectric Transducers.  

This device is used to measure the strain value of a material. This consist of metallic-foil strain 

gauge bonded and embedded into thin sheets of Asphalt mastic. This is further used to measure 

longitudinal strain at the bottom of the Asphalt Concrete layer (Liu et al., 2004).  
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Pressure Cells. 

Further research led to the development of pressure cells which measure the electrical output that 

can be generated from the device with regards to the stress applied to the diaphragm of the cell in 

a mechanical bench calibration test. The requirements and the design for the pressure cell can be 

found in Tabatabee et al., (1992) and Liu et al., 2004.  

Linear Variable Differential Transformer   —  LVDT. 

Other forms of measuring devices have been noted which range from velocity devices to detect 

driver speed as well as deflection devices: (Linear variable Differential Transformer – LVDT; 

Multi-Depth Deflectometer – MDD and Single Layer Deflectometer   —   SLD) to determine the 

pavement deflection under moving loads. These principles make use of static devices which are 

used periodically and not permanently as they are very sophisticated and fragile. Certain 

parameters deter the reliability of the strain being measured and makes this approach not 

sustainable. Some of the parameters: the different station meter of the installed gauges, the non-

uniformity of pavement composition matrix, the individual layer thickness of the pavement, the 

pavement surface roughness resulting from dynamic load profile, varying load cycles, truck 

suspensions; axle configuration. and tyre pressure rating (Wu et al., 2014; Tabatabee et al., 1992). 

Parallel Transmission-Line Moisture Sensors (PTL) 

The Parallel Transmission-line moisture sensor is usually composed of three sub categories. 

Firstly, the sensor electronics which includes the transmitter, receiver, amplifier, filter, power 

supplies, etc. Secondly, the sensor enclosure that protects the sensor from crushing, water invading 

and eroding. Thirdly, the sensor head made up of a parallel-plate transmission line which usually 

protruding out of the sensor enclosure in other to directly make contact with the soil sample for 

which readings are to be collected. The sensor electronic board is usually installed within the 

enclosure. The sensors operate at a frequency of 1GHz depending on the type of data and condition 

of exposure. The simulation and experimental results as conducted by the researcher demonstrates 

that output voltage of the sensor is directly proportional to the moisture content in the soil (Liu et 

al., 2004). 
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Parallel-Plate Transmission-Line sensor (PPTL)  

This sensor configuration has similar working concept as the PTL sensors as previously discussed. 

The distinctive discrepancy between the PTL and PPTL gauge is in their structural configuration. 

The PPTL sensor possesses a layer of low-loss dielectric material in between two parallel copper 

plates, with a confined fraction of the wave energy. The design of the PPTL does not guarantee 

reliability and stability of the transmitted signals, but also compromises the sensors’ sensitivity 

and measuring dynamic range. This is performed in such a way that a PPTL sensor is designed to 

accurately measure the moisture content value of the soil sample from 0 to 100%. These sensors 

were installed in the Bryan and Waco districts in Texas, USA, at the SPS-8 test location as well as 

the Texas APT test location to monitor increasing humidity/moisture variation as well as saturation 

content in the underlying pavement layer. The PPTL are affordable compared to the PTL, relatively 

small in size and remotely accessible. 

2.1.1 Pavement Condition Monitoring 

Decreasing temperature, results to the formation of micro-cracks at the surface of the Hot Mix 

Asphalt. These cracks disseminate through entire depth of the Asphalt Concrete with increasing as 

well as varying thermal cycles. On the other hand, low temperatures changes can result to the 

initiation of micro-cracks. The occurrence of the cracks can be induced by, poor layer compaction, 

which has the tendency to accelerate full scale maturity of these cracks under service load. 

Pavement reflective cracking has been traditionally envisaged to be initiated at the bottom of the 

Asphalt Concrete layer at the same location of previously existing cracks in the under layers which 

propagate to the surface. Consequently, recent research engagement has shown that reflective 

cracking is initiated at the surface of the wearing course which over time finds its way to the bottom 

of the Asphalt Concrete layer (Von Quintus, Mallela, and Lytton, 2003; Wu et al., 2014; Noori et 

al., 2014). 

Pavement analysis and design following crack prevention centres its principles on a combination 

of Mechanistic and empirical theories. Furthermore, Multi layered Linear and Non-Linear elastic 

concepts served as the foundation platform towards the development of the AASHTO 1973 interim 

design guide and its subsequent revision in 1993. Recently, modified pavement design methods 

are explicitly taken account of in the recent Mechanistic-Empirical Pavement Design Guide. This 

was developed under the National Cooperative Highway Research Program (NCHRP) Project 1-
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37A (Papadopoulos and Santamarina, 2019; Cortes, Shin, and Santamarina, 2012). In general, 

HMA pavement structures are analysed considering two major factors. Firstly, the HMA pavement 

structural response which is determined using Mechanistic and constitutive material models 

developed from design layer properties. Secondly, the output parameters obtained from the 

analysis in the form of horizontal tensile strains at the bottom/top of the bound aggregate layers 

and compressive vertical strain at the top of the subgrade layers. The values obtained serve as input 

design parameters to model distress prediction based on scenarios of empirical field data, from 

which the expected pavement life is determined (Cortes et al., 2012; NCHRP, 2010, 2004; Kim et 

al., 2009). 

Highway infrastructures in the United States in recent times, have been designed using Empirical 

design methods that were established based on performance data measured during the 1950s at the 

AASHTO road test in Ottawa, Illinois. Owing to the changing specification in varying truck axle 

loads combination, tyre specification, construction practices and materials, in addition to climate 

and subgrade soil differences from one location to another. These Empirical Design procedures 

have become unsuitable for the current design of new and rehabilitated pavement structures 

(Jadoun, 2011). Furthermore, the shortcomings associated with the Empirical pavement design 

procedures have been studied by Jadoun, 2011; Lu et al., 2014; Zhang et al., 2015. In view of this, 

the AASHTO Joint Task Force on pavements initiated an initiative in 1996 to develop an 

alternative pavement design guide that takes account of previous construction practice and 

mechanistic design model. The resultant effect of the intervention was made public in 2004 in the 

form of mathematical model workbench called the Mechanistic-Empirical Pavement Design 

Guide (MEPDG). The design equation solver subroutine of the MEPDG evaluates critical 

pavement responses relating to subjected pavement layer stiffness properties and magnitude of 

traffic loading experienced. The Mechanistic-Empirical component alternative bridges the gap 

between laboratory observed responses and in-situ field performance values (Jadoun, 2011). 

The purpose of Hot Mix Asphalt design consideration is designed to select choice material 

properties to be used as the separation layers. This principle enables the heterogeneous layer 

differences function together as a single composite matrix to sustain the service loads calculated 

in expressions of traffic volume for a specified design life. There are two principal pavement 

design methods: empirical methods and mechanistic methods which is later discussed. Empirical 
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design methods were previously the foundation rock of flexible pavement structural design. This 

principle was developed based on Empirical quantities; pavement materials and individual layer 

thickness. The AASHTO, 1993; Guide for Design of Pavement Structures implemented an 

Empirical approach which is still widely in use by most Highway Department of Transportation 

worldwide. The Mechanistic Design principles centres itself on Pavement responses. These 

pavement response models form the skeleton of the Mechanistic Design. In addition, the 

introduction of pavement failure response models; the resultant stresses, vertical and/or 

compressive strains, and deflections in the pavement structure can be calculated (Qin, 2010; 

Murana and Olowosulu, 2015). There is, an increasing negative effect of inadequate drainage 

system on road pavement. Although, road pavement is classified as either flexible pavement or 

rigid pavement, poor drainage system results in loss of serviceability over a period of time when 

subjected to poor drainage control system adopted along the pavement section. This study develops 

measures to detect the effect of increasing moisture content with increase ingress of water seeping 

into the pavement or from capillary rise from the water table within the soil geometric region 

considering real-time pavement performance response (Toryila, 2016; Finn et al., 2004; Liu et al., 

2004; Muñoz-Carpena, 2004). 

2.2 South African Transportation Systems. 

Highway transportation system, amongst other transportation modes has expanded within the last 

two decades, both for passengers and freight transportation (Rodrigues et al., 2016). South Africa 

has approximately 746, 978 kilometres in length of road network coverage. Approximately ten 

million vehicles which provide haulage across most sectors of the economy; depend largely on the 

roadway transportation infrastructure to transport goods. In South Africa, 83 percent of the goods 

produced and manufactured are transported by road. Future economic predictions reveal that 

freight transport demand will appreciate by 200 percent to 250 percent over the next 20 years 

(Ndebele, 2012). This intervention makes road infrastructure very important for socio-economic 

development. This has resulted in pavement specialist searching for innovative means to determine 

the most suitable, durable, and economically friendly road design (Shafabakhsh et al., 2013a). 

Despite advancement in research and design of pavement infrastructure, Hot Mix Asphaltic 

pavement experience abrupt failure before the estimated design life. This may result from 

decreasing bearing capacity of the soil (Kordi et al. 2010), excessive traffic loading of the 

pavements, variations in design specification and unsuitable construction materials used (Kordi et 
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al., 2010; Shafabakhsh et al., 2013a). Pavement design and construction requires huge lumps of 

funding to be implemented. With the appropriate approach to soil stabilisation, the soil’s strength 

is greatly improved resulting in a stable pavement matrix as well as reduced cost of construction 

and maintenance (Heyns et al., 2018; Alfatlawi, 2015; Magdi and Zumrawi, 2016).  In addition, 

challenges pertaining to the parameters in the design of road pavements persist. Considering 

technological evolution of sophisticated design tools, advanced modelling and pavement life 

prediction models based on a number of methods such as the Stochastic Response Surface Method, 

Discrete Element Method, Finite Difference Method, Finite Element Analysis, and Boundary 

Layer Element Methods. Taking note of these methods, the outcome of a sustainable design and 

construction of quality Hot Mix Asphalt pavement structures is achieved. This study, puts forward 

an attempt made to simulate the behaviour of Hot Mix Asphalt pavement life assessment. This is 

done by considering Fracture Mechanics and stochastic response surface methods to predict 

pavement life performance and crack growth. This simulation is based on real-time data obtained 

from probes instrumented into the pavement system to monitor the variation of moisture and 

temperature gradient (Toryila, 2016; Noori et al., 2014) 

2.3 Pavement Management Systems      

The performance and functionality of Hot Mix Asphalt pavement condition considering the 

viability and implementation of modern and outdated technologies cannot be exhausted (Kim et 

al., 2009). However, certain investigations in the past, such as data processing, electromagnetic 

speed and movement waves, nuclear assessment, laser travel, spin-up/spin-down, eddy current and 

motion detector waves, have gained wide application in pavement condition monitoring and 

investigation (Zhang, Gaspard and Elseifi, 2016; Saha and  Ksaibati, 2016; Al-Qadi et al., 1992; 

Al-Qadi et al., 1994, , 1996). An important part of the pavement management system, the 

Pavement Condition Survey (PCS), is performed by devices walking and/or driving along the road 

and classifying the pavement condition based on their visual observations. This method is usually 

time-consuming, subjective, and open to transcription error (poor interpretation of the data or 

information generated). To overcome these limitations, methods were devised by various agencies 

to speed up the process by automating the recording, processing and storing of the data. The advent 

of these methods resulted in a revolution in PCS (Zafar, Shah, Jaffar, Muhammad and Rindr and 

Soomro, 2019; Al-Qadi et al., 2004). Drones and vehicular-mounted sensors were implemented in 

PCS to take photographs of the pavement. Some of the vehicles carrying on-board computers for 
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recording and storing the data directly in the field were deployed at the PCS investigation site (Wu,  

Yang and  Zhang, 2013; Al-Qadi et al., 2004). The condition survey equipment records the 

pavement condition periodically and determines the rate of deterioration. The instrumentation and 

technique used, and the performance criteria based on field testing should be properly documented 

and analysed. Furthermore, other factors such as ease of processing, ease of interpretation of 

output, operating speed, equipment durability and robustness and cost-effectiveness are strongly 

considered (Zafar et al., 2019). 

However, it is argued that many of these factors considered already in use by highway and 

transportation communities are inefficient to evaluate, detect and analyse pavement distress 

deterioration (Zafar et al., 2019; Pavement Interactive, 2008; Hajek and Haas, 1987. In this study, 

a more advanced, and detailed evaluation of pavement distress deterioration considering multi-

variable transfer functions is developed and analysed with reference to HMA pavement (Zafar et 

al., 2019; Khattak, Landry, Veazey and Zhang (2013; Wu et al., 2013; Zhang et al., 2016; Karim, 

, Rubasi,  and Saleh,  2016). 

2.3.1 Network and Project Level Pavement Management System 

In a report by the South African National Roads Agency Limited (SANRAL) assets management 

system, road transportation makes up the largest portion for easy haulage of goods and 

transportation of people within the country (SAPEM, 2014). The interconnectivity of pavement 

networks linking towns, states, and even countries together to allow citizens to meet with their 

daily demand in the need for an adequate reach of goods and services is of primary importance. 

The desire and need to cater for domestic services is one of the primary factors in the mode of 

transportation to be selected. This makes road infrastructure of high priority when it comes to 

maintenance during its design life (Karim et al., 2016; Ramandeep, 2012). 

The knowledge of an entire pavement network would require a nearly impossible amount of 

manual distress surveys. Innovative advancements in mobile data collection technology have led 

to increased departmental usage of automated distress surveys. This automated process allows for 

a department to obtain distress criteria as well as other pavement characteristics at a network level 

(Zafar et al., 2019; Karim et al., 2016; Kazmierowski et al., 2010). Many methods to capture 

pavement performance values have been employed. These methods range from mathematical 

models to methods involving the use of a computerized and programmed data collection system. 

© Central University of Technology, Free State



- 21 - 
 

The first method makes use of an automated data collection system involving driving a Heavy 

Vehicle Simulator testing van at a specific and /or controlled speed over the road network to 

determine and observe the strain, stress as well as pavement roughness. Depending on the vehicle 

suspension, a specific roughness value is calculated and registered to a data storage domain 

repository at very short incremental lengths (Deduct Points- DP).  

The next pavement performance value obtained using an automated data collection system is the 

Falling Weight Deflectometer (FWD) test method. The method requires the use of an FWD vehicle 

which contains a load plate and sensors. This method allows Departments of Transportation to 

predict and also Back-Calculate the modulus of elasticity of pavement layers in other to determine 

the structural integrity of pavements (stiffness and deflection) along the network. This method 

gives an exact idea on the structural behaviour of the pavement not only that of the wearing surface 

alone. Lastly, pavement performance distresses are obtained from still images taken by vans as 

they pass over the network. This method typically involves using third-party software which 

calculates certain distresses on the surface layer as prescribed by the department or user which 

allows the department or user to better understand sections/segments where there are greater 

densities of distresses on the network. Technologies for capturing these images have increased 

dramatically in recent years with high resolution and three-dimensional images becoming available 

(Zafar et al., 2019; Fischer et al., 2018; Ramandeep, 2012). These technologies, used with the 

proper software, will allow having very detailed pavement condition prediction and analysis 

throughout the network (National Highway Authority of Pakistan, 2019; Babashamsi, Peyman, 

Yusoff, Ceylan, Nor, and Jenatabadi, 2016). 

Image and visual digitisation of a road test section to be analysed for spatial failure and 

deformation in the form of rutting and crack formation is proposed. This is done in other to give a 

proper estimation of the extent of damage caused and provide remedial actions needed to avert 

such problems in future. The images are usually taken by a spectroscopic device and analysed 

using an X-Ray diffractive machine to indicate the particle and material dispersion in a failed road 

section and compare with a particle and material dispersion of a non-failed road section (Jelokhani-

Niaraki, Alesheikh, Alimohammadi, Sadeghi-Niaraki and Kim, 2011; Jananiand Samson 2020; 

Kamal, Mathavan, Zafar, Moazzam, Ali, Ahmad and Rahman, 2018; Kim, Yang and Kwon, 2017; 

Kim, Kim, An and Lee, 2019). 
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2.3.2 Pavement Management Decision Making 

Decision making in highway maintenance projects is very important as it is a functional parameter 

which lies on its dependency on pavement life prediction and analysis. The Pavement Management 

System supports agency decisions at three different levels: The Strategic Level, Network Level, 

and the Project 3Level. The types of decision range from; assets considered, level of detail, and 

breadth of decisions which differ across individual levels. It is imperative to note that there is no 

ideal single pavement management system which is best suited for all agencies or transportation 

departments. Accordingly, it is imperative to develop specific treatment needs as they arise by 

treating each management system as unique. The philosophy of the pavement management system 

adopted must be subjective to predictive/preventive maintenance, i.e. treating the pavement 

distress problems early enough before they develop and become severe. This procedure is cost-

effective and beneficial to the highway system in the long run (Janani, 2020; Namgyu Kim, 2019). 

Depending on the data and information obtained on the performance level of the pavement in 

question, the necessary treatment or maintenance remedy to be adopted is determined. One major 

remedy employed in the pavement management system to be considered is that of crack 

sealing/filling. This remedy is one of the most widely used treatments in the world due to its low 

cost and relatively fast application rate. The essence of this management system is to prevent water 

ingress from seeping through the cracks generated due to pavement distress during the service life 

through the base and underlying interpavement layers. 

Another remedy deployed in pavement management system treatment is the idea of micro-

surfacing developed in 1970 in Germany and has been practised in the United States since 1980. 

This method involves the mixture of polymer-modifying asphalt emulsion, water, mineral filler, 

and other additives spread over the pavement surface. Its use has picked up significantly because 

of the flexibility it has in its use; it has no restriction on traffic volume, and only needs one hour 

to cure before it can handle traffic again (Kazmierowski et al., 2010) 

The Network and Project level dichotomy in PMS hase resulted in the development in the 

application of methods of analyzing pavement distress. Some network methods will be discussed 

further in this study based on the output data generated from the moisture and temperature analysis 

obtained from the built sensors (Jin, Yang and You, 2017). 
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2.3.3 Artificial Neural Networks (ANN) in Pavement Management System 

A typical ANN structure consists of four primary elements: an input layer, hidden layer, number 

of neurons, as well as a target layer and is controlled by the training algorithm. Essentially, each 

neuron will receive a weighted portion of each input element in the layer and attribute a bias 

towards it creating an input signal. This signal will then be transformed into the output signal by 

means of a transfer function. There are a vast number of transfer functions which can be applied 

in this step; however, most networks use either linear or sigmoid. This process repeats itself as the 

network keeps adjusting the weights and bias to meet performance requirements of the network. 

The standard function for performance in most neural networks is mean squared error (MSE). 

Depending on the training algorithm used, the network will adjust weights and biases differently 

to meet performance requirements Artificial Neural Networks (ANN) have been a useful tool for 

researchers all over the world for decades, especially for complex datasets for which manual 

function designs are unfeasible. Pavement researchers specifically have used neural networks 

because of the complexities involved in computing and predicting: asphalt binder properties, 

thermal crack detections, as well as for various elements of pavement management on a large scale 

(Sakhaei et al., 2009; Underwood et al., 2009). ANN is used to predict the three different pavement 

performance indicators with the numerous factors obtained in the pavement management system. 

The ability of the neural network to learn from observed data to improve function approximation 

makes it fairly unique. The attractive abilities of ANN have drawn much attention to its 

implementation over the past few decades resulting in numerous analysis types, models, training 

and algorithms, etc. A typical ANN structure consists of four primary elements: an input layer, 

hidden layer, number of neurons, as well as a target layer and is controlled by the training 

algorithm. Essentially, each neuron will receive a weighted portion of each input element in the 

layer and attribute a bias towards it creating an input signal. This signal will then be transformed 

into the output signal by means of a transfer function. There are a vast number of transfer functions 

which can be applied in this step; however, most networks use either linear or sigmoid. This 

process repeats itself as the network keeps adjusting the weights and bias to meet performance 

requirements of the network. The standard function for performance in most neural networks is 

mean squared error (MSE). Depending on the training algorithm used, the network will adjust 

weights and biases differently to meet performance requirements (Arslan and Yetik, 2014; 

Bourquin, Schmidli, van Hoogevest and Leuenberger, 1997). 
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Depending on the type of data collected, the method of data processing and analysis will differ 

from each other due to several data sources and data formats. Data could range from climatic data, 

traffic data, axle load data, and pavement geometry data parameters. The data obtained from the 

proposed instrumentation study will focus on climatic data which is further categorized into 

pavement temperature response as well as pavement moisture entrainment response (Yang and 

Wang, 2019; Arslan and Yetik, 2014). 

2.3.4 Monte Carlo Simulation Approach and Randomized Sections Selection 

The Monte Carlo approach involves the process of creating partitions and breaking the entire 

pavement into segments to be analysed discretely. In the sampling process, a uniform distribution 

is used, i.e. each location within a segment had an equal chance of being selected. After each 

section was created, the cracking data for that section was extracted from the database and saved 

in the 2D table together with other factors. Finally, in order to facilitate robust and semi-automated 

analysis, all data is stored in a three-dimensional (3-D) array. All the stored data collected is 

processed and analysed in the 3-D array using the Finite Element Approach in MATLAB or 

ANSYS. These work bench involve discretization of the entire pavement system into smaller 

fragments for better understanding of the behaviour within a confined location (Yang and Wang, 

2019). 

Pavement Management Systems (PMS) are managerial processes which takes account of the 

planning, executing operation and maintenance of a network of pavement (Highway Corridor). 

This is aimed to minimize budget while maximizing pavement life. These systems typically begin 

by having an understanding of what the current pavement conditions are throughout the network. 

In order to create a sustainable Pavement Management System, a well-defined and organized 

pavement assessment route network is needful. This process involves computing pavement 

condition. The first step for the computation of pavement condition in any PMS is to discretize the 

pavement network using index values in other to assess the condition of the entire pavement routes 

within the network. In this case, a Pavement Condition Index (PCI) is created based on the three 

pavement performance indicators as earlier discussed: longitudinal and transverse cracking 

together with the International Roughness Index (IRI). In longitudinal and transverse cracking, 

ASTM D6433-10 can be introduced to evaluate and analyse the number of deduct points to adopted 

considering the occurrence of crack density in meters considering medium occurrence frequency. 
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Looking at the fact that IRI is not a distress vale and therefore not listed usually in the ASTM 

D6433-10, deduct points can be computed using a correlation from connecting the PCI with IRI 

(Yang and Wang, 2019; Arslan and Yetik, 2014; Park et al., 2007). 

Lastly, project-level in PMS can be summed up in a system of scenarios whereby a series of 

management scenarios are used to observe and monitor Pavement Structural Condition over a 

period of time as well as the associated cost incurred. These four scenarios are 

i. Do Nothing Scenario 

ii. Keep the PCI threshold above 60 

iii. Keep the PCU threshold above 70 

iv. Keep the PCI threshold above 80 

The scenarios observed is put forward to estimate the advantages and disadvantages of keeping 

the pavement condition of the network at a high level and obtaining the most efficient longevity 

extension treatment models. The above scenarios can be monitored over a period of 20 years 

depending on the design life of the project. Usually, a random normal lifetime extension can be 

created each time for each treatment within the ranges of good, fair and poor condition. 

Furthermore, a comprehensive pre-processing and multiple checks should be performed in order 

to produce good quality data for the analysis. 

2.4 Pavement Performance and Instrumentation Parameters 

HMA pavement is a composite structure composed of complex heterogeneous layered material 

components formed by multiple combinations of different materials subjected to traffic loading 

and various environmental conditions. Asphalt concrete pavement is one of the most robust 

infrastructure components in the world, and its design, construction, conservation and 

rehabilitation depends on the availability of resources including finance. However, future 

projection of the design service life of the pavement is one of the most demanding tasks for 

pavement engineers (Kim et al., 2009). Certain components affecting the performance of Hot Mix 

Asphalt; loading cycle, magnitude of axle load, loading duration, unloading/rest period, 

temperature variation at time and duration of loading, and increasing humidity/moisture content 

result in premature pavement failure. As such, different empirical and mechanistic models and 
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analysis frameworks have been developed in order to predict asphalt concrete responses in-service 

condition (Janani, 2020; Kim et al, 2009). Figure 2.0 shows a description diagram for pavement 

instrumentation using the concept of Internet of Things. 

 

Figure 2.0: Description diagram for Implementing Internet of Things into Pavement 

Instrumentation 

The above diagram illustrates the system of components which is connected by communication 

protocols. Each components performs a designed function either as a device component, domain, 

server, storage system, inference or output interface.  The instrumentation will take the form of 

firstly a data receiver or ingestion system, data transmission system, data processing system, data 

visualisation system and lastly, Data analysis and prediction system. Full illustration is as indicated 

in the Figure 2.0. 
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For efficient communication between the Data Ingestion phase to the Data analysis phase a site 

for this needs to be identified. The site to which the instrumentation will take place considering 

performance and durability of the pavement is selected to generate results that will assist the 

Eastern Cape Department of Transportation as well as the District Roads Engineers for pavement 

efficient analysis and evaluation. The road allocated to this project was made possible by the 

District Road Engineer resident in East London. The instrumentation needed some form of 

physical survey necessary to obtain certain boundary conditions as well as constraints where 

applicable. 

2.4.1 Pavement Cracking Consideration and Pavement Cracking Initiation 

A major concern resulting in delamination in Hot Mix Asphalt pavement is fatigue cracking. This 

scenario is very common in all road type categories, interstate roads, municipal roads or residential 

access roads. The phenomenon of fatigue cracking is related to the material and structural 

characterization of asphalt concrete pavements. Currently, within South Africa, available test 

methods and analysis protocols require accurately predicting the fatigue performance of asphalt 

mixtures during the designed life span (Nascimento, 2015). In Brazil, many researchers have 

proposed different test methods and specimen geometrics for fatigue damage characterization, 

such as the bending beam test, indirect tensile test, gyratory compaction test and the trapezoidal 

test. The results of these test at a single temperature are fitted to power low-cycle fatigue curves 

(Wöhler curves) and used with simplified pavement layered elastic analysis for performance 

prediction. The implementation of the findings of this research has been limited in application due 

to non-validation and poor laboratory-to-field transfer functions (Nascimento, 2015).  

It is needful to note that, the efficiency of a fatigue performance model in pavement design and 

preservation possesses two main components. Firstly, a fatigue damage growth relationship that 

describes how damage grows as a function of load frequency, temperature, and load level. 

Secondly, a failure criterion that can be used to define the fatigue life of the asphalt concrete 

(Norouzi et al., 2014; Kim et al. 2014). An example of pavement failure is the occurrence of 

reflective cracking in the form of distress contours in asphalt pavement. Reflective cracking which 

is a new concept in pavement failure in the flexible pavement is the inability of the overlay to 

withstand differential movement across the crack or joint of the underlying pavement, which may 

be due to traffic loading or thermal loading. This occurs as the pre-existing crack in the old asphalt 
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pavement or the joint in the underlying Portland cement concrete slab which will propagate upward 

through the new asphalt overlay (Kucukvar, et al., 2014; Wu, et al., 2014; Jayawickrama and 

Lytton, 1987). The occurrence of reflective cracking in the Hot Mix Asphalt pavement destroys 

the structural stiffness of the pavement surface which is observed in most cases as alligator cracks, 

wrapping and curling of the pavement etc. The resultant of this effect adversely reduces the 

structural strength (stiffness) of the pavement and consequently allows humidity/moisture ingress 

to the pavement system resulting in deterioration. This process has the tendency of breaking the 

bond between the Asphalt binder (bitumen) and the aggregate materials (Lytton, 1989). Crack 

propagation theory, entails principles as provided by the laws of empirical fracture mechanics. 

This is expressed as the ratio between the pavement crack length and the number of load cycles to 

failure equated to a constant. Furthermore, this is a resilient modulus deficiency associated to 

fracture of the material. There is a need to monitor the ingress of water at the initiation of cracks 

as well as predicting the length of the crack as this will greatly affect the amount of moisture 

entrainment into the pavement over time. 

  
𝑑𝑐

𝑑𝑁
= 𝐴𝐾𝑛           (2.1) 

where: dc = Change in Crack length 

dN = Change in number of load cycles to failure 

K = Stress intensity factor at the crack tip 

A, n = Fracture property of the material. 

The expression is further interpreted such that, if the stress intensity parameter at the crack tip 

dwindles, pavement crack propagation reduces. This is a theoretical concept with the presence of 

a reinforced layer which tends to reduce the tensile stress at the crack tip (Barksdale, 1991; Paris 

and Erdogan, 1963; Kutuk, 1998). 

Lytton (1989) was able to develop an experiment to indicate the effect of a load passing through 

the top of a pavement overlay having a cracked underlying intermediate layer. The Figure 2.1, 

presents three kinds of high stress pulses experienced within the pavement structure. Two of these 

pulses are maximum shear pulses that occur at the points A and C and in the opposite direction. 

However, the wheel load passing point B causes a maximum bending stress pulse. Figure 2.2 
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indicated that thermal cracks are caused by stresses in the overlay as a result of increases 

temperature changes occurring along the pavement surface which causes contraction and curling 

of the underlying pavement surface. 

 

Figure 2.1: Stress pulses caused by a passing wheel on a cracked underlying pavement (Lytton, 

1989) 

  

Figure 2.2: Reflective cracking due to thermal stresses (Lytton, 1989) 
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Although several methods have been identified to prevent reflective pavement cracking (Hesp et 

al., 2009). Some of these methods range from; introducing a thin layer at the interface of the old 

and new layer, rubberizing the existing concrete pavement, crack-sealing the existing pavement 

using interlayer systems and increasing the thickness of the HMA overlay which has always been 

effective. Amongst these techniques, the interlayer systems have been exceptionally effective. The 

efficiency of the interlayers depends on proper selection interlayer system (material 

characterization) and interlayer conditions, construction methods in the installation and condition 

and characteristics of the existing pavement layer (Hesp et al., 2009). 

2.4.2 Reflective cracking failure patterns 

Kucukvar et al., (014), Wu, et al. (2014), Irwin (1957), Lytton (1989), Griffith (1920) and 

Jayawickrama et al. (1987) identified three failure modes in HMA layers reinforced with a glass-

grid interlayer. These failure modes are commonly found in ordinary HMA as well a Hybrid EME 

performance grade asphalt pavement (Pavement Interactive); 

 Mode I: Crack commences at the top of the pavement. 

 Mode II: The energy required to open the crack reaches a minimum stable level. 

 Mode III: Bottom-up and top-down cracks meet at the middle of the sample. 

Modes I and III occur when the interlayer material acts as a strain-relieving material, and Mode II 

happens when they act as reinforcing material. Two different scenarios are possible when bottom-

up cracking reaches the interlayer, depending on the type of Geosynthetic type an interlayer 

condition. In strain-relieving mode, the crack stalls at the interlayer level for a while and then starts 

moving upward in the overlay. In a reinforced mode, the crack rotates in a perpendicular manner 

due to the resulting stress and propagates below the grid to a distance where there is no longer 

enough energy to propagate the horizontal crack any further (Lytton, 1989). Zhou and Sun (2002) 

studied reflective cracking in the field and reported that 97 percent of cracked thin overlays had 

double cracks close to the joint.  

Hosseini et al. (2009), observed three distinctive stages in the fatigue life of the test samples. 

Firstly, a fast reduction in stiffness of the samples, which is approximately 10 percent of the total 

fatigue life. Secondly, there exist linear reduction in the stiffness of the samples resulting from the 
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number of load cycles. This stage covers almost 90 percent of the fatigue life. The second stage is 

usually associated with the formation and development of microcracks. Lastly, a sudden decrease 

in the stiffness of the samples as they approach failure. The outcome of their study also showed 

that reinforcement of the samples reduced the crack growth rate. Khodaii et al. (2009) concluded 

that specimens with embedded geogrids outperformed the non-reinforced samples in terms of 

resistance to cracking. Also, they concluded that embedding the geogrid within the overlay is more 

advantageous than placing it at the bottom of the layer. Moreover, they reported that the occurrence 

of top-down cracking depends on the geogrid position in the asphalt overlay, relative stiffness of 

the overlay compared to the old pavement, and temperature (Khodaii et al., 2009). 

2.4.3 Flexible Pavement Design Methods 

Kim and Drabkin, 1994; de Lima et al., 2013 in their study stipulated that the major detrimental 

problem in transportation infrastructure investment is concomitant to availability of materials and 

their haulage material costs. However, with reduced financial strength there is shortage of 

resources to plan, construct, operate and maintain the transportation facility. Furthermore, The 

Federal Highway Administration of the U.S. Department of Transportation reported in 2014 “$ 65 

billion dollars was the estimated annual fund set aside to be used in the repairs and maintenance 

of existing road infrastructure (highways and bridges) in the U.S (Quebec, 2014). This amounted 

to 40% of the total budget allocation on all related expenses in 2010 (FHWA, 2013). Similar 

occurrence was observed in the province of Quebec (Canada). In addition, major infrastructure 

investment in road transportation took 22.8% of the total highway infrastructure investment 

budget. Furthermore, it was observed that 70% of the earmarked investment was assigned to 

maintain roadways and structures and to keep them in perfect condition (Quebec, 2014). In 

European countries such as Denmark, a little above 40% of civic budget was assigned to the road 

network (ECMT, 1998). 12.5% of the total 4 years’ budget in Sao Paulo - Brazil was disbursed on 

roadways development and Maintenance (Vasconcellos, 2014). In other to reduce excessive 

financial resources while still achieving an efficient highway facility, a mechanistic model of the 

road section is firstly proposed. Linear Elastic or viscoelastic model is used for the pavement 

analysis. In a number of occurring scenarios, the selection by road category as well as durability 

and design life requirement of the pavement type depends on different factors such as the number 

of functional years, availability of funds, proposed traffic load, soil conditions, and environmental 
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factors. Furthermore, construction and operation cost as well as maintenance cost are also 

important factors to be taken into account, although they are often neglected (Yesuf, 2014). 

 

Huang (2004) in his study recognized the major principle behind the design of conventional 

flexible pavement. He based his principle on primarily providing a structurally stable layered 

matrix with higher stiffness materials on the top where the intensity of stress is high. Also ensuring 

subservient materials (in terms of strength and quality) at the bottom where the stress intensity is 

low. For the purpose of this study, an axis-symmetric undeformed model of a typical flexible HMA 

pavement is shown in Figure 2.3. This comprises the HMA layer; bounded and/or unbounded base 

layer; sub-base layer and the subgrade layer. Figure 2.3 indicates a diagrammatic representation 

of a typical South African pavement where the bounded layer is made of a Bituminous Treated 

Base (BTB) layer and the HMA is made of stable Medium Grade Bituminous Mix 

 

 

Figure 2.3: Typical Pavement Layer Interphase. (Yesuf, 2014) 

LAYER COLOUR LEGEND 

HMA: (HOT MIX ASPHALT) 

BASE COURSE: (C4) 

SUB-BASE: (UNBOUND GRANULAR BASE G2) 

SUBGRADE: (COMPACTED FORMATION LAYER) 
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Figure 2.4: Basic Layout for Multilayers in Flexible Pavement system 

As shown in Figure 2.4, the surfacing at the top section is the most sensitive part of the pavement 

and this layer has the highest stiffness property specification requirement in the design. The basis 

of this is to cater for the excessive high stresses resulting from axle loads as the traffic move over 

the surface. The underlying layers range from a bounded Base Course (Cement bound or Bitumen 

Treated Bases as the binder) to an unbounded subbase (UGM-unbound granular material). 

Sometimes, the subbase is stabilized depending on the material or geographic properties at the site. 

The subgrade is the least layer with the least stiffness value, the basic aim of the succession layers 
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is to shield and protect the subgrade from the ingress of moisture and excessive deformation that 

arise from axle loads. The respective heights for the layers can vary as well as the resilient modulus 

E. 

In addition, the geology of South African soil consists of fines. These range from classical 

geological features, unique minerals and, significant materials in the form of exploitable industrial 

and precious minerals has led to the development of different material composition. This is mostly 

used in the construction of the individual aforementioned layers. The distinct property and 

thickness of the individual layer has led to optimized structural and economical requirements based 

on the prevailing geological material used during construction. The wearing course as indicated 

above is dependent on the grade size analysis used in the design mix: semi-graded, open-graded 

mix, gap graded mix, etc; as well as the type of bitumen used. The base course is dependent on the 

type of traffic analysis used in traffic design. However, depending on the riding quality and skid 

resistance required, the amount of binder needed to provide the design riding surface and prevent 

moisture from entering into the underlying layers is employed.  

 

The subsequent layers of Hot Mix Asphalt pavements are composed of untreated or stabilised 

aggregates. Typically, these base layers are mostly composed of variety of different categories of 

bituminous mixes especially when a structural base layer is required if roads are to be built on 

weak subgrades. In some occasions, subbase layer is made up of a durable high strength structural 

aggregates. In addition to stiffness requirements, the subbase course provides improved drainage 

and prevents the occurrence of frost action in roads. The subgrade is the formation soil or a selected 

material compacted to the desired density to the design optimum moisture content value. On 

problematic soils, geotextiles materials are used to provide support to the subgrade. In the 

construction phase of transportation infrastructure on soft soils, the use of geotextiles as 

reinforcement can be implemented with sufficient fund in other to place the sub-base layer on the 

weak layer (Yesuf, 2014). In pavement design, the three cardinal components of major concern 

essential towards achieving a durable pavement structure are: firstly, material characteristics; 

secondly, traffic loading and thirdly environmental factors. These design parameters have to be 

incorporated into the pavement design model in other to obtain a reliable response of the pavement 

structure (Yesuf, 2014). Thou the theoretical framework of including every aspect of the 

influencing factors has not been feasible, at least in practice. One of the methods to minimize such 
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difficulties is to analyse the effect of each individual factor and the combined effect of two or more 

factors in the design phase (Yesuf, 2014).  

 

2.5 Empirical and Mechanistic Empirical Pavement Design Overview 

The Mechanistic Empirical Pavement Design Guide (MEPDG), was developed under National 

Cooperative Highway Research Program NCHRP project 1-37A (NCHRP, 2004) as a state-of-the-

art practice for asphalt pavement evaluation. MEPDG used a traditional approach divided into two 

steps: pavement response prediction and pavement performance prediction. The first approach 

applies a multi-layered elastic analysis-based procedure to compute the stresses and strains at 

critical points in a specific damage model for performance prediction. In the second approach, the 

output generated is plugged into specific damage models for performance predictions. Each step 

is performed for the different period of the pavement service life since MEPDG is integrated with 

a climatic module, traffic loading spectra, seasonal complexities and hourly input data distribution 

log. This approach has been inefficient due to several weaknesses resulting from; damage 

evolution in the complex structures and new material properties not captured properly by the 

Mechanistic-Empirical models (Olowosulu, 2005; Kim, 2009; Papagiannakis and Masad, 2008, 

Papagiannakis, 2013). For example, different combinations of layers, material types, and 

thicknesses in perpetual pavements make it difficult to predict the failure mechanisms accurately 

using conventional Hot Mix Asphalt performance prediction models and pavement response 

models (Kim, 2009). A shortcoming of the MEPDG’s two-step approach is the mode-of-loading 

dependency of most of the inherent performance models. These models were developed using 

results obtained from laboratory tests that were conducted under specific conditions of loading 

(Tseng and Lytton, 1989). Moreover, the Mechanistic-Empirical laboratory test protocols were 

designed to simulate specific boundary conditions of pavement structures rather than to capture 

the fundamental properties of the materials. Therefore, numerous tests are required to cover the 

wide range of pavement conditions. 
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2.6 Trésaguet Road Design Philosophy 

 Trésaguet, a well-respected and practising French engineer, is considered to be the first man to 

introduce a modern approach to pavement construction after the Roman influence on road-building 

methodology (Oglesby, 1975; 1976). Trésaguet is credited for advancing and successfully 

improving the construction and maintenance of stone roads. He is also believed to have made it 

possible for Napoleon to build the French highway system. As a result of his considerable 

experience gained in road pavement design, Trésaguet wrote a treatise on road design in the year 

1775. The essence of his proposal and improvement on Roman efforts we’re focused on better 

drainage, crowned subgrade as well as crowned foundation and reducing the thickness of the 

broken stone layer to approximately 0.25m. His treatise addressed designing roads with 

geographical constraints along the route, suggested a reduction in the width of the carriageway, 

removing ditches on one side of the road and ensuring the slope was not greater than 7 percent. 

His main innovations involved gravelling techniques. In summary, his proposal involved a road 

with three layers of stone on the crowned subgrade (Oglesby, 1975; 1976). On the other hand, 

Trésaguet in his findings could not provide failure mode predictions of pavement subjected to 

varied loading and hazardous environmental conditions (O’Flaherty, 2002). 

 

2.7 Telford Road Design Philosophy 

In the early 1800s, the Telford then Macadam design philosophies took root. Telford’s school of 

thought sought to build on the advances made by Trésaguet in the design of pavements and his 

particular preference was to do so on flat subgrades wherever possible. The reason for taking this 

position is that he felt it would reduce the number of horses required to haul cargo along the 

carriageway. The proposed overall pavement thickness of 350mm - 450mm was considerably less 

than previous attempts at pavement design and like Trésaguet, employed three layers of material 

above the subgrade. The distinct approach taken by Telford was to have the foundation course, 

above the subgrade, comprise large cubic shaped stones which were approximately 75mm 

minimum thickness, 125mm breadth and 175mm in height (Oglesby, 1975). Although in an 

attempt to reduce the pavement thickness and minimise the cost of construction and materials used, 

Telford still did not come up with a sustainable measure for predicting or estimating failure mode 

on the pavement overtime during the design service life (O’Flaherty, 2002).  
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2.8 Macadam Road Design Philosophy 

After Telford, Macadam further advanced road design philosophy from its initial stages of 

development and as a result, the design methodology was named after him. In his approach, 

Macadam modified the Telford design by removing the foundation layer of relatively large stones 

and replaced it with small broken stones not exceeding 75mm, that the smaller stones were more 

suitable for interlock with each other due to angularity. The practice of designing water-bound 

Macadam roads was largely discontinued because of some inherent flaws in this philosophy. The 

overarching effect of the vacuum created under the moving vehicle and the thrust of its wheels 

resulted in the rapid removal of the binder. In essence, the road surface was reduced to a pile of 

rubble and was no longer capable of providing acceptable levels of service for the road user. In 

addition, the cost-effectiveness of the Macadam design was deemed questionable, particularly in 

parts of the world where labour costs tend to be high (O’Flaherty, 2002). 

 

2.9 The AASHO Road Test  

The design of pavement is either flexible or rigid except otherwise specified. The main prohibitive 

factor against the widespread use of rigid pavements is the overall cost vis-à-vis other options 

(Parris, 2015). Even though there is an effort to use more mechanistic approaches to pavement 

design, the use of the 1993 AASHTO Pavement Design Guide is still the most common approach 

taken by practitioners. Emergent from the AASHTO Road Test, Equation 2.2 was developed for 

flexible pavement design based on a calculated structural number. 

 

The use of the aforementioned as well other methodologies employed for pavement design 

underwent a considerable shift in philosophy in the early 1960s with the advent of the American 

Association of State Highway Officials (AASHO) road test program. The Interstate Highway 

System (IHS) in the United States is arguably the single greatest and most expensive public works 

project to date (Hallin et al., 2007). This system is unrivalled in many parts of the world and 

provides the infrastructural substratum for the relative economic prosperity of the United States. 

In many ways, the AASHO test program was authorized by IHS legislation enacted in June of 

1956 and championed by President Eisenhower. In essence, the public highway system developed 

concomitantly with the motor vehicle industry. As motor vehicles underwent changes in weight, 

size, speed, capacity and sheer volume, it became evident that the early methods would not be 
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adequate and accordingly, new and more advanced methodologies had to be developed. Consistent 

with the earlier methods of road construction discussed in this chapter, highway engineers in the 

1920s were aware that the structural integrity of the road pavement system was premised on the 

axle loads of vehicles. However, the volume of traffic was so low, it was assumed that the 

pavements which resisted natural forces were adequate for that traffic loading. Nevertheless, with 

the surge of vehicular traffic traversing the roadway, a more direct assessment of the relationship 

between pavement design and axle weights saw practitioners build on initial test efforts initiated 

throughout the early 1900s such as the Bates Experimental Road Test conducted by the Division 

of Highways of the Illinois Department of Public Works and Buildings between 1922 and 1923. 

The tests were conducted from 1958 – 1960 and the compiled results were used to inform more 

broadly applicable scientific approaches to design. These results formed the basis of the design of 

most of the IHS post-1961 (Hallin et al., 2007). In fact, all the pavement design guides issued by 

AASHTO until 1993 are incapable of easily adapting to significant improvements made in 

pavement engineering, design and materials (Mazumder et al., 2015). 

 (2.2) 

With the premise of the above-mentioned design methods developed, there has also been the 

development of the latest mechanistic method which is currently under review for full-scale 

adoption which seeks to provide a solution for better performance and longevity of pavement 

structures. Considering several soil parameters for its development; California Bearing Ratio 

(CBR) of the soil, Shear Strength, Strain and Deflection. Most of the initial pavement design 

methods were based on empirical methods which rely on strength testing as developed by the 

California highway department of transportation in 1929 where pavement thickness was related to 

the CBR (i.e., the penetration resistance of a subgrade soil relative to a standard crushed rock). 

This method is disadvantageous because it is limited only to a certain set of environmental material 

and loading conditions (Huang, 1993), and its applications in other situations require a new method 

to be developed. Consequently, the implementation of CBR in design utilizes limiting shear failure 

method considering the angle of internal friction and cohesion of subgrade soils as major properties 

for pavement thickness determination. However, the AASHTO design method is dependent on the 

variable parameter associated with the Structural Number as well as the equivalent single axle load 
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considered. The Pavement Serviceability Index to determine the strength parameter for a flexible 

pavement is given as: 

 

𝛽 = 0.4 +
0.081(𝐿1+𝐿2)

3.23

(𝐷+1)5.19𝐿2
3.23          (2.3) 

      

a further approximation to determine the strength of the pavement is given as: 

 

 𝑙𝑜𝑔𝜌 = 5.93 + 9.36𝑙𝑜𝑔(𝑆𝑁 + 1) − 4.79𝑙𝑜𝑔(𝐿1 + 𝐿2) + 4.33𝑙𝑜𝑔(𝐿2)   (2.4) 

 

where: SN =   Structural Number 

 

The final design equation for obtaining the structural number of a flexible pavement considering 

standard single axle load of 18kips equivalent to 80kN is given by: 

 𝑙𝑜𝑔𝑊𝑡18 = 9.36𝑙𝑜𝑔(𝑆𝑁 + 1) − 0.2 +
𝑙𝑜𝑔(

4.2−𝑝𝑓

4.2−1.5
)

0.4+
1094

(𝑆𝑁+1)5.19

      (2.5) 

 where: 𝑊𝑡18: 𝑛𝑢𝑚𝑏𝑒𝑟𝑜𝑓18𝑘𝑖𝑝(80𝑘𝑁)𝑠𝑖𝑛𝑔𝑙𝑒𝑎𝑥𝑙𝑒𝑙𝑜𝑎𝑑𝑎𝑝𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛𝑠𝑡𝑖𝑚𝑒𝑡 

𝑝𝑓: 𝑡ℎ𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑙𝑠𝑒𝑟𝑣𝑖𝑐𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦𝑖𝑛𝑑𝑒𝑥  

 

2.10 Mechanistic-Empirical Pavement Design Method 

The Mechanistic-Empirical Method (ME-DM) developed by Kerkhoven and Dormon in 1953; 

(Huang, 1993) takes account of subgrade vertical compressive strain, and horizontal tensile strain 

at the bottom of the Asphalt Concrete Surface layer and the top of the subgrade. This method 

makes use of input (a wheel load) and relates to an output (stress/strain) for the design. The 

Mechanistic-Empirical Design Method partly considers the change of temperature and moisture 

profiles in the pavement structure and subgrade over the design life of a pavement (Olowosulu, A. 

T, 2005; MEPDG, 2004). This is furthermore achieved through the use of a climatic modelling 

software referred to as the Enhanced Integrated Climatic Model (EICM), (MEPDG, 2004). 

Temperature gradient variations as well as humidity/moisture changes are the two environmentally 

driven variables that significantly affect the underlying pavement layers. In some occasions 
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induced effect resulting from the two parameters result to increased stress values from the 

magnitude of axle loads the pavement is subjected to. 

 

In 1997, Larson et al. introduced the Enhanced Integrated Climatic Model (EICM) version 2.0 

work bench program. The EICM 2.0 (Windows 95 version) which is an upgrade to the original 

Integrated Model developed in a joint effort by the Texas Transportation Institute, Texas A&M 

University and the University of Illinois in 1989. The EICM functions as a single-dimensional heat 

and moisture process instance that is purpose designed to analyse pavement soil systems in 

conjunction with climatic conditions (Liu and Lytton, 1985 1986; Dempsey et al., 1985; 

Papagiannakis, 2013). The EICM, in contrast with Mechanistic-Empirical Design Methods’ has 

the capability to give rise to accurate estimates of rainfall patterns and precipitation rate, solar 

radiation, cloud cover, wind speed, and air temperature to faux the upper boundary conditions 

within the pavement design process. EICM possesses diversity relating to options for specifying 

the humidity/moisture and temperature at the lower boundary and at the interface between the 

subgrade and the base course. EICM focusses on the lateral and vertical drainage of the base 

course, which is a two-dimensional problem. This is used in determining the magnitude of 

moisture seepage that enters the subgrade by infiltration and percolation through the pavement 

surface and base course. 

 

ME-DM method has gained global attention over the last decades (Kim 2007). This is as a result 

of the inaccuracy of the design and failure observed in the implementation of traditional methods, 

its level of accuracy when compared with traditional methods and its simplicity when compared 

with the EICM design methods (Huang 2004; Jain et al., 1992, 2013). This increased attention has 

been attributed to the advantages associated with the use of Mechanistic-Empirical Design 

Methods. Some of them are, to identify and evaluate stress and strain, analyse static and time-

dependent variables, incorporate non-linear material characterization, large strain/deformations, 

dynamics analysis and environmental parameters. ME-DM method of evaluation is based on 

standard input parameters such as pavement thickness, material properties, loading condition (in 

terms of static and dynamic) interacting with it. In other to model pavements correctly considering 

the ME-DM, it is pertinent to use numerical methods. These methods among others are finite 

difference method, the boundary element method and Finite Element Method (Áurea et al., 2006, 
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Holanda et al., 2006; Ameri et al., 2012).  FEM is mostly adopted in pavement analysis and will 

be considered in this study. 

Considerably, Finite Element Methods has been introduced extensively in road engineering over 

time (Peng and He, 2009). Finite Element Method of pavement analysis is seen to be the most 

versatile of pavement analysis techniques so far. This possess the capabilities to incorporate both 

2-Dimension and 3-Dimension geometric modelling which is able to analyse static, time-

dependent problems, nonlinear material characterisation, large strains/deformations, dynamics 

analysis and other sophisticated features (NCHRP, 2004). However, the adoption of Finite Element 

Method to solve any problem consists of three separate stages. First is the pre-processing 

(Modelling); secondly, processing (Evaluation) and thirdly; post-processing (Simulation). In view 

of all these, the use of 3D (Abaqus-Finite Element Analysis) provides a more efficient finite 

element approach (Wang, 2001; Sukumaran, 2004; Rahman et al., 2011; Shafabakhsh et al., 2013; 

Holanda et al., 2006). 

Research over the years has been conducted in Hot Mix Asphalt pavement inter layers via Finite 

Element Methods (Gupta and Kumar, 2014). Although, granular materials when discretizing is 

given priority, as more focus is centred on designing the Asphalt layer and subgrade deformation 

subjected to service loads (Adu-Osei, 2001; Araya, 2011; Tiliouine and Sandjak, 2014). On the 

other hand, limited study has been carried out on stabilized base and subbase layers (Peng and He, 

2009). Considering all the advances in technology, there exist a level of uncertainty in pavement 

performance predictions which are more difficult to control than the response model (NCHRP, 

2004). In view of this, a reality check through validation of results with field testing or available 

results is of paramount importance (Sung-Hee Kim et al, 2017). 

Finite Element Method over time has been adopted in the analysis of pavement failure such as 

rutting and fatigue cracking at different layers (Abed and Al-Azzawi 2012; Al-Khateeb et al., 2011 

and Walubita and van da Ven 2000). FEM can also be used to determine the accurate positioning 

of the Geogrid (Geosynthetic) material (Al-Azzawi 2012). This can be extended also to estimate 

the thickness of each layer (Shafabakhsh et al., 2013; Sinha et al, 2014) and the interaction between 

pavement and its instrumentation (Yin, 2013 and Zafar et al., 2005). Advancement in technology 

has resulted to researchers considering the strict use of Finite Element Method for the design of 

sustainable highway pavement. In a study by Jagtap and Nagrale (2013), FEM was found to be of 
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benefit as using it for optimized pavement design which reduces the construction cost by 11-15%. 

With high success rate attained in the introduction of FEM, it is needful to feature the design of 

optimization in Finite Element Method for sustainable urban pavement structure. 

2.10.1 Distress Prediction in M-E Design Method 

The evaluation of pavement distress can be evaluated from observation and performance of the 

underlying load and service conditions of the pavement in line with observed failure and strain 

under varying load combinations. This phenomenon results to computing the number of loading 

cycles to failure (Mamlouk and Mobasher, 2004; NCHRP, 2004; Pavement Interaction, 2008). 

There exist numerous failure trend models to compute pavement distress. Nonetheless, two are 

widely recognized; fatigue cracking in the Asphalt Concrete layer and the deformation (in the form 

of deflection) occurring at the top of the subgrade (Pavement Interaction 2008; Ekwulo and Eme 

2009; South African National Road Agency Ltd. (SANRAL, 2013). Furthermore, the Asphalt 

Institute damage model (Asphalt Institute, 1982) is commonly accepted (Ekwulo & Eme, 2009; 

Pavement Interaction 2008). Asphalt Institute models are presented in Equation 2.6 (Fatigue 

Failure) and Equation 2.7 (Rutting Failure). Overall, the distress prediction models are used to 

define the point at which failure occurs in pavement by determining the incremental damage. 

𝑁𝑓 = 0.0796(𝜀𝑡)
−3.291(𝐸)−0.854          (2.6) 

where;  𝑁𝑓 = Number of load repetitions to fatigue cracking; 𝜀𝑡 = Tensile strain at the bottom of 

the asphalt surface in microstrain; E = resilient modulus of asphalt in psi 

𝑁𝑟 = 1.365𝑥10
−9(𝐸𝑐)

−4.477         (2.7) 

where; 𝑁𝑟 = Number of load repetitions to subgrade rutting failure; 𝐸𝑐 = Vertical Compressive 

strain at the top of subgrade 

2.11 Analysis of Flexible Pavement Base Materials  

2.11.1 Asphalt-Stabilised Base Material 

Asphalt-stabilised base layer materials have been found to possess stiffness three times higher than 

typically compacted unbound granular base materials with the same thickness. However, 

laboratory test results (Ashteyat, 2004) clearly indicates a strong dependence on the strength and 

stiffness of asphalt stabilized materials on the service temperature. A considerable reduction in the 
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strength and stiffness is observed in the stabilised base material with an increasing temperature 

gradient. Consequently, since asphalt- stabilised material shows a tendency for bond loss due to 

moisture and freezing-thawing cycles, leading to a high probability of pre-mature pavement failure 

(Ashtyeat, 2004). This study focuses on instrumenting the pavement layer while subjected to 

varying temperature and moisture gradient the data obtained is used to determine the service life 

expectancy of the pavement using a real-time model (transfer-functions). 

 

2.11.2 Cement- Stabilized Base Materials 

The materials properties of the cement-stabilized granular base indicated that both flexural strength 

and resilient moduli are not significantly affected by normal temperature changes. In general, a 

surge in the moisture saturation content results to a reduction in the modulus of elasticity of the 

unbound granular base materials. It is also needful to note that, moisture variation has two major 

distinctive effects on cement stabilised bases. Firstly, moisture variations can affect the state of 

stresses, through suction or pore water pressure. Coarse-grained and fine-grained materials can 

exhibit more than a fivefold increase in modulus due to the soils being drying out. This indicates 

that the resilient modulus of cohesive soils is strongly influenced by a complex clay-water 

electrolyte interaction. Secondly, moisture can alter the entire structure of the soil through the 

destruction of the cementation bond between aggregate material molecules (MEPDG, 2004). 

 

2.11.3 Bound Granular Base Materials 

Bound granular base materials are usually not affected by the presence of moisture due to the 

property of the binder material used (cement or bitumen). However, excessive moisture can lead 

to stripping in asphalt stabilized mixtures. Cement bound granular materials may also be damaged 

during freeze-thaw and wet-dry cycles, as reflected in modulus reduction. Studies conducted on 

bound granular base materials stipulates a considerable reduction in the compressive strength of 

cement-treated materials after being subjected to 15 cycles of freezing/thawing cycles. Following 

this, results show that the amount of unconfined compressive strength reduction of cement 

stabilized granular base materials due to freezing/thawing was found to be up to 60% at 35 cycles 

(Eshkeveri Salimi S, Abbo, Andrew, J., and Kouretzis, George, 2019: Ashteyat, 2004).  
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2.11.4 HMA Pavement Failure Investigation modes 

The aim in the design of Hot Mix Asphaltic pavement is to solve the impairment mechanism 

related to failure and or delamination modes, pavement distresses parameters and the probable 

scenarios resulting in these irregularities. HMA damage investigation should be able to highlight 

the mechanisms causing the distress and takeout discrepancies as well as unrelated mechanisms 

(Crampton, 2001). The important tasks involved in an HMA pre-construction investigation are 

shown in Table 2.1. 
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Table 2.1: Pavement Failure Catalyst  

Major Factors Description 

Aggregate Properties  Chemical properties (degree of acidity or pH, surface 

chemistry, type of minerals, source of aggregate. 

 Physical characteristics (angularity, surface roughness, surface 

area, gradation, porosity and permeability 

 Dust and clay coatings 

 Resistance to degradation 

Asphalt Binder Properties  Grade or stiffness 

 Chemical composition 

 Crude source and refining process 

Hot Mix Asphalt Void Content 

Characteristics 

 Air void level and compaction 

 Type of HMA (dense-graded, gap-graded, open-graded) 

 

Environmental Factors 

 Temperature gradient 

 Freeze-thaw cycles 

 Moisture saturation 

 Dampness/wetness 

 Pavement age/design life 

 Ion content in surrounding free water 

Traffic  Percent of truck passing 

 Gross vehicle weight of trucks 

 Truck tire pressure 

Hot Mix Asphalt Construction   Compaction value 

 Drainage allowance 

 Weather condition 

 Segregation parameter 

 Contractor Experience, years of experience 

Design of HMA  Voids in Mix (VIM) 

 Subsurface Drainage for runoff 

 HMA Mix Design 

 Designer experience and Designer Site visit 

Source: (SAPEM, 2014) 
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2.11.5 Moisture Impairment/Damage in Hot Mix Asphalt Pavements 

Impairment in Hot Mix Asphalt (HMA) pavements can be as a result of loss of strength and 

durability due to the effects of increasing moisture content (Little and Jones, 2003). This is usually 

caused by loss of cohesion (strength) of the asphalt film which results to loss of the adhesion 

(bond) between the aggregate and bitumen, as well as degradation of the aggregate particles 

subjected to freezing (Terrel and Al-Swailmi, 1994). Moisture damage is most commonly 

manifested in the form of stripping-off of the binder from the aggregate and filler material as a 

result of presence of induced friction caused between the two surfaces. This can occur in the form 

of displacement, spontaneous emulsification, pore pressure, and hydraulic scour (Majidzadeh and 

Brovold, 1968; Taylor and Khosla 1983; Cho and Kim, 2010; Tarrer and Wagh, 1991; Terrel and 

Al-Swailmi, 1994; Cheng et al., 2002; Birgisson et al., 2005). A number of related factors that 

affect the performance of HMA pavement subjected to moisture damage can be seen in the study 

carried out by Stuart (1990) and Hicks (1991). 

Following recent studies, it can be said that humidity/moisture impairment customarily is initiated 

at the base of the Asphalt Concrete or at the interface of two Asphalt Concrete surface layers 

(Khosla et al., 1999). This further manifest into the creation of localized potholes resulting in 

pavement ravelling or rutting. When compared with high strength Asphalt binders (Rubberized 

Asphalt, PG Bitumen etc.), localized fatigue cracking (longitudinal cracking that progresses to 

alligator cracking) may occur resulting in loss of strength and stiffness of the pavement structure. 

Subsequent water intrusion into the localised voids impaired with water, together with traffic 

loading, further depletes the structural integrity of the pavement layer. This among many other 

factors can deter the underlying layers, if not repaired. In addition, it may result to substantial 

localized failure of the pavement structure (Scholz, 1995; Lui and Lytton, 1985). Surface ravelling 

or a loss of surface aggregate can also occur, especially with chip seals, bitumen emulsion or areas 

prone to excessive precipitation. In tropical regions with high-temperature conditions, binder from 

within the pavement will migrate to the pavement surface resulting in flushing or bleeding (Stuart, 

1990). 

Loss of pavement structural capacity can be as a result of unbridled humidity/moisture in the 

underlying pavement base layer which in turn reduces the cover over which the imposed traffic 

load will be distributed. The increased saturation level as a result of moisture ingress has a 
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significant effect on pavement structure which decreases pavement Resilient Modulus (MR) and 

increases permanent deformation (Seavarsdottir and Elingsson, 2013). Excessive moisture and fine 

grained particles is often times transported by hydrostatic pressure within the pavement matrix to 

the underlying layers This effect reduces the strength of the overlying HMA layers by increasing 

the vertical compressive strain under service conditions. A proper apprehension of the 

environmental effects on Hot Mix Asphalt pavements allows better forecast of pavement 

performance and behaviour under different environmental conditions (Davies, 2004). Regardless 

of the strength of the HMA surface course, the stability and durability of a pavement depend on 

the strength of its subbase and subgrade (Kiehl and Briegleb, 2011). A strong surface layer will 

undoubtedly fail prematurely if constructed over a weak foundation as the strength of pavement 

may fluctuate with changes in the humidity/moisture content of its underlying layers (Ahmed et 

al., 2012). It is needful to note that the performance of pavement surfaces is adversely affected by 

the presence of moisture within underlying layers (Saevarsdottir and Elingsson, 2013). The design 

and construction of Hot Mix Asphaltic surfaces are generally performed with the notion of keeping 

the inter pavement layers dry or unsaturated. This serves to ensure that the pavement surface is 

drained efficiently. Unfortunately, uncontrolled humidity/moisture seeps into the pavement 

structure, this deficiency over a period of time affects the performance of the structure. (Charlier 

et al., 2009; Ekblad, 2007; Lekarp, Isacsson, and Dawson, 2000a, 2000b; Rahman and Erlingsson, 

2012; Salour and Erlingsson, 2013; Theyse, 2002) concluded that increasing humidity/moisture 

content reduces the Resilient Modulus, MR of the underlying base granular materials. They further 

stated that humidity/moisture ingress over time results to loss of frictional strength and decreases 

resistance to deformation. The Mechanistic-Empirical Pavement Design Guide put forward that 

the changes in humidity/moisture content is the important factor accounting for the rutting of 

unbound granular materials, as increasing moisture content results to a dwindling effect in the 

Resilient Modulus, MR (MEPDG, 2004). 

The response of highway infrastructure platforms subjected to traffic surge loading is analysed by 

computing the stresses and strains parameters within its inter-layers. In most cases, stress values 

beyond the pavement carrying capacity (Resilient Modulus) result to pavement fatigue cracking 

and/or surface rutting. This results to structural and functional failure during its intended design 

life; also posing a safety hazard threat to motorists. Pavement distresses are minimized among 

others by the use of Stochastic pavement designs mathematical algorithm. Pavement stress-strain 
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analysis is an ideal tool for analytical modelling of pavement behaviour and thus, constitutes an 

integral part of pavement design and performance evaluation. Pavement structures are 

heterogeneous structures built over various geomorphologic, geologic and climate environments. 

Saevarsdottir (2014) stated that, from top-down, a flexible pavement structure distributes axle 

loading to the subgrade soil, preventing excessive pavement deformations and controlling 

environmental degradation effect on the structure’s bearing capacity. In addition, from the bottom 

up, the pavement structure should minimize environmental-related stresses and displacements, 

such as disparate frost and heave and post-consolidation. Doreand Zubeck (2009), summarised 

that a structure needs to fulfil its role to maintain good structural and functional performance 

during its design life. 

2.12 Two-Dimensional Stress State  

Linear dimensional pavement stress state estimation is centred on a Mechanistic Design (Croney 

and Croney, 1998; Huang, 1993) and Multi Layered Elastic Pavement Design system. The 

standard and efficient method to model pavement load response is the Stress-Strain analysis. The 

induced stress pattern due to a moving wheel load in pavement is complex and usually difficult to 

simulate (Wang and Grandhi, 1995). Figure 2.5 shows the unbound granular layers as well as the 

resultant vertical and horizontal stresses while the shear stress is reversed as the load passes 

causing a rotation of the principal stress axis. This effect further concludes that, the Resilient 

Modulus (MR) behaviour of unbound granular materials is affected by factors such as: magnitude 

of the load, aggregate relative density, grading, maximum aggregate size and shape or angularity 

properties (Saevarsdottir, 2014). 
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Figure 2.5: Stresses beneath a rolling wheel load (Gu, Cui, and Cai. 2019) 

2.12.1 Three-Dimensional Stress State  

The initiation of Finite Element Analysis provides a clear visualisation of three Finite Element 

models following the design standard and objectives with regards to moisture entrainment. A 

proposed mathematical model was introduced to prove the viability and efficiency of using 3D 

Finite Element Methods over the Multi Layered Elastic Design method. The adoption of these two 

methods is important in the design of pavement structure. This can be used to examine the 

structural response of a stabilized base layer in terms of the stresses and compressive strains at the 

top of the subgrade and the tensile strain at the bottom of the Asphalt surface layer. The models 

were developed using the Abaqus® workbench tool as shown in Figure 2.6.  Considering design 

traffic parameter, this study's emphasis was focused on pavement humidity/moisture and 

temperature variation damage subjected to increasing traffic axle loading. The principle adopted 
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considered a major factor responsible for most pavement damage world-wide (De Beer et al., 

2005). However, a design input value of 80,000N and a pressure distribution of 650Mpa is adopted 

in the design. A tyre track model is proposed and designed to act along a coverage radius of 

195mm2, considering a category “A” road with maximum traffic count at peak periods over wet 

condition environment. 

 

Figure 2.6: Three-dimensional stress state distribution of pavement assembly (Abaqus, CAE) 

 

2.13 Concept of Reliability 

The reliability theory in engineering basically deals with the rational treatment of uncertainties in 

engineering structural components and with the methods for assessing the safety and serviceability 

of the structures (Belegundu and Chandrupatla, 1999; Skjong, 1995). In other words, pavement 

reliability is concerned with the calculation and prediction of a limit state violation for highway 

pavement structures at any stage during their designed lifetime (Ditlevsen and Madson, 2005). The 
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violation of a Limit State is the attainment of an undesirable condition (failure) for the structure. 

Such as damage to a part of the structure or total collapse of the structure resulting in loss of human 

lives. Modern reliability methods provide an alternative design approach by assigning probability 

distributions to the uncertain variables for computation of the probability of exceeding various 

limit states and for comparison of this probability with a required reliability level. Computer 

techniques of structural analysis have improved the accuracy of representing the actual behaviour 

of pavement structural components. Advanced programs (such as: ABAQUS, NASTRAN, 

ANSYS, SAP and PYTHON, etc.) are made accessible for Linear and Non-Linear evaluation of 

complex highway structural pavement systems. A condensed element meshing caters for a more 

accurate determination of strain/stress at any desired point within the structure. The associated 

setback is the representation of element boundary conditions and material property geometry. For 

example, the actual in-situ support or constrain is often different from that assumed in an idealized 

type, and the strength of material and modulus of elasticity can be different than what is assumed 

in design. The deterministic approach also provides an efficient analysis, but there is a need to 

include the randomness of the material property and environmental parameters such as varying 

moisture content and varying temperature gradient. 

Melchers (1987) defined the concept of structural reliability as a phenomenon related with the 

prediction of the probability of a limit state violation for engineered structures at any stage during 

their design life. Structural safety is concerned with the non-violation of the ultimate or safety limit 

state for the structure. The “violation” of a limit state is the attainment of an undesirable condition 

for the structure, i.e. damage to a part of the structure or total collapse of the structure which could 

lead to loss of human lives. 

The reliability of a pavement structure in this context will refer to the ability to fulfil its designed 

traffic loading requirements within the design life. Reliability is often understood to equal the 

probability that a structure will not fail to perform its intended function. The term failure in this 

regard does not mean catastrophic failure but is used to indicate that the structure does not meet 

up requirement at the initial design stage to perform efficiently as desired. The reliability of a 

highway structure can be considered as a rational evaluation criterion which provides a good basis 

for the decision and judgement on the; maintenance, rehabilitation, or overall improvement of the 

highway facility (O’Connor, 1995).    
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Example of some reliability-based methods to analyse and generate reliability model of pavement 

include: 

 First order reliability method; Goldwitzer, (1995) 

 Monte Carlo Simulations 

 Direct integration method 

 First Order Second Moment Method 

 Second order Second-Moment Method 

 Genetic Algorithm amongst many others etc. 

 

2.13.1 Reliability Index 

In general, a suitable definition of the reliability index Zx represents itself as the shortest distance 

from the origin of standard space (reduced variable space) to the limit state line g (ZR, ZQ) = 0, in 

the reduced variables space, where ZR is the defined as the reduced random variable for resistance 

to failure and ZQ is the reduced random variable for imposed load (Ferrand, 2005; Hasofer and 

Lind, 1974). The reduced form of a random variable, X, is given by equation (2.8): 

𝑍𝑥 = |
𝑋−µ𝑥

𝜎𝑥
           (2.8) 

2.13.2 Simulation Techniques 

In many occasions, the computational methods of reliability as earlier defined presents itself to 

become very complicated and complex. This happens especially when the limit state function is 

very complex or cannot be expressed in a closed-form. In these situations, simulation methods are 

used. Examples of simulation methods used in the computation of reliability include: Monte Carlo 

Simulation (MCS) and Rosenblueth’s 2K + 1 Point Estimate Method. A suitable method will be 

chosen among the above reliability models to generate a reliability function and to calculate a 

reliability value of the HMA under the effects of moisture and temperature effects.  
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2.14 First Order Reliability Unconstrained Method (FERUM) 

FERUM which is a general-purpose structural reliability method was initiated in 1999 at the 

University of California at Berkeley. Finite Element Reliability based design can be used to carry 

out analysis using variable number of workbenches such as: MATLAB, ANSYS and PYTHON. 

FERUM 4.0 offers Reliability-Based Design Optimization (RBDO) capabilities. It offers new 

features such as simulation-based techniques (Directional Simulation, Subset Simulation), Global 

Sensitivity Analysis, Reliability-Based Design and Optimization. Subset Simulation and global 

Sensitivity Analysis can be carried out either using the original physical model or a Support Vector 

Machine surrogate. In this method the physical model is computationally demanding. The 

solutions can be best computed virtually through vectorized calculations in MATLAB or for real 

with multi-processor computers, provided that a suitable interface is developed (Hasofer and Lind, 

1974; Dubourg et al., 2012). 

2.14.1 First Order Reliability Method (FORM) 

The First-Order Reliability Method (FORM) is a mathematical tool designed to provide 

approximations of probability integrals occurring in structural reliability. In Figure 2.8, the 

probability that the load effect S, falls into an infinitesimal interval ds at s which is𝑓𝑠 (s).ds. Also, 

the probability that R falls in or under this interval is ∫ 𝑓𝑅
𝑠

−∞
(𝑟)𝑑𝑟. The probability that S falls in 

this interval ds when R ≤ S will result to 𝑓𝑠 (s).ds. ∫ 𝑓𝑅
𝑠

−∞
(𝑟)𝑑𝑟 . 

The expression gives the probability that R ≤ S is: 

 Pf = P (R-S) ≤ 0 = ∫ 𝑓𝑠
∞

−∞
(𝑠).(r). dr] ds = ∫ 𝑓𝑠

∞

−∞
(𝑠)𝑓𝑅(𝑟)𝑑𝑠                   (2.9) 

The equation (2.9) can be viewed as the volume of the two-dimensional joint density functions 

from the failure surface and can be seen in Figure 2.7. Where R and S are plotted as probability 

functions on the r and s axes. The limit state equation, G = R -S = 0, separates the safe from the 

unsafe region, dividing the volume into two parts. The volume of the part cut away and defined by 

s > r corresponds to the probability of failure. The design point (r*; s*) is located on this straight 

line where the joint probability density is greatest. If failure is to occur, it is likely to be there. The 

desired safe state is above the failure surface, defined as R-S=0, and undesired failure state is 

below. 
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Figure 2.7: The 3-D view of Two Random Joint Density Function (rs), (Bergstrom, 2006). 

If R and S are normally distributed and statistically uncorrelated, then: 

𝑅 ∈ 𝑁 (MR, 𝜎R)                                                                                                                          

𝑆 ∈ 𝑁 (MS, σS)                                                                                                                          

The safety margin, M is defined as:   

M = R – S                                                                                                                            (2.10)  

Then it is also valid that:  

 M ∈ 𝑁 (𝑀M , 𝜎M) 

Where MM = MR – MS and M = √𝜎 R + S        (2.11) 

The distribution of M is schematically given in Figure 2.8 below. Failure occurs when M <0 

εr( HMA)
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Figure 2.8 Distribution for the variable M. Failure occurs when M < 0. (Bergstrom, 2006). 

𝑃𝑓 = P (M < 0) = ∫ 𝑓𝑀 
0

−∞
(𝑥) 𝑑𝑥 = 

1

𝜎𝑀√2𝜋
∫ 𝑒

𝑥−𝑚𝑀
2𝜎2𝑀

0

−∞
 dx     (2.12) 

Now let,  

𝑥−𝑚𝑀

𝜎𝑀
 = y →

1

𝜎𝑀
 𝑑𝑥 = 𝑑𝑦                        (2.13) 

𝑃𝑓 = P (M < 0) =
1

√2𝜋
∫ 𝑒

𝑦2

2  dy = ɸ(−
𝑚𝑀

𝜎𝑀
) =  ɸ(−𝛽)    (2.14) 

ɸ(. )  is the standardised normal distribution function Figure 2.9. This function, given in Equation 

2.15; has mean value 0 and standard deviation 1. If R and S are normally distributed, the safety 

index, β, is calculated as: 

β = 
𝑚𝑀

𝜎𝑀
 =
𝑚𝑅−𝑚𝑠

√𝜎𝑅
2+𝜎𝑆

2
          (2.15) 
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Figure 2.9 The Standardised Normal Distribution Function Safety Index β, is connected to a certain 

Probability of Failure, Pf.β (Bergstrom, 2006) 

2.15 Summary 

In this section, a further and deeper background of the problem is discussed. Related research on 

pavement life, pavement failure, distress effects, their causes as well as remedial actions previously 

taken to avert the outlined failure mode evidenced from literature was discussed. Consequently, 

the methods taken in the literature were reviewed to decipher an action plan which will be 

discussed in the next chapter. the introduction of the test core drilling location is presented, and 

the cores sampling details are recorded. 
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CHAPTER THREE: METHODOLOGY 

3.0 Research Design 

The research design adopted for this study incorporates Fracture mechanic together with stochastic 

response analysis of pavement layers under environmental and service conditions. The design 

principle also allows for the response analysis to be based on characteristic input values of the 

pavement at the time of analysis. This considers characteristic pavement temperature, pavement 

saturation level (moisture/humidity content), ground water table (GWT) depth, depth of sensor 

embedment. The provided values were used to determine the resilient modulus of the pavement at 

the time of analysis. This process is based on the assumption that the GWT depth varies depending 

on the topographic location of the pavement as well as the soil properties. The analysis result is 

developed in form of a reliability reference mode which further provides an indication of the 

confidence level of the pavement (stiffness value, fracture energy, resilient modulus of the 

underlying asphalt base layers) down to the subgrade layer. 

This research study will bring about a reduction in design and construction cost with the use of 

Stochastic response models in flexible pavement design. There will also be a reduction in 

maintenance cost, since the cost of maintaining a road pavement is usually higher than the design 

and construction cost. Furthermore, the advent of delamination growth prediction, it can be easy 

to determine the level of maintenance and when to implement maintenance measures before the 

pavement begins to deteriorate with glaring effects. 

 

 

 

 

 

 

© Central University of Technology, Free State



58 
 

 

 

Figure 3.0: Schematic Research Design Process 
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3.1 Linear Elastic Fracture Mechanics 

The behaviour of a pavement structure, when subjected to traffic loads, is dependent on the 

magnitude of the axle load and the pavement stiffness property. However, in an investigation to 

determine the effect of surface crack, appearance and pavement deformation; a deterring rupture 

and failure pattern over time due to the disturbance in the surface molecular structural arrangement 

of the particles is generated.  Previous studies on the problem of rupture of elastic solids draw back 

to the initiation of “the theorem of fracture energy”. The equilibrium state of an elastic solid 

material is deformed by specific surface forces, as a result of minimum potential energy formation 

of the entire structure (Griffith, 1920). In recent times, fracture mechanics is an important tool 

which is used to analyse the behaviour of materials as well as to improve its mechanical property. 

The field of fracture mechanics, concerned with the principles of physics, stress, strain as well as 

the elasticity and plasticity of materials is implemented in the prediction of pavement damage. 

This is made visible via the formation of crack growth and crack propagation as a function of its 

durability and long-term performance (Irwin, 1957; Schapery, 1984). 

In a pavement section, crack formation is an attribute of the pavement surface in the unstrained 

state. Although the spread of the crack continuity under traffic load sufficient to cause rupture will 

result to large change in the shape of its extremities [longitudinal and transverse profiles] (Fini et 

al., 2011). If the crack exceeds a particular size such that its width is greater than the radius of 

molecular action at all points except very near its ends, such cracks may be inferred to be caused 

due to the increase of surface energy as a result of the spreading of the crack. This crack scenario 

will propagate with sufficient accuracy by the product of the increment of surface energy centred 

into the surface tension of the material caused by the bond between the pavement aggregate 

material, the filler /fines as well as the bituminous binder (Fini et al., 2011). The concept of surface 

energy by Griffith (1920) is presented and the determination of a mathematical model that relates 

the effect of the varying temperature gradient is analysed on the pavement test section. 
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3.2 Strain Energy Release rate for Flexible Pavement 

Griffith, (1920) introduced an expression for the artificial flaw in an experiment conducted 

whereby, the product of the square root of the flaw length and the stress at failure was nearly 

constant, and expressed by the equation: 

𝜎𝑓 = √𝑎 ≈ 𝐶             (3.1) 

where: a is the flaw length and 𝜎𝑓𝑖𝑠𝑡ℎ𝑒𝑠𝑡𝑟𝑒𝑠𝑠𝑎𝑡𝑓𝑎𝑖𝑙𝑢𝑟𝑒.  

The growth of a crack, as well as its extension around its surrounding, requires an increase in the 

surface energy.  The expression for the surface energy can be applied to pavement materials based 

on the discovery Griffith made for brittle materials. The procedure for the surface energy for elastic 

material can be found in Griffith, 1920. 

Griffith further populated the failure in material will occur when the free energy attains a peak 

value at a critical length, beyond which the free energy decreases as the crack length increases. 

This can be expressed as: 

C =  √
2𝐸𝛾

𝜋
           (3.2) 

where E is the Young’s Modulus of the material and is the surface energy density of the material. 

Irwin (1957) further made a modification to the Griffith formula considering the fact that plasticity 

plays a significant role in the deformation of a structure. These became a harmonisation of the total 

energy dissipation in a material. This expression forms the modified version of Griffiths energy 

criterion: 

 𝜎𝑓 √𝑎  =  √
𝐸 𝐺

𝜋
          (3.3) 

Since pavement structure behaves like a brittle material considering viscoelastic fracture properties 

especially pavements in low-temperature regions, the surface energy expression for brittle 

materials such as glass G ≈ 2𝛾 = 2J/m2 can be assumed. Jia-Der and Perng (1989), proposed 

evaluation of asphalt material properties using indirect tensile strength and three-point bending 

dc
dN

= AK
n
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test. It was also observed that temperature has an adverse effect on the young’s modulus of the 

asphalt material as well as the reduction in the asphalt concrete fracture energy.  

3.3 Climatic Effect on Highway Structures 

Environmental changes as beautiful as it can be to human survival and growth has a detrimental 

hazardous effect on highway structures. It is, however, imperative to take note of certain prevailing 

environmental conditions in the design phase of highway structures, some of which are difficult to 

estimate. It is, however, necessary to understand these conditions, as it will aid to better achieve a 

sustainable structure. Climate conditions is an ever-changing environmental factor having 

variables which differ from region to region with fluctuating changes in precipitation and increase 

in the number of cloudbursts. In places with decreasing temperatures causing changes in the 

cryosphere, there exist a reduction of the snow cap within the northern hemisphere with a thinner 

ice layer in permafrost areas. This results to occurrence of global warming which has triggered 

uncertain sudden change which makes hydrology engineers unable to determine the soil stability 

and drainage coefficient (Dipanjan, 2014; Ger et al., 2004). 

Pavement fatigue cracking in Hot Mix Asphaltic surfaces is seen as a major structural defect 

resulting from excessive traffic loading. In addition, constant entrainment of rainwater through the 

cracks that are formed result to detrimental structural impairment of the pavement intermediate 

layers with major focus on the unbound granular subbase materials, subgrade and base course. In 

the course of this study, two primary failure model is considered (Amit, 2016); these are 

temperature gradient on the performance of the asphalt concrete in its service life as well as 

percentage moisture saturation with increasing hydraulic content. 

3.4 Evaluation of Water Flow within Pavement System  

There are two different types of fluid flow, saturated and unsaturated. In the saturated flow, all the 

material voids are filled with water, therefore the volumetric water content is equal to the material 

porosity. In reality, the hydraulic conductivity is not a function of the pore suction; hence hydraulic 

conductivity is considered as a constant value. The driving force causing saturation flow are 

gravitational and pressure-potential gradients (Tindall and Kunkel, 1999). The table shows the 

saturation coefficient for a selected soil sample modelled using the axis-symmetric method in 
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Abaqus FE workbench. Radial strain at the bottom of the asphalt layer and vertical strain at the 

top of the subgrade was used to control fatigue and rutting of the flexible HMA pavement. This 

was performed independently using a Multi-layered Elastic Design principle by a work bench tool 

(mePADS) where several fatigues and rutting models were developed to relate the asphalt modulus 

and the measured strains to the number of load repetition to pavement failure the analysis result is 

as shown in the Table 3.0. 

Table 3.0: Structural Material Properties of Asphalt Pavement Layers 

Layer Material Code 

(Colto 2008) 

Thickness (mm) Elastic Modulus 

(Mpa) 

Poisson’s Ratio 

Asphalt AC 30 4000 0.40 

Base C4 C2 200 2560 0.35 

Unbound 

Granular Base 

G4 350 Varied 0.35 

Subgrade G5 5000 200 0.35 

 

(Source: Abejide and Mostafa, 2017) 

 

The investigation was further extended to the magnitude of pavement fatigue cracking to failure 

as well as the magnitude of fatigue rutting to failure. A distinctive difference is as observed 

between the normal strain at 70 percent saturation coefficient and 20 percent coefficient; where, it 

is estimated that the pavement exceeded its yield point resulting in total damage.  
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Table 3.1: Strain and resilient modulus for different Percent Saturation Coefficient levels  

Saturation 

Coefficient  

(S %) 

Elasticity 

Modulus 

(Mpa) 

Horizontal 

Tensile Strain 

Et(10-6) 

Bottom AC 

MLED 

Vertical 

Compressive 

Strain 

Top Subgrade 

MLED 

 

Horizontal 

Tensile Strain 

Et(10-6) 

Bottom AC 

(Abaqus) 

 

Vertical 

Compressive 

Strain 

Top Subgrade 

(Abaqus) 

 

20 441 67.8 253 93.2 238.8 

30 369.9 72.2 257 99.2  244 

40 325.5 75.2 260 103.5 246.2 

50 281.4 79.3 261 108.4 247.9 

60 237.4 83.7 260 114.2 248.2 

70 187 89.8 257 122.3 245.6 

80 130 99.2 245 134.6 235.5 

(Source: Abejide and Mostafa, 2017) 

3.5 Conventional Infiltration Mode 

In view of saturated flow conditions, there are two distinctive different approaches taken into 

consideration for the hydraulic design of a permeable base. The first is the Steady-state flow, which 

assumes uniform flow conditions. However, the difficulty to estimate the proper precipitation 

frequency and duration makes it not convenient. The second approach is time-to drain. Time-to-

drain is a parameter that allows determining the performance of a permeable base. This approach 

considers the amount of humidity/moisture entering the pavement until the porous base is 

saturated. The excess runoff resulting from precipitation will not enter the pavement section after 

is saturated; this flow will simply run off on the pavement surface. After the precipitation event, 

the base will drain water into the drainage system. 
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3.6 Hydraulic Conductivity Curve Models 

Brutsaert, (1967); Steiakakis et al., (2012), reviewed the different models adopted in the prediction 

of the hydraulic conductivity of unsaturated soils. In actual sense, there is a distinct discrepancy 

between two main groups. The first is based on a philosophized postulate by Kozeny's for saturated 

and unsaturated porous medium according to which the relative hydraulic conductivity Kr is a 

power function of the effective saturation Se (Steiakakis et al., 2012; Hubert et al, 1996). 

𝐾𝑟 =
𝐾

𝐾𝑠𝑎𝑡
= 𝑆𝑒

∝           (3.4) 

Where: 

𝑆𝑒 =
(𝜃−𝜃𝑟)

𝜃𝑠𝑎𝑡−𝜃𝑟
           (3.5) 

where: Se and Kr are the actual and the residual water content, respectively. In view of this, (Feng 

et al., 2020; Averjanov, (1950) proposed the value a = 3.5, whereas, Irrnay, (1954) derived 

Equation 3.6 theoretically with a = 3.0. It seems that for a wide variety of soils, a = 3.5 leads to a 

better agreement with observations (Brooks and Corey, 1964; 1966; Mualem, 1976; Jun et al., 

2019) 

In 1957, Gardner developed one of the first interpolation functions for the hydraulic conductivity 

curve, namely: 

         (3.6) 

Where: 

kS is the saturated hydraulic conductivity. 

ψ is the pore suction. 

Ak, β are empirical curve fitting coefficients. 

Some other well-known hydraulic conductivity curve model includes the Brooks and Corey model, 

(1966), Green and Corey model, (1971), and the Van Genuchten model, (1980). According to a 
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study presented by Ariza (2002), the comparison of these four models indicates that Gardner’s 

model is merely empirical, and it is sensitive to its coefficients. The Brooks and Corey model does 

not perform well at low suction values making it difficult to obtain values close to unity. This 

difficulty also applies to Van Genuchten’s model. Green and Corey’s model is the simplest to 

calculate with the least amount of experience. 

3.7 General Design for Combating Moisture Damage 

The main objective of proper pavement design is to protect the base, subbase, subgrade and the 

surfacing layer free from becoming saturated or to prevent the layers from exposure to constant 

increasing moisture levels over time. Rabab’ah (2007) gave four major approaches to be employed 

in combating pavement moisture-related problems. These are: prevention of moisture from 

entering the pavement system, the use of materials that are insensitive to the effect of moisture, 

incorporation of prevailing environmental design feature to minimise moisture damage 

complexities, efficient removal of moisture that enters the pavement system.  

Rabab’ah (2007) furthermore reported that, excessive water in the pavement base, subbase and 

subgrade soils easily causes early distress, fault lines and leads to structural or functional failure 

of the pavement, unless countermeasures are put in place to avert this damage mode. In summary, 

water-related damage can result to failure distress patterns. These are seen as; reduction of the 

subgrade and base/subbase strength, differential swelling in expansive subgrade soils, stripping of 

the asphalt binder in flexible pavements, frost, heave and reduction of strength. This occurs during 

frost melt and movement of fine particles into the base or subbase course resulting in a reduction 

of the hydraulic conductivity (Lytton et al., 1993; Khoury et al., 2010; Khoury and Zamman, 

2004). 

3.7.1 Moisture Subsurface Drainage  

In the design of pavement, the most important factor to be accounted for is minimizing pavement 

contact with water. Thou the presence of water in pavement structures is mainly due to infiltration. 

This is mainly through the pavement surfaces and shoulders, melting of the ice during 

freezing/thawing cycles, capillary rise and seasonal changes in the prevailing soil table water. 

Groundwater conditions affect the moisture content in pavement systems and are responsible for 

the major factor influencing increasing subgrade water content (Yoder and Witczak, 1975). 

Furthermore, increasing depth to Ground Water Table results to minimize the moisture content in 
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base and subbase layers. Although, water is usually present within the soil and granular pavement 

material, but free water, capillary water, bound moisture, and water vapour are the most concerns 

to pavement engineers (Ksaibati et al. (2002); Rabab’ah, 2007).  A method of preventing moisture 

accelerated pavement damage is to use moisture insensitive or non-erodible base materials that are 

less susceptible to moisture detrimental effects. In addition, the materials should be checked for 

resistance to moisture erosion. This needs to be performed in such a way that the aggregate subbase 

should be recommended to prevent pumping and loss of fines from beneath the treated base in 

areas with adverse conditions such as hot climates, high design traffic load and areas with high 

amount of pumpable fines in the subgrade (Rabab’ah, 2007, MEPDG, 2004).  

The subsurface drainage can also be minimised by ensuring adequate binder film thickness within 

the microstructure connectivity of the aggregates. Ensuring an adequate amount of crushed 

materials, low fines content, and low plasticity. Open-graded materials serve to provide adequate 

moisture drainage with reduced fines. The fines are usually ejected through the joints and cracks 

although this variable should be checked for long term durability due to settlement problems over 

time. Full-width paving by eliminating the shoulder or pedestrian lane is seen as an effective 

measure to minimise subsurface infiltration and provision of a granular layer between the subgrade 

and the base course. This is aimed at reducing erosion and to allow bottom seepage and minimize 

frost susceptibility that could increase pavement roughness. 

3.7.2 Water flow Analysis within pavement structures 

The safest and efficient way to prolong pavement life is to shield it from moisture-susceptible 

scenarios. This process is non-achievable as the earth cannot be hidden from precipitation. 

However, the efficient means is to bridge the gap between pavement performance and pavement 

deterioration modes by properly analysing the fluid dynamics within the pavement layers. A 

common means for minimising surface infiltration is to provide adequate cross-slopes and 

longitudinal slopes. This helps to drain water away from the pavement surface quickly and 

efficiently providing side drains along the pavement longitudinal profile. The reduction in the time 

taken for water to drain; the lower the tendency of the moisture to infiltrate through the joints, 

cracks and fissures during the pavement life hence increasing the durability and service life 

capacity of the pavement. 
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3.8 Finite Element Analysis of Pavement Drainage 

A Finite Element Analysis subroutine program for simulating pavement drainage should be 

capable of handling transient, two-dimensional, saturated/unsaturated flow. The Finite Element 

program provides relatively sophisticated models for near-surface processes where real-time 

climatic data can be easily inputted into the FE program. There is a need to incorporate several 

different functions for describing the moisture characteristic curve (moisture content vs. suction) 

and unsaturated hydraulic conductivity functions (hydraulic conductivity vs. suction) is also 

important. In this research, the ABAQUS CAE software program (ABAQUS CAE, 6.13) was used 

to simulate pavement drainage. The Axis-symmetric model was used in comparison with Layered 

Elastic Design software (MePads). The Axis-symmetric model is a 2-D Finite Element Analysis 

in ABAQUS used to model moisture movement and pore-water pressure distribution within the 

individual pavement layer. The model presented both saturated and unsaturated flow variations 

within the pavement layer.  

A standard sequence equation solver includes three executable programs. DEFINE; for defining 

the model. SOLVE; for solving the problem. CONTOUR; for presenting the results in a graphical 

form. The equation solver assumes that flow in unsaturated soil above the water table similarly 

follows Darcy’s Law manner to flow in saturated soil. The flow is proportional to the hydraulic 

gradient and the hydraulic conductivity (Aurea et al., 2006). The major difference between 

saturated and unsaturated flow in the equation solver is that, in a saturated soil, the hydraulic 

conductivity is insensitive to the pore-water pressure; whereas, in an unsaturated soil, the hydraulic 

conductivity varies greatly with changes in pore-water pressure. The governing equation is 

Richards' equation. 

      (3.7) 

where: H = total head, kx = hydraulic conductivity in the x direction, ky = hydraulic conductivity 

in the y direction, Q = the applied boundary flux, Θ = volumetric water content. 

This fundamental partial differential equation states that the difference between the flow entering 

and leaving an elemental volume at a point in time is equal to the change in volumetric water 
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content. As can be seen, Richards’ equation can be used for saturated and unsaturated conditions. 

The right part of the equation would become zero in steady-state conditions.t = time. 

3.8.1 Pavement Impulse Response 

One of the most critical decision to be made in the analysis of any pavement type is the ability to 

identify the mode of failure and its growth progression along the line of loading. Although, several 

analytical methods have been identified FEA, Deterministic Methods, Monte Carlo Simulations, 

Genetic Algorithm amongst many others in solving pavement response categorized either as static, 

dynamic, linear or non-linear, deterministic and stochastic models. These response models can be 

analysed either individually or could be a combination of two or more models depending on the 

properties and condition of service (Athanasios, 2010). The response reaction of the pavement will 

depend on the geometry of the material and the nature of loading subjected to. 

3.8.2 Static Impulse Analysis 

Athanasios (2010); suggested a general equilibrium equation for static analysis expressed as: 

K*r = R           (3.8) 

where: K is the global stiffness matrix formed from the combination of the element stiffness 

matrices; r is the vector of unknown nodal displacements and R is the nodal load vector. 

Consequently, he further stated that the typical steps in finite element analysis should be followed. 

3.8.3 Dynamic Impulse Analysis 

The response of a pavement to a moving dynamic load will tend to follow a dynamic response 

pattern, which is usually established by a convolution integral (Duhamel’s Integral) this response 

pattern can either follow a linear or non-linear system response. Although, pavement dynamic 

analysis may include the following; time dependency, damping and inertia as local and system 

effects, the equation below can be used to determine the resistance to dynamic movement which 

is a function of the global stiffness of the pavement: 

Mṝ + Cṙ + Kr = R(t,ṙ,ṝ)         (3.9) 

where: R (t, ṙ,ṝ) is the time-dependent load, r(t)the displacement, M the global matrix, C is the 

global damping matrix, and K the global stiffness matrix. Mass and damping properties of the 

system can be derived as the assembly of the properties of each element. The internal reaction 
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forces for any element can then be computed by the use of virtual work equations. The above 

equation is applicable both for linear and non-linear systems. 

3.8.4 Stochastic Processes 

A more complex and explicit analysis of pavement response is the Stochastic response analysis. 

In contrast, the deterministic analysis describes the exact magnitude of the load at any given time. 

A deterministic analysis on a given HMA pavement involves initial determination of the statistical 

data for environmental loading such as temperature, moisture ingress, traffic loading etc. related 

to failure distress models. Considering high level response analysis; for example, a suitable event 

could be defined as the magnitude of force which is expected to cause the most severe response. 

This process requires that the structural model is exposed to a unidirectional, periodic wave. The 

estimated loading is calculated in the time domain at given points in time during a wave cycle. 

Contrary to deterministic processes, a stochastic analysis process is usually described by the use 

of probabilistic functions. A stochastic load or response may not be fully described by exact 

magnitude at a given time, but rather by the probability (statistical distribution) by which it will 

exceed some specified value. Significant developments have been identified in the field of system 

reliability assessment. HMA pavement structural system with multiple failure paths can be 

represented by a series of parallel subsystems, with each subsystem representing a failure mode. 

Starting from a single component reliability level subroutine, to the combined structural reliability 

of the system (Athanasios, 2010). 

3.8.5 Reliability of Highway structures 

In a report made by Prozzi et al. (2005), it was noted that the AASHTO design equation for the 

design of flexible pavement structures is based on the results of the AASHTO road test. The road 

test results were used to develop a deterioration model that provided the basis for flexible and rigid 

pavement design. 
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𝑝𝑡 = 𝐶0 − (𝐶0 − 𝐶1) (
𝑊𝑡

𝜌
)
𝛽
         (3.10) 

𝑝𝑡: 𝑠𝑒𝑟𝑣𝑖𝑐𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦𝑣𝑎𝑙𝑢𝑒𝑎𝑡𝑡𝑖𝑚𝑒𝑡(𝐶1 ≤ 𝑝𝑡 ≤ 𝐶0) 

𝐶0: 𝑖𝑛𝑖𝑡𝑖𝑎𝑙𝑠𝑒𝑟𝑣𝑖𝑐𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦𝑣𝑎𝑙𝑢𝑒 

𝐶1: 𝑠𝑒𝑟𝑣𝑖𝑐𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦𝑙𝑒𝑣𝑒𝑙𝑎𝑡𝑤ℎ𝑖𝑐ℎ𝑎𝑡𝑒𝑠𝑡𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑤𝑎𝑠𝑐𝑜𝑛𝑠𝑖𝑑𝑒𝑟𝑒𝑑ℎ𝑎𝑣𝑒𝑓𝑎𝑖𝑙𝑒𝑑 

𝑊𝑡: 𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑒𝑑𝑎𝑥𝑙𝑒𝑙𝑜𝑎𝑑𝑎𝑝𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛𝑠𝑎𝑡𝑡ℎ𝑒𝑡𝑖𝑚𝑒𝑡 

𝛽, 𝜌: regression parameters or functions. 

Structural Serviceability in the context of a highway structure is defined as the ability of a specific 

section of pavement to sustain the resultant stresses (traffic load, environmental conditions, 

material quality, Resilient Modulus etc.) during its design life (Huang,1993). Equation (3.10) 

estimates Pt in terms of Present Serviceability Index (PSI), defined as a mathematical combination 

of values obtained from certain distress measurements so formulated as to predict the Present 

Serviceability Rating (PSR) for certain pavements within prescribed limits (Huang, 1993). On the 

other hand, PSR is the mean of the individual ratings (by individuals of a specific panel) of the 

present serviceability of a specific section of roadway. The individual ratings varied between 5 

(Excellent) to 0 (Very Poor). Equation (3.11) was used by AASHO to determine PSI (HRB, 1962). 

Pt = 5.03 1.91log (1+𝑆𝑉) 0.01 √𝐶 + 𝑃 1.38RD2      (3.11) 

SV  : mean of the slope variance 

C  : linear cracking 

P  : patching area 

RD  : average rut depth 

 𝛽 and 𝜌 are given by Equations (3.11) and (3.12). 

𝛽 =  0.4 + 
 𝛽0 + (L1 + L2)

 𝛽2

(D + 1) 𝛽1   L2
 𝛽3

         (3.12) 

𝜌 =
𝐴0(𝐷+1)

𝐴1𝐿2
𝐴3

(𝐿1+𝐿2)
𝐴2

          (3.13) 
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D = a1D1 + a2 D2 + a3D3 

D1 : surface thickness (in) 

D2 : base thickness (in) 

D3 : subbase thickness (in) 

L1 : nominal axle load in kips 

L2  : axle type (1 for single axles and 2 for tandem axles) 

ai  : layer coefficients. 

In a study conducted by Prozzi et al, 2005, they discovered that designs failing early had an 

increased rate of serviceability loss, while more adequate designs, had a decreasing loss rate. The 

failure parameter was equated to the number of load combination at which Pt = 1.5 (failure 

condition).  The failure regression equations for and Pt were obtained using stepwise regression 

approach, this procedure did not account for uncertainty relating to varying environmental 

conditions. In addition to load combination and environmental conditions, there are serious 

inconsistencies in the specification of the regression equations for structural safety. These two 

aspects have led to the estimation of biased regression parameters. This concludes that, the models 

are intrinsically linear leading to unnecessary large regression errors. The estimated standard error 

of Equation 1 was approximately 0.707 PSI according to their study (Prozzi et al., 2005). 

3.9 Summary  

In view of the previously discussed literature and background study, a methodology is proposed. 

Firstly, the literature on performance functions is presented on the asphaltic pavement. An explicit 

background on Finite Element Analysis is presented as well as the reliability of flexible pavement. 

this study further unveils the transfer function required for the conducted study. However, moisture 

sensitivity saturation models for flexible pavement is presented based on the fourth objective. this 

is followed by the development of the transfer function models which are used to introduce damage 

models for flexible pavement based on the data collected from the installed sensors. However, the 

damage models are based on the development of strain energy release rate for the method proposed 

Linear Elastic Fracture Mechanics (LEFM).  
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CHAPTER FOUR: INSTRUMENTATION AND DEVICE SETUP 

4.0 Instrumentation and Analysis 

The ability to monitor changes occurring or experienced within a system or systems as a result of 

external forces in view of this study is termed instrumentation (Researcher). Industrial process 

control was originally performed manually by use of senses (sight, feelings or touch) making the 

control totally operator dependent (Dunn, 2006). There has been a drastic change in the industrial 

process control which evolved from manual assumptions and estimation to the use of complex 

modern-day microprocessor-controlled system. This has resulted to tremendous improvements in 

parameters which were unable to be measured previously. Furthermore, is can be monitored with 

accuracy and control (Dunn, 2006). A wide range of technologies are used in instrumentation and 

process control depending on the context and situation where the need arises. This ranges from 

control of a series of events and processes in a material or within a medium; which could be 

sequential (one step) or continuous (multiple steps) (Battikha, 2004; Dunn, 2006). 

4.1 Pavement Instrumentation Using Moisture Sensors 

Pavement Instrumentation is defined as the art and science of measurement and control of process 

variables within a road pavement. These process variables range from deflection height difference, 

strain values, pressure, temperature, humidity, flow, pH, force, speed (Battikha, 2004). However, 

for the purpose of this study, instrumentation programs and product design adopted measured 

pavement’s response to loading and environment. Sensors were built to provide technical data 

needed to validate new design standards and project applications which include accelerated test 

pavement facilities for highways, airports and bridges. Understanding pavement’s response to 

strain, pavement pressure, in situ moisture and temperature is critical in the design phase. 

4.1.1 Instrumentation Consideration Overview 

ECHO EC-5 is an instrumentation sensor device obtained from Arduino technology. This device 

is used to monitor humidity or moisture saturation values within a medium. The accompanying 

temperature sensor is a device used to measure the temperature gradient within a medium or 

environment. The pavement sensors used were temperature sensors of the type (METER GROUP 

ECH2O EC-5 SOIL MOISTURE SENSOR). The EC-5 is a basic, reliable and low-cost soil 

moisture sensor. The EC-5 determines volumetric water content (VWC) by measuring the 

dielectric constant of the media using capacitance technology. Its 70 MHz frequency minimizes 
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salinity and textural effects, making this sensor accurate in almost any soil or soilless media. It is 

just 5 cm long and has a 0.3 L measurement volume. 

The technical specification for volumetric water content (VWC) ranges from: 0% - 100%. The 

resolution is 0.001 m3/m3 VWC in mineral soils, 0.25% in growing media.  

The generic calibration for the sensor has an accuracy value range: ±0.03 m3/m3 typical in mineral 

soils that have solution EC <8 dS/m. Medium specific calibration: ±0.02 m3/m3 in any porous 

medium (± 2%). 

The sensor temperature gradient ranges from -40 to 600C with an accuracy of +/- 100C.The voltage 

specification ranges from 2.5VDC at 10mA to 3.6 VDC at 10mA. 

Both sensors were secured together in a steel faraday casing to prevent breakage or damage due to 

excessive tyre pressure from the traffic loads as the vehicles pass over the embedded sensors as 

shown in the Figure 4.0. 

 

Figure 4.0: Sensor embedded into road pavement 
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4.1.2 Arduino Technology 

The instrumentation technology adopted in determining the pavement response to increasing 

moisture and temperature utilises the Arduino programming language which is composed of two 

major parts or functions in enclosed blocks of statement. Figure 4.1 presents the Arduino Block 

Diagram Programming Language setup. 

Void setup ( ) 

{ 

Statements; 

} void loop ( ) 

{ 

statements; 

} 

 

Figure 4.1: Arduino Block Diagram Programming Language Setup 

 

The setup ( ) is the preparation, while the loop ( ) is the execution. Both functions are required to 

run the generated program. 

The developed program or script to determine the moisture and temperature coefficient for the 

conducted study can be seen in the Appendix I. 

The developed program is composed of devices; PV panel, Solar Charge Controller, Batteries, 

Temperature and Moisture sensors, Arduino Micro Controller, connected together to sequentially 

measure and record the readings and save the data on a memory device. A block diagram of the 

setup is as shown in the Figure 4.2. 
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Figure 4.2: Arduino Block Diagram for determining Moisture and Temperature Values 

 

4.2 Microcontroller configuration and build up 

A microcontroller setup is a small computer chip linked with a CPU, a storage device unit (RAM, 

ROM), I/O peripherals, counters, etc., and all these components are assembled into one Integrated 

Circuit (IC). On the other hand, the microprocessor with these units are combined on board through 

buses. The microcontroller is interphased easily with external peripherals having serial ports, 

ADC, DAC, Bluetooth, Wi-Fi, etc. The microcontroller process is fast when compared to the 

microprocessor interfacing as shown in Figure 4.3. Most microcontrollers use RISC Architecture. 

There also exist microcontrollers which use CISC architecture like 8051, Motorola, etc. 

© Central University of Technology, Free State



76 
 

 

Figure 4.3: Configuration of the proposed microcontroller. 

4.3 Hydraulic Water Content and Humidity Potential 

In a conducted study by Ponizovsky and Salimgaryeyeva, (2001), they were able to establish the 

relationship between soil water potential and soil permittivity for leached Dernovo-Podzolic Gray 

Forest Soils, kaolin and bentonite clays, kaolin-sand and bentonite-sand mixtures. However, the 

water potential as determined by these researchers were observed to be closely related to the 

permittivity for soils of similar textures and for clays. This was inconsiderate of the essential 

difference in the relationship between water potential-water content and between water 

permittivity-water content. The analysis was performed using the Time Domain Reflector (TDR) 

measurements. 

The amount of moisture/humidity contained in a unit mass or volume of soil and the energy state 

of the water in the soil serve as the basic factors affecting plant growth. This phenomenon 

indirectly affects the capillary movement of water to the surface within a confined section. An 

illustration of the confinement is as seen in a flexible pavement section layout. Although, 

numerous behavioural soil attributes depend strongly on water content. Some of these attributes 

can be in the form of mechanical properties seen as; consistency, plasticity, strength, compatibility, 

penetrability, permeability, stickiness and trafficability. Mostly, clayey soils and some other soil 

types, swelling and shrinkage are associated related problems caused by the addition and/or 

extraction of water change which affects the bulk density of the soil induced by the pore-size 
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distribution. It is necessary to note that soil water content affects the total air content of soil and is 

compactivity with regards to the maximum attainable density required when necessary 

(Ponizovsky and Salimgaryeyeva, 2001).  

Furthermore, the mass of a soil per volume fraction of moisture present in the soil is expressed in 

terms of soil wetness or saturation. This physiochemical attribute or state of saturation is 

categorized in terms of its free energy per unit mass, called the potential (alluding to the variable 

“potential energy” of water in the soil). This is a function defined by the tendency of soil to retain 

water within the soil matrix. Saturation and satiation potential are functionally related to each 

other, and the graphical representation of this relationship is termed the soil-moisture characteristic 

curve. The graphical interpretation of this scenario is affected by the direction and rate of change 

of soil moisture and is sensitive to changes in soil volume and structure. Thus, both saturation and 

matric potential vary widely in space and time as the soil can be saturated by air/precipitation, 

drained by gravity/leaching and dried by evaporation due to increasing temperatures (Ahuja and 

Shwartzendruber, 1973). 

The lowest saturation point likely to be encountered is a variable state reffered to in the laboratory 

as an arbitrary state (oven-dry condition). Furthermore, the highest humidity/moisture condition 

of a soil is that of full saturation, defined as a condition in which all soil pores are filled with water. 

Saturation is relatively easy to define in the case of non-swelling (for example, sandy) soils 

(Sharma and Sharma, 2017). In most cases it is difficult or near impossible to classify swelling 

soils. This is mainly due to the fact that soils may continue to absorb moisture and swell even after 

all pores have been filled. In the field, the soil usually attains complete saturation, as bubbles of 

air may form and remain occluded or encapsulated within the matrix even when the soil is flooded 

with excess water. Furthermore, air bubbles may effervesce within the soil whenever the 

temperature gradient increases, and the solubility of gases is exceeded. For this reason, some 

investigators (Black, T. N, Gardner, W. R and Thurtell, G. W, 1969: Ahuja and Shwartzendruber, 

(1973) prefer the term “satiation” to describe the condition of soils in the field in which the soil 

sample, though not completely saturated, is as wet as it ever gets to be. The study of the soil 

characteristics for the samples taken for experimentation was obtained from the Eastern Cape site. 

The results clearly indicate water potential and the water retention properties (Sung-Hee Kim, 

2017: Sharma and Sharma 2017). 
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4.4 Measurement of Volumetric Moisture Content 

Soil water availability is a function of the particle size of the soil sample as well as the gravel 

content. Paruelo et al., (1999) and Sing and Franzini (2012) presented a model for estimating the 

volumetric water content as a function of soil water potential and gravel content. They concluded 

that gravel soil can withhold up to 67% soil moisture of the amount held by fine material; thus, 

water content at field capacity decreases up to 50% when gravel content gradation is less than 

11mm.  

However, since permeability is a characteristic physical property of a porous medium, one might 

assume its relationship with pore geometry, which is a measurable soil property. In Gang, (2003), 

Wang et al. (1964), and Scazziga et al., (1987), after numerous attempts to discover a functional 

relationship between permeability and pore pressure; it was concluded in their work that, the 

simplest approach is to seek a correlation between permeability and total porosity. Scazziga et al. 

(1987) and Wang et al. (1964) provided a method for also eliminating the amount of soil moisture 

that could be held within the soil particle pore spaces through an improvised porous pavement 

surface layer which has the capability of draining soil moisture that could be held up via seepage 

through an Ultra-Thin Film medium grade Asphalt Concrete layer. 

4.5 Pavement Temperature Gradient 

Asphalt concrete is composed of a viscous mix (binder) and brittle inclusions (aggregates and 

filler) which makes it behave like a viscoelastic material. The response due to deformation on 

loading rate and prevailing environmental condition needs to be understood extensively. For the 

purpose of this study a fracture criterion is proposed which is used to estimate the fracture strength 

of the HMA pavement. The existence of joint and cracks causes stress concentrations as well as 

redistribution of stress. Although the prediction of a material to fail should the tensile strength be 

exceeded is sometimes not reliable; hence a precise estimation of the fracture resistance of the 

asphalt concrete to failure needs to be generated. Jia-Der and Perng (1989) provided an equation 

for estimating the distribution of stress in front of a crack tip (Mode I) failure. A proper prediction 

for determining the fracture resistance of the asphalt material using the Griffith energy criterion is 

provided and used to analyse the condition of the pavement. Whereby it is assumed that fracture 

instability of the HMA is reached when the increase in surface energy which is generated by 
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extension of the crack is balanced by the release of elastic strain energy in the volume surrounding 

the crack.  

The expression for the critical stress (σc) at which a crack will propagate based on the Griffith 

energy criterion as proposed by Griffith in 1920 is given as: 

𝜎𝑐 = (
2𝜏𝐸

𝜋𝑎
)

1

2
           (4.1) 

where: 𝜏 is the surface energy per unit area and E is the Young’s Modulus of the material. This 

equation led to the development of the cohesive crack model for the asphalt concrete using the 

Dugdale and Barenblatt cohesive crack model. The following assumptions are made: the process 

zone starts to develop at one point when the first principal stress reaches the tensile strength ft, the 

process zone develops perpendicular to the direction of first principal stress; the properties of the 

materials outside the process zone are governed by stress-strain relation; the material in the process 

zone is able to transfer stress and stress-transferring capability depends on its opening according 

to the stress-separation curve shown in Figure 4.4; in addition, the stress-separation relationship 

depends on the loading rate and the service temperature. 

 

Figure 4.4: Straight line approximation of the stress-strain curve for AC. Source: (FHWA, 2009) 

Based on these assumptions, the specific Asphalt Concrete Energy can be shown to be maximum 

when the material matrix is bonded together. The specific dissipation energy begins to reduce with 
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an increasing temperature gradient, thus resulting in the disintegration of the material matrix. The 

HMA mix three-point bend test fracture energy under varying temperature gradient is given by: 

 

𝐺𝑓 = 0.355𝑥10
(1.3226+0.0018𝑇−0.000118𝑇2) lb/in      (4.2) 

𝐸(𝑇) = 10
(5.93906−0.0142𝑇)   psi      (4.3)  

where: 𝐺𝑓 = Asphalt concrete fracture energy, T = asphalt concrete temperature gradient,  

E = modulus of Asphalt concrete. 

4.6 Components of Pavement Instrumentation 

The most critical phase of this study is the pavement instrumentation and the development of 

scientific computation for the calibration of the sensors. In an attempt to outline the components 

of the instrumentation system, it is imperative to identify the functionality of each component as 

identified previously.  

Recently, advancement in Micro-Electromechanical Sensors and Systems (MEMS) technology 

and wireless sensor networks have gained wide application in Structural Health Monitoring (SHM: 

a systematic approach that is employed to monitor and prevent rapid deterioration of 

infrastructure assets for dams, bridges and buildings), not much application is seen with real-time 

data generation on road pavement. The objective of a smart component is to generate response 

models, which can be further analysed either individually or as a combination of all response 

models, obtained. The response reaction of each failure model will depend on the geometry of the 

material and the nature of loading it is exposed to. One of the most critical decisions to be made 

in the analysis of any pavement type is the ability to identify the mode of failure and its growth 

progression along the line of loading; which entails, instrumentation of the road pavement with 

tracking and monitoring devices to remotely read and analyse pavement response with changing 

environmental and loading conditions. The components of the Smart Road Infrastructure sensor 

device built for this study requires some form of GPRS and a web-based application system to be 

active. The web application is designed to read, compute and analyse variables associated with 

environmental conditions, loading cycles as well as material requirements. Thou, such activity is 
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dependent on the information to be obtained; usually, a sensor is incorporated into the system built 

with a microprocessor to read, compute and analyse pavement response in a physical scene under 

specified conditions. The process is such that; the detectable characteristic behaviour is converted 

into an output signal via a firmware development/gateway. The signal is passed to other parts of 

the system, which display or record the measurement and or use it for control purpose. Like any 

other manmade structural system, failure can occur in diverse modes depending on the service 

condition it is subjected to. Pavement instrumentation will require that, wired sensors are currently 

in use to track pavement response under environmental and traffic condition, to generate readings 

for traffic load failure, temperature and moisture stress and strain failure, as well as deflection 

failure. The use of IoT in pavement response and modelling was used to assist with generating a 

web-based application data to provide maintenance solution for pavement performance and 

maintenance.  

4.7 Pavement material geometry configuration 

Linear material elastic strain response increases with increasing stress value. In its simplest form, 

the modulus of elasticity of a material is dependent on its stress to strain ratio. In general, the 

stiffness of a material is a function of its resilient modulus. Since each layer comprises different 

material geometry, the stiffness varies from top to bottom. The topmost layer having the highest 

stiffness value and the preceding interlayers with decreasing stiffness. Since most paving materials 

are not elastic as the materials experience some permanent deformation after each load repetition. 

If the load is small compared to the strength of the material and repeated often, the deformation 

under each individual load repetition is almost recoverable and is therefore considered as elastic 

(Rahman, 2011; Rahman and Erlingsson, 2012; 2014).  Figure 4.5 shows the strains under cyclic 

loading. 
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Figure 4.5: Pavement strains under cyclic loading (Rahman and Erlingsson, 2012; 2014) 

The resilient modulus is the general categorisation for stiffness based on the recoverable stains 

encountered under repeated loading. Usually, the resilient modulus for each intermediate layer is 

defined as 

σij = Dijkl εkl           (4.4) 

where σij is the stress tensor, Dijkl are the elastic constants and εkl is the elastic stress tensor. 

Although, it is needful to point out that, there are certain factors that affect the resilient response 

of the pavement granular layers. Lekarp et al. (2000a) noted moisture, stress level, density, grading 

and maximum grain size of the material with regards to the aggregate type, shape and angularity. 

Since these parameters are dynamic in nature having a non-linear response, a strategic response 

must be generated to counter the effect on the stress response model. This can be achieved by 

improving the stiffness index of each independent layer under service loads. The maximum grain 

size distribution of the aggregate used as well as the percentage of binder content greatly influences 

the stiffness index. The standards for the bituminous mix as specified by the South African 

Pavement Design guide should be adhered to as well as the standards as provided by the COLTO 

manual. 

The value of the corresponding fracture energy based on varying temperature gradient from the 

sensor probe is generated and the effect of the reduction in critical stress due to the result of the 
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effect of temperature gradient on the effective modulus/stiffness of the asphalt is presented in 

Chapter Five.  

4.8 Summary 

This chapter focuses on the instrumentation technique needed for the study and the procedure for 

the instrumentation taken. The first objective which is to collect data on a test section (Pavement 

Cores) is analysed and studied to determine the inherent pavement properties. the resulting core is 

filled with a pavement mix to seal the core. However, the sensors are installed near the cores to be 

able to study the changes and compare with the data obtained from the drilled core samples. The 

result obtained from the sensor is simulated and modelled. these models are inserted into the 

transfer functions developed in Chapter Three for analysis and results are recorded.  
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CHAPTER FIVE: DATA EXPERIMENTATION AND DATA ANALYSIS 

5.0 Introduction 

This chapter presents the results obtained from the analysis of the data collected from the 

instrumentation section of the pavement. The data collected was stored in to a memory repository 

domain. Furthermore, the data was then transferred to the web domain where stochastic response 

analysis was performed. The results obtained are provided in the course of the chapter. The 

algorithm used for the analysis is as shown in the pavement sensor infographics in Figure 5.16. 

5.1 Data Experimentation and Data Analysis 

The sensor was designed, fabricated, calibrated and validation was performed to determine the 

efficiency of results, state of validity and checked for any errors before embedding into the 

pavement subgrade layer. The sensor probes were calibrated using the soil present on the 

instrumentation site and the value for the moisture change was validated using a full state 

saturation model (Alexander et al., 2001). In this model, a standard mass of soil was sampled and 

an amount of water that will indicate full saturation was determined. The amount of water was 

divided into 10 portions in order to attain a gradient change from 10% saturation up to 100% 

saturation. This process was carried out to validate the saturation level of the pavement underlying 

base layer material grade specification (from dry to moist, and finally full saturation). Since soil 

properties vary from point to point along the longitudinal road profile, it is not realistic to perform 

soil-water saturation test on all instrumented pavement section. Consequently, intermediate 

saturation was determined by interpolating between two forward and backward saturation points. 

The results for the moisture and temperature development of the sensors are as indicated in Figure 

5.0 and Figure 5.1. 
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Figure 5.0: Cumulative Laboratory Temperature gradient analysis of pavement sensor 

 Figure 5.0 presents the temperature gradient data collected from three sensor devices over a period 

of time. Each column of readings represents the different sensors that were placed into the 

pavement section. The time interval for collecting temperature readings using modern 

instrumentation technology was 10 minutes. This implies that at every 10 minutes, the sensor will 

collect temperature gradient change and send it to the web domain for analysis. 
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Figure 5.1: Cumulative Laboratory Humidity gradient of moisture sensors 

 Figure 5.1 represents the pavement humidity data collected from three sensor device over a period 

of time. Each column of readings represents the different sensors that were placed into the 

pavement section. The time interval for collecting humidity content using modern instrumentation 

technology was 10 minutes. This implies that at every 10 minutes, the sensor will collect humidity 

content of the pavement and send it to the web domain for analysis.  

The relationship between the pavement temperature gradient and Pavement Humidity as variable 

data collected from the sensors is presented in Figure 5.2. The data collected over time indicates 

that increasing temperature results in reduced pavement humidity Figure 5.3. On the other hand, 

decrease in temperature gradient results in increase humidity. And the peak period for increasing 

humidity is during the rainy season and winter because of precipitation or fog and mist during a 

reduced temperature gradient. The sensors were well calibrated in order to collect exact 
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atmospheric or environmental data (temperature and moisture/humidity) as it affects the road 

pavement directly. 

 

Figure 5.2: Relationship between Pavement Temperature and Humidity 

 

The field temperature and humidity data obtained from the sensors is analysed with reference to 

the selected traffic route MN508 as provided by the District Road Engineer, Eastern Cape 

Province, South Africa. Figure 5.3 and Figure 5.4 show the relationship between the horizontal 

tensile strain and the vertical compressive strain with respect to modelled varying moisture content 

using Finite Element Analysis. In the Figure 5.4, increasing moisture content results to increase 

Horizontal Tensile strain at the bottom of the asphalt which results to reduced pavement stiffness. 

Figure 5.5 indicates that as moisture content increases, there is some form of compaction at first 

within the subgrade layer under moving traffic resulting to a high compressive strength value at 

the top of the subgrade. As moisture content increases, compressive strength value increases then 

reaches maximum at 40% then begins to drop drastically under traffic load due to disintegration 

of the material particles of the subgrade and the Asphalt Concrete surface layer. This procedure is 
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further analysed using First Principles Equation as presented by the South Carolina Department of 

Transportation and the NCHRP Design Guide. 

 

Figure 5.3: Horizontal tensile Strain at bottom of Asphalt of subgrade. (Source: Abejide and 

Mostafa, 2017) 

 

Figure 5.4: Vertical Compressive Strain at Top of Subgrade. (Source: Abejide and Mostafa, 2017) 
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5.2 Damage Model for Simulation of flexible pavement 

In order to determine the damage model for a Hot Mix asphaltic pavement, certain parameters are 

considered (traffic load cycle, material geometry, design life, and exposure conditions). Damage 

models vary from failure modes (Model I, Model II and Model III) that would arise during the 

pavement service life as earlier discussed. However, a very important need should be taken to point 

out that the tire design configuration plays an important role in the damage criteria of pavement 

failure patterns based on the tyre width, the number of the axle as well as the axle configuration 

distribution. The pavement analysis considering (Fracture Energy) is presented using the in-situ 

pavement response to moisture and varied temperature gradient to model the failure pattern. The 

vertical compressive strain at the top of the subgrade as well as the horizontal tensile strain at the 

bottom of the Hot Mix Asphalt is presented using a 3-D Finite Element model and compared with 

a Two-dimensional/Axis-symmetric model. The procedure and the subroutine model for 

determining the Griffith fracture energy for the pavement using equation 4.2 and 4.3. the results 

are presented in Figure 5.5 – Figure 5.7. 

 

 

Figure 5.5: Asphalt Concrete Temperature Gradient Sensor I and Fracture Energy 
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Figure 5.6: Asphalt Concrete Temperature Gradient Sensor II and Fracture Energy 

 

Figure 5.7: Asphalt Concrete Temperature Gradient Sensor III and Fracture Energy 
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From the data collected over the instrumentation period on the road pavement while in service; it 

is observed that the temperature gradient has an effect in the resulting modulus of the asphalt 

concrete. This further explains that; increasing temperature gradient results to decrease in the 

Asphalt Modulus as well as resulting effective stiffness of the Asphalt Concrete Pavement. 

Moreover, a reduction in the Asphalt Concrete Temperature results in Increasing Asphalt Concrete 

Modulus. This scenario is confined to the regional location where the sensors were installed. The 

results indicate a high correlation between the Asphalt Concrete Temperature and Modulus of 

Asphalt Concrete is presented in Figure 5.8 – 5.10. the full numerical details is as provided in 

Appendix I. 

 

Figure 5.8: AC Temperature Gradient Sensor I and Resilient Modulus 
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Figure 5.9: AC Temperature Gradient Sensor II and Resilient Modulus 

 

Figure 5.10: AC Temperature Gradient Sensor III and Resilient Modulus 
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However, a relationship also exists between Asphalt Concrete Fracture Energy as well as the 

Resilient Modulus of the Asphalt Concrete. The results as shown in Figures 5.11 – 5.13 indicates 

that a linear relationship exists between Asphalt Concrete Fracture Energy as well as Modulus of 

Asphalt Concrete. Details on the analysis is presented in Appendix I. The higher the Fracture 

Energy, the Higher the Resilient Modulus. At a temperature of 23.870C the Griffith fracture energy 

is 1.751691J with a resulting Elastic Modulus of AC as (3985738.2 ksi) while at a temperature of 

26.250C, the Griffith Fracture Energy is 1.203068J with a resulting modulus of (360173.7ksi) This 

implies that at lower temperatures, the pavement will perform much better and its material bonding 

matrix is stable when the Fracture energy is high with a high Resilient Modulus while this scenario 

is vice versa with increasing temperature gradient. This gives a full indication of the stiffness of 

the Asphalt Concrete Mix while in service. In addition, this will further result in a stable roadway 

over the design life. It is thus recommended to monitor the pavement temperature closely so be 

able to withstand the varying temperature and humidity changes. 

 

Figure 5.11: AC Fracture Energy and Resilient Modulus I 
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Figure 5.12: AC Fracture Energy and Resilient Modulus II 

 

Figure 5.13: AC Fracture Energy and Resilient Modulus III 
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5.2.1 Damage model for delamination onset and crack propagation 

This section summarises the transfer functions for the proposed flexible pavement analysis which 

provides a preliminary guide to the development of the software interface for the performance 

computational analysis. 

This computation used makes reference to the South African Pavement Engineering Manual 

(SAPEM) as well as the South Carolina Department of Transportation. 

The SAPEM manual serves as a reference guide for all aspects of pavement engineering.  SAPEM 

can be taken in consideration for a sustainable best practice guide. South Carolina Department of 

Transportation highway pavement design procedures as set forth by the Guide for Mechanistic-

Empirical Design of New and Rehabilitated Pavement Structures, Final Report (NCRRP, 2004) is 

adopted. 

The runtime subroutine pavement design equation solver takes account of major aspects of Hot 

Mix Asphalt design. This also includes design considerations, estimating design traffic, pavement 

investigation and design processes, structural capacity estimation, and development of software 

graphic user interface available for pavement deterioration.  Standard principles of pavement 

design for flexible should be made reference to as per SAPEM Chapter 10 and TMH 4,17,20.  The 

traffic design estimation puts forward various methods of obtaining traffic load data and the 

procedures for estimating the cumulative design traffic load throughout the structural design 

period.  The pavement investigation and design process sections cover both new and rehabilitation 

design and look at material availability, constructability, performance and maintainability.  

Economic assessments necessary for evaluating alternative pavement designs are not covered in 

this document.  The structural capacity evaluation methods for flexible pavements and prediction 

of pavement failure runtime equation is provided. 

The equations provided are as documented in the AASHTO interim guide 1972 and AASHTO 

1986 and 1993. This report gives requirements for flexible pavement input that include soil support 

value, design lane equivalent standard axle loads (ESALS), regional factor assumed (1.0), terminal 

serviceability value and material layer coefficients. 

The design approach introduces a strategic change in design constitutive models from input-output 

to real-time design input-output simulation. The input as specified for the geometry of design 
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makes use of trial pavement design values and computes the variables used to predict the distress 

and deformation of the pavement due to response with changing temperature and moisture content 

values. The procedure to compute rutting, or plastic vertical deformation, in HMA layers is shown 

in Equation 5. 

∆𝑝(𝐻𝑀𝐴)= 𝛽1𝑟𝑘𝑧𝜀𝑟𝐻𝑀𝐴10
𝐾1𝑟𝑛𝑘2𝑟𝛽2𝑟𝑇𝑘3𝑟𝛽3𝑟       (5.1)  

where: 

∆𝑝(𝐻𝑀𝐴)=Accumulated permanent or plastic vertical displacement in the HMA layer/sublayer, in 

𝜀𝑝(𝐻𝑀𝐴) = Accumulated permanent or plastic axial strain in the HMA layer/sublayer, in/in 

𝜀𝑟(𝐻𝑀𝐴) = Resilient or elastic strain calculated by the structural response model at the mid-depth of 

each HMA layer/sublayer, in/in 

𝛽1𝑟 = local or mixture field calibration constants; for the global calibration these constanta were 

all set to1.0 

𝑘1𝑟,2𝑟,3𝑟 = Global field calibration parameters (from the NCHRP 1-40D recalibration; Kir = -

3.35412, K2r = 0.4791, k3r = 1.5606 

𝑘𝑧 = Depth confinement factor 

hHMA = Thickness of HMA layer/sublayer, in 

T = Pavement Temperature 

𝑘𝑧 = (𝐶1 + 𝐶2𝐷)0.328196
𝐷  

𝐶1 = −0.1039(𝐻ℎ𝑚𝑎)
2 + 2.4868𝐻ℎ𝑚𝑎 − 17.342  

𝐶1 = 0.0172(𝐻ℎ𝑚𝑎)
2 − 1.7331𝐻ℎ𝑚𝑎 + 27.428  

where: 

D = depth below the surface, in 

HHMA = total HMA thickness, in 

𝐶1 = −0.1039(𝐻ℎ𝑚𝑎)
2 + 2.4868𝐻ℎ𝑚𝑎 − 17.342      (5.2) 
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𝐶1 = 0.0172(𝐻ℎ𝑚𝑎)
2 − 1.7331𝐻ℎ𝑚𝑎 + 27.428       (5.3) 

         (5.4) 

Assuming hHMA = 40mm Equivalent to 1.575inches 

Depth D = 560mm Equivalent to 22.05inches 

C1 = -13.68 

C2 = 24.68 

Kz = 1.1E-8 

Temperature of asphalt is 40 degrees assumed as 104 degrees Fahrenheit.  

Substitute to Equation 4 

∆𝑝(𝐻𝑀𝐴)= 𝛽1𝑟𝑘𝑧𝜀𝑟𝐻𝑀𝐴10
𝐾1𝑟𝑛𝑘2𝑟 𝛽2𝑟𝑇𝑘3𝑟𝛽3𝑟       (5.5) 

∆𝑝(𝐻𝑀𝐴)= 1.2 x 10-5mm 

 

The equation below represents the field-calibration for rutting in the foundation and all unbound 

pavement layers. 

∆𝑝(𝑠𝑜𝑖𝑙)= 𝛽𝑠1𝑘𝑠1𝜀𝑣ℎ𝑠𝑜𝑖𝑙 (
𝜀0

𝜀𝑟
) 𝑒

−(
𝜌

𝑛
)
𝛽

        (5.6) 

where: 

∆𝑝(𝑠𝑜𝑖𝑙)  = Permananet or plastic deformation for the layer/sublayer, in 

n = Number of axle-load repetition 

𝜀0 = Intercept determination from laboratory repeated load permanent deformation tests, in/in 

𝜀𝑟 = Resilient strain imposed in laboratory test to obtain material properties 𝜀0, 𝜀𝑟 and p, in/in 

𝜀𝑣 = Average vertical resilient or elastic strain in the layer/sublayer and calculated by the structural 

response model, in/in 

Nr= 1.365x10
− 9

(Ec)
− 4.477
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Hsoil = Thickness of the unbound layer/sublayer, in 

𝜀𝑠1 = local calibration constant for the rutting in the unbound layers; the local calibration constant 

was set to 1.0 for the global calibration effort 

𝐾𝑠1 = Global calibration coefficient; k1 = 1.673 for granular materials and 1.35 for fine grained 

materials 

𝐵𝑠1 = local or mixture field calibration constant; for he global calibration these constants were all 

set to 1.0 

𝑙𝑜𝑔𝛽 = (−0.6119 − 0.017638𝑊𝑐) 

𝜌 = 109 [
𝐶0

(1 − (109)𝛽)
]

1
𝛽

 

𝐶0 = 𝑙𝑛 [
𝑎1𝑀𝑟

𝑏1

𝑎9𝑀𝑟
𝑏9
] = 0.0075 

Wc = water content, % 

MR = resilient modulus 

a1,9 = Regression constant; a1 = 0.15 and a9 = 20.0 

b1,9 = Regression constant; b1 = 0.0 and a9 = 0.0 

 

𝑊𝑐 = (
51.712

[ √
𝐸𝑟
2555

0.64
]

(0.3586𝑥𝐺𝑊𝑇0.1192)
)        (5.7) 

𝐸𝑟 = 2555𝑥 [
(51.712)

(
1

0.3586𝑥𝐺𝑊𝑇0.1192
)

𝑊𝑐
]

0.64

       (5.8) 

where: 

Wc and GWT are varying parameters 

Wc = 40% 
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GWT = 600mm 

Er = 6.44 x103 

𝑙𝑜𝑔𝛽 = (−0.6119 − 0.017638𝑊𝑐)         (5.9) 

Β = 0.04818 

𝐶0 = 𝑙𝑛 [
𝑎1𝐸𝑟

𝑏1

𝑎9𝐸𝑟
𝑏9
] = 0.0075            (5.10) 

𝜌 = 109 [
𝐶0

(1−(109)𝛽)
]

1

𝛽
          (5.11) 

ρ = 1.095x10-40 

(
𝜀0

𝜀𝑟
) =

(

 
 
(𝑒(𝜌)

𝛽
𝑥𝑎1𝐸𝑟

𝑏1)+(𝑒
(
𝜌

109
)
𝛽

𝑥𝑎9𝐸𝑟
𝑏9)

2

)

 
 

        (5.12) 

𝜀0

𝜀𝑟
= 1.008           (5.13) 

,  

∆𝑝(𝑠𝑜𝑖𝑙)= 𝛽𝑠1𝑘𝑠1𝜀𝑣ℎ𝑠𝑜𝑖𝑙 (
𝜀0

𝜀𝑟
) 𝑒

(
𝜌

𝑛
)
𝛽

        (5.14) 

∆𝑝(𝑠𝑜𝑖𝑙)= 0.1526 ∈ = 3.87604mm  

 

5.2.2 Damage Criterion and growth prediction in HMA flexible pavement 

Due to increasing loading over time and fatigue, the top layer suffers fatigue in the form of alligator 

crack assumed to initiate at the bottom of the HMA layer, while longitudinal cracks are assumed 

to initiate at the surface of the pavement. An approach to calculate the extent of incremental 

pavement damage as provided by the incremental damage is presented. The design equation for 

flexible pavement is adopted. 
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 (5.15) 

where:  

W18 = predicted number of 18kip equivalent single axle load application 

ZR = standard normal deviate 

So = combined standard error of the traffic prediction and performance prediction 

SN = structural number indicative of the total pavement thickness required 

SN = a1D1 + a2D2m2 + a3D3m3 

a1 = ith layer coefficient 

Di = ith layer thickness (inches) 

Mi = ith layer drainage coefficient 

∆PSI = difference between the initial serviceability index, Po and the design terminal serviceability 

index, Pt 

MR = resilient modulus 

The environmental design procedure accounts for the damage of pavement considering two 

strategic input variables, temperature and increasing moisture content. It is recommended that an 

effective subgrade Resilient Modulus (MR) for stiffness requirement be used to represent the effect 

of seasonal variations, especially for moisture-sensitive fine-grained soils for locations with 

significant freeze-thaw cycles (AASHTO, 1993) and increasing precipitation and areas at the 

tropics subjected to an increasing temperature gradient. The relative damage Uf is described by 

the following equation: 

𝑢𝑓 = 1.18𝑥10
8.𝑀𝑅

−2.23          (5.16) 

However, the relative damage is computed by the average damage value experienced across all 

season during the year. The effective subgrade resilient modulus is then given by: 
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𝑀𝑓 = 3015. 𝑢𝑓
−0.431          (5.17) 

Previously, the M-EPDG developed a mechanistic-empirical method for designing and evaluating 

pavement structures. The design process is not as straight forward as that obtained from the 

empirical design presented by 1993 AASHTO guide. The MEPDG developed a software algorithm 

to automatically perform pavement design. 

 

Figure 5.14: M-E flexible pavement design flow chat (Source: MEPDG: 2004) 

The design input variables in the M-E design does not specifically consider moisture ingress and 

increasing temperature variations over time. This study developed an algorithm for designing 

pavement taking note of the input values mentioned in Figure 5.14. 
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Table 5.15: Relationship between pavement deflection and temperature gradient I 

 

Table 5.16: Relationship between pavement deflection and temperature gradient II 

On the contrary, reduced temperature gradient increases the fracture Energy making the pavement 

stiffness high and resistant to failure, but on very low temperatures a compromise is reached, and 

the strength is breached resulting in a brittle material (Glass). Although the failure is not visible at 

the onset of crack propagation, continual exposure to increasing temperatures as well as increasing 
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moisture content will lead to failure of the pavement before the design life is reached. There is also 

a strong linear relationship between Pavement Fracture Energy and the Pavement Resilient 

Modulus. The Table 5.15 and 5.16 indicated that; the higher the temperature, the higher the rate of 

deflection and the lower the temperature, the lower the deflection. 

In addition, the deformation of the pavement is nonlinear owing to the fact that road pavement 

experiences complex stress-strain variables which are time-dependent resulting in multiple phase 

deformation based on the following failure modes within the pavement structural matrix. An 

energy-based constitutive model for the pavement matrix is based on plastic strain energy model 

and this is represented by a unique relationship between the modified plastic strain energy and the 

stress parameter. The evaluation of pavement using smart models in computing methods (Data 

Engine, programming, instrumentation and monitoring devices) gives rise to an evaluation matrix 

as defined by major constitutive pavement quality indices to determine the safety index as well as 

the prediction of failure during service load.  

An Expert Shell System algorithm is presented in Figure 5.17. the Expert Shell System shows the 

analysis for pavement design which is referred to as Pavement Design Infographics. This 

infographic shows the logical approach in designing pavement using real-time environmental data. 

The data is collected via the sensors, firstly sorted out for errors and then mined within the sub-

system using data Mining tools. The refined data is passed to the next phase where finite element 

analysis is performed as well as layered elastic design of pavement. The output is published. For 

this study, a number of pavement failure indices are presented in Table 5.0 to take account of the 

respective measure to counter pavement deformations as they occur. 
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Figure 5.17: Design infographic for moisture and temperature pavement instrumentation algorithm (Researcher, 2019) 
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Furthermore, a confidence level algorithm was developed in this study. Unfortunately, this 

algorithm has been forwarded to the United States for Patent Registration and will not be presented 

since the application is already in process otherwise it will render the patent null and void. In 

addition, the algorithm developed is proposed to provide a life expectancy value for the road 

pavement as well as predict the time to failure of the roadway over a period of time at any given 

time “t” within the design life of the pavement. 

Table 5.0 Pavement Failure Modes (Researcher, 2019) 

Failure Modes 

Pavement Distress Pavement Deterioration 

Pavement Cracking Traffic Loading 

Pavement Distortion Environmental/Climatic factors 

Pavement Disintegration Drainage effect 

Skidding hazard Material quality 

Surfacing/roughness Utility/Service cuts 

 Construction defects 

  

Vocabulary for the development of a smart technology domain in pavement analysis using a web-

based data architecture semantics is presented. This domain includes tools and technology within 

the software development life cycle in the Database Management System (DBMS). The Database 

Management System developed will serve as the anchor to the smart road Pavement Management 

System. Consequently, a confidence rating for Network Level Pavement Management System will 

be generated in a further study.
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Figure 5.18: Web Data Architecture Model for HMA pavement failure mode. (Researcher, 2019)
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A web data architecture is a system of parameters that can be used to assess pavement performance 

based on failure parameters (pavement distress and pavement deterioration) as presented in Table 

5.0. Furthermore, Figure 5.18: Shows the data architecture between pavement condition and 

pavement deterioration response model. The web architecture indicates that, pavement distress 

(traffic loading, climate conditions, utility services) results to pavement disintegration (material 

quality, pavement cracking, drainage defect, surface roughness), and pavement disintegration 

(construction defects, drainage defect) results to pavement distortion (utility services, skid 

resistance, traffic loading, and pavement deterioration). The resulting failure stages arise from 

interaction between the pavement and the surrounding exposure conditions. 

This scenario is a relationship between different failure parameters and the 

corresponding/associated failure mode. Going back to the Griffith (1920) Fracture Energy 

relationship: it can be concluded that Griffith’s theorem as related to brittle and glass materials can 

be applied to pavement response.  

Figure 5.18 further indicates that certain factors have the ability to influence pavement failure. 

This scenario put forward the fact that; the failure initiated at the time of initiation (Mode I) may 

not result to pavement damage; but with time, this will result to exponentially distorted changes in 

the pavement matrix. 

The classification of failure based on Mode I, Mode II and Mode III can be regrouped again from 

the Data Architecture Model in Table 5.1. 

Table 5.1: Relationship between Griffiths Failure Mode and Asphalt Concrete Failure Mode 

Mode I Mode II Mode III 

Surface Roughness Pavement Cracking Pavement Distortion 

Climate Conditions Construction Defects Utility Services 

Traffic Loading Drainage Effect Pavement Disintegration 

Skid resistance   

Material Quality   
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5.3 Summary 

The algorithm presented in Figure 5.17 provides a novel approach for pavement analysis as 

compared with the conventional Mechanistic-Empirical Pavement Design procedure since the 

algorithm incorporates real-time pavement environmental characteristics into the design equation 

considering the transfer functions for analysis. The significance of this algorithm is seen to serve 

as a mitigation plan to predict pavement performance while recalculating the design parameters 

over a given road section without necessarily travelling to the site or taking core drills which tend 

to disrupt the road section and also reduce cost incurred in such activities. 

The analysis from the algorithm is presented and discussed using graphs. Fracture Energy as well 

as real-time Resilient Modulus of the asphalt concrete is presented. The findings indicate that there 

is a strong relationship between environmental condition and road pavement strength/stiffness 

ratio (Modulus of Asphalt Concrete). The result in Figure 5.11 – 5.13 indicates that; increasing 

temperature gradient of the pavement reduces the fracture energy of the Pavement which results 

in delamination and collapse over a longer period of time. Although the failure is not visible at the 

onset of crack propagation, continual exposure to increasing temperatures as well as increasing 

moisture content will lead to failure of the pavement before the design life is reached. There is also 

a strong linear relationship between Pavement Fracture Energy and the Pavement Resilient 

Modulus.
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CHAPTER SIX: DISCUSSION OF RESULTS 

6.0 Introduction 

In line with the previously stated objectives, this section provides a relationship between the 

objectives and the effort to bring about providing a solution to the problem statement based on the 

methodology presented in Chapter Three. 

From the problem statement, it is observed that temperature gradient, as well as increasing 

moisture or humidity which results to increasing the saturation of the pavement, has an effect in 

the resilient modulus of the asphalt concrete. This further explains that increasing temperature 

gradient and moisture/humidity results to decrease in the Asphalt Modulus as well as resulting 

effective stiffness of the asphalt concrete pavement. In addition, reduction in the Asphalt Concrete 

Temperature and Moisture Content results in Increasing Asphalt Concrete Modulus. Since 

pavement behaves like a viscoelastic material (Hasan et al., 2015), the performance of the 

pavement is significantly influenced by variations in moisture and temperature gradient. The 

modulus of the Asphalt Concrete has greatly affected hence a reduction in strength over a period 

of time. This scenario might not be valid for temperature ranges at freeze point. The data from the 

instrumentation process was analysed using data mining tools and fracture energy principle. The 

humidity values were from 0 to 1022. To improve efficiency. Consequently, temperature values 

varied. the three sensors combined generated over 5000 data output results. About 5.5% of the 

results were rendered invalid due to error in readings. The results indicate the efficiency of 

collecting real-time data from pavement using sensor probes (microcontrollers, data memory card 

powered with a solar system) within a period of time. The results also presented serves as input 

data for high-level time analysis and the results with regards to changing moisture is presented. 

Temperature variation based on fracture energy criteria is presented. The effect of the critical stress 

of the asphalt concrete is generated from the temperature gradient and the resulting effect on the 

pavement performance clearly indicates a strong relationship between pavement temperature 

changes and pavement strength considering the effective modulus of the asphalt concrete while in 

service. The resultant effect of the moisture gradient indicated a reduction in strength of the 

subgrade with increasing moisture due to crack failure opening.  
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6.1 Discussion of Objectives 

6.1.1 Build/Fabricate Sensor Probes to Collect Moisture and Temperature Data from Hot 

Mix Asphalt Flexible Pavement using Smart Technology. 

The sensor used for the conducted study was fabricated in the Research Group in Evolvable 

Manufacturing Systems (RGEMS) Laboratory, Department of Electrical and Mechatronics 

Engineering, Central University of Technology, Bloemfontein. The sensor description is as 

detailed in Chapter Four. The sensor operating system sends data via USB connection 

synchronized with the Micro Processor. The data is collected every 10 minutes’ interval recorded 

in an Excel Sheet format (.CSV file). The entire system used a +5V voltage regulator looped to 

the USB port and the Battery. The version of the setup was Named (MISRA v1.1). A pictorial 

view is indicated in the figure below. A link to indicate the process of data transfer can be viewed 

on the Arduino web page: 

(https://www.gammon.au/forum/?id=11497. 

 

 
Figure 6.0: Front Elevation of MISRA v1.1 
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 Figures 6.0 - 6.2 show the front elevation, full elevation and aeriel view of the device enclosure 

respectively for MISRA sensor v1.1. The drawing was done using Abaqus 6.13 (CAE) and the 

material properties selected is that of a Faraday Steel Casing which is designed to resist heavy 

traffic loading that will arise from moving traffic over the instrumented road section. The casing 

is perforated to allow soil sample to be absorbed into the casing to enhance contact between the 

sensor device and the material for accurate readings. The perforation holes are 7.5mm on one side 

at the tail end, the sensors are driven into the case and secured with a fastener. The wire extension 

is drawn to allow for the embedded battery to receive constant charge while buried in the 

underlying pavement layer. 

 

 
Figure 6.1: Full Elevation MISRA v1.1 
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Figure 6.2: Aerial View of MISRA v1.1 

 

 
 

Figure 6.3: Moisture Sensor Detector 
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Figure 6.4: Temperature Sensor 

 

Figure 6.5: MISRA v1.1 Microprocessor 
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Figure 6.6: MISRA v1.1 Prototype Developed 

 

Figure 6.7: MISRA v1.1 Full Setup with Solar Panel 
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6.1.2 Install sensor probes to a road pavement test section to collect pavement response 

The sensor was installed into a road test section in the eastern cape region. The probes were 

installed along the tyre path. This process is to be able to collect exact stress and strain data over 

the moving traffic. The data collected is as indicated in Figure 5.1 and Figure 5.2. Response values 

were noted and analysed using moisture and temperature damage models to predict failure 

response. The damage deflection response is as indicated in results. The sequence clearly indicates 

that increasing temperature overtime causes a reduction on the resilient modulus of the concrete 

by the increasing strain values with an increasing temperature gradient. However, the pavement 

may perform better in a reduced temperature environment; the researcher proposes that a 

viscoelastic analysis of the pavement in low temperature should be considered to analyse the 

pavement behaviour as a brittle material susceptible to failure like a glass material over moving 

traffic. 

 

6.1.3 Examine the response of the pavement using Finite element method and multi layered 

elastic transfer functions for appropriate pavement design. 

The data was analysed based on the South Carolina Method of Pavement Design which is in line 

with the South African pavement design method obtained in the NCHRP -47 Pavement Design 

Guide. The results are as indicated in Chapter 5. A program was developed using an Integrated 

Engineering System (IES). The program can be run by inputting certain parameters: 

i. The resilient strain of the pavement obtained at time of construction using the results 

from the laboratory Indirect Tensile Strength (ITS) during Asphalt mixing and 

compaction 

ii. The number of axle loadings estimated during the Pavement Analysis Period observed 

at time of construction. 

iii. The temperature parameter of the Hot Mix Asphalt surface as well as the underlying 

pavement layers obtained from the sensor in real time on site. 

iv. The global field parameters k1, k2, and k3 for the Hot Mix Asphalt. 

v. The total depth of the pavement below the surface taking account of the underlying 

layers (Base layer, subbase layer and asphalt concrete surface layer). 
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vi. The thickness of The asphalt surface layer at time of construction or assumed thickness 

of the Hot Mix Asphalt Concrete layer obtained using a venire calliper from in-situ 

core drills. 
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6.1.3.1 Web Integrated Source Code Program To Calculate Pavement Failure Using 

Moisture And Temperature Stress Intensity Propagators 

The source code for the web integrated model is presented in the sequence below. The code was 

written using C++ Programming language and this is solvable using a web compiler link: 

https://www.onlinegdb.com/online_c++_compiler. This will run the program when the code is 

copied and pasted on the web link. The corresponding result is generated providing the desired 

input varying outcome. 

//Program Moisture and Temperature Stress Intensity Propagators for predicting Pavement 
Damage 
#include <iostream> 
#include <cmath> 
using namespace std; 
/* 
int work1(int z1, int z2, int z3) 
{ 
  
} 
*/ 
 
int main() 
{ 
 double B1 = 1, K, E, K1 = -3.35412, K2 = 0.4791, B2 = 1, T, K3 = 1.5606, B3 = 1, n, 
D, H, C1, C2, DEF; 
 cout << "Enter resilient strain: "; 
 cin >> E; 
 cout << "Enter number of axle loads: "; 
 cin >> n; 
 //cout << "Enter thickness of HMA, in: "; 
 //cin >> ; 
 cout << "Enter mix or pavement temperature, F: "; 
 cin >> T; 
 //cout << "Enter depth confinement factor: "; 
 //cin >> K; 
 //cout << "Enter global field calibration parameter k1, k2 and k3: "; 
 //cin >> K1 >> K2 >> K3; 
 cout << "Enter Local field calibration constants: "; 
 
 cout << "Enter the depth below the surface, in: "; 
 cin >> D; 
 cout << "Enter total HMA thickness: "; 
 cin >> H; 
 
 C1 = -0.1039 * (H * H) + 2.4868 * H - 17.342; 
 C2 = 0.0172 * (H * H) - 1.7331 * H + 27.428; 
 
 K = (C1 + C2) * pow(0.328196, D); 
 
 // DEF = B1 * K * E * pow(10, K1) * pow(n, (K2 * B2)) * pow(T, (K3 * B3)); 
 DEF = 1 * K * E * pow(10, K1) * pow(n, (K2 * 1)) * pow(T, (K3 * 1)); 
 
 
 cout << "The Deformation in the slab is: " << DEF; 
 return 0; 
} 
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6.1.4 Develop a program to run pavement failure considering Temperature and moisture 

variables using Visual Studio Software package and propose a frame work for pavement 

failure response and maintenance plans based on pavement environmental conditions. 

Crack propagation and crack growth were analysed using the Griffith Energy relation. The 

development of the sensors made use of a reverse engineering deterministic method for 

determining the resilient modulus of the pavement using stress and strain value components 

obtained from the pavement in real-time over a period of time. In extremely cold regions, further 

analysis needs to be performed due to the fact that the pavement will behave like glass and break 

at very low temperatures. This study provided an efficient way to analyse pavement deterioration 

in real-time considering temperature and humidity values from the sensor in such a way that the 

data is sent and analysed in real-time while generating an inference or confidence level of the 

pavement over a period of time. This process will be analysed daily in a cumulative format and 

where there is a drastic change in temperature and humidity readings, such values at that specific 

time is analysed in other to generate maintenance report plans to be used by various departments 

of Transportation and Road regulation agencies. A Road Asset management report is generated 

fortnightly and submitted to the authority concerned; however, actions will be weighted over time 

in line with government budget allocation for road maintenance. This measure will allow the roads 

to be maintained prior to visible failure and predict deterioration during the design service life. 
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CHAPTER SEVEN: CONCLUSION AND RECOMMENDATION 

7.0 Conclusion 

The results from the instrumentation indicate that: there is a strong relationship between the effect 

of climatic/environmental variations on pavement resilient modulus, stiffness, behaviour during 

traffic loading and service life performance. The sensor probes indicate that pavement response 

can be monitored in real-time while subjected to moving traffic load as opposed to methods of 

determining pavement response using FWD, core drills and mobile field observation devices. The 

concluded study further seeks to incorporate pavement design and analysis with Information 

Technology. The instrumentation of the pavement allows for proper communication between the 

road and the Pavement Design Engineer. The communication enhances that the roadway is given 

some form of life via the instrumentation process (initiation of 4IR). This helps to better 

communicate with the road and provide proper maintenance plans much ahead of time before the 

onset of visible potholes and failure damage due to distress modes formed which might not be 

visible at the point of initiation. The analysis further leads to developing an expert shell system for 

analysis of flexible pavement and to predict the service life of a roadway considering its structural 

adequacy. 

A report is proposed to be generated after the expert shell system analysis in other to develop a 

Road Pavement Management System to assist the Department of Transportation as well as to cut 

cost on trolley trips for pavement structural health survey and investigation. From the study 

conducted, it can be seen that smart pavement in sustainable transportation provides a better way 

to analyse pavement and predict the effective service life over any period of time. The use of the 

sensors serves to monitor the pavement condition, especially when subjected to hazardous 

unforeseen conditions like burst pipes and failed drainage lines or excessive rainfall precipitation 

as well as increasing temperature gradients. With the use of the sensors, it gives the Department 

of Transportation a heads up failure mitigation plan to cater for any damage that will occur in the 

future resulting from the previously outlined effects.  
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This study paved the way for advanced computations in pavement engineering which entail the 

creation of semantics of pavement domain during its design life through artificial intelligence and 

high-level expert system shell analysis in JAVA programming.  

This model as presented in this study synchronises Pavement Management System with a Web-

Based Data Architecture System.  

For future recommendation, a confidence rating for Network Level Pavement Management 

System will be generated in a further study. Together with the JESS algorithm developed in this 

study, this will enhance pavement sustainability and reduction in maintenance cost. 
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APPENDIX I 

GRIFFITH ENERGY RELEASE FOR PAVEMENT FAILURE CONSIDERING TEMPERATURE AS ENVIRONMENTAL 

INPUT PARAMETERS 

 

 

Time 
Temperature 
1  

Temperature 
2 

Temperature 
3 GT (T1) GT(T2) GT(T3) E (T1) E(T2) E(T3) 

10 23,87 24,06 23,44 1,751691 1,710227 1,847944 398204,4 395738,2 403842,5 

20 24,62 24,75 24,25 1,59182 1,565145 1,669416 388558,1 386910 393287,4 

30 25,06 25 24,69 1,502769 1,514706 1,577419 383008,1 383760,3 387669,8 

40 24,94 24,87 24,69 1,526708 1,540793 1,577419 384513,9 385394,9 387669,8 

50 25,12 25,06 24,87 1,490896 1,502769 1,540793 382257,5 383008,1 385394,9 

60 25,37 25,19 25,19 1,442125 1,477127 1,477127 379145,6 381383,6 381383,6 

70 25,75 25,62 25,5 1,370139 1,394475 1,417207 374463,9 376059 377537,4 

80 26,06 25,94 25,81 1,31332 1,335112 1,359008 370687,6 372144,8 373730 

90 26,12 25,94 25,94 1,302519 1,335112 1,335112 369961 372144,8 372144,8 

100 26,19 26 26 1,289999 1,324184 1,324184 369115,3 371415,5 371415,5 

110 26,37 26,25 26,19 1,2582 1,279336 1,289999 366949,2 368391,8 369115,3 

120 26,69 26,56 26,5 1,203068 1,22525 1,235587 363129,9 364676,7 365392,8 
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130 26,94 26,81 26,75 1,161233 1,182852 1,192929 360173,7 361707,9 362418,2 

140 27,12 26,75 26,87 1,131777 1,192929 1,172838 358060,2 362418,2 360999 

150 27,12 26,75 26,87 1,131777 1,192929 1,172838 358060,2 362418,2 360999 

160 27,12 26,69 26,94 1,131777 1,203068 1,161233 358060,2 363129,9 360173,7 

170 27,06 26,62 26,87 1,141534 1,214976 1,172838 358763,3 363962 360999 

180 27,25 26,94 27,06 1,110848 1,161233 1,141534 356541,4 360173,7 358763,3 

190 27,5 27,06 27,25 1,071404 1,141534 1,110848 353638,9 358763,3 356541,4 

201 27,75 27,12 27,44 1,03301 1,131777 1,080775 350760 358060,2 354333,3 

211 28,19 27,56 27,81 0,967949 1,062094 1,02395 345749,8 352945,8 350072,5 

221 28,62 27,75 28,19 0,907405 1,03301 0,967949 340922,8 350760 345749,8 

231 28,56 27,56 28,12 0,915675 1,062094 0,978088 341592,2 352945,8 346542,1 

241 28,81 27,87 28,37 0,881591 1,01495 0,942244 338811,4 349386,4 343720,9 

251 28,44 27,56 28,19 0,932388 1,062094 0,967949 342935,1 352945,8 345749,8 

261 27,62 26,94 27,62 1,052845 1,161233 1,052845 352254,1 360173,7 352254,1 

271 27,12 26,69 27,12 1,131777 1,203068 1,131777 358060,2 363129,9 358060,2 

281 26,81 26,31 26,81 1,182852 1,268736 1,182852 361707,9 367669,8 361707,9 

291 26,37 25,94 26,37 1,2582 1,335112 1,2582 366949,2 372144,8 366949,2 

301 26,25 25,94 26,19 1,279336 1,335112 1,289999 368391,8 372144,8 369115,3 
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311 26,31 26,06 26,25 1,268736 1,31332 1,279336 367669,8 370687,6 368391,8 

321 26,75 26,25 26,62 1,192929 1,279336 1,214976 362418,2 368391,8 363962 

331 27,25 26,31 27,19 1,110848 1,268736 1,120472 356541,4 367669,8 357241,6 

341 27,62 26,5 27,5 1,052845 1,235587 1,071404 352254,1 365392,8 353638,9 

351 27,75 26,56 27,62 1,03301 1,22525 1,052845 350760 364676,7 352254,1 

361 27,87 26,69 27,81 1,01495 1,203068 1,02395 349386,4 363129,9 350072,5 

372 27,87 26,69 27,81 1,01495 1,203068 1,02395 349386,4 363129,9 350072,5 

382 27,56 26,37 27,56 1,062094 1,2582 1,062094 352945,8 366949,2 352945,8 

392 27,44 26,06 27,37 1,080775 1,31332 1,091783 354333,3 370687,6 355145,2 

402 27,19 25,81 27,12 1,120472 1,359008 1,131777 357241,6 373730 358060,2 

412 26,5 25,56 26,62 1,235587 1,405809 1,214976 365392,8 376797,5 363962 

422 25,75 25 25,94 1,370139 1,514706 1,335112 374463,9 383760,3 372144,8 

432 25,19 24,5 25,37 1,477127 1,616715 1,442125 381383,6 390085,7 379145,6 

442 24,81 24,25 25 1,552937 1,669416 1,514706 386151,7 393287,4 383760,3 

452 24,56 23,94 24,69 1,604235 1,736339 1,577419 389321,2 397294 387669,8 

462 24,37 23,75 24,5 1,643978 1,778216 1,616715 391747,3 399769,8 390085,7 

472 24,12 23,44 24,25 1,697269 1,847944 1,669416 394962,6 403842,5 393287,4 

482 23,81 23,12 24 1,764921 1,921736 1,72325 398986,3 408090 396515,3 
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492 23,44 22,75 23,69 1,847944 2,009345 1,791576 403842,5 413057 400554,9 

502 23,12 22,37 23,31 1,921736 2,101853 1,8777 408090 418221,2 405562,7 

512 22,87 22,06 23,06 1,980664 2,179199 1,935777 411439,5 422481,8 408891,4 

522 22,62 21,94 22,81 2,040706 2,209588 1,994973 414816,5 424142,7 412247,5 

532 22,31 21,5 22,56 2,116692 2,323129 2,055281 419042,4 430288,8 415631,1 

542 21,94 21,19 22,25 2,209588 2,40509 2,131595 424142,7 434672,3 419865,3 

553 21,81 21,06 22,06 2,24279 2,439936 2,179199 425949,4 436523,9 422481,8 

563 21,75 21 22 2,258211 2,456113 2,194362 426785,8 437381,1 423311,4 

573 21,62 20,87 21,87 2,291836 2,491364 2,22743 428603,8 439244,2 425114,6 

583 21,25 20,37 21,56 2,389102 2,629474 2,307452 433820,4 446484,1 429445,4 

593 21 20,12 21,31 2,456113 2,699997 2,373173 437381,1 450148,7 432970,2 

603 20,81 20 21,12 2,507726 2,734188 2,423819 440106,7 451918,4 435668,3 

613 20,75 19,94 21,06 2,524147 2,751364 2,439936 440971 452805,8 436523,9 

623 20,69 19,81 20,94 2,540625 2,788764 2,472349 441836,9 454734,6 438240 

633 20,62 19,75 20,87 2,559922 2,806109 2,491364 442849,3 455627,6 439244,2 

643 20,37 19,5 20,69 2,629474 2,878945 2,540625 446484,1 459367,2 441836,9 

653 20,06 19,31 20,44 2,717065 2,934895 2,6099 451032,7 462229,9 445463,4 

663 19,81 19,12 20,31 2,788764 2,991345 2,646311 454734,6 465110,3 447360,9 
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673 19,87 19,06 20,25 2,771471 3,009274 2,663205 453843,4 466023,7 448239,4 

683 20 19,06 20,12 2,734188 3,009274 2,699997 451918,4 466023,7 450148,7 

693 20 19 19,94 2,734188 3,02725 2,751364 451918,4 466938,8 452805,8 

703 19,62 18,69 19,75 2,843871 3,120882 2,806109 457568,4 471695,8 455627,6 

713 19,19 18,31 19,5 2,97049 3,237309 2,878945 464047 477593,1 459367,2 

724 18,81 18,12 19,25 3,08449 3,296171 2,952668 469848,7 480569,3 463137,6 

734 18,75 18 19,12 3,102663 3,333561 2,991345 470771,3 482458,5 465110,3 

744 18,62 17,87 19 3,142195 3,374247 3,02725 472776,6 484513,6 466938,8 

754 18,56 17,81 18,94 3,160512 3,393087 3,045275 473705 485465,1 467855,8 

764 18,56 17,81 18,87 3,160512 3,393087 3,066363 473705 485465,1 468927,8 

774 18,5 17,75 18,87 3,178874 3,411965 3,066363 474635,3 486418,4 468927,8 

784 18,37 17,56 18,75 3,218809 3,471995 3,102663 476657 489449,6 470771,3 

794 18,19 17,37 18,56 3,274436 3,532388 3,160512 479470,6 492499,7 473705 

804 18 17,25 18,37 3,333561 3,57071 3,218809 482458,5 494435,9 476657 

814 17,81 17,06 18,25 3,393087 3,631658 3,255852 485465,1 497517,1 478530,9 

824 17,62 16,94 18,12 3,452998 3,670315 3,296171 488490,4 499473 480569,3 

834 17,5 16,81 18 3,491028 3,71233 3,333561 490410,8 501600,5 482458,5 

844 17,37 16,69 17,87 3,532388 3,751234 3,374247 492499,7 503572,5 484513,6 
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854 17,19 16,44 17,69 3,589922 3,832635 3,430882 495406,8 507705,7 487373,6 

864 16,87 16,19 17,37 3,692921 3,914473 3,532388 500617,5 511872,7 492499,7 

874 16,56 15,88 17,12 3,793505 4,016489 3,612376 505717,5 517087,5 496542 

884 16,31 15,56 16,87 3,87514 4,122326 3,692921 509868,3 522526,1 500617,5 

894 16,12 15,31 16,62 3,93746 4,205319 3,77398 513045,6 526814,8 504726,4 

905 15,94 15,19 16,5 3,996701 4,245235 3,813057 516074 528885,9 506710,6 

915 15,94 15,19 16,37 3,996701 4,245235 3,855508 516074 528885,9 508869 

925 16,06 15,19 16,25 3,957186 4,245235 3,894795 514053,1 528885,9 510869,5 

935 16,25 15,25 16,19 3,894795 4,225271 3,914473 510869,5 527849,4 511872,7 

945 16,37 15,25 16,06 3,855508 4,225271 3,957186 508869 527849,4 514053,1 

955 16,37 15,19 15,94 3,855508 4,245235 3,996701 508869 528885,9 516074 

965 16,31 15 15,81 3,87514 4,308522 4,039598 509868,3 532181,8 518272,3 

975 16,19 14,94 15,63 3,914473 4,328527 4,099133 511872,7 533226,8 521331,5 

985 16 14,75 15,44 3,976934 4,391922 4,162133 515062,6 536549,8 524580,3 

995 15,88 14,63 15,31 4,016489 4,43199 4,205319 517087,5 538659,1 526814,8 

1005 15,5 14,44 15,25 4,142222 4,495462 4,225271 523552,2 542015,9 527849,4 

1015 15,19 14,31 15,25 4,245235 4,538899 4,225271 528885,9 544324,6 527849,4 

1025 15,13 14,13 15,13 4,26521 4,59904 4,26521 529924,5 547537,7 529924,5 
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1035 15,13 14,13 15,06 4,26521 4,59904 4,288527 529924,5 547537,7 531138,8 

1045 15,25 14,06 15 4,225271 4,622423 4,308522 527849,4 548792,3 532181,8 

1055 15,31 14,06 14,88 4,205319 4,622423 4,348539 526814,8 548792,3 534274 

1065 15,31 13,94 14,69 4,205319 4,662496 4,411954 526814,8 550949,8 537603,4 

1076 15,25 13,88 14,5 4,225271 4,682526 4,475415 527849,4 552031,7 540953,6 

1086 15,19 13,75 14,38 4,245235 4,725901 4,51551 528885,9 554383,1 543080,2 

1096 15,06 13,63 14,31 4,288527 4,765908 4,538899 531138,8 556562,6 544324,6 

1106 15 13,5 14,19 4,308522 4,809206 4,578995 532181,8 558933,3 546464,6 

1116 14,88 13,38 14 4,348539 4,849127 4,642462 534274 561130,7 549870 

1126 14,69 13,19 13,88 4,411954 4,912228 4,682526 537603,4 564627,5 552031,7 

1136 14,5 13 13,63 4,475415 4,975175 4,765908 540953,6 568146,1 556562,6 

1146 14,31 12,88 13,44 4,538899 5,014839 4,829172 544324,6 570379,6 560030,9 

1156 14,19 12,63 13,25 4,578995 5,097209 4,892317 546464,6 575061,1 563520,9 

1166 14 12,5 13,19 4,642462 5,139884 4,912228 549870 577510,7 564627,5 

1176 13,88 12,38 13,06 4,682526 5,179172 4,955315 552031,7 579781 567032,6 

1186 13,81 12,25 12,94 4,705885 5,221612 4,995016 553296,6 582250,7 569261,7 

1196 13,69 12,25 13 4,745908 5,221612 4,975175 555471,8 582250,7 568146,1 

1206 13,5 12,19 13,13 4,809206 5,241154 4,932124 558933,3 583394,1 565736,2 
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1216 13,25 12,13 13,19 4,892317 5,260667 4,912228 563520,9 584539,7 564627,5 

1226 13,13 12,19 13,25 4,932124 5,241154 4,892317 565736,2 583394,1 563520,9 

1236 13,31 12,31 13,38 4,872391 5,202041 4,849127 562416,4 581109,5 561130,7 

1247 13,69 12,63 13,63 4,745908 5,097209 4,765908 555471,8 575061,1 556562,6 

1257 14,13 13,13 13,94 4,59904 4,932124 4,662496 547537,7 565736,2 550949,8 

1267 14,5 13,63 14,31 4,475415 4,765908 4,538899 540953,6 556562,6 544324,6 

1277 14,81 14,06 14,63 4,371895 4,622423 4,43199 535498,2 548792,3 538659,1 

1287 15,13 14,38 14,94 4,26521 4,51551 4,328527 529924,5 543080,2 533226,8 

1297 15,44 14,88 15,31 4,162133 4,348539 4,205319 524580,3 534274 526814,8 

1307 15,81 15,31 15,69 4,039598 4,205319 4,079271 518272,3 526814,8 520309,8 

1317 16,25 15,88 16,19 3,894795 4,016489 3,914473 510869,5 517087,5 511872,7 

1327 16,69 16,44 16,62 3,751234 3,832635 3,77398 503572,5 507705,7 504726,4 

1337 17,06 16,94 17 3,631658 3,670315 3,650971 497517,1 499473 498494,1 

1347 17,44 17,31 17,37 3,510097 3,551532 3,532388 491373,8 493466,9 492499,7 

1357 17,75 17,69 17,69 3,411965 3,430882 3,430882 486418,4 487373,6 487373,6 

1367 18 18,06 18 3,333561 3,314846 3,333561 482458,5 481513 482458,5 

1377 18,31 18,37 18,31 3,237309 3,218809 3,237309 477593,1 476657 477593,1 

1387 18,62 18,69 18,62 3,142195 3,120882 3,142195 472776,6 471695,8 472776,6 
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1397 18,87 19,06 18,94 3,066363 3,009274 3,045275 468927,8 466023,7 467855,8 

1407 19,19 19,37 19,25 2,97049 2,917172 2,952668 464047 461323,9 463137,6 

1418 19,44 19,75 19,62 2,896559 2,806109 2,843871 460269,3 455627,6 457568,4 

1428 20,12 20,5 20,25 2,699997 2,593184 2,663205 450148,7 444590,3 448239,4 

1438 21,06 21,5 21 2,439936 2,323129 2,456113 436523,9 430288,8 437381,1 

1448 21,87 22,31 21,69 2,22743 2,116692 2,273695 425114,6 419042,4 427623,9 

1458 22,37 23 22,12 2,101853 1,949882 2,164098 418221,2 409694,4 421653,8 

1468 22,69 23,12 22,44 2,023782 1,921736 2,084621 413868,1 408090 417265 

1478 23,12 23,62 22,94 1,921736 1,807246 1,964052 408090 401472,7 410498,9 

1488 23,56 24,25 23,56 1,820747 1,669416 1,820747 402261,1 393287,4 402261,1 

1498 24,12 25,12 24,19 1,697269 1,490896 1,682233 394962,6 382257,5 394059,7 

1508 24,81 25,87 24,75 1,552937 1,347942 1,565145 386151,7 372997,6 386910 

1518 25,44 26,31 25,37 1,42867 1,268736 1,442125 378278,8 367669,8 379145,6 

1528 25,62 26,25 25,69 1,394475 1,279336 1,381334 376059 368391,8 375199,3 

1538 25,87 26,25 26,06 1,347942 1,279336 1,31332 372997,6 368391,8 370687,6 

1548 26,31 27,25 26,44 1,268736 1,110848 1,245987 367669,8 356541,4 366110,3 

1558 26,75 27,69 26,87 1,192929 1,04213 1,172838 362418,2 351448,7 360999 

1568 27,25 28,37 27,31 1,110848 0,942244 1,101285 356541,4 343720,9 355842,7 
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1578 27,94 28,94 27,87 1,004525 0,864256 1,01495 348587,7 337374,3 349386,4 

1588 28,44 29,31 28,44 0,932388 0,81635 0,932388 342935,1 333317,4 342935,1 

1599 28,94 30 28,81 0,864256 0,732535 0,881591 337374,3 325881,7 338811,4 

1609 29,06 30,06 29,12 0,848488 0,725578 0,840687 336053,2 325243 335394,5 

1619 29,31 30,69 29,75 0,81635 0,655627 0,762087 333317,4 318611,9 328556,5 

1629 29,87 31,5 30,37 0,747788 0,573685 0,690457 327269,9 310284,4 321963 

1639 30,81 32,56 31,12 0,642931 0,479132 0,611038 317364,2 299714,7 314163,7 

1649 31,69 33,63 31,94 0,55571 0,397017 0,532755 308362,8 289410,3 305852,5 

1659 32,5 34,38 32,75 0,48412 0,346714 0,463612 300303,2 282399,5 297858,5 

1669 33,25 35,19 33,13 0,424732 0,298493 0,433808 293028,6 275018,6 294180,6 

1679 33,5 34,81 33,25 0,406325 0,32036 0,424732 290643,1 278456,9 293028,6 

1689 32,94 34 32,56 0,448507 0,371491 0,479132 296013,8 285930,2 299714,7 

1699 31,75 32,38 31,31 0,550129 0,494225 0,592125 307758,5 301483,8 312218 

1709 30,94 31 30,31 0,629399 0,62323 0,697148 316018,1 315398,8 322595,3 

1719 30,19 30,06 29,62 0,710683 0,725578 0,777818 323863,5 325243 329956 

1729 29,75 29,56 29,25 0,762087 0,785163 0,823976 328556,5 330603,9 333972 

1739 29,69 29,5 29,25 0,769316 0,792562 0,823976 329201,6 331253,1 333972 

1749 29,81 29,75 29,69 0,754911 0,762087 0,769316 327912,5 328556,5 329201,6 
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1759 30,25 31,06 30,62 0,70389 0,61711 0,663124 323228,8 314780,6 319342 

1770 30,94 33,25 31,94 0,629399 0,424732 0,532755 316018,1 293028,6 305852,5 

1780 32,31 35,56 33,5 0,500198 0,278426 0,406325 302174,6 271711,5 290643,1 

1790 33,06 36,88 34,38 0,439177 0,215901 0,346714 294854,7 260234 282399,5 

1800 33,5 37,38 34,88 0,406325 0,195587 0,316233 290643,1 256014,2 277820,3 

1810 33,38 37,75 35,13 0,415076 0,181637 0,301859 291785,7 252935,6 275558,6 

1820 33,56 36,88 35,31 0,402007 0,215901 0,291855 290073,5 260234 273941,6 

1830 33,69 37,5 35,06 0,392782 0,190965 0,305827 288843,1 255011,6 276190 

1840 33,31 36,19 34,25 0,420252 0,246891 0,35503 292454,3 266171,8 283602,5 

1850 32,44 34,13 32,94 0,489151 0,362853 0,448507 300892,9 284717,4 296013,8 

1860 31,62 32,44 31,62 0,562279 0,489151 0,562279 309069,4 300892,9 309069,4 

1870 30,81 31,19 30,75 0,642931 0,604014 0,649254 317364,2 313445,5 317987,5 

1880 30,12 30,19 30 0,718673 0,710683 0,732535 324605,6 323863,5 325881,7 

1890 29,62 29,44 29,44 0,777818 0,800015 0,800015 329956 331903,6 331903,6 

1900 29,19 28,94 29 0,831657 0,864256 0,856344 334627,8 337374,3 336713,1 

1910 28,81 28,44 28,56 0,881591 0,932388 0,915675 338811,4 342935,1 341592,2 

1920 28,37 27,94 28,19 0,942244 1,004525 0,967949 343720,9 348587,7 345749,8 

1930 28 27,5 27,87 0,995654 1,071404 1,01495 347904,5 353638,9 349386,4 
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1941 27,56 27,06 27,5 1,062094 1,141534 1,071404 352945,8 358763,3 353638,9 

1951 27,06 26,62 27,12 1,141534 1,214976 1,131777 358763,3 363962 358060,2 

1961 26,44 26,06 26,69 1,245987 1,31332 1,203068 366110,3 370687,6 363129,9 

1971 25,81 25,5 26,25 1,359008 1,417207 1,279336 373730 377537,4 368391,8 

1981 25,12 24,94 25,75 1,490896 1,526708 1,370139 382257,5 384513,9 374463,9 

1991 24,69 24,44 25,31 1,577419 1,62926 1,453727 387669,8 390851,7 379890,1 

2001 24,37 24,06 25 1,643978 1,710227 1,514706 391747,3 395738,2 383760,3 

2011 24,25 23,75 24,62 1,669416 1,778216 1,59182 393287,4 399769,8 388558,1 

2021 24,06 23,37 24,31 1,710227 1,863928 1,656664 395738,2 404767,8 392516,6 

2031 23,81 23,06 23,94 1,764921 1,935777 1,736339 398986,3 408891,4 397294 

2041 23,44 22,75 23,62 1,847944 2,009345 1,807246 403842,5 413057 401472,7 

2051 22,87 22,37 23,31 1,980664 2,101853 1,8777 411439,5 418221,2 405562,7 

2061 22,56 21,81 22,94 2,055281 2,24279 1,964052 415631,1 425949,4 410498,9 

2071 22,56 21,56 22,44 2,055281 2,307452 2,084621 415631,1 429445,4 417265 

2081 22,44 21,31 22,12 2,084621 2,373173 2,164098 417265 432970,2 421653,8 

2091 22,19 20,94 21,81 2,14656 2,472349 2,24279 420689,8 438240 425949,4 

2101 22,12 20,75 21,5 2,164098 2,524147 2,323129 421653,8 440971 430288,8 

2112 22,06 20,56 21,37 2,179199 2,576525 2,357304 422481,8 443719 432121,6 
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2122 22 20,5 21,25 2,194362 2,593184 2,389102 423311,4 444590,3 433820,4 

2132 21,87 20,5 21,19 2,22743 2,593184 2,40509 425114,6 444590,3 434672,3 

2142 21,75 20,31 21,06 2,258211 2,646311 2,439936 426785,8 447360,9 436523,9 

2152 21,56 20,12 20,87 2,307452 2,699997 2,491364 429445,4 450148,7 439244,2 

2162 21,37 20 20,69 2,357304 2,734188 2,540625 432121,6 451918,4 441836,9 

2172 21,19 19,75 20,5 2,40509 2,806109 2,593184 434672,3 455627,6 444590,3 

2182 20,94 19,5 20,25 2,472349 2,878945 2,663205 438240 459367,2 448239,4 

2192 20,69 19,31 20 2,540625 2,934895 2,734188 441836,9 462229,9 451918,4 

2202 20,44 19 19,69 2,6099 3,02725 2,823508 445463,4 466938,8 456522,3 

2212 20,19 18,69 19,44 2,680154 3,120882 2,896559 449119,6 471695,8 460269,3 

2222 20 18,5 19,25 2,734188 3,178874 2,952668 451918,4 474635,3 463137,6 

2232 19,81 18,37 19,12 2,788764 3,218809 2,991345 454734,6 476657 465110,3 

2242 19,69 18,25 18,94 2,823508 3,255852 3,045275 456522,3 478530,9 467855,8 

2252 19,56 18,12 18,81 2,861382 3,296171 3,08449 458466,9 480569,3 469848,7 

2262 19,37 17,94 18,62 2,917172 3,352316 3,142195 461323,9 483406 472776,6 

2272 19,25 17,81 18,5 2,952668 3,393087 3,178874 463137,6 485465,1 474635,3 

2283 19,06 17,62 18,31 3,009274 3,452998 3,237309 466023,7 488490,4 477593,1 

2293 18,94 17,5 18,19 3,045275 3,491028 3,274436 467855,8 490410,8 479470,6 
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2303 18,75 17,37 18 3,102663 3,532388 3,333561 470771,3 492499,7 482458,5 

2313 18,69 17,25 17,94 3,120882 3,57071 3,352316 471695,8 494435,9 483406 

2323 18,56 17,12 17,81 3,160512 3,612376 3,393087 473705 496542 485465,1 

2333 18,44 17,06 17,69 3,19728 3,631658 3,430882 475567,3 497517,1 487373,6 

2343 18,25 16,81 17,5 3,255852 3,71233 3,491028 478530,9 501600,5 490410,8 

2353 18,06 16,69 17,37 3,314846 3,751234 3,532388 481513 503572,5 492499,7 

2363 17,94 16,5 17,25 3,352316 3,813057 3,57071 483406 506710,6 494435,9 

2373 17,75 16,31 17,06 3,411965 3,87514 3,631658 486418,4 509868,3 497517,1 

2383 17,69 16,25 17 3,430882 3,894795 3,650971 487373,6 510869,5 498494,1 

2393 17,56 16,12 16,87 3,471995 3,93746 3,692921 489449,6 513045,6 500617,5 

2403 17,5 16,06 16,75 3,491028 3,957186 3,731768 490410,8 514053,1 502585,6 

2413 17,37 15,94 16,62 3,532388 3,996701 3,77398 492499,7 516074 504726,4 

2423 17,13 15,88 16,56 3,609166 4,016489 3,793505 496379,7 517087,5 505717,5 

2433 17,25 15,75 16,5 3,57071 4,059426 3,813057 494435,9 519290 506710,6 

2443 17,19 15,75 16,44 3,589922 4,059426 3,832635 495406,8 519290 507705,7 

2454 17,06 15,69 16,37 3,631658 4,079271 3,855508 497517,1 520309,8 508869 

2464 17 15,63 16,31 3,650971 4,099133 3,87514 498494,1 521331,5 509868,3 

2474 16,94 15,56 16,25 3,670315 4,122326 3,894795 499473 522526,1 510869,5 
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2484 16,87 15,5 16,19 3,692921 4,142222 3,914473 500617,5 523552,2 511872,7 

2494 16,81 15,38 16,06 3,71233 4,182057 3,957186 501600,5 525610,5 514053,1 

2504 16,69 15,31 15,94 3,751234 4,205319 3,996701 503572,5 526814,8 516074 

2514 16,56 15,19 15,81 3,793505 4,245235 4,039598 505717,5 528885,9 518272,3 
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APPENDIX II 

INPUT VALUES FOR CALCULATING PAVEMENT DEFLECTION CONSIDERING TEMPERATURE AND AXLE LOAD 

Resilient Strain in HMA 
Axle 
Load 

Pavement 
Temperature 

Axle Load 
Constant  

Temperature 
Constant 

Deflection of 
Pavement 

K1  N (kN) T (Degrees)  K2 K3  ∆HMA (inches) 

0,00000007 1000 23,87 0,4791 1,5606 0,00027 

0,00000007 1500 24,62 0,4791 1,5606 0,00035 

0,00000007 2000 25,06 0,4791 1,5606 0,00041 

0,00000007 2500 24,94 0,4791 1,5606 0,00045 

0,00000007 3000 25,12 0,4791 1,5606 0,00050 

0,00000007 3500 25,37 0,4791 1,5606 0,00054 

0,00000007 4000 25,75 0,4791 1,5606 0,00059 

0,00000007 4500 26,06 0,4791 1,5606 0,00064 

0,00000007 5000 26,12 0,4791 1,5606 0,00067 

0,00000007 5500 26,19 0,4791 1,5606 0,00071 

0,00000007 6000 26,37 0,4791 1,5606 0,00075 

0,00000007 1000 23,87 0,4791 1,5606 0,00027 

0,00000007 1500 24,62 0,4791 1,5606 0,00035 
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0,00000007 2000 25,06 0,4791 1,5606 0,00041 

0,00000007 2500 24,94 0,4791 1,5606 0,00045 

0,00000007 3000 25,12 0,4791 1,5606 0,00050 

0,00000007 3500 25,37 0,4791 1,5606 0,00054 

0,00000007 4000 25,75 0,4791 1,5606 0,00059 

0,00000007 4500 26,06 0,4791 1,5606 0,00064 

0,00000007 5000 26,12 0,4791 1,5606 0,00067 

0,00000007 5500 26,19 0,4791 1,5606 0,00071 

0,00000007 6000 26,37 0,4791 1,5606 0,00075 

0,00000007 1000 23,87 0,4791 1,5606 0,00027 

0,00000007 1500 24,62 0,4791 1,5606 0,00035 

0,00000007 2000 25,06 0,4791 1,5606 0,00041 

0,00000007 2500 24,94 0,4791 1,5606 0,00045 

0,00000007 3000 25,12 0,4791 1,5606 0,00050 

0,00000007 3500 25,37 0,4791 1,5606 0,00054 

0,00000007 4000 25,75 0,4791 1,5606 0,00059 

0,00000007 4500 26,06 0,4791 1,5606 0,00064 
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0,00000007 5000 26,12 0,4791 1,5606 0,00067 

0,00000007 5500 26,19 0,4791 1,5606 0,00071 

0,00000007 6000 26,37 0,4791 1,5606 0,00075 

0,00000007 6500 26,69 0,4791 1,5606 0,00079 

0,00000007 7000 26,94 0,4791 1,5606 0,00083 

0,00000007 7500 27,12 0,4791 1,5606 0,00087 

0,00000007 8000 27,12 0,4791 1,5606 0,00090 

0,00000007 8500 27,12 0,4791 1,5606 0,00092 

0,00000007 9000 27,06 0,4791 1,5606 0,00094 

0,00000007 10000 27,25 0,4791 1,5606 0,00100 

0,00000007 10500 27,50 0,4791 1,5606 0,00104 

0,00000007 11000 27,75 0,4791 1,5606 0,00108 

0,00000007 11500 28,19 0,4791 1,5606 0,00113 

0,00000007 12000 28,62 0,4791 1,5606 0,00118 

0,00000007 12500 28,56 0,4791 1,5606 0,00120 

0,00000007 13000 28,81 0,4791 1,5606 0,00124 
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APPENDIX III: INPUT VALUES FOR FIELD CALIBRATION CONSTANT KZ 

 

Kz C1 C2 K1r K2r K3r 

1 
-
57,5815 

-
12,1605 

-
3,35412 0,4791 1,5606 

-1,28444E-
09 

-
57,5815 

-
12,1605 

-
3,35412 0,4791 1,5606 

-1,28444E-
09 

-
57,5815 

-
12,1605 

-
3,35412 0,4791 1,5606 

-1,28444E-
09 

-
57,5815 

-
12,1605 

-
3,35412 0,4791 1,5606 

-1,28444E-
09 

-
57,5815 

-
12,1605 

-
3,35412 0,4791 1,5606 

-1,28444E-
09 

-
57,5815 

-
12,1605 

-
3,35412 0,4791 1,5606 

-1,28444E-
09 

-
57,5815 

-
12,1605 

-
3,35412 0,4791 1,5606 

-1,28444E-
09 

-
57,5815 

-
12,1605 

-
3,35412 0,4791 1,5606 

-1,28444E-
09 

-
57,5815 

-
12,1605 

-
3,35412 0,4791 1,5606 

-1,28444E-
09 

-
57,5815 

-
12,1605 

-
3,35412 0,4791 1,5606 

-1,28444E-
09 

-
57,5815 

-
12,1605 

-
3,35412 0,4791 1,5606 
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APPENDIX IV: PROCEDURE FOR INSTRUMENTATION AND INSTALLATION 

Road IOT Instrumentation Notes 

1. Installation 

 Pull the two wires (power and antenna) through the PVC pipe.  

 Before connecting the 20mm male and female PVC pipes, apply the provided PVC Weld 

thoroughly. Connect the male and female. 

 Place the device and pipes in the ground. 

 Connect the power cable to the solar panel. 

 Take down the current GPS location of the device as well as the device ID for the 

software developer to implement. This will ensure that the location of each device is 

known should the GPS fail. 

 

2. SigFox Backend 

The device transmits the reading to the SigFox backend. This information can be seen at: 

https://backend.sigfox.com/ 

Username: bskrtell@gmail.com 

Password: banksZA111/  

 

3. Data package 

The data will be sent to the backend as follow: 

Bytes Example Description 

RAW DATA 0f5444330f9313750c2810d6    

BYTE 0,1,2 and 3 0F 54 44 33 *Latitude 

BYTE 4,5,6 and 7 0F 93 13 75 *Longitude 

BYTE 8 0C Temperature ( degree Celsius) 

BYTE 9 28 Humidity ( % ) 

BYTE 10 and 11 10 D6 Battery Voltage ( Milli-Volts) 

* Latitude data should be divided by 10 000 000 to get the correct floating number 
* Longitude data should be divided by 10 000 000 to get the correct floating number 
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4. Do’s and Don’ts 

 Do not pull too hard on the cables. 

 If ever an error occurs, disconnect the power cable and leave for the battery to deplete 

before connecting again. This will cause the device to reset. 

 Since the battery will be connected from assembly ensure the batteries are kept on 

charge when receiving the devices. This is done by connecting the power cable to the 

solar panel and placing it in the sun. 
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APPENDIX V: MOISTURE AND TEMPERATURE SENSOR DATA OBTAINED FROM 

PAVEMENT SUBGRADE LAYER 

 
time Temperature Humidity Battery 

Voltage 

0 2019-12-01 18:18:56 20 47 3697 

1 2019-12-01 18:29:06 20 47 3697 

2 2019-12-01 18:39:17 20 47 3697 

3 2019-12-01 18:49:27 20 47 3690 

4 2019-12-01 18:59:39 20 47 3692 

5 2019-12-01 19:09:49 20 47 3692 

6 2019-12-01 19:20:00 19 46 3689 

7 2019-12-01 19:30:11 20 46 3687 

8 2019-12-01 19:40:21 19 47 3688 

9 2019-12-01 19:50:32 19 47 3689 

10 2019-12-01 20:00:43 19 47 3684 

11 2019-12-01 20:10:53 19 47 3682 

12 2019-12-01 20:21:04 19 48 3682 

13 2019-12-01 20:31:15 19 48 3683 

14 2019-12-01 20:41:25 19 48 3676 

15 2019-12-01 20:51:36 19 49 3683 

16 2019-12-01 21:01:47 19 49 3674 

17 2019-12-01 21:11:58 19 49 3684 

18 2019-12-01 21:22:08 19 49 3677 

19 2019-12-01 21:32:19 19 49 3680 

20 2019-12-01 21:42:30 19 50 3678 

21 2019-12-01 21:52:40 19 49 3670 

22 2019-12-01 22:02:51 19 49 3677 

23 2019-12-01 22:13:02 19 50 3671 

24 2019-12-01 22:23:13 19 50 3676 

25 2019-12-01 22:33:23 19 50 3669 

26 2019-12-01 22:43:34 19 50 3671 

27 2019-12-01 22:53:44 19 50 3670 

28 2019-12-01 23:03:55 19 50 3671 

29 2019-12-01 23:14:05 19 50 3663 

30 2019-12-01 23:24:15 19 50 3664 

31 2019-12-01 23:34:26 19 50 3673 

32 2019-12-01 23:44:38 19 50 3671 

33 2019-12-01 23:54:48 19 50 3662 

34 2019-12-02 00:04:58 19 50 3660 

35 2019-12-02 00:15:09 19 50 3662 

36 2019-12-02 00:25:19 19 50 3663 
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37 2019-12-02 00:35:30 19 49 3660 

38 2019-12-02 00:45:41 19 49 3662 

39 2019-12-02 00:55:51 19 49 3662 

40 2019-12-02 01:06:02 19 49 3655 

41 2019-12-02 01:16:13 19 49 3657 

42 2019-12-02 01:26:23 19 49 3665 

43 2019-12-02 01:36:34 19 49 3661 

44 2019-12-02 01:46:44 19 49 3662 

45 2019-12-02 01:56:55 19 49 3659 

46 2019-12-02 02:07:05 19 49 3664 

47 2019-12-02 02:17:16 19 49 3653 

48 2019-12-02 02:27:27 19 49 3654 

49 2019-12-02 02:37:37 19 49 3654 

50 2019-12-02 02:47:48 19 49 3650 

51 2019-12-02 02:57:58 19 48 3648 

52 2019-12-02 03:08:09 19 49 3657 

53 2019-12-02 03:18:19 19 49 3650 

54 2019-12-02 03:28:29 19 49 3654 

55 2019-12-02 03:38:40 19 49 3653 

56 2019-12-02 03:48:51 19 49 3651 

57 2019-12-02 03:59:01 19 49 3649 

58 2019-12-02 04:09:12 20 48 3655 

59 2019-12-02 04:19:23 20 49 3649 

60 2019-12-02 04:29:33 20 48 3656 

61 2019-12-02 04:39:44 20 48 3648 

62 2019-12-02 04:49:54 20 49 3654 

63 2019-12-02 05:00:05 20 48 3658 

64 2019-12-02 05:10:16 20 48 3665 

65 2019-12-02 05:20:26 21 47 3663 

66 2019-12-02 05:30:36 21 46 3664 

67 2019-12-02 05:40:48 21 46 3672 

68 2019-12-02 05:50:58 21 44 3664 

69 2019-12-02 06:01:08 22 43 3671 

70 2019-12-02 06:11:20 22 44 3673 

71 2019-12-02 06:21:30 22 43 3661 

72 2019-12-02 06:31:41 22 42 3677 

73 2019-12-02 06:41:52 22 42 3666 

74 2019-12-02 06:52:03 22 42 3668 

75 2019-12-02 07:02:13 22 42 3665 

76 2019-12-02 07:12:24 22 40 3668 

77 2019-12-02 07:22:35 23 41 3667 
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78 2019-12-02 07:32:45 23 40 3675 

79 2019-12-02 07:42:57 23 40 3670 

80 2019-12-02 07:53:07 23 41 3671 

81 2019-12-02 08:03:18 23 41 3668 

82 2019-12-02 08:13:29 23 40 3674 

83 2019-12-02 08:23:40 24 40 3676 

84 2019-12-02 08:33:50 24 40 3682 

85 2019-12-02 08:44:02 24 39 3680 

86 2019-12-02 08:54:12 24 39 3683 

87 2019-12-02 09:04:23 24 37 3684 

88 2019-12-02 09:14:35 25 37 3692 

89 2019-12-02 09:24:45 25 36 3676 

90 2019-12-02 09:34:56 25 36 3683 

91 2019-12-02 09:45:07 25 37 3679 

92 2019-12-02 09:55:18 25 37 3688 

93 2019-12-02 10:05:29 25 38 3687 

94 2019-12-02 10:15:40 25 36 3688 

95 2019-12-02 10:25:51 25 37 3693 

96 2019-12-02 10:36:02 25 38 3692 

97 2019-12-02 10:46:13 25 39 3689 

98 2019-12-02 10:56:24 25 38 3700 

99 2019-12-02 11:06:35 25 38 3712 

100 2019-12-02 11:16:47 26 38 3724 

101 2019-12-02 11:26:57 26 37 3723 

102 2019-12-02 11:37:09 27 35 3727 

103 2019-12-02 11:47:21 27 35 3734 

104 2019-12-02 11:57:32 27 35 3744 

105 2019-12-02 12:07:44 28 34 3743 

106 2019-12-02 12:17:56 28 33 3768 

107 2019-12-02 12:28:08 28 31 3681 

108 2019-12-02 12:38:19 29 29 3765 

109 2019-12-02 12:48:32 30 27 3692 

110 2019-12-02 12:58:43 30 28 3778 

111 2019-12-02 13:08:55 30 32 3639 

112 2019-12-02 13:19:08 30 27 3674 

113 2019-12-02 13:29:19 30 28 3796 

114 2019-12-02 13:39:32 30 28 3797 

115 2019-12-02 13:49:44 30 28 3814 

116 2019-12-02 13:59:56 30 28 3817 

117 2019-12-02 14:10:08 30 27 3822 

118 2019-12-02 14:20:21 30 24 3470 
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119 2019-12-02 14:30:33 30 28 3833 

120 2019-12-02 14:40:44 31 27 3836 

121 2019-12-02 14:50:57 31 26 3844 

122 2019-12-02 15:01:10 31 26 3827 

123 2019-12-02 15:11:21 31 27 3849 

124 2019-12-02 15:21:34 30 27 3821 

125 2019-12-02 15:31:46 29 30 3446 

126 2019-12-02 15:41:59 28 32 3712 

127 2019-12-02 15:52:11 27 35 3812 

128 2019-12-02 16:02:23 27 34 3682 

129 2019-12-02 16:12:35 26 35 3707 

130 2019-12-02 16:22:46 26 36 3718 

131 2019-12-02 16:32:58 26 39 3791 

132 2019-12-02 16:43:10 25 40 3793 

133 2019-12-02 16:53:22 25 41 3730 

134 2019-12-02 17:03:33 25 41 3727 

135 2019-12-02 17:13:45 25 42 3789 

136 2019-12-02 17:23:57 24 43 3783 

137 2019-12-02 17:34:09 24 42 3777 

138 2019-12-02 17:44:21 24 43 3780 

139 2019-12-02 17:54:32 24 45 3780 

140 2019-12-02 18:04:44 24 45 3776 

141 2019-12-02 18:14:56 24 45 3776 

142 2019-12-02 18:25:08 24 43 3637 

143 2019-12-02 18:35:20 24 46 3768 

144 2019-12-02 18:45:31 24 49 3690 

145 2019-12-02 18:55:42 24 46 3766 

146 2019-12-02 19:05:54 23 47 3770 

147 2019-12-02 19:16:05 23 46 3764 

148 2019-12-02 19:26:17 23 46 3763 

149 2019-12-02 19:36:29 23 46 3759 

150 2019-12-02 19:46:40 23 46 3759 

151 2019-12-02 19:56:52 23 45 3642 

152 2019-12-02 20:07:03 23 45 3671 

153 2019-12-02 20:17:16 22 46 3681 

154 2019-12-02 20:27:26 23 47 3747 

155 2019-12-02 20:37:38 22 48 3752 

156 2019-12-02 20:47:50 22 48 3751 

157 2019-12-02 20:58:01 22 46 3748 

158 2019-12-02 21:08:12 22 44 3746 

159 2019-12-02 21:18:24 22 45 3745 
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160 2019-12-02 21:28:36 21 43 3746 

161 2019-12-02 21:38:47 21 43 3740 

162 2019-12-02 21:48:59 21 39 3741 

163 2019-12-02 21:59:10 22 38 3733 

164 2019-12-02 22:09:21 22 36 3738 

165 2019-12-02 22:19:33 22 34 3732 

166 2019-12-02 22:29:43 22 34 3733 

167 2019-12-02 22:39:55 21 33 3730 

168 2019-12-02 22:50:06 21 33 3730 

169 2019-12-02 23:00:17 21 32 3730 

170 2019-12-02 23:10:27 21 33 3729 

171 2019-12-02 23:20:38 21 32 3725 

172 2019-12-02 23:30:48 21 32 3726 

173 2019-12-02 23:40:59 21 31 3647 

174 2019-12-02 23:51:10 21 33 3728 

175 2019-12-03 00:01:21 21 32 3722 

176 2019-12-03 00:11:32 20 26 3714 

177 2019-12-03 00:21:42 20 25 3720 

178 2019-12-03 00:31:53 20 27 3719 

179 2019-12-03 00:42:04 20 27 3693 

180 2019-12-03 00:52:14 20 30 3720 

181 2019-12-03 01:02:25 19 33 3714 

182 2019-12-03 01:12:36 19 34 3714 

183 2019-12-03 01:22:46 19 35 3712 

184 2019-12-03 01:32:56 19 35 3710 

185 2019-12-03 01:43:08 19 35 3709 

186 2019-12-03 01:53:18 19 37 3708 

187 2019-12-03 02:03:28 19 39 3707 

188 2019-12-03 02:13:40 18 40 3704 

189 2019-12-03 02:23:51 18 42 3704 

190 2019-12-03 02:34:01 18 41 3703 

191 2019-12-03 02:44:13 18 41 3703 

192 2019-12-03 02:54:24 18 41 3703 

193 2019-12-03 03:04:35 18 40 3697 

194 2019-12-03 03:14:46 18 41 3696 

195 2019-12-03 03:24:57 18 42 3696 

196 2019-12-03 03:35:08 18 40 3694 

197 2019-12-03 03:45:20 18 36 3694 

198 2019-12-03 03:55:30 18 34 3696 

199 2019-12-03 04:05:41 18 34 3690 

200 2019-12-03 04:15:51 18 34 3690 
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201 2019-12-03 04:26:02 19 33 3690 

202 2019-12-03 04:36:12 19 33 3696 

203 2019-12-03 04:46:23 19 33 3691 

204 2019-12-03 04:56:34 19 33 3692 

205 2019-12-03 05:16:55 19 33 3695 

206 2019-12-03 05:27:05 19 46 3618 

207 2019-12-03 05:37:16 19 32 3699 

208 2019-12-03 05:47:27 19 32 3689 

209 2019-12-03 05:57:38 19 33 3699 

210 2019-12-03 06:07:48 20 32 3702 

211 2019-12-03 06:17:59 20 31 3709 

212 2019-12-03 06:28:09 20 32 3695 

213 2019-12-03 06:38:20 20 31 3704 

214 2019-12-03 06:48:31 20 31 3694 

215 2019-12-03 06:58:41 19 36 3710 

216 2019-12-03 07:08:52 19 38 3665 

217 2019-12-03 07:19:03 18 39 3704 

218 2019-12-03 07:29:14 18 38 3698 

219 2019-12-03 07:39:25 18 37 3698 

220 2019-12-03 07:49:36 18 38 3702 

221 2019-12-03 07:59:47 18 37 3705 

222 2019-12-03 08:09:59 18 35 3658 

223 2019-12-03 08:20:10 18 35 3705 

224 2019-12-03 08:30:20 18 30 3704 

225 2019-12-03 09:00:54 18 30 3713 

226 2019-12-03 09:11:04 18 28 3713 

227 2019-12-03 09:21:16 18 29 3715 

228 2019-12-03 09:31:27 18 31 3704 

229 2019-12-03 09:41:38 18 27 3715 

230 2019-12-03 09:51:49 18 26 3712 

231 2019-12-03 10:02:00 18 27 3719 

232 2019-12-03 10:12:11 18 24 3733 

233 2019-12-03 10:22:22 18 22 3627 

234 2019-12-03 10:32:32 18 25 3725 

235 2019-12-03 10:42:44 18 23 3733 

236 2019-12-03 10:52:55 18 22 3724 

237 2019-12-03 11:03:06 18 24 3728 

238 2019-12-03 11:13:17 18 26 3726 

239 2019-12-03 11:23:28 18 27 3731 

240 2019-12-03 11:33:39 18 29 3734 

241 2019-12-03 11:43:51 18 29 3716 
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242 2019-12-03 11:54:02 18 29 3733 

243 2019-12-03 12:04:13 18 28 3732 

244 2019-12-03 12:14:25 18 29 3738 

245 2019-12-03 12:24:36 18 29 3739 

246 2019-12-03 12:34:47 18 28 3736 

247 2019-12-03 12:44:59 18 28 3744 

248 2019-12-03 12:55:09 18 28 3741 

249 2019-12-03 13:05:21 18 29 3739 

250 2019-12-03 13:15:33 18 31 3743 

251 2019-12-03 13:25:43 18 30 3738 

252 2019-12-03 13:35:55 18 31 3740 

253 2019-12-03 13:46:06 18 29 3744 

254 2019-12-03 13:56:17 18 28 3749 

255 2019-12-03 14:06:28 18 26 3750 

256 2019-12-03 14:16:41 18 25 3745 

257 2019-12-03 14:26:52 18 29 3742 

258 2019-12-03 14:37:03 18 27 3736 

259 2019-12-03 14:47:15 18 27 3744 

260 2019-12-03 14:57:26 18 23 3742 

261 2019-12-03 15:07:37 18 25 3749 

262 2019-12-03 15:17:49 18 28 3739 

263 2019-12-03 15:28:00 18 29 3735 

264 2019-12-03 15:38:10 17 31 3740 

265 2019-12-03 15:48:22 17 33 3737 

266 2019-12-03 15:58:32 17 33 3736 

267 2019-12-03 16:08:42 17 32 3747 

268 2019-12-03 16:18:54 18 33 3591 

269 2019-12-03 16:29:05 18 29 3749 

270 2019-12-03 16:39:17 18 31 3739 

271 2019-12-03 16:49:28 17 32 3660 

272 2019-12-03 16:59:38 17 33 3733 

273 2019-12-03 17:09:49 17 33 3733 

274 2019-12-03 17:20:00 17 30 3728 

275 2019-12-03 17:30:10 17 29 3727 

276 2019-12-03 17:40:20 17 29 3725 

277 2019-12-03 17:50:32 17 29 3724 

278 2019-12-03 18:00:42 17 28 3722 

279 2019-12-03 18:10:52 17 31 3568 

280 2019-12-03 18:21:04 16 28 3718 

281 2019-12-03 18:31:14 16 28 3719 

282 2019-12-03 18:41:24 16 28 3716 
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283 2019-12-03 18:51:35 16 28 3715 

284 2019-12-03 19:01:45 16 28 3714 

285 2019-12-03 19:11:55 16 27 3712 

286 2019-12-03 19:22:06 16 28 3711 

287 2019-12-03 19:32:17 16 28 3709 

288 2019-12-03 19:42:27 16 28 3708 

289 2019-12-03 19:52:38 16 28 3706 

290 2019-12-03 20:02:48 16 28 3707 

291 2019-12-03 20:12:58 16 28 3700 

292 2019-12-03 20:23:09 15 27 3698 

293 2019-12-03 20:33:19 15 26 3697 

294 2019-12-03 20:43:29 15 26 3695 

295 2019-12-03 20:53:40 15 26 3694 

296 2019-12-03 21:03:50 15 25 3700 

297 2019-12-03 21:14:00 15 24 3693 

298 2019-12-03 21:24:11 15 24 3693 

299 2019-12-03 21:34:21 15 23 3696 

300 2019-12-03 21:44:31 14 22 3688 

301 2019-12-03 21:54:42 14 21 3685 

302 2019-12-03 22:04:52 15 19 3692 

303 2019-12-03 22:15:03 15 18 3688 

304 2019-12-03 22:25:13 16 18 3685 

305 2019-12-03 22:35:23 15 19 3687 

306 2019-12-03 22:45:34 16 19 3685 

307 2019-12-03 22:55:44 15 19 3694 

308 2019-12-03 23:05:54 15 19 3679 

309 2019-12-03 23:16:05 15 19 3680 

310 2019-12-03 23:26:14 15 20 3675 

311 2019-12-03 23:36:24 15 21 3675 

312 2019-12-03 23:46:35 15 21 3674 

313 2019-12-03 23:56:45 15 22 3670 

314 2019-12-04 00:06:55 15 23 3672 

315 2019-12-04 00:17:05 15 23 3664 

316 2019-12-04 00:27:16 15 23 3661 

317 2019-12-04 00:37:27 15 24 3673 

318 2019-12-04 00:47:36 14 24 3668 

319 2019-12-04 00:57:47 15 24 3674 

320 2019-12-04 01:07:57 15 25 3673 

321 2019-12-04 01:18:07 15 25 3664 

322 2019-12-04 01:28:17 15 25 3667 

323 2019-12-04 01:38:28 15 25 3674 
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324 2019-12-04 01:48:38 15 26 3667 

325 2019-12-04 01:58:48 15 26 3670 

326 2019-12-04 02:08:58 14 26 3665 

327 2019-12-04 02:19:09 15 27 3675 

328 2019-12-04 02:29:19 14 27 3656 

329 2019-12-04 02:39:29 14 27 3661 

330 2019-12-04 02:49:39 15 27 3667 

331 2019-12-04 02:59:49 14 27 3662 

332 2019-12-04 03:10:00 14 27 3653 

333 2019-12-04 03:20:10 15 27 3660 

334 2019-12-04 03:30:20 14 28 3658 

335 2019-12-04 03:40:31 15 28 3659 

336 2019-12-04 03:50:40 14 28 3658 

337 2019-12-04 04:00:50 15 28 3655 

338 2019-12-04 04:11:01 15 28 3660 

339 2019-12-04 04:21:11 15 27 3655 

340 2019-12-04 04:31:22 15 27 3661 

341 2019-12-04 04:41:32 15 27 3662 

342 2019-12-04 04:51:41 16 26 3671 

343 2019-12-04 05:01:53 16 25 3664 

344 2019-12-04 05:12:03 16 25 3672 

345 2019-12-04 05:22:13 16 23 3660 

346 2019-12-04 05:32:23 17 21 3683 

347 2019-12-04 05:42:34 16 22 3674 

348 2019-12-04 05:52:43 16 22 3675 

349 2019-12-04 06:02:55 16 24 3687 

350 2019-12-04 06:13:05 17 23 3677 

351 2019-12-04 06:23:15 17 23 3686 

352 2019-12-04 06:33:26 17 21 3677 

353 2019-12-04 06:43:35 17 20 3686 

354 2019-12-04 06:53:46 17 21 3694 

355 2019-12-04 07:03:57 18 20 3687 

356 2019-12-04 07:14:08 18 21 3695 

357 2019-12-04 07:24:19 18 22 3698 

358 2019-12-04 07:34:30 18 21 3710 

359 2019-12-04 07:44:41 18 21 3708 

360 2019-12-04 08:05:03 19 25 3717 

361 2019-12-04 08:15:13 19 21 3723 

362 2019-12-04 08:25:23 19 23 3726 

363 2019-12-04 08:35:34 19 22 3731 

364 2019-12-04 08:45:45 19 23 3708 
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365 2019-12-04 08:55:56 19 24 3746 

366 2019-12-04 09:06:08 19 24 3747 

367 2019-12-04 09:16:20 19 28 3753 

368 2019-12-04 09:26:31 19 25 3749 

369 2019-12-04 09:36:43 19 27 3763 

370 2019-12-04 09:46:54 19 26 3768 

371 2019-12-04 09:57:05 19 33 3616 

372 2019-12-04 10:07:17 19 31 3777 

373 2019-12-04 10:17:28 19 34 3634 

374 2019-12-04 10:27:39 18 33 3784 

375 2019-12-04 10:48:03 19 32 3811 

376 2019-12-04 10:58:14 19 30 3787 

377 2019-12-04 11:08:26 19 32 3808 

378 2019-12-04 11:18:38 20 32 3795 

379 2019-12-04 11:28:50 20 28 3805 

380 2019-12-04 11:39:01 21 29 3822 

381 2019-12-04 11:49:13 20 30 3815 

382 2019-12-04 11:59:24 19 32 3816 

383 2019-12-04 12:09:36 20 31 3814 

384 2019-12-04 12:19:47 19 30 3733 

385 2019-12-04 12:29:59 20 31 3851 

386 2019-12-04 12:40:11 21 29 3852 

387 2019-12-04 12:50:23 22 26 3877 

388 2019-12-04 13:00:35 23 23 3878 

389 2019-12-04 13:10:47 23 20 3889 

390 2019-12-04 13:20:59 24 19 3872 

391 2019-12-04 13:31:11 24 22 3814 

392 2019-12-04 13:41:24 23 25 3887 

393 2019-12-04 13:51:36 23 25 3901 

394 2019-12-04 14:01:48 24 21 3896 

395 2019-12-04 14:12:01 25 56 3781 

396 2019-12-04 14:22:12 25 20 3902 

397 2019-12-04 14:32:25 25 19 3886 

398 2019-12-04 14:42:37 24 18 3883 

399 2019-12-04 14:52:49 25 20 3705 

400 2019-12-04 15:03:01 24 19 3914 

401 2019-12-04 15:13:14 23 19 3877 

402 2019-12-04 15:23:26 22 22 3869 

403 2019-12-04 15:33:38 22 23 3868 

404 2019-12-04 15:43:50 21 23 3871 

405 2019-12-04 15:54:02 21 24 3866 
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406 2019-12-04 16:04:14 20 25 3865 

407 2019-12-04 16:14:26 20 26 3862 

408 2019-12-04 16:24:38 20 26 3858 

409 2019-12-04 16:34:49 20 25 3847 

410 2019-12-04 16:45:02 20 28 3601 

411 2019-12-04 16:55:13 20 27 3858 

412 2019-12-04 17:05:25 19 27 3854 

413 2019-12-04 17:15:37 19 27 3851 

414 2019-12-04 17:25:49 19 27 3850 

415 2019-12-04 17:36:00 19 27 3833 

416 2019-12-04 17:46:12 19 27 3852 

417 2019-12-04 17:56:24 19 28 3850 

418 2019-12-04 18:06:35 19 27 3751 

419 2019-12-04 18:16:48 19 28 3842 

420 2019-12-04 18:26:59 19 28 3842 

421 2019-12-04 18:37:10 19 28 3842 

422 2019-12-04 18:47:23 19 28 3839 

423 2019-12-04 18:57:34 19 28 3837 

424 2019-12-04 19:07:45 18 28 3817 

425 2019-12-04 19:17:57 18 28 3839 

426 2019-12-04 19:28:09 18 28 3835 

427 2019-12-04 19:38:21 18 29 3829 

428 2019-12-04 19:48:32 18 29 3831 

429 2019-12-04 19:58:44 18 30 3829 

430 2019-12-04 20:08:56 18 29 3668 

431 2019-12-04 20:19:07 18 30 3829 

432 2019-12-04 20:29:19 18 31 3828 

433 2019-12-04 20:39:31 17 31 3502 

434 2019-12-04 20:49:42 17 33 3825 

435 2019-12-04 20:59:53 17 33 3659 

436 2019-12-04 21:10:05 17 33 3824 

437 2019-12-04 21:20:17 17 33 3810 

438 2019-12-04 21:30:28 17 33 3815 

439 2019-12-04 21:40:40 17 33 3584 

440 2019-12-04 21:50:51 17 34 3815 

441 2019-12-04 22:01:02 17 32 3719 

442 2019-12-04 22:11:15 17 34 3812 

443 2019-12-04 22:21:26 17 34 3809 

444 2019-12-04 22:31:37 17 34 3807 

445 2019-12-04 22:41:48 17 34 3803 

446 2019-12-04 22:52:01 17 33 3804 
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447 2019-12-04 23:02:12 17 33 3753 

448 2019-12-04 23:12:23 17 34 3799 

449 2019-12-04 23:22:35 17 33 3777 

450 2019-12-04 23:32:47 17 33 3796 

451 2019-12-04 23:42:58 17 32 3655 

452 2019-12-04 23:53:09 17 33 3791 

453 2019-12-05 00:03:20 16 33 3791 

454 2019-12-05 00:13:32 16 34 3782 

455 2019-12-05 00:23:43 16 33 3792 

456 2019-12-05 00:33:54 16 33 3780 

457 2019-12-05 00:44:06 16 35 3786 

458 2019-12-05 00:54:18 16 35 3668 

459 2019-12-05 01:04:28 16 36 3784 

460 2019-12-05 01:14:40 15 37 3782 

461 2019-12-05 01:24:52 15 33 3627 

462 2019-12-05 01:35:03 15 37 3779 

463 2019-12-05 01:45:15 15 36 3779 

464 2019-12-05 01:55:26 15 38 3761 

465 2019-12-05 02:05:37 15 38 3778 

466 2019-12-05 02:15:49 15 37 3640 

467 2019-12-05 02:26:00 15 42 3610 

468 2019-12-05 02:36:11 15 38 3621 

469 2019-12-05 02:46:22 15 37 3769 

470 2019-12-05 02:56:34 14 36 3639 

471 2019-12-05 03:06:45 14 39 3765 

472 2019-12-05 03:16:56 14 38 3709 

473 2019-12-05 03:27:07 14 39 3765 

474 2019-12-05 03:37:18 14 39 3766 

475 2019-12-05 03:47:30 14 38 3759 

476 2019-12-05 03:57:42 14 38 3759 

477 2019-12-05 04:07:53 15 61 3542 

478 2019-12-05 04:18:04 15 37 3759 

479 2019-12-05 04:28:15 15 37 3756 

480 2019-12-05 04:38:27 16 36 3740 

481 2019-12-05 04:48:38 16 36 3758 

482 2019-12-05 04:58:49 16 35 3745 

483 2019-12-05 05:09:01 16 34 3752 

484 2019-12-05 05:19:11 17 34 3753 

485 2019-12-05 05:29:23 17 32 3752 

486 2019-12-05 05:39:34 17 33 3751 

487 2019-12-05 05:49:45 18 31 3699 
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488 2019-12-05 05:59:57 18 31 3749 

489 2019-12-05 06:10:09 18 30 3756 

490 2019-12-05 06:20:20 18 31 3751 

491 2019-12-05 06:30:31 19 30 3708 

492 2019-12-05 06:40:43 19 29 3756 

493 2019-12-05 06:50:54 19 28 3753 

494 2019-12-05 07:01:05 19 29 3759 

495 2019-12-05 07:11:16 20 29 3752 

496 2019-12-05 07:21:28 20 29 3751 

497 2019-12-05 07:31:39 20 28 3744 

498 2019-12-05 07:41:51 20 29 3744 

499 2019-12-05 07:52:02 20 27 3750 

500 2019-12-05 08:02:13 20 28 3749 

- - - - - 

- - - - - 

- - - - - 

- - - - - 

4202 2019-12-31 15:11:22 25 27 3552 

4203 2019-12-31 15:21:33 25 28 3551 

4204 2019-12-31 15:31:44 25 27 3551 

4205 2019-12-31 15:41:54 25 27 3551 

4206 2019-12-31 15:52:04 25 27 3551 

4207 2019-12-31 16:02:15 25 27 3551 

4208 2019-12-31 16:12:25 25 27 3551 

4209 2019-12-31 16:22:36 25 26 3550 

4210 2019-12-31 16:32:46 25 27 3550 

4211 2019-12-31 16:42:57 25 27 3549 

4212 2019-12-31 16:53:07 25 27 3548 

4213 2019-12-31 17:03:18 24 27 3548 

4214 2019-12-31 17:13:29 24 27 3549 

4215 2019-12-31 17:23:39 24 27 3548 

4216 2019-12-31 17:33:50 24 27 3548 

4217 2019-12-31 17:43:59 24 27 3548 

4218 2019-12-31 17:54:10 24 27 3548 

4219 2019-12-31 18:04:21 24 27 3547 
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