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Abstract  
Marshall Mix design was developed for the hottest pavement surface temperature of USA, which is 

60-degree Celsius. This design mechanism is very dominant in our country. It was directly adopted 

without any modification. The research aims to develop a prediction model which will be employed 

to modify Marshall Mix design method for Ethiopian climate and incorporate maximum pavement 

surface temperature.  

In order to do so, ten years historical air temperature of Ethiopia, taken from National Metrology 

Agency which was used to determine the hottest month for onsite measurement of 24 towns. For each 

town actual maximum pavement surface temperature was measured from August 2016- February 

2018, using Nano sensor/ radiator thermometer. The countries climate was classified in to four 

climatic regions for the purpose of this research. For each region, a representative town is 

incorporated on the study. 

Based on site measurement and maximum air temperature with the associated latitude, Multivariate 

Regression Model was selected. To select the model R-squared value method, excel analysis of 

scatter plots and collinearity of the explanatory variables was checked. All the inputs were provided 

to STATA SE-13 statistical software and model developed. After the model was developed by all the 

24 towns’ data, it was validated and cross validated by dividing the data in to 5 folds in order to make 

it applicable for all scenarios. The model was further elaborated in laboratory case study, for hottest 

town of Samara, Afar region capital.  Mix design was prepared at 60℃, which is the standard 

specimen heating temperature and at 75℃, which is the actual maximum pavement surface 

temperature of Samara town. The mix that was prepared at 60℃ , found to fulfill all the criteria’s of 

Marshall Mix design outlined by Asphalt Institute for heavy Traffics. Whereas, at the 75℃, fails to 

do so. 

Therefore, mix design should be conducted at the place maximum pavement surface Temperature 

rather than conducting at the standard 60degree Celsius.  
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1. INTRODUCTION  
Temperature variations have an important influence on the pavement thermal state. Depending on 

the temperature variation, stresses are induced in the overlay in two different ways, which need to be 

distinguished: through restrained shrinkage of the overlay and through the existing movements of 

slabs, due to the thermal shrinking phenomenon. 

  

The time variation of pavement thermal state is controlled by climatic conditions, thermal diffusivity 

of the materials, thermal conductivity, specific heat, density and the depth below the surface (Sousa 

et al., 2002).  

 
The temperature distribution in a pavement structure can be obtained through field measurements, 

using temperature-recording equipment (Data logger associated with thermocouples) or estimated by 

using mathematical models. The option of using the field measurement is desirable because actual 

temperature can be reliably measured and used in stress calculation models. However, this method is 

relatively slow and only provides information about temperatures in the observed period. On the other 

hand, a temperature theoretical model will give a temperature distribution quickly and can be used to 

predict temperature distributions under a wide range of conditions, including any unusual or extreme 

conditions. 

 
The angular distance on a plane perpendicular to the plane of the equator is known as the latitude. 

This is used as one of the two coordinates for a location on earth. In the physical sense, it gives the 

north-south position of the location considered. The line at which the latitude is constant runs parallel 

to the equator around the globe. 

 

Taken together with longitude, latitude can be used to specifically locate a position on earth. The 

equator is considered as the zero latitude (i.e. 0°). The North Pole has the latitude +90° and the South 

Pole has -90°. There are specially defined latitudes, such as Arctic circle and Tropic of Cancer in the 

northern hemisphere and Antarctic circle and Tropic of Capricorn in the southern hemisphere. 
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Figure 1- 1: presentation of Latitude & Longitude on Glob (www.quora.com, 2017). 

 
Ethiopia is both a highland/mountainous (with elevation greater than 1500 m) and lowland (with 

elevation less than 1500 m) country. It is composed of nine major river basins, the drainage systems 

of which originate from the centrally situated highlands and make their way down to the peripheral 

or outlying low-lands (Enyew BD, 2014). 

 

The climate in Ethiopia is geographically quite diverse, due to its equatorial positioning and varied 

topography. Three general temperature zones are apparent–cool, temperate, and hot–categorized 

predominantly by elevation. The cool zone incorporates parts of the north-western plateau, at 

elevations above 2,400 meters; the temperate zone lies between 1,500 and 2,400 meters, and supports 

most of the population. The hot zone, at elevations below 1,500 meters, constitutes much of the 

eastern and southern portions of the country, as well as the tropical valleys in the west and north 

(Enyew BD, 2014). 

 

Precipitation patterns vary widely throughout the country due to elevation, atmospheric pressure 

patterns, and local features. In the lowlands, rainfall is typically quite meager, whereas the southwest, 

central and northwest regions receive quite appreciable quantities, but in varying patterns. In the 
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southwest, a relatively even month-to month distribution may be observed, while the dominant 

pattern in the northwest and western regions, containing the Blue Nile basin, is generally associated 

with tropical monsoon-type behavior, delivering significant June-September rainfall. Other regions 

throughout the country, not necessarily adjacent, demonstrate a distinct bimodal pattern.  

 

Pavement temperatures are affected by air temperatures as well as precipitation, wind speed, and 

solar radiation. The response of a pavement system is highly influenced by the temperature of the 

surface layers and moisture content of the unbound soils. Annual, seasonal, and daily variations in 

temperature and precipitation have large influences on pavement service life (A. Ongel, 2004). 

 

Ethiopia has a total of 101,359 km of federal and regional roads, of asphaltic or gravel construction 

(ERA, 2013). The major roads in Ethiopia are shown in the following figure. From these roads, 17.3% 

are paved roads. Almost all of the paved roads are flexible pavements with thin layer of upper 

bituminous surface. Ethiopia experiences two main climate seasons -a dry season and a rainy season. 

However, differences in altitude tend to add a number of variations, both in terms of temperatures and 

rainfall (<http://www.world-guides.com/africa/east-africa/ethiopia/ethiopia_weather.html>). The 

maximum and minimum average yearly annual air temperature of each year is presented in table 1-1. 

However, the air temperature varies from place to place and from season to seasons.  

Table 1- 1 Average Annual maximum & minimum Temperature of Ethiopia (world-guides.com, 

2018) 

Month Maximum    ( ℃) Minimum ( ℃) 

January 28 11 

February 30 11 

March 28 12 

April 27 14 

May 26 13 

June 25 13 

July 24 14 

August 24 13 

September 25 13 

October 26 12 

November 27 10 

December 27 9 

For the purpose of this thesis Ethiopian pavement surface temperature zones will be classified as 

Berha (Deseret) & Tropical (Kolla) pavements, Wiena Dega (Sub-Tropical), Temperate (Dega) & 
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Alpine (Kur) pavements based on elevation of the selected sites. The actual pavement surface 

temperature & maximum air temperature and latitude of 24 towns will be incorporated to reach the 

objective. 

 

The proposed regression model in this thesis will use maximum monthly air temperature and 

maximum hourly air temperature to measure the maximum pavement surface temperature on field 

for sites of the same latitude at a time based on 10 years’ data of National Metrology Agency (NMA) 

to fit the model.  

1.1 Statement of the problem  

One of the factors that affect the performance and life span of a pavement is the effect of temperature, 

this contribute to certain common types of asphalt pavement distresses such as permanent 

deformation or rutting (typically associated with high temperature environments), bleeding, and 

thermal cracking (associated with low temperature environments).  

 

Marshall Mix design method is widely used throughout Ethiopia for HMA design. One of the draw 

backs of this method is the standard 60 
0

C temperature at which the test is conducted; which is derived 

from the maximum pavement surface temperature during the summer season in USA. As part of 

tropical regions, Ethiopian maximum pavement surface temperature is expected to deviate from 

60
0

C.  

Majority of the paved roads in Ethiopia are HMA, which suffer from different distress types directly 

& indirectly related to the mix design problems. Therefore, this thesis is aimed at, predicting the 

maximum pavement surface temperature in order to be used as an input for improving Marshal Mix 

design method.  

1.2. Objective  

1.2.1 General Objective  

To develop a prediction model relating maximum pavement surface temperature for Ethiopia using 

maximum air temperature and latitude  
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1.2.2 Specific Objectives  

 
 To divide Ethiopia in to different climatic zone of pavement surface  

 To calibrate Huber`s equation 

 To show the difference when the actual pavement surface temperature deviate from 60
0

C  

1.3 Significance of the study  

Nowadays excavators are busy scraping earth, making way for roads that will finally connect the far 

reaches of this largely rural country to its urban centers. According to ERA from these roads, 17.3% 

are paved roads. These paved roads suffer from different problems starting from in appropriate mix 

design to different performance failures during the service life of the road. This research is aimed to 

pave the way to reduce one of the problems that is in appropriate asphalt concrete mix design by 

providing a better testing mechanism related to maximum pavement surface temperature.  

1.4 Research questions  

 Which model best fit maximum air temperature & latitude with maximum pavement surface 

temperature?  

 What is the relation between air temperature, latitude and maximum surface temperature?  

 Which month & hour is appropriate to measure maximum pavement surface of each town? 

1.5 Scope of the study  

The research reported herein was focused on providing the most accurate pavement surface 

temperature prediction model related to the towns in Ethiopia. The study was carried out in 24 

different towns. For each town based on the historical air temperature data the month in which the 

maximum air temperature will be recorded was determined and the result was implemented to 

measure the maximum pavement surface temperature of the towns. 

 

The onsite measured data and air temperature data was used to establish the model using STATA-

SE/13 statistical software. After the model was developed & validated laboratory test was conducted 

to demonstrate the difference in flow and stability of the actual and that of the standard 600C at 

AACRA and Core Consulting Engineers laboratory. 
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1.6 Research Design   

 
 

Figure 1- 2 Research Design   
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2. LITERATURE REVIEW  

The Strategic Highway Research Program (SHRP) established the Long Term Pavement Monitoring 

Program (LTPP) in 1987 to support a broad range of pavement performance analyses leading to 

improved engineering tools to design, construct, and manage pavements (Diefenderfer etal, 2002).  

The statistics-based regression formulae are usually developed based on large databases of climatic, 

meteorological and geographical factors, such as air temperature, wind speed, solar radiation and 

latitude etc, as well as the measured field pavement temperatures. (Rumney, 1969) approximated 

temperature at the surface and at a 2-inch depth based on air temperature and hourly solar radiation. 

(Lukanen et al., 1998) predicted the seven-day average high pavement temperature using seven-day 

average high air temperature. More recently, (Diefenderfer etal, 2002)) calculated the maximum and 

minimum temperature at any depth by using air temperature, daily solar radiation and depth within 

the pavement. Empirical formulae are usually applied to rapidly predict certain extreme temperatures 

within a pavement system or a specific temperature at a given pavement depth. However, the 

disadvantage of these types of formulae is that they give reasonable prediction for the input data 

included within the original sample database, but do not guarantee the accuracy of prediction for the 

input data outside the original sample database.  

Barber was among the first researchers to discuss the calculation of maximum pavement temperatures 

based on weather reports. He observed that the changes in pavement temperature measured in Hybla 

Valley (Virginia, USA) roughly followed a sine curve with a period of one day. The analyses showed 

that when solar radiation and air temperature was included, the sine approximation provided 

reasonable estimates of surface temperatures. However, his model incorporates a total daily radiation 

factor instead of a more accurate measure such as hourly radiation and he proposed a model to 

correlate pavement surface temperatures and temperatures at 3.5 in. depth with weather station 

information.  
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Solaimanian developed a quadratic model that determines the maximum and minimum surface 

pavement temperature based on the latitude of the location of the pavement.  

 

A computer simulation model that predicts summertime pavement temperatures based on the 

theoretical heat transfer models given (Lukanen etal, 1998) developed an empirical prediction model 

based on regression analysis and data from the Long -Term Pavement Performance Program to 

estimate the seven -day average maximum pavement temperature using the seven –day average 

maximum air temperature and also presented an analytical approach to predict pavement 

temperatures by employing heat and energy transfer theory.  

 

Pavements are complex. Conditions that affect pavement temperature include: dirtying and wearing 

a way of a surface due to daily foot and vehicle traffic, affecting pavement surface, convection due 

to traffic movement over the pavement and shading caused by people, cars, vegetation and 

neighboring structures and buildings (Bruce F., 2005). 

 

Due to the weathering and the accumulation of dirt, the solar reflectance of conventional asphalt and 

concrete tend to change over time. Asphalt consists largely of petroleum derivatives as a binder mixed 

with sand or stone aggregate. Asphalt tends to lighten as the binder oxidizes and more aggregate is 

exposed through wear. Concrete also uses sand and stone aggregate, but in contrast to asphalt, 

typically uses Portland cement as a binder. Foot and vehicle traffic generally dirty the cement causing 

it to darken over time (Bruce F., 2005). 

 

(William et al., 2008) developed a model for predicting temperature time series for dry and wet land 

surfaces. Surface heat transfer processes on impervious and pervious land surfaces were investigated 

for both dry and wet weather periods. The surface heat transfer equations were combined with a 

numerical approximation of the 1-D unsteady heat diffusion equation to calculate pavement and soil 

temperature profiles to a depth of 10 m. Equations to predict the magnitude of the radioactive, 

convective, conductive and evaporative heat fluxes at a dry or wet surface, using standard climate 

data as input, were developed.  

 

A model for the effect of plant canopies on surface heat transfer was included for vegetated land 

surfaces. Given suitable climate data, the model can simulate the land surface and sub-surface 
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temperatures continuously throughout a six month time period or for a single rainfall event. Land 

surface temperatures have been successfully simulated for pavements, bare soil, short and tall grass, 

a forest, and two agricultural crops (corn and soybeans). The simulations were run for three different 

locations in US, and different years as imposed by the availability of measured soil temperature and 

climate data (William R. Herb, 2008). 

 

Astudy conducted by (Stempihar et al., 2011) showed that a comparison of different pavement layer 

thicknesses, the surface temperature generally decreases as the pavement thickness increases. 

 

(Manzouri, 2013) analyzed the influence of pavement materials on the near surface air temperature. 

In order to accomplish this effort, test sections consisting of Hot Mix Asphalt (HMA), Porous Hot 

Mix asphalt (PHMA), Portland Cement Concrete (PCC), Pervious Portland Cement Concrete 

(PPCC), artificial turf, and landscape gravels were constructed in the Phoenix, Arizona area. Air 

temperature, albedo, wind speed, solar radiation, and wind direction were recorded, analyzed and 

compared above each pavement material type. 

 

The results showed that there was no significant difference in the air temperature at 3-feet and above, 

regardless of the type of the pavement. Near surface pavement temperatures were also measured and 

modeled. The results indicated that for the Urban Heat Island analysis, it is important to consider the 

interaction between pavement structure, material properties, and environmental factors. 

 

2.1 Previously Developed Temperature Prediction Algorithms & Models 

(Kennedy et al., 1994) temperature predictions algorithms, as contained in Super pave, and the 

algorithms developed for temperature prediction in the South African climate by (Viljoen, 2001) are 

presented.  

 

The maximum asphalt surface temperature predictions equations in Super pave (Kennedy et al., 1994) 

and by (Viljoen, 2001) are quite uncomplicated in their final form. They are based however, on the 

energy balance concept, and calibration of the equations involves identifying the best fit of values for 

the asphalt surface absorptivity, the transmission coefficient of air, the emissivity of air, the 



10 

 

emissivity of the asphalt surface, the asphalt surface heat transfer coefficient and the conductivity of 

the asphalt material. 

 

Viljoen (2001), equation will be presented by Equation 1 and (Kennedy et al., 1994) equation by 

equation 1 as follows: 

𝑇𝑠(𝑚𝑎𝑥) = 𝑇𝑎𝑖𝑟 (𝑚𝑎𝑥) + 24.5(𝐶𝑜𝑠𝑍𝑛)2 − − − − − − − − − − − − − − − − − − − − − − − −(1) 

Where, 

T s (max) is the daily maximum asphalt surface temperature in 0C 

T air (max) is the daily maximum air temperature in 0C 

Zn is zenith angle at midday 

C is cloud cover index 

With: C=1.1 if T air (max) >30 0C 

C=1.0 if monthly mean air temperature < T air (max) <30 0C 

C=0.25 if < T air (max) < monthly mean air temperature  

The Zenith angle is a function of the solar declination as shown in equation 2 below: 

COS (Zn) = sin (latitude) sin (declination) +cos (latitude) cos (declination) 

The equation recommended in super pave to determine the maximum surface temperature is:  

𝑇𝑠(𝑚𝑎𝑥) = 𝑇𝑎𝑖𝑟 (𝑚𝑎𝑥) − 0.00618 ∗ 𝑙𝑎𝑡𝑖𝑡𝑢𝑑𝑒2 + 0.2289 ∗ 𝑙𝑎𝑡𝑖𝑡𝑢𝑑𝑒 + 24.4 − − − − − − − −(2) 

 

(E. Denman, 2005) approximate the solar declination using thermal PAD software in South Africa. 

The equation is presented as follows: 

𝐷𝑒𝑐𝑙𝑖𝑛𝑎𝑡𝑖𝑜𝑛 =  −23.45°. 𝑐𝑜𝑠 [
360°

365
∗ (𝑁 + 10)] − − − − − − − − − − − − − − − − − − − (3) 

  

(Bentz, 2000) Developed a computer model to predict the pavement surface temperature and time of 

wetness of concrete pavements and bridge decks. In this work the model is based on a one 

dimensional finite difference scheme and includes heat transfer by conduction, convection and 

radiation. 

  

(Wang etal, 2007) provides an innovative method to derive the theoretical solution of an 

axisymmetric temperature field in a multi-layered pavement system. The multi-layered pavement 

system was modeled as a two-dimensional heat transfer problem. The temperature at any location kel 
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integral transform with respect to the radial coordinate is utilized in the derivation of the solution. 

The interpolator y trigonometric polynomials based on discrete Fourier transform are used to fit the 

measured air temperatures and solar radiation intensities during a day, which are essential 

components in the boundary condition for the underlying heat transfer problem. A FORTRAN 

program was coded to implement the analytical solution. Measured field temperature results from a 

rigid pavement system demonstrate that the derived analytical solution generates reasonable 

temperature profiles in the concrete slab (Dong Wang, 2007). 

 

2.2 Effect of Environmental Factors on Flexible Pavement Performance 

According to AASHTO, pavement performance is the ability of a pavement to satisfactorily serve 

traffic over time. It further defines the serviceability of a pavement as the ability to serve the traffic for 

which it was designed. Integration of both definitions will yield a new understanding of the 

performance, which can be interpreted as the integration of the serviceability over time (AASHTO 

T307-99, 2003).  

 

The main task for a pavement engineer is not only to design and construct a pavement but also to 

monitor the performance of the pavement in service to schedule the maintenance and rehabilitation 

works. The factors that are found affecting the performance of the pavements are presented in Figure 

2-1(Gupta Ankit et al., 2006). 

 

The primary distresses associated with flexible pavements are fatigue cracking, thermal cracking, and 

rutting. In addition to these, reflection cracking is a major distress associated with asphalt overlays of 

flexible pavements.  
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Figure 2- 1 Factors influencing pavement performance (Gupta Ankit et al., 2006) 

Environmental conditions have been found to exert significant impact on the performance of flexible 

pavements. External factors such as precipitation, temperature, humidity, freeze-thaw cycles, and 

depth of water table are the main environmental factors that have exerted major influences on the 

pavement performance. The internal factors, such as the susceptibility of the pavement materials to 

moisture and freeze-thaw damage, infiltration potential of the pavement, control the extent to which 

the pavement will react to the applied external environmental conditions. 
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Figure 2- 2 main climatic aspects in a coupled soil-climate that exert significant impact on the 

performance of flexible pavements (Gupta Ankit et al., 2006) 

In order to incorporate the seasonal variation of moisture and temperature into the pavement design 

process, the seasonal changes in the moduli of various pavement layers must be determined. In other 

words, there is a need to quantify the effect of moisture variations on the moduli of unbound materials 

and the effect of temperature variations on the modulus of the asphalt concrete layer. This may be 

accomplished by studying the factors that affect the modulus for both layers and predicting the 

modulus from these factors. 

 

Air temperatures as well as precipitation, wind speed, and solar radiation affect pavement 

temperatures. The response of a pavement system is highly influenced by the temperature of the 

surface layers and moisture content of the unbound soils. Annual, seasonal, and daily variations in 

temperature and precipitation have large influences on pavement service life. Therefore, the 

variability associated with climatic factors should be included in pavement design reliability analysis 

to help ensure desired performance. 

 

For flexible pavements, temperature has an effect on the stiffness of the bituminous layers. Asphalt 

concrete becomes stiffer at lower temperatures and softer at higher temperatures and exhibits 
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different material characteristics at different temperatures. The stiffnesses and shear strengths of 

unbound soil layers often vary seasonally with changes in moisture content and suction. 

According to (Gupta Ankit et al., 2006) for flexible pavements, three major environmental effects 

are of particular interest: 

 Temperature variations for the asphalt concrete. The dynamic modulus of asphalt concrete 

mixtures is very sensitive to temperature. Temperature distributions in asphalt concrete layers 

are predicted and then used to define the stiffness of the mixture throughout the sub-layers. 

Temperature distributions are also used as inputs for the thermal cracking prediction model. 

 

 Moisture variation for sub-grade and unbound materials. The resilient modulus input of un 

bound materials is defined as being at optimum density and moisture content. A correction 

factor is defined to adjust the resilient modulus based on predicted moisture content. 

 

 Freezing and thawing for sub-grade and unbound materials. The resilient modulus of 

unbound materials, located within the freezing zone, increases during freezing period sand 

decrease during thawing periods. 

 

The 2002 Design Procedure produced by the National Cooperative Highway Research Program 

(NCHRP) takes into account climatic effects along with traffic and structural data in pavement design 

and rehabilitation (NCHRP, 2002) .While this design procedure allows the user to choose the climate 

region for the pavement, climate data available in the software for design spans only 5 years. 

 

The study conducted by (Pomerantz, 2000) showed that albedo or its solar reflectivity has a 

significant effect on pavement temperatures of a given pavement surface. The solar absorptivity value 

changes according to pavement type and pavement age. For rigid pavements, this value increases as 

the concrete ages and darkens while for the flexible pavements it decreases with time as the pavement 

lightens in color. Therefore, solar absorptivity was assumed to be 0.65 for new rigid pavements and 

0.8 for old rigid pavements while it was assumed to be 0.90 or 0.95 for new flexible pavements and 

0.80 for old flexible pavements. These solar absorptivity values are based on field studies conducted 

by the Lawrence Berkeley National Laboratory (Pomerantz, 2000). 
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2.3 Relationship between Maximum Air Temperature & Pavement Surface 

Temperature 

The SUPERPAVE TM software contains an equation relating design air temperature to design 

pavement temperature for both high and low design air temperatures. High design pavement 

temperature is determined 20 mm below the pavement surface. Low design pavement temperature is 

determined at the pavement surface (Huber, 1994). 

 

Pavement surface temperature is based upon net heat flow at the pavement surface: 

Net heat flow = 

 [Direct solar radiation] + [diffuse radiation] ± [convection]  ± [conduction] – [black body 

radiation] (Huber, 1994). 

 

Energy balance at the pavement surface is a transient phenomenon, continually changing with 

changing climatic conditions. For the purpose of calculating pavement surface temperature during 

the hottest 7-day period of the year, solar absorption, radiation transmission through air, atmospheric 

radiation and wind speed were set at the typical values in super pave TM software. 

 

A deterministic equation was developed relating temperature difference between surface and air to 

latitude: 

 

𝑇𝑆 = 𝑇𝑎 − 0.00618𝑙𝑎𝑡2 + 0.2289𝑙𝑎𝑡 + 24.4 − − − − − − − − − − − − − −(6) (Huber, 1994) 

Where, 

Ts –surface temperature ℃ 

Ta –air temperature ℃ 

Lat –latitude in degrees 

 

Below the pavement surface, the temperature is predicted using heat flow models contained in the 

Federal Highway Administration's Environmental Effects Model. During the hottest 7-day period in 

the heat of the day, pavement surface temperature is increasing and heat flows downward into the 

pavement. Using data from the temperature databases, an equation was developed that expresses the 

change in temperature with depth: 

𝑇𝑑 = 𝑇𝑠𝑢𝑟𝑓(1 − 0.063𝑑 + 0.007𝑑2 − 0.0004𝑑3 ) − − − − − − − − − − − − − − − − − −(7) 
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Where, Td and Tf are in °F and the depth (d), is in inches. 

Converting to SI units and calculating the temperature at a depth of 20 mm by substituting equation 

6 in to equation 8 it becomes: 

𝑇20𝑚𝑚 = (𝑇𝑎𝑖𝑟 − 0.0618𝑙𝑎𝑡2 + 0.2289𝑙𝑎𝑡 + 42.2 )(0.9545) − 17.78 − − − − − − − − − −(8) 

Where T20mm and T air   are in °C and the latitude is expressed in degrees. 

2.4 Marshall Mix Design  
Bituminous mixes are used in the surface layer of road and airfield pavements. The mix is composed 

usually of aggregate and asphalt cements. Some types of bituminous mixes are also used in base 

coarse. The design of asphalt paving mix, as with the design of other engineering materials is largely 

a matter of selecting and proportioning constituent materials to obtain the desired properties in the 

finished pavement structure. 

The desirable properties of Asphalt mixes are: 

 Resistance to permanent deformation: The mix should not distort or be displaced when 

subjected to traffic loads. The resistance to permanent deformation is more important at high 

temperatures. 

  Fatigue resistance: the mix should not crack when subjected to repeated loads over a period 

of time. 

 Resistance to low temperature cracking. This mix property is important in cold regions. 

 Durability: the mix should contain sufficient asphalt cement to ensure an adequate film 

thickness around the aggregate particles. The compacted mix should not have very high air 

voids, which accelerates the aging process. 

  Resistance to moisture-induced damage. 

 Skid resistance. 

 Workability: the mix must be capable of being placed and compacted with reasonable effort. 

 Low noise and good drainage properties: If the mix is to be used for the surface (wearing) 

layer of the pavement structure. 

 

Marshall Stability test is largely used for the routine testing in our country, Ethiopia. Criteria for the 

suitable mix design have been specified by the Asphalt Institute and Ethiopian Roads Authority. 

 

In this method, the resistance to plastic deformation of a compacted cylindrical specimen of 

bituminous mixture is measured when the specimen is loaded diametrically at a deformation rate. 
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There are two major features of the Marshall method of mix design. (i) density-voids analysis and 

(ii) stability flow tests. The Marshall stability of the mix is defined as the maximum load carried by 

the specimen at a standard test temperature of 60°C. The flow value is the deformation that the test 

specimen undergoes during loading up to the maximum load. Flow is measured in mm units (Freddy 

L.Roberts, 1996). 

2.4.2 Procedures 

In the Marshall Test method of mix design, three compacted samples are prepared for each binder 

content. At least four binder contents are to be tested to get the optimum binder content. Specimens 

are subject to the following tests: 

 Bulk density determination. 

 Marshall Stability and flow test. 

 Density and voids analysis. 

2.4.3 Preparation of test specimens   

The coarse aggregate, fine aggregate, and the filler material should be proportioned so as to fulfill 

the requirements of the ERA standard. The required quantity of the mix is taken so as to produce 

compacted bituminous mix specimens of thickness 63.5 mm approximately. 1200 gm. of aggregates 

and filler are required to produce the desired thickness. The aggregates are heated to a temperature 

of 175° to 190°C the compaction mold assembly and rammer are cleaned and kept pre-heated to a 

temperature of 100°C to 145°C. The bitumen is heated to a temperature of 121°C to 138°C and the 

required amount of first trial of bitumen is added to the heated aggregate and thoroughly mixed. The 

mix is placed in a mold and compacted with number of blows specified. The sample is taken out of 

the mold after few minutes using sample extractor. 

2.4.4 Density & Void analysis  

The bulk density of the sample is usually determined by weighting the sample in air and in water. It 

may be necessary to coat samples with paraffin before determining density. The specific gravity Gbcm 

of the specimen is given by:- 

For each specimen using the bulk specific gravity & the rice specific gravity to calculate the % voids 

or (VTM) 

𝑉𝑇𝑀 = (1 −
𝐺𝑚𝑏

𝐺𝑚𝑚
) ∗ 100% − − − − − − − − − − − − − − − − − − − − − − − − −(9) 

Where; VTM is Void in the total mix, Gmb is specific gravity and Gmm rice specific gravity  
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Calculate the VFA (void filled with asphalt) for each Marshall specimen using the VTM & VMA as 

follows  

VMA= 100 ∗ (1 −
𝐺𝑚𝑏(1−𝑃𝑏)

𝐺𝑠𝑏
) − − − − − − − − − − − − − − − − − − − − − − − − − −(10) 

Where; VMA is Void in the mineral aggregate, Gmb is specific gravity and Gsb bulk specific gravity  

𝑉𝐹𝐴 = 100 (
𝑉𝑀𝐴 − 𝑉𝑇𝑀

𝑉𝑀𝐴
) − − − − − − − − − − − − − − − − − − − − − − − − − − − (11) 

Where; VFA is void filled with asphalt, VMA is void filled with asphalt and VTM is Percent of 

Voids. 

2.5 Statistical Modeling  
A statistical model is a mathematical model that embodies asset of statistical assumptions concerning 

the generation of some sample data and similar data from large population (Wikipedia, 2018).  There 

are different types of regression the most common are (vidhya, 2018):-  

 Linear Regression 

 Polynomial Regression  

 Logistic Regression  

 Lasso Regression  

 Elastic Net Regression 

2.5.1 Regression analysis  

Regression analysis is a form of predictive modeling technique which investigates the relationship 

between a dependent (target) and independent (predicator) (vidhya, 2018). It is an important tool for 

modeling and analyzing data (vidhya, 2018). The benefits if using regression analysis are:- 

 It indicates the Significant relationships between dependent variables and independent 

variables 

 It indicated the strength of impact of multiple independent variables on a dependent variable 

2.5.1.1 Multivariate regression 

Linear regression is a statistical tool for evaluating the relationship of one or more independent 

variables (x) to single continuous dependent variables (y). Regression analysis characterizes the 

relationship between the dependent and independent variables by looking determining the extent, 

direction and strength of the association (Charles Jumbe et al., 2014). 

 



19 

 

The goal of linear regression is to find if change in one variable x causes change in another variable 

y, holding all other relevant factors fixed. Correlation is rarely enough to conclude. Therefore, need 

to hold other factors constant (Charles Jumbe et al., 2014). 

The population model is linear parameter  𝑌 = 𝛽0 + 𝛽1𝑋1 − − − −𝛽𝑘𝑋𝑘 + 𝑢 − − − − − − − (12) 

The dependent variable (y) is linear and continuous. The error term has mean of zero, i.e. The 

differences between the estimated dependent variable (yhat) and the observed (actual) dependent 

variable (y) sums to zero (Σ(yhat-y) = 0). The independent variables are not correlated with each 

other (no multi co linearity). The independent variable is exogenous, i.e. they are not themselves 

dependent variables (Charles Jumbe et al., 2014). 

 

Multiple linear regression model is a model that associates one continuous dependent variable to two 

or more independent variables (Charles Jumbe et al., 2014). 

 

In multiple regression the strength of the relationship between the independent variables and the 

dependent variable is measured by a correlation coefficient. This multiple correlation coefficient is 

symbolized by R. The value of R can range from 0 to +1; R can never be negative. The closer to +1, 

the stronger the relationship; the closer to 0, the weaker the relationship (G.Bluman, 2009). 

 

As with simple regression, R2 is the coefficient of multiple determination, and it is the amount of 

variation explained by the regression model. The expression 1 - R2 represents the amount of 

unexplained variation, called the error or residual variation (G.Bluman, 2009). 

 

2.5.1.2 Testing the Significance of R 

An F test is used to test the significance of R. The F- test, used to compare two variances. This 

technique is called analysis of variance, or ANOVA. It is used to test claims involving three or more 

means 

The hypotheses are:- 

 The null hypothesis (NH) for the test will be 0 = 𝛽1 = 𝛽2 == 𝛽𝑘 − − − −i.e. that the 

coefficients are equal to zero implying that there is no relationship between the dependent 

variable and the independent variables. 

 The alternate hypothesis (AH): 𝛽𝑖 ≠ 0, i.e. none of the coefficients is equal to zero. 
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If the NH is accepted, it implies that there is no relation between the dependent and independent 

variables even if the coefficients are not zero. 

If the NH is rejected, i.e. the F-statistic is valid, then the overall model is valid and we can go ahead 

and check the other two tests (R2 and t-statistic) 

With the F test, two different estimates of the population variance are made. The first estimate is 

called the between-group variance, and it involves finding the variance of the means. The second 

estimate, the within-group variance, is made by computing the variance using all the data and is not 

affected by differences in the means. These two variances are sometimes called mean squares, 

denoted by MSB (mean square between) and MSW (mean square within) (G.Bluman, 2009). 

MSB =
𝑆𝑆𝐵

𝐾−1
− − − − − − − − − − − − − − − − − − − − − − − − − −(13) (G.Bluman, 2009) 

 MSW =
𝑆𝑆𝑊

𝑁−𝐾
− − − − − − − − − − − − − − − − − − − − − − − − − −(14) (G.Bluman, 2009) 

F =
𝑀𝑆𝐵

𝑀𝑆𝑊
− − − − − − − − − − − − − − − − − − − − − − − − − − − −(15) (G.Bluman, 2009) 

Where:-  

 SSB = sum of squares between groups 

                = ∑ 𝑛𝑖 (𝑥𝑖 – 𝑥𝐺𝑀 )2 

SSW = sum of squares within groups (sum of squares for the error or residual) 

                  = ∑(𝑛𝑖 − 1 )𝑆𝑖
2 

𝑥𝐺𝑀 = Average of the means 

The degrees of freedom for this F- test are d.f.N. = k -1, where k is the number of groups, and d.f.D. 

= N - k, where N is the sum of the sample sizes of the groups N = n1 + n2 + …. + nk. The sample sizes 

need not be equal. The F test to compare means is always right-tailed (G.Bluman, 2009). 

2.5.1.3 Adjusted R2 

Since the value of R2 is dependent on n (the number of data pairs) and k (the number of Variables), 

statisticians also calculate what is called an adjusted R2, denoted by R2
adj. This s based on the number 

of degrees of freedom.  

The formula for the adjusted R2 is:  𝑅𝑎𝑑𝑗 
2 = 1 −

(1−𝑅2)(𝑛−1)

𝑛−𝑘−1
− − − − − − − (16) (G.Bluman, 2009) 

 

The adjusted R2 is smaller than R2 and takes into account the fact that when n and k are approximately 

equal, the value of R may be artificially high, due to sampling error rather than a true relationship 
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among the variables. This occurs because the chance variations of all the variables are used in 

conjunction with each other to derive the regression equation. Even if the individual correlation 

coefficients for each independent variable and the dependent variable were all zero, the multiple 

correlation coefficient due to sampling error could be higher than zero. Hence, both R2 and R2
adj are 

usually reported in a multiple regression analysis. 

2.5.1.4 Cross validation  

Model evaluation is an integral part of model development process. It helps to find the best model 

that represents the data and how well the chosen model will work in the future. Evaluating model 

performance with the data used for training is not acceptable in data mining because it can easily 

generate overoptimistic and over fitted models. One of the methods to minimize over fitted or 

overoptimistic models in data mining is cross validation. 

When only a limited amount of data is available, to achieve an unbiased estimate of the model 

performance we use k-fold cross validation. In k-fold cross validation, the data is divided into k-

subsets of equal size. The model is built k-times, each time leaving out one of the subsets from 

training and use it as the test set. 

CV = ∑
𝑛𝑘

𝑛
𝐾
𝐾−1   𝑀𝑆𝐸𝑘 − − − − − − − − − − − − − − − − − − − − − − − − − − − − − −(17) 

 𝐶𝑉 = 
1

𝐾
∑ 𝐶𝑉𝑘 = 𝐶𝑉 − − − − − − − − − − − − − − − − − − − − − − − − − − − − − −(18)  

  √
1

𝑘(𝑘−1)
 ∑(𝐶𝑉𝑘 − 𝐶𝑉 )2 = standard error of CV estimate 

Where, CVk- test error on Kth fold 

CV-estimate of test error, MSE-mean square of the error 

𝐶𝑉- Estimate of the error 

For the validation, data can be divided in to single test set. However this process is a little fragile 

because the presence or absence of a single outlier can vastly change our out of error is messy. A 

better approach than training task split is using multiple test set and averaging out of sample error 

which gives a more precise estimate of the true out of sample error. One of the most common 

approaches for multiple test set is cross validation in which we spit the data in to k-fold (train-test) 

split. We create the folds in such a way that each point in our data set occurs in exactly one test set. 
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This provides k-test set so that every single point the data set occur exactly once. Rows are assigned 

randomly to avoid any kind of systematic biases in the data. This is one of the best way to estimate 

out of sample for predictive model. One important note after doing cross validation all the resemble 

models will be thrown away. Cross validation is only used to estimate out of sample error for the 

model and then re fix the model on the full training data set. 
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3. RESEARCH METHODOLOGY  
3.1 Study Area and Study Period 
The study areas of this research are 24 towns of Ethiopia located in North, South, East, West and 

central Ethiopia. 

 

The areas incorporated in this study were Addis Ababa, Abay Berha, Arbaminch, Ambo, Axum, 

Bahirdar, Bale Robe, Batu/Ziway, Bishoftu, Bulehora, Deberebirehan, Dejen, Diredawa, Gonder, 

Hawassa, Jimma, Kombolcha, konso, Mekele, Meki, Methara, Nekemte, Semera and Wolayita sodo. 

 
 

Figure 3- 1 Sample study area, Axum  

Onsite air temperature and pavement surface temperature measurement was conducted from August 

2016- February 2018. The total study period was from August 2016 to August 2018. Due to some 
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political turbulence in the country, climate change and financial problems the study period was 

expanded unexpectedly to two years. 

 

 

 

 

 

 

 

 

 

 
 

Table 3- 1 Scientific and Traditional classification of Climatic regions of Ethiopia (Ethiopian Atlas, 

2018) 

 

3.2 Historical Air Temperature and Latitude of the Study Areas 
Ethiopian Roads are continuously and intensively influenced by climatic factors. The scientific and 

traditional classification of climatic regions of Ethiopia is presented as below. 

 

The towns were selected based on the availability Meteorology station. From the meteorology 

stations, the average annual maximum temperature & latitude of the selected towns and the warmest 

months determined.  

3.2.1 Berha/ Desert places of Ethiopia  

According to the Ethiopian Atlas, this region is less than 800m above sea level. For this thesis, the 

region is represented with Samara town and Abay Berha. 

 

Samara is a town located in North- East Ethiopia, which is part of Awash Aseb high way. Samara is 

a new built town to replace the former Afar region capital Assaita. The latitude is 11.76° 𝑁 39°5′𝐸 

and altitude 590m above sea level. 

Climatic Zone Elevation in meter 

Local Name Scientific Name  

Berha Deseret Below 800m 

Kolla Tropical 800 to about 1500 m 

Weina-Dega Sub-Tropical 1500 to about 2300 m 

Dega Temperate 2300 to about 3000 m 

Kur Alpine 3000 and about 
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Data collected from NMA (National Meteorology Agency of Ethiopia) for average maximum air 

temperature, minimum temperature and maximum precipitation for the past eleven years of Samara 

will be tabulated & presented on figures from 3-2.  

 

Figure 3-2 shows data collected from NMA (National Meteorology Agency) of Ethiopia. According 

to the data, the average annual maximum temperature of Samara town for the past nine years was 

found to be 46.5℃ , which was collected at 12:00 am (mid-day).  The warmest months of Samara 

town were June 2006.  

 

Figure 3- 2 Average annual Maximum Temperature of samara Town 

Abay Berha is a collective name given for areas of Blue Nile river basin. According to the Central 

statistics, agency of Ethiopia 8 bridges had been constructed on the basin; the one, which is selected 

for this thesis, is the bridge that was constructed in 2008 to connect Goha Tsion with Degen.  
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Figure 3- 3 on-site measurement at Extra dosed Type Hidase Bridge 

It was hardly possible to find particular information concerning latitude & longitude including its 

altitude with average annual temperature of the Abay Berha/ Abay Deseret. The maximum air 

temperature & pavement surface temperature for further investigation will be used from onsite 

measurement as presented above on Figure 3-3.  

3.2.2 Kola (tropical) places of Ethiopia  

The tropical places in Ethiopia are places with altitude less than 1500 m. Some of these places are 

part of the great east African rift valley. The Ethiopian lowlands stretch North-South along the border 

with Sudan & include the lower valley of the Blue Nile, Tekeze and Baro rivers. Ethiopian rift valley 

has two distinct sections. The first section is the north east which is relatively flat and being the lowest 

at Afar Region Denakil plain (Dallol), which drops as low as 116m. The other section is the southwest 

section. This section contains Ethiopia`s lake region, an internal drainage basin of many small rivers. 

 

Latitude, precipitation and maximum & minimum temperature of four representative cities in the 

country for the past ten years will be presented as below: Arba-Minchi, Dire-Dawa, Metehara & 

Konso. 
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Arba-Minch is a town located in southern Ethiopia in Gamo Gofa zone &500km away from Addis 

Ababa. The latitude is 6. 05°𝑁 37.55°𝐸 and altitude 1207m above sea level.  

Data collected from NMA (National Meteorology Agency of Ethiopia) for average maximum air 

temperature, for the past ten years of Arba- Minch will be tabulated & presented on figures from 3-

4.  

 

Figure 3- 4 Average Annual Yearly Maximum Temperature of Arba-Minch from 2006 to 2015 

According to NMA (National Meteorology Agency) of Ethiopia the average annual maximum 

temperature of Arba-Minch for the past ten years was 37.7℃ , which was collected at 12:00 am (mid-

day).  The average maximum temperature was recorded in February 2015. 

 

 The average annual minimum temperature was found to be 10.98℃. The data was collected at 9:00 

am (morning). According to this data the calmest month vary from December to February.   

 

The other parameter the average annual maximum precipitation was found to be 64.39mm, which 

was collected at 9: 00 am. The rainy season of this town vary from May to October. For the years 

2010, 2011, 2014&2015 the town received heavy rainfall on May and on 2009&2013 the town 

received heavy rain on October. The other years maximum rainfall lie in between these two months.   
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Diredawa is a town located in the eastern edge of the great African rift valley with latitude 

9. 97°𝑁 42°53′𝐸 and altitude 1180m above sea level.  

Data collected from NMA (National Meteorology Agency of Ethiopia) for average maximum air 

temperature for the past ten years of Dire-Dawa will be tabulated & presented on figures from 3-5.  

 

Figure 3- 5 Average Annual Maximum Temperature of Dire-Dawa from 2006 to 2015 

According to NMA (National Meteorology Agency) of Ethiopia the average annual maximum 

temperature of Dire-Dawa for the past ten years was 39.80℃ , which was collected at 12:00 am (mid-

day). The average annual maximum temperature of Dire town was recorded in August 2008.  

 

The average annual minimum temperature was found to be 10.44℃. The data was collected at 9:00 

am (morning). According to this data the calmest month vary from December to February.  The other 

parameter the average annual maximum precipitation was found to be 64.39mm, which was collected 

at 9: 00 am.  

 

The rainy season of this town vary from April to November. For the years 2006-2008 & 2014, the 

town received heavy rainfall on April and for the year 2011-2012 &2015 the town received heavy 

rain on May while on 2009&2010 on September & October respectively. 
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Metehara is a town located in Central Ethiopia Misrak Shewa Zone of Oromia region. The latitude 

is 8.85°𝑁39.91°𝐸 and altitude 944m above sea level. Data collected from NMA (National 

Meteorology Agency of Ethiopia) for average maximum air temperature, minimum temperature and 

maximum precipitation for the past ten years of Methara will be tabulated & presented on figures 

from 3-6.  

 

Figure 3- 6 Average Annual Maximum Temperature of Metehara for the past 10 years 

 

The average annual maximum temperature was 41℃ , which was collected at 12:00 am (mid-day).  

The maximum of this town was June 2009. The average annual minimum temperature was found to 

be 6.37℃. The data was collected at 9:00 am (morning). According to this data, the calmest months 

vary from December & January.  For the years 2006, 2012 &2015 the calmest month were January. 

For all the remaining years except in 2009, when the calmest temperature was recorded in March the 

calmest month was December. 

 

Konso is a town on the Sagan River located in South West Ethiopia in Southern Nations Nationalities 

and people’s region. The latitude & longitude is 5.33°𝑁 37.43°𝐸 and altitude 1431 m above sea level. 

Data collected from NMA (National Meteorology Agency of Ethiopia) for average maximum air 

temperature for the past eleven years of Konso will be tabulated & presented on figures from 3-7. 
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Figure 3- 7 Average Annual Maximum Temperature of Konso from 2006 to 2016 

 

According to NMA (National Meteorology Agency) of Ethiopia the average annual maximum 

temperature of Konso town for the past eleven years was 35℃ , which was collected at 12:00 am 

(mid-day). The warmest months of Konso town was March for all the past years except for 2006, 

2010 &2014 which was February.  

 

The average annual minimum temperature was found to be 13.62℃. The data was collected at 9:00 

am (morning). According to this data the calmest months vary from December & August.  For the 

years 2007, 2008 & 2009 the calmest month were July. For 2010, 2011 &2016 the calmest month 

was August. December, September & April were the calmest months of the years 2013 & 2014 and 

2012 respectively. 

 

3.2.3 Sub-tropical (Weina-dega) places of Ethiopia 

According to Ethiopian national atlas these places are places with elevation greater than 1500m and 

below 2300 m. Some representative places of this climatic region are presented in this section. 

Ambo is a city located in central Ethiopia West Shewa zone of Oromia region. The latitude is 

8.98°𝑁  longitude 37.84°𝐸 and altitude 2068 m above sea level.  
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Data collected from NMA (National Meteorology Agency of Ethiopia) for average maximum air 

temperature, minimum temperature and maximum precipitation for the past ten years of Ambo will 

be tabulated & presented on figures from 3-8. 

 

Figure 3- 8 Average Annual Maximum Precipitation of Addis Ababa from 2006 to 2016 

According to NMA (National Meteorology Agency) of Ethiopia the average annual maximum 

temperature of Ambo town for the past ten years was 35.6℃ , which was collected at 12:00 am (mid-

day).  The warmest month of all the past ten years for Ambo town was February 2011.  

 

The average annual minimum temperature was found to be 6.63℃. The data was collected at 9:00 

am (morning). According to this data the calmest months vary from December & January.  For the 

years 2006& 2016 the calmest month were December. For 2008, 2009&2014 the calmest month was 

November. January was the calmest month of the years 2010 & 2015.  

 

Wolaita Sodo is a town and separate Woreda in south-central Ethiopia. It administrative zone of 

south nations &nationalities of Ethiopia. It has a latitude & longitude of 6.81°𝑁 37.73°𝐸 with altitude 

of 1854 m above sea level. Data collected from NMA (National Meteorology Agency of Ethiopia) 

for average maximum air temperature for the past eleven years of Wolaita Sodo will be tabulated & 

presented on figure 3-9.  
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Figure 3- 9 Average Annual Maximum Temperature for Wolaita Sodo for the past eleven years 

According to NMA (National Meteorology Agency) of Ethiopia the average annual maximum 

temperature of Wolaita Sodo town for the past six years was 32.5℃ , which was collected at 12:00 

am (mid-day).  The warmest months of Wolaita Sodo town were March, October & February. For 

the year 2007, 2008, 2009, 2011, 2012, 2014, 2015 &2016 was March. For 2010 & 2013 the warmest 

month was February. For the year 2006 the warmest month was October. However, the maximum 

temperature for all the past years was recorded in March 2009.  

 

The average annual minimum temperature was found to be 9.8℃. The data was collected at 9:00 am 

(morning). According to this data, the calmest months vary from November to January.  For the years 

2007, 2010, 2011 & 2012 the calmest month were December. For 2009, 2014 &2015 the calmest 

month was January. November & February were the calmest months of the years 2006 & 2008 

respectively.  

 

Kombolcha is a city and woreda located in North Central Ethiopia Debub wollo zone of Amhara 

region. The latitude is 11.83°𝑁39.71°𝐸 and altitude 1857m above sea level.  

Data collected from NMA (National Meteorology Agency of Ethiopia) for average maximum air 

temperature presented on figures from 3-10.  
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3- 10 Average Annual Maximum Temperature of Kombolcha for the past 10 years 

According to NMA (National Meteorology Agency) of Ethiopia the average annual maximum 

temperature of Kombolcha town for the past six years was 34℃ , which was collected at 12:00 am 

(mid-day).  The warmest months of Kombolcha town were March, October & February. However, 

the maximum temperature of all the past years was recorded in June 2009. For the year 2007, 2008, 

2009, 2011, 2012, 2014, 2015 &2016 was March. For 2010 & 2013 the warmest month was February. 

For the year 2006 the warmest month was October.  

 

The average annual minimum temperature was found to be 9.8℃. The data was collected at 9:00 am 

(morning). According to this data the calmest months vary from November to January.  For the years 

2007, 2010, 2011 & 2012 the calmest month were December. For 2009, 2014 &2015 the calmest 

month was January.  

 

Hagere-Mariam is a town located in South Ethiopia 382 km away from the capital. It located in the 

Borena Zone of Oromia region with latitude of 5.65°𝑁  longitude 38.23°𝐸 and altitude 1861m above 

sea level.  

Data collected from NMA (National Meteorology Agency of Ethiopia) for average maximum air 

temperature on figure 3-11.  
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Figure 3- 11 Average Annual Maximum Temperature of Hagere Mariam for the past eleven years 

Figure 3-11 shows data collected from NMA (National Meteorology Agency) of Ethiopia for Hagere 

Mariam for the past eleven years. The average annual maximum temperature of Hagere-Mariam was 

found to be 34.8℃ , which was collected at 12:00 am (mid-day).  The warmest months of Hagere-

Mariam were March, January, September & February. However, the maximum temperature of all the 

past years was recorded in March 2012.For the year 2006, 2009, 2012, 2013, & 2015 was March. For 

2008 & 2014 the warmest month was January. For the year 2010 the warmest month was September. 

February was the warmest month for 2007 & 2011. 

 

The average annual minimum temperature was found to be 15.32℃. The data was collected at 9:00 

am (morning). According to this data, the calmest months vary from March to July.  For the years 

2007, 2008, 2009, 2011 & 2016 the calmest month was April. July was the calmest month for 2010. 

For the rest of all the years March was the calmest month. 

 

Meki is a town in east-central Ethiopia. Located in the Misraq Shewa Zone of the Oromia Region, it 

has a latitude and longitude of (8°9′N38°49′E) with an elevation of 1636 meters above sea level. 

 

Aksum is a city in the northern part of Ethiopia, Located in the Central Zone of the Tigray Region, 

it has a latitude and longitude of (14°16′N39°09′E) with an altitude of 2131m above sea level.  Based 
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on the data collected from World Weather online (https://www.worldweatheronline.com) from 2009 

up to 2017, the minimum temperature was recorded on January 2017, which was 7,℃  and the 

maximum temperature was recorded on June 2009& 2010 as 28℃ . 

 

3.2.4 Temperate & alpine (Dega& Kur) Places of Ethiopia 

The temperate places (Dega) climatic regions are those places with altitude greater than 2300m and 

less than 3000m.  The Alpine places are areas with altitude greater than 3000m. Some of the cities in 

this region will be presented in this section:  

 

Addis Ababa is the capital city of Ethiopia. The city is geographically located in central part of the 

country with latitude and longitude 9.03°𝑁 38°75′𝐸 and altitude 2354 m above sea level. It is both 

political and economic center. According to Addis Ababa City Roads Authority AACRA the road 

network coverage in 2015/2016 is about 4,671 km. only 11% of the 3,656km are paved and deemed 

to be in acceptable condition. 41% was deteriorating fast and the remaining 48 % were beyond repair 

(Tigabu, 2016).  Even though the road coverage is rising, Addis roads are still boldly messy. The 

reason behind this could be many. It is believed that this thesis will predict the maximum pavement 

surface temperature & solve one of those problems. The inputs that will be used for further analysis 

including the average maximum air temperature will be presented in figure 3-12: 

 

Figure 3- 12 Average Annual Maximum Temperature of Addis Ababa from 2006 to 2015 
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According to NMA (National Meteorology Agency) of Ethiopia the average annual maximum 

temperature of Addis Ababa for the past ten years was 31℃ , which was collected at 12:00 am (mid-

day).  The warmest month of Addis vary from March to February.  However, the maximum 

temperature of all the past ten years was recorded in March 2012. For the years, 2006 &2007 the 

maximum temperature was recorded on May.  In 2008& 2014 the maximum temperature was 

recorded on April. March was the warmest month for 2009 &2012. February was the warmest month 

for year 2010. For the year 2013 the warmest months were January & May.   

 

The average annual minimum temperature was found to be 4.65℃. The data was collected at 9:00 

am (morning). According to this data the calmest months were December & January.  For the years 

2006-2009, 2010-2011 and 2013-2014 the calmest month were December. For 2009 &2012 the 

calmest month was January.  

 

The other parameter the average annual maximum precipitation was found to be 46.53mm, which 

was collected at 9: 00 am. The rainy season of Addis vary from March to February. For the years 

2006 & 2013, the town received heavy rainfall on April, for the year 2009 the city received heavy 

rain on December, for the years 2010&2014 on February and for the year 2011 &2015 July and 

March respectively. 

 

Bale robe is a town located in south central Ethiopia. It is geographically located between 

7.13°𝑁 latitude & longitude 40°05′𝐸 with altitude of 2480m above sea level. 
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Figure 3- 13 Average Annual Maximum Temperature of Bale Robe for the past ten years 

 

Figure 3-13 shows data collected from NMA (National Meteorology Agency) of Ethiopia for Bale 

Robe for the past ten years.  The average annual maximum temperature was found to be 29.7℃ , 

which was collected at 12:00 am (mid-day).  The warmest months of Bale Robe were March, April, 

July, August & February. In 20011 the maximum temperature was recorded in April. July & August 

were the warmest months of 2012.   For all the remaining years except in 2010 & 2015 when the 

maximum temperature was recorded in February, March was the warmest month.  

 

The average annual minimum temperature was found to be 4.4℃. The data was collected at 9:00 am 

(morning). According to this data the calmest months vary from August to January.  For the years 

2007, 2009, 2010 & 2014 the calmest month was November. December was the calmest month for 

2006, 2013 & 2014.  In 2011 the calmest month was September. August was the calmest month for 

the year 2008. For 2012 & 2015 January was the calmest month.  

 

Degen is a city located in North Ethiopia Amhara region. The latitude is 10.10°𝑁 38.76°𝐸 and 

altitude 2460 m above sea level.  
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Debre Birhan is a city with coordinates of 9°40'60" N and 39°31'60" E in DMS (Degrees Minutes 

Seconds) or 9.68333 and 39.5333 (in decimal degrees). Its altitude is 2816 m above sea level. Average 

annual maximum air temperature was found to be 20.556℃. 
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3.3 Research Materials  
The materials incorporated in this research include Nano sensors, Thermometers, aggregate and 

40/50 bitumen. 

 

The actual pavement surface temperature was measured using radiation thermometer, which was 

borrowed from Addis Ababa City Roads Authority.  The thermometer is presented with the following 

figure 3-14. 

This sensor (radiation thermometer) is easy to handle and penetrate up to beneath the upper asphalt 

concrete layer. It was used throughout this thesis to measure the actual pavement surface 

temperatures of every possible corner of cities & towns. 

 

 

Figure 3- 14 Radiation Thermometer (Sensor) used in this thesis to measure actual pavement 

surface temperature and air temperature 

The Bitumen with PG 40/50 used for laboratory was taken from Awash –Mille project, which is 

under construction by Ethiopian Construction Works Corporation (ECWC). 8 Kg of bitumen was 

weighted packed by pail, tagged and transferred to CORE Consulting Engineers Laboratory. 

Three bins of aggregate with different sieve size bin 1- from 0-2.36mm, bin 2 from 2.36-4.75 mm 

sieve size and bin 3 from 4.75 -12.5 mm sieve sizes, a total of 225 kg of Aggregate was taken from 

Fanuel quarry site of AACRA. 
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3.4 Data Collection and Sampling Techniques 
Samples cannot be selected in haphazard ways because the information obtained might be biased. To 

obtain samples that are unbiased, that give each subject in the population an equally likely chance of 

being selected statisticians use four basic methods of sampling: random, systematic, cluster, and 

stratified sampling (G.Bluman, 2009). 

 Random samples: are selected by using chance methods or random numbers.  

 Systematic samples: by numbering each subject of the population and then selecting every kth 

subject. 

 Cluster samples. Here the population is divided into groups called clusters by some means 

and then the researcher randomly selects some of these clusters and uses all members of the 

selected clusters as the subjects of the samples. 

 Stratified samples by dividing the population into groups (called strata) according to some 

characteristic that is important to the study, then sampling from each group. Samples within 

the strata should be randomly selected (G.Bluman, 2009). 

For this thesis Stratified, sampling method is used to select the samples in which Ethiopia is divided 

in to different climatic zones and then the samples are taken from each of the regions. 

3.4.1 Determining Normality  

There are different methods to determine the normality of the data. In this study two methods are 

implemented one is the Pearson`s index of skewness and Frequency distribution. 

3.4.1.1 Pearson`s Index of Skewness 

Skewness can be checked by using Pearson’s index of skewness. The formula is- 

𝑃𝐼 = 3 ∗ ( 
 �̅�−𝑚𝑒𝑑𝑖𝑎𝑛

𝑠
 ) − − − − − − − − − − − − − − − − − − − − − - (19) (G.Bluman, 2009) 

Where: PI= Pearson index 

             𝑋 = Sample Mean and 

             S = Sample Standard deviation  

If the index is greater than, equal to one or less than, or equal to one, it can be concluded that the data 

are significantly skewed.  

3.4.1.2 Frequency distribution  

A frequency distribution is the organization of raw data in table form, using classes and frequencies. 

Two types of frequency distributions that are most often used are the categorical frequency 

distribution and the grouped frequency distribution.  
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 Categorical Frequency Distributions is used for data that can be placed in specific categories, 

such as nominal- or ordinal-level data. 

 Grouped Frequency Distributions is used for data that can be placed in specific categories, 

such as nominal- or ordinal-level data. When the range of the data is large, the data must be 

grouped into classes that are more than one unit in width, in what is called a grouped 

frequency distribution. When the range of the data values is relatively small, a frequency 

distribution can be constructed using single data values for each class. This type of 

distribution is called an ungrouped frequency distribution. For the onsite, measured 

Temperature Data this type of frequency distribution is used. Constructing a Grouped 

Frequency Distribution 

For these onsite measured Temperature Data 

37.1 ,  44.1 ,  45.4 ,  45.4 ,  47.8 ,  50.1 ,  51.2 ,  51.8 ,  52.3 ,  52.5 ,  52.6 ,  53.8 ,  54.4 ,  54.8 

,  55.2 ,  55.6 ,  56     ,  56.2 ,  57.1 ,  58.4 ,  60.4 ,  62.1 ,  64.1 

Step 1 Determine the classes. 

 Find the highest value and lowest value: H =64.1 and L=37.1 

  Find the range: R= highest value - lowest value = H - L, so R = 64.1-37.1= 27 

 Select the number of classes desired (usually between 5 and 20). In this case, 8 is arbitrarily 

chosen. Find the class width by dividing the range by the number of classes. 

     Width    =
R

 number of classes
    = 27 / 7= 3.9 ≈ 4 
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Table 3- 2 Upper and lower class determination 

Class 

limits  

Class 

boundaries  

Frequency 

(f ) 

Mid 

Point(xm ) 

 

         f *xm 

37-40 36.5-40.5 1 38.5 38.5 

41-44 40.5-44.5 1 42.5 42.5 

45-48 44.5-48.5 3 46.5 139.5 

49-52 48.5-52.5 6 50.5 252.5 

53-56 52.5-56.5 7 54.5 436 

57-60 56.5-60.5 3 58.5 175.5 

61-64 60.5-64.5 2 62.5 125 

  n=23  ∑ f *xm = 1209.5 

 

After the raw data have been organized into a frequency distribution, it will be analyzed by looking 

for peaks and extreme values. The peaks show which class or classes have the most data values 

compared to the other classes. Extreme values, called outliers, show large or small data values that 

are relative to other data values.  

 

Figure 2- 3 Frequency distribution of the data 
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3.4.2 Sample Size Determination 

If the subjects of a sample are properly selected, most of the time they should possess the same or 

similar characteristics as the subjects in the population (G.Bluman, 2009). 

 

Hypothesis testing is a decision-making process for evaluating claims about a population, based on 

information obtained from samples. 

Sample size determination is closely related to statistical estimation. It depends on three things: the 

maximum error of the estimate, the population standard deviation, and the degree of confidence. The 

formula for determining sample size requires the use of the population standard deviation. In this 

case population standard deviation is unknown. When population standard deviation is unknown and 

the population is normally or approximately normally distributed a t distribution is used instead of 

the z distribution (G.Bluman, 2009). 

 

Formula for the Minimum sample size needed for an interval estimate of the Population Mean is: 

𝐸 = 𝑡𝛼

2
(

𝑆

√𝑛
) − − − − − − − − − − − − − − − − − − − − − − − − − − (20) (G.Bluman, 2009) 

Where: - E= the maximum error of estimate.  

               S =Sample standard deviation and  

               n = sample size  

               𝑡𝛼

2
 = value found from table 3-2 below for a given confidence interval and sample size 

               α   = level of significance = 1 - confidence level
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3.5 Model Development  

3.5.1 Model Selection  

Choosing the correct model can be difficult. However, it is very crucial part of the statistical 

modeling procedures.  

 

The most common criteria`s applied to select the most appropriate models are (Ezra G.and 

Reuben A.Ipinyomi, 2009) Akaike information criterion (AIC), Schwarz information 

criterion (SIC) and coefficient of multiple determination (R2). 

 

Studies shows that the AIC and SIC are applied when we want parsimony (simplest model 

with least assumptions and variables) but with great explanatory power. While R2 is used 

when we need better predictive power (Ezra G.and Reuben A.Ipinyomi, 2009). 

 

The coefficient of determination (R2) is a measure of the variation of the dependent variable 

that is explained by the regression line and the independent variable. It is used when we 

work with variables that are specifically under experiment along with other variables that 

affect the response in order to avoid biased results. It is very appropriate mechanism in the 

scientific world. 

 

Generally, models with higher adjusted R-squared values are preferred over the lower ones. 

The adjusted R-squared value is statistics that is designed to solve the key problem with R-

value, which increase as a predicator number increase.  

 

For this research Statistical model for exponential, polynomial, logarithmic, power and 

linear scale were incorporated to test which function will define the dependent variable to 

acceptable range. Furthermore, the relationship of each explanatory variable was tested one 

by one with the mentioned statistical functions. The one with R-squared value closer to one 

or best fit the model is then selected to develop the relationship between the pavement 

surface temperature (dependent variable) and the two explanatory variables latitude and 

maximum air temperature. Please refer to Appendix V for the scatter plot of each parameter 
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with maximum pavement surface temperature and for detail graphical analysis of the Model 

selection. 

 

All the functions were developed using the field data (on site measurement), data from 

national metrology agency (NMA) and for some places (towns) where meteorological data 

was unavailable data from www.worldweather.com of UK was employed as an input for 

STATA 13/SE-13. 

 

STATA is a powerful statistical package with smart data-management facilities, a wide array 

of up-to-date statistical techniques, and an excellent system for producing publication-

quality graphs. The most recent (2014) version is STATA (SE-13) and with each version 

there are improvements in computing speed, capabilities and functionality. It now has pretty 

flexible graphics capabilities. Furthermore, Stata is constantly being updated or advanced by 

users with a specific need. 

 

Table 3-3 presents different functional scales used to select the model. As we can read from 

the table the relation between the maximum air temperature and maximum pavement surface 

temperature and the relation between latitude and maximum pavement surface temperature 

is best explained with polynomial function. The best fit is the polynomial function with 

degree six, which gives the R-squared value of 0.86 for maximum air temperature and 0.061 

for latitude. However, the statistical software (SE-13) can only model up to degree 3. 

Therefore, the model selected in this research is the Polynomial function with degree of 

three. 

 

http://www.worldweather.com/
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Table 3- 3 Model selection 

The combined effect of the two parameters on maximum pavement surface temperature can be further elaborated with the following 

table: 

 

 

 

 

 

 

 

 

Table 3- 4 R2-Value for combined effect 

Explanatory 

parameters 
Lat.1 Lat. 2 La.t3 

Ta.1 0.8603 0.8634 0.8643 

Ta.2 0.8387 0.8431 0.8452 

Ta.3 0.8049 0.815 0.8139 

   

As we can read from Table 3-4 the R-squared value of the latitude increase as the polynomial degree increase. The best fit is then the 

cubic polynomial degree for the latitude. The maximum air temperature decreases with increasing polynomial degree. It will explain the 

maximum pavement surface temperature when it is on linear scale. 

Parameter Linear Polynomial  

Power 

 

Logarithmic Exponential Remark 

 X1 X1 X2 X3 X4 X5 X6 

R2-value 

for  TsTa 

0.835  0.841 0.847 0.849 0.853 0.86 0.812 0.79 0.843 Strong 

Relationship 

R2-value 

for TsLat 

0.0196  0.02 0.023 0.045 0.048 0.061 0.018 0.016 0.022 Weak 

Relationship 
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3.5.2 Collinearity  

In statistics, Collinearity is a phenomenon in which one predictor variable in a 

multiple regression model can be linearly predicted from the others with a substantial degree of 

accuracy. In this research, two independent parameters latitude and maximum air temperature are 

used as explanatory variables. Hence, it is mandatory to substantially show the two independent 

variables are not cot collinear.  

 

The historical maximum air temperature of the 24 towns, which was presented in section 3.2 of this 

report didn`t show any dependency in these two parameters. It rather shows that the altitude above 

sea level influences the maximum air temperature and climate of a given town.  

This will be acknowledged as follows by presenting representative town’s maximum air temperature 

and latitude.  

Table 3- 5 sample data to show non-collinearity between the two parameters 

Towns  
Maximum historical 

air Temperature  (℃) 
Latitude (°)  

Arbaminch 37.7 6.06 

Samara 46.5 11.76 

Dire Dawa  39.8 9.9 

Metehara 41 8.85 

Konso 35 5.33 

Ambo 35.6 8.98 

Kombolcha 34 11.83 

Wolaita Sodo 32.5 6.81 

Bule Hora 34.8 5.65 

Bale Robe 29.7 7.13 

Debre Birehan 20.55 9.4 

Addis Ababa  31 9.03 
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3.5.3 Model Development  

The model was developed by using pavement surface temperature of onsite measurement from 12:00 

pm to 2:00 pm day time, which is the expected peak hour of maximum pavement surface temperature. 

Accordingly, the air temperature of the same hour was taken from NMA. Using these data as input 

the model was developed and Huber`s rigorous equation was calibrated. The following table 3-6 

presents the maximum air temperature, latitude, and maximum pavement surface temperature data 

of 24 towns with date on which the measurement was taken. 

 

Table 3-6 presents the maximum air temperature, latitude, and maximum pavement surface 

temperature data of 24 towns with date on which the measurement was taken. 

Table 3- 6 Input data for STATA (SE/13) analysis   

City /Town Day 

Maximum  

Air 

Temperature

(oc) 

Latitude(o) 

Actual 

Pavement 

Surface 

temperature 

(oc) 

Abay Bereha 6/11/2017 35.1 10.076 62.1 

Addis Ababa 5/8/2017 23 9.03 45.4 

Adama 17/08/2017 28.6 8.55 55.2 

Aksum 1/11/2017 28.8 14.12 55.6 

Ambo 16/09/2017 24.3 8.98 50.1 

Arba Minch 14/10/2017 31.4 6.06 58.4 

Bahirdar 3/11/2017 31.6 11.595 60.4 

Bale-Robe 30/09/2017 20 7.13 37.1 

Batu (Ziway) 6/10/2017 28 7.93 54.8 

Bishoftu 17/08/2017 33 8.733 56 

Debre 

Birehan 
9/9/2017 19.6 9.63 44.1 

Dejen 5/11/2017 20 10.17 47.8 

Dire Dawa 25/01/2018 27 9.9 53.8 

Gonder 2/11/2017 29.9 12.52 57.1 

Hagere-

Mariam 
7/10/2017 24.7 5.65 52.5 

Hawasa 8/10/2017 28.6 7.07 52.3 

Jimma 14/01/2018 29 7.667 52.6 

Kombolcha 30/10/2017 24.5 11.83 51.8 

Konso 15/10/2017  5.33 Rejected 

Mekele 31/10/2017 23 13.47 51.2 

Meki 6/10/2017 31.1 8.9 56.2 

Metehara 21/10/2017 36.9 8.85 64.1 

Nekemet 17/09/2017 23 9.083 45.4 
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City /Town Day 

Maximum  

Air 

Temperature

(oc) 

Latitude(o) 

Actual 

Pavement 

Surface 

temperature 

(oc) 

Wolaita Sodo 15/10/2017 27.6 6.81 54.4 

 

As we can see from Table 3-6, the data that was measured on Konso was rejected, due to unexpected 

weather change. According to NMA, the maximum air temperature of Konso was greater than 33℃ 

which was recorded between October & March for the past 10 years. However, during on site 

measurement on October 15, 2017 it was impossible to record the expected maximum pavement 

surface temperature and air temperature due to unexpected heavy rain. The remaining 23 towns’ data 

was incorporated as an input for the model development. 

3.5.4 Model Validation  

After the model is developed, it is mandatory to verify the developed model. The predicted pavement 

surface temperature applying air temperature and latitude as in put for the model should have to be 

verified. The detail analysis was conducted ANOVA analysis.  

Table 3- 7 Statistical Analysis, ANOVA test of the model 

Confidence 

interval (%) 

F-test t-test 
R2 Radj

2 Remark 
F-value P- value Coefficient t-value P- value 

99.5 63.22 0.0000 

1.189124 11.1 0.000 

0.8643 0.8507 
Overall 

insignificant 
0.0015058 2.08 0.051 

19.05162 6.24 0.000 

95 63.22 0.0000 

1.189124 11.1 0.000 

0.8634 0.8498 
Overall 

insignificant 
0.0015058 2.08 0.051 

19.05162 6.24 0.000 

90 63.22 0.0000 

1.189124 11.1 0.000 

0.8634 0.8498 
Overall 

significant 
0.0015058 2.08 0.051 

19.05162 6.24 0.000 

 

Table 3-7 demonstrates the statistical analysis of the model. As it was presented in section 2.5.1 

Regression analysis the validation process include three tests; the F-test, R2 test and t-test. As we can 

read from the table for 90% confidence interval where 𝛼 = 10% the, F test is significant at 10% & 
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the F-statistics is zero means it is probability of exceeding 10% is 0%. This implies that we reject the 

null hypothesis and accept the alternative hypothesis for both 99.5% and 95% confidence intervals. 

So far, the model has satisfied the two validity tests but still one test of significance is remaining the 

t-test. 

 

Because the model shows significance in F-test and R2 test it is possible to proceed with the third and 

final test, t-test. It is a test of significance for individual explanatory variables X1, X2 and the constant 

term. The t-statistic is found by coefficient (unstandardized) divided by the standard error. As we can 

read from the table all the independent variables show that t- test is significant at 90% confidence 

interval. For the other two confidence intervals where 𝛼 = 5% it is insignificant. 

 

3.5.5 Cross validation  

Model evaluation is an integral part of model development process. It helps to find the best model 

that represents our data and how well the chosen model will work in the future. Evaluating model 

performance with the data used for training is not acceptable in data mining because it can easily 

generate overoptimistic and over fitted models.one of the methods of evaluating models in data 

mining is cross validation. 

The following Figure 3-15 will presents diagrammatic presentation of cross validation and data 

folding in to k-folds. 

 

Figure 3- 15 Procedures of cross validation 

fold 1 1st model 
fold 2 2nd model 

fold 3 3rd model 

. .

. .

. .

. .

fold k kth model 

Full data set
out of error 

estimate

Final model
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After the model was selected and the R-square value was tabulated then the next step is to determine 

whether the selected model will be applicable for other set of data. In order to do so we apply the 

cross validation technique. After the data is classified into 5 folds the different models for each fold 

is developed. A total of 45 models were developed and presented in Appendix IV and Appendix VI. 

The summary of the models and the folds is presented in Table 3-8 below. 

Table 3- 8 five-folds for the data 

Ts Ta Lat.   

62.1 35.1 10.076 

Fold-1 

(k-1) 

45.4 23 9.03 

55.2 28.6 8.55 

55.6 28.8 14.12 

50.1 24.3 8.98 

58.4 31.4 6.06 

Fold-2 

(k-2) 

60.4 31.6 11.595 

37.1 20 7.13 

54.8 28 7.93 

56 33 8.733 

44.1 19.6 9.63 

Fold-3 

(k-3) 

47.8 20 10.17 

53.8 27 9.9 

57.1 29.9 12.52 

52.5 24.7 5.65 

52.3 28.6 7.07 

Fold-4 

(k-4) 

52.6 29 7.667 

51.8 24.5 11.83 

51.2 23 13.47 

56.2 31.1 8.9 

64.1 36.9 8.85 
Fold-5 

(k-5) 
45.4 23 9.083 

54.4 27.6 6.81 

 

For this thesis, the data is divided into five blocks. This is called Five-Fold cross Validation. For each 

fold different models and MSE were determined. For each fold there are 9 combinations of air 

temperature (Tair) and Latitude (Lat). The following table presents the sample combination of one 

fold. Please refer to Annex IV for all the tables of each fold. 
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Table 3- 9 Model developed after cross validation 

CVk 
Model-1 

(k=1) 

Model-2  

(k=2) 

Model-3  

(k=3) 

Model-4  

(k=4) 

Model-5  

(k=5) 
Average 

Ta
1 and Lat1 3.64173472 25.2625382 19.53740614 3.858233151 11.39669726 12.7393219 

Ta
1 and Lat2 4.577922859 24.95364248 19.19998292 3.458526036 10.58009318 12.55403349 

Ta
1 and Lat3 5.784376991 25.02116985 19.14829401 3.336253697 9.671184415 12.59225579 

Ta
2 and Lat1 3.998913042 30.88976024 15.49678103 2.964768634 15.11810516 13.69366562 

Ta
2 and Lat2 4.794538092 30.3752614 14.86602083 2.451643221 13.9381949 13.28513169 

Ta
2 and Lat3 5.904973233 30.28210088 14.53764654 2.225696929 12.69843513 13.12977054 

Ta
3 and Lat1 4.89521768 37.29423358 13.83637343 2.017776696 25.06652031 16.62202434 

Ta
3 and Lat2 5.464903192 36.58181437 12.97847823 1.485197759 23.57773051 16.01762481 

Ta
3 and Lat3 6.376224044 36.33138373 12.41171141 1.233435588 22.04195068 15.67894109 

 

Table 3-9 above presents the selected model after the data was cross validated. In the previous section 

as presented in Table 3-4, before cross validating the data, the model was presented based on the 

existing data and it was presented in the descending order of the R-square value of the combined 

effect of the two parameters Latitude and air temperature.  However, the previous model is best fit 

for this particular data only. Which fails to prove that the model will be best fit for other data. In 

order to do so the model was further cross validated and proven that it will be applicable for all the 

data provided by the user at any air surface temperature and latitude to estimate the maximum 

pavement surface temperature of the given place in the country, escalating the applicability and use 

of the model and this thesis work in general.  

The error estimated by the combined effect of these two parameters will be tabulated as below:  

Table 3- 10 Cross validation estimate of test error 

Explanatory 

Parameters 
Lat.1 Lat.2 Lat.3 

Ta.1 12.7393 12.554 12.5923 

Ta.2 13.6937 13.2851 13.1298 

Ta.3 16.622 16.0176 15.6789 
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After all the process of modeling procedures the model selected, validated and cross validated is 

presented as equation 21below: 

𝑇𝑠 = 1.189124𝑇𝑎 + 0.0015058𝐿𝑎𝑡 2 + 19.05162 − − − − − − − − − − − − − − − − − −(21) 

Where, 

 Ts –surface temperature  

 Ta –air temperature  

 Lat –latitude in degrees 
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3.6 Laboratory Experiment (case study for Samara town) 
Aggregate is the largest single material used in highway construction and its properties are important 

for the quality of the pavement. The design of the aggregate mixture to ensure high stability is an 

important aspect of pavement design. The stability of an unbound granular base course derives 

mainly from particle interlock and surface friction and gradation of particle size distribution is 

therefore an important characteristic for strength determination.  

 

After the samples were bagged tagged and transferred to AACRA laboratory and CORE consulting 

Engineers Plc. laboratory, the Engineering characteristics of each sample was determined by applying 

both 60℃ and 75℃  and the mix design was developed for Samara , a town where the hottest air 

temperature 75℃ is recorded.   

3.6.1 Marshall Mixture Design Procedures 

As it was presented under sub section 2.4 the Marshall Mix design procedures starts with aggregate 

evaluation and proceeds with asphalt cement evaluation, preparation of Marshall specimen and 

finally Marshal stability and Flow test. All the procedures will be presented in the following sub 

sections. 

3.6.1.1 Aggregate Evaluation  

This section presents the acceptability tests of aggregate for use in HMA. These are (Freddy 

L.Roberts, 1996):-  

Step 1: Acceptability test which include the following: 

 Los Angles Abrasion test  

 Surface soundness 

 Flakiness index 

 Sand equivalent 

 Aggregate impact value  

 Aggregate crushing value  

 Ten percent finesse value 

Step 2: If the aggregate passed step -1 tests, the next step is performing other required aggregate tests. 

These testes include:  

 Gradation  

 Specific Gravity 
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 Absorption  

Step 3: The next step is performing blending calculations 

 

Step 4:  Prepare a specimen weight out table by multiplying the percent aggregate retained between 

sieves times an aggregate weight of approximately 1150 kg, then determined the cumulative weights 

starting with the material passing the No. 200 (0.075mm) sieve. In this study, three groups of 

aggregate were used. The first group of aggregate were sizes from 0.00mm to 2.36 mm, 2.36mm -

4.75 and from 4.75mm-12.5 mm.  

3.6.1.2 Asphalt Cement Evaluation  

Several standard grades of Asphalt cement, based on consistency are available commercially. Three 

methods based on preparation, viscosity or performance are used to classify asphalt cements into 

different grade. 

 

There are five standard penetration graded asphalt cements 40-50, 60-70, 85-100,120-150 and 200-

300, are used for paving grade asphalt. The higher the penetration, the softer the asphalt cement. 

Therefore, 40-50 is the hardest grade and 200-300 is the softest grade. 

  

The appropriate AC grade for severe sites specified in ERA-2013 flexible pavement design manual 

is PG 40/50 (ERA, 2013). Accordingly, the PG of the asphalt binder to be used for laboratory 

experiment was determined to be 40/50. 

Table 3- 11 Requirements for penetration Grade Bitumen (ERA, 2013) 

Test 
Test 

Method(ASTM) 

Penetration Grade 

40/50 60/70 80/100 

Based on original Bitumen     

Penetration 250C D5 40-50 60-70 80-100 

Softening Point (*C) D36 49-59 46-56 42-51 

Flash Point(*C) Min D92 232 232 219 

Solubility in trichloroethylene 

(%) Min 
D2042 99 99 99 

TFOT heating for 5h at 1630C D1754 - - - 

a)     Loss by mass (%)              

Max 
- 0.5 0.5 0.8 

b)      Penetration (%)                 

Min 
D5 58 54 50 

c)     Ductility at 250C                

Min 
D113 - 50 75 
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There are a number of tests to assess the properties of bituminous materials. Physical testing of 

asphalt cements can be categorized as:  

 Consistency tests; 

 Durability tests; 

 Purity tests; 

 Safety tests and other tests  

Consistency test include penetration, softening point, and ductility tests. Durability test is represented 

by Thin Film Oven Test (TFOT). The purity test includes solubility in trichloroethylene. The other 

is safety test which is represented by flash point test. There are also many other bitumen tests one of 

such tests is specific gravity.  

The representative tests of consistency, durability, purity and safety was conducted as per ASTM and 

AASHTO standards. Table 3-6 above presents the testing methods in addition to ERA`s criteria. Vide 

to this table the penetration test can be conducted following ASTM D5 procedures, softening point 

following ASTMD36 procedures, flash point following ASTM D92, solubility in trichloroethylene 

following ASTMD2042, TFOT following D1754 and ductility test following D113 procedures.   

3.6.1.3 Preparation of Marshall Specimens 

 Dry and sieve aggregates into sizes (Preferably individual sizes) & store in clean sealable 

container  

 Separate enough material to make 18 specimens of approximately 1150 gram each. 

 Minimum aggregate & asphalt cement requirement to prepare one series of test specimens of 

a given gradation are 25kg & 4 liters respectively. 

 Weight out aggregate for 15 specimens placing each in separate container & heat to mixing 

temperature determined 

 It is generally desirable to prepare a trial specimen prior to preparing all aggregate batches  

 Heat sufficient asphalt cement to prepare 15 specimens to determine the maximum bitumen 

content and additional three specimens to determine the effect of heating temperature in water 

bath. 

 Three compacted specimens each prepared at five different asphalt contents   
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A, 

 
 

B, 

Figure 3- 16  A (Sieve analysis) & B (specimen preparation for bitumen) in laboratory 

 Asphalt contents selected at 0.5% increments with at least two asphalt contents above 

“Optimum” & at least two below- in this case it is 4%,4.5%,5%,5.5%and 6% 

 Review appropriate specification to determine no of blows side & type of compaction 

equipment required for compaction of marshal specimens 
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 Remove the ho t aggregate, place it on a scale, & add the proper weight of asphalt cement to 

obtain the desired asphalt content  

 Mix asphalt cement & aggregate until the aggregate is coated 

 Check the temperature of freshly mixed material, if it is above the compaction temperature, 

allow it to cool to compaction temperature; if it is below compaction temperature, discard the 

material & make a new mix 

 Place a paper disc into an assembled, preheated Marshall mold & pour in loose HMA 

  Spade the mixture with a heated spatula or trowel 15 times around the perimeter & 10 times 

over the interior  

 Remove the collar & mounted materials inside the mold so that the middle is slightly higher 

than edges 

 Attach the mold & base plate to the pedestal. Place the preheated hammer into the mold, & 

apply the appropriate no. of blows to the top side of specimen 

 Remove the mold from the base plate  

 Determine the specific gravity for each specimen by weighting in air (AASHTO T166) 

 Measure the rice specific gravity on the loose HMA mix samples in accordance with 

AASHTO T209 (ASTM D 2041) 

 For each specimen using the bulk specific gravity & the rice specific gravity to calculate the 

% voids or (VTM) 

3.6.1.4 Marshall Stability & flow test  

 Heat the water bath to 140℉(60℃)& place specimens to be tested in the bath for at least 30 

minutes but not more than 40 minutes. 

 For the samara town - heat the water bath to 167℉(75℃)& place specimens to be tested in 

the bath for at least 30 minutes but not more than 40 minutes 

 Remove the specimen from the bath pal with towel to remove excess water & quickly place 

in the Marshall testing head 

The following figure 3-16 shows the water bath heated at 60℃ in laboratory. 

 The next step is to bring the loading ram into contact with the testing head  

 Zero the pens if using a load deformation recorded or zero flow gauge & place the gauge on 

the road of the testing head   

 Apply the load at 2”/ minute (50.8mm/minute) until maximum load is reached  
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 When load just begins to decrease, remove the flow meter, stop ram maximum movement & 

record the stability (maximum load) in lbs.(N) & flow 0.01 (0.25mm) 

 
A, 

 

B, 

Figure 3- 17 Water bath boiled at 60℃ (A) and Marshall testing head (B) 

The final procedure of this process is tabulating & plotting test results of: - 
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 Asphalt content Vs. density (or unit weight) 

 Asphalt content Vs. Marshall stability  

 Asphalt content Vs. Flow 

 Asphalt content Vs. air voids (VTM) 

 Asphalt content Vs. VMA 

 Asphalt content Vs. VFA 

Based on the results applying Marshall Mix design criteria the result was concluded.   
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4 Result Analysis and Discussion  

4.1 Result Analysis  

Pavement temperatures are affected by air temperatures as well as precipitation, wind speed, and 

solar radiation. The response of a pavement system is highly influenced by the temperature of the 

surface layers and moisture content of the unbound soils. Annual, seasonal, and daily variations in 

temperature and precipitation have large influences on pavement service life (A. Ongel, 2004).  

 

Even though there are, many factors latitude and maximum air temperature were incorporated in this 

research.  The output of the study will be presented in the following sub sections.  

 

4.1.1 Analysis to develop the Model 

4.1.1.1 Normality test and Confidence interval determination 

For the maximum pavement surface Temperature Data set, which was measured on site we need to 

check the skewness of the distribution by applying equation (17), Pearson equation in order to 

proceed with the next statistical analysis.  

 

 37.1 ,  44.1 ,  45.4 ,  45.4 ,  47.8 ,  50.1 ,  51.2 ,  51.8 ,  52.3 ,  52.5 ,  52.6 ,  53.8 ,  54.4 ,  54.8 ,  55.2 

,  55.6 ,  56     ,  56.2 ,  57.1 ,  58.4 ,  60.4 ,  62.1 ,  64.1 

𝑃𝐼 = 3 ∗ ( 
�̅� − 𝑚𝑒𝑑𝑖𝑎𝑛

𝑠
 ) = 3 ∗ ( 

52.97 − 53.80

6.15
) = −0.40 

Where: PI= Pearson index 

             𝑋 = Sample Mean and 

            S = Sample Standard deviation  

 

In this case, the PI is not greater than +1 or less than -1, so it can be concluded that the distribution 

is not significantly skewed. Therefore, this distribution is approximately normally distributed. 

 

After the normality is checked the next step is to compute the confidence interval for a given sample 

size. For the sample to highly represent the characteristics of the population, the maximum error of 

estimate must be close to Zero and the confidence interval must be close to 100%. In case of t 

distribution it is impossible to compute the sample size since the value of 𝑡𝛼

2
 is also depends on the 



62 

 

sample size for a given maximum error of estimate. Please refer to the t- distribution table which is 

presented on Appendix III.  

 

It is also possible to compute the confidence interval for a given sample size. For this thesis a total 

of 24 samples are used of which one sample is rejected. Taking a maximum error of estimate to be 

within 2.2 degree Celsius, the Confidence level for the 23 samples is calculated by applying equation 

(18) as follows. 

                                  𝑡𝛼

2
= 𝐸 (

√𝑛

𝑆
) = 2.2 (

√23

6.15
) = 1.717 

From the t- distribution table this value corresponds to 90% confidence interval. Therefore, the 23 

samples reveal a 90% confidence that the sample mean is within 2.2 degree Celsius.  

 

All the other analysis was conducted by STATA (SE13) and all the result was presented with 

appendix IV at the end of this paper.  

 

4.1.1.2 Model selection  

From the correlation analysis it was found that maximum air temperature (Tair) had the highest 

correlation with the maximum pavement surface temperature. This was achieved by applying 

different statistical analysis for exponential, polynomial, logarithmic, power and linear scale.  

 

The R- value for the linear scale was determined to be 0.835. For logarithmic function lnTair the R- 

value was determined to be 0.843 and the exponential functions gives R-value of 0.79. The 

polynomial function generally increase from 0.841 to 0.860 for degree two to degree six. From this 

analysis it was determined that Tair had strong relation. 

 

The relation between the other parameter latitude (Lat) and maximum pavement surface temperature 

is not as strong as that of maximum air temperature. The strongest correlation was recorded for 

polynomial function of degree six, where the R-value was recorded to be 0.061 and the weakest 

relation was determined when the function was linear, where the R-value was recorded to be 0.0196. 

  

After each variables correlation was determined the combined effect was then analyzed. From the 

combined analysis, it was confirmed that there is strong correlation between Tair when it was linear 

and that of Lat.  When we use Polynomial functions of higher degree.  
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4.1.2 Analyzing Laboratory Test Results 

Table 4-1 shows that according to NMA historical data, the maximum seven days’ air temperature 

of Samara town was recorded on June 2007. The same table shows, the average maximum daily air 

temperature is presented for all the weekdays Monday to Sunday. Based on this data the average 

seven days maximum air temperature was found to be 45℃.  

 

The developed regression model which is presented with equation (19) will be further analyzed by 

considering Samara town of Afar region as the hottest town for which maximum air temperature was 

recorded.   

Table 4- 1 Seven days’ air temperature of Samara town 

2007 Monday Tuesday Wednesday Thursday Friday Saturday Sunday Average 

7 days 4 5 6 7 8 9 10 

44 45 44.5 47 46.5 45 43 45 

 

After the samples were bagged tagged and transferred to AACRA laboratory and CORE consulting 

Engineers Plc. laboratory, the Engineering characteristics of each sample was determined by applying 

both 60℃ and 75℃ , for samara town where the hottest air temperature 75℃ is recorded.   

4.1.2.1 Aggregate Evaluation Results 

Aggregates for HMA are usually classified by size as coarse aggregate and fine aggregate, or mineral 

fillers.  Aggregates to be used for HMA are generally required to be hard, tough, strong, durable 

(sound), properly graded; to consist of cubical particles with low porosity; and to have clean, rough, 

hydrophobic surfaces. To determine these properties differ tests were performed in laboratory.  In 

this sub section the summary of aggregate evaluation results is presented. Appendix I of this paper 

presented the detail of all the laboratory test results. Please refer to Appendix I for detail information.  

Table 4- 2 Summary of Aggregate test results with acceptable standards and test methods 

Type of Test Conducted Test method 
Test 

Result 

Acceptable 

Standard 
Remark 

Soundness of Coarse 

Aggregate (%) 
AASHTO T104 3.4 < 10 Yes 

Specific Gravity Dry 

(g/cc) (Fine Agg.)  
AASHTO  T - 84 2.76 N/A -  

Specific Gravity Dry 

(g/cc) (Coarse Agg.) 
AASHTO  T - 85 2.807 N/A -  
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Type of Test Conducted Test method 
Test 

Result 

Acceptable 

Standard 
Remark 

Water Absorption (%) 

(Coarse Agg.) 
1.56 < 2 Yes 

Sand Equivalent (%) AASHTOT-176 75 > 40 Yes 

Soil 

Consistency        

Liquid 

Limit (%) 
AASHTO T 89-90 

26.19 N/A -  

Plasticity 

Index (%) 
3.73 < 4 Yes 

ACV (%) 
BS 812 Part 110 : 

1990 
14.1 <25% Yes 

TFV (Dry)  (KN) 
BS 812 Part 111 

310 > 160 Yes 

TFV (Wet) (KN) 260 N/A -  

TFV Wet/Dry (%) BS 812 Part 111 84 > 75 Yes 

AIV (%) 
BS 812 Part 110 : 

1990 
9 < 25% Yes  

LAA (%) AASHTO T- 96 15 < 35 Yes 

Stripping & Coating of 

Bitumen- Aggregate 

Mixture 

AASHTO T-182 95+ >95 Yes 

Determination Of 

Flakiness Index 

BS 812 Section 

105.1 
25 < 35 % Yes 

 

Aggregate Blending Results 

Aggregate blending is a process that blends available aggregates to create a blend that meets gradation 

specifications.  

Table 4-3 Aggregate Gradation  

 

 

Table 4-3 above shows the distribution of particle sizes expressed as percent of total weight, which 

was determined by sieve analysis. The composition was determined by trial and error. A good 

Sieve Size 

(mm) 

% Passing Sieve Size (mm) 

4.75-12.50 2.36-4.75 0-2.36 

19.0 100 100 100 

12.5 93.7 100 100 

4.75 12.1 92.9 99.5 

2.36 0.6 13.1 91.5 

0.30 0 2.9 29 

0.075 0 2.5 15.1 

Blending % 

Proportion 
30 25 45 
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beginning point for estimating percentage of aggregate in a blend can be made by using the target 

percentage passing the No. 8 (2.36mm) & No. 200(0.075 mm) sieves & estimating the quantities of 

each aggregate required to meet those two percentages. 

 

Based on this, the blending proportion of the three group of aggregates were chosen to  be 30% of 

aggregate size 4.75-12.50, 25% of aggregate size 2.36-4.75 and 45% 0-2.36 mm aggregate size 

compose the blend.  The blending proportion was checked against ASTM criteria and fulfills the 

criteria as it is presented in the following figure 4-1 below. 

 

Figure 4- 1 Gradation of the Aggregate 

4.1.2.2 Asphalt cement evaluation results  

The summarized bitumen evaluation results will be displayed with the following Table 4-4 below: - 

please refer to Appendix I, which is presented at the end of this paper for detail laboratory test results. 

Table 4- 4 Asphalt evaluation Result, criteria and Method 

Test and methods ERA 2013, Spec. 

PG-40/50 

Test Result 

Based on original Bitumen 

Penetration, 100gm, 5sec at 250C 

(AASHTO T-49) 

40-50 46 

Ductility 5cm/min at 250C 

(AASHTO T-51) 
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Flash Point Cleveland Open Cup 

(AASHTO T-48)  Min 0C 

232 320 

Specific Gravity at 250C 

(AASHTO T-228) 

_ 1.022 

Solubility in Trichloroethylene 

(AASHTO T-44) %    Min 

99 99.72 

Softening Point (AASHTO T-53) 
0C 

49-59 49.0 

Loss on Heating (AASHTO T-47) 

Max % 

0.5 0.02 

Test on Residue 

Penetration, 100gm, 5sec at 250C 

(AASHTO T-49) 

  /Percent of Original/ Min  % 

58 76 

Ductility 5cm/min at 250C 

(AASHTO T-51) Min 

_ 100 

   

Penetration test is a measure of hardness or softness of bitumen. In this regard, as we can read form 

Table 4-4 above the test result reveals that the bitumen fulfills ERA`s criteria.  

Marshall Specimen  

Loose specimen  

The test conducted in laboratory on uncompacted bituminous paving mixtures at 77°F (25°C) is 

theoretical maximum specific gravity. The theoretical maximum specific gravity (Gmm) of a HMA 

mixture is the specific gravity excluding air voids.  

 

Thus, theoretically, if all the air voids were eliminated from an HMA sample, the combined specific 

gravity of the remaining aggregate and asphalt binder would be the theoretical maximum specific 

gravity.  
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Figure 4- 2  Theoretical maximum specific gravity vs. binder Contents 

Figure 4-2 shows the theoretical maximum specific gravity for loose specimen. The results of each 

asphalt contents selected at 0.5% increments. The theoretical maximum specific gravity test is 

conducted by submerging in to water to make the air void zero, which is impossible to achieve with 

compaction. This result is used to determine VFA and VTM. 

Compacted specimen  

The test conducted in laboratory on compacted bituminous paving mixtures to determine bulk 

specific gravity following AASHTO -T209procedures. The laboratory results are tabulated and 

presented with the following Figure 4-3. 
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Figure 4- 3  Bulk Specific gravity for different bitumen contents 

Figure 4-3 shows Bulk specific gravity of the compacted mix at 0.5% increments for bitumen content 

4%-6%. The Bulk specific gravity is applied to determine VMA, VTM and VFA. Furthermore, it is 

applicable to determine the degree of compaction during construction. 
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 (d) 

Figure 4- 4 Test Property curves for void analysis by the Marshall method, Air void vs. Binder content 

(a) VMA vs. Binder content (b) VFA vs. Binder content (c) Bulk unit weight vs. Binder content (d) 

As we can read from Figure 4-4, air void Va steadily decrease as Bitumen content escalate ultimately 

approaching a minimum void content. The Percent of void filled with asphalt, VFA, steadily increase 

with increasing asphalt content, because VMA is being filled with Asphalt. The curve for Bulk unit 

of total mix increase directly with bitumen content.  

Marshall Stability and Flow  

The specimens to be tested in the bath for at least 30 minutes but not more than 40 minutes. The 

water will be heated to 140℉ ( 60℃). According to MS-2 there are two trends of stability curve. One 

is that the stability increase with increasing asphalt content, reaches a peak & then decrease. The 

other trend is that stability decrease with increasing asphalt content & does not show a peak. On the 

other hand flow should have to increase with increasing bitumen content. 
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 (a) 

 (b) 

Figure 4- 5 Stability (a) and flow (b) curves for hot mix design data by the Marshall method 

Vide to Figure 4-5 above, the stability decrease with increasing asphalt content and Flow increase as 

bitumen content increase. This implies that our result comply with the standard. 

Optimum Asphalt content determination  

The final step is to determine the “Optimum” Asphalt content, which is at least two asphalt contents 

above “Optimum” & at least two below- in this case. The Mix Design was prepared with 40/50 grade 
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bitumen and aggregate. The aggregate blending proportion for this mix is 30%, 25%, 45%, for 

nominal size of 4.75-12.5mm, 2.36-4.75mm and 0-2.36mm respectively.  

 

Figure 4- 6 Acceptable Narrow range of bitumen content 

As can be seen from Figure 4-6 above, the grading falls within the envelop marginally. The mix 

design is prepared following the Marshall method with 75 blows on both the top and bottom of the 

briquette sample. 

 

Accordingly, the optimum asphalt content for the mix falls within 5.25 %and satisfied all criteria 

given on the Asphalt Institute specification. The only deviation from Asphalt Institute criteria is the 

air void which is 5.3. However, this comply with ERA flexible pavement design manual 2013, 

appendix C table c-2, and maximum air void content of 5.3. Therefore, it is acceptable.  

Table 4- 5 Summary of the result 

Marshall method Mix 

criteria 

Test Result ERA`s Criteria 

 

Bitumen Content (%) 5.25 - 

Stability (KN ),  min. 9.34 8.06 

Flow (mm) 2.74 2-3.5 

Air Void (%) 5.3 5.3 

VMA ( % ) min. 20.9 15 

VFA (%) 74.65 

 

65-75 

4.0 4.5 5.0 5.5 6.0

VFA (%)

VMA (%)

Va (%)

Flow (mm)

Stability (KN)

Bitumen content

Acceptable Narrow Range

Too Low Passing Too High
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Table 4-5 above summarizes all the results of the bitumen mix heated at( 60℃).The next step is to 

evaluate the mix design at( 75℃). 

4.1.3.3 Marshall Specimen heating at 750C  

The same procedure is followed except that the specimen heating temperature is different and 

optimum bitumen content is used as above. Where, 750C is the maximum pavement surface 

temperature of samara town. The void analysis is also the same for Va, VTM and VFA. However, 

the stability and flow are different. The summarized result of Aggregate & Bitumen (40/50) for 

Asphalt Concrete Mix specimen heated at 75℃  Mixing temperature will be presented in Table 4-6 

below:- 

Table 4- 6 summarized result of Aggregate & Bitumen (40/50) for Asphalt Concrete Mix 

specimens heated at 750C 

%AC by 

weight of 

aggregate 

%AC 

by 

weight 

of total 

mix 

Air 

Void  

(%) 

%  

V.M.A. 

% 

 

V.F.A

. 

Stability (KN) Flow 

(mm) Read Adjusted 

5.54 

 

5.25 A 5.39 20.95 74.27 7.72 7.18 3.12 

B 5.29 20.86 74.64 7.66 7.12 3.17 

C 5.33 20.89 74.50 7.78 7.24 3.08 

Average  5.33 20.89 74.50 7.72 7.2 3.12 
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4.2 Result Discussion  
The final step of this research paper is to interpret the findings of the research which will be presented 

with the following sub sections. 

4.2.1 Result discussion related to the model  

Statistical models allow the representation of data sets and the estimation and/or prediction of the 

behavior of a given variable through its interaction with the other variables involved in a 

phenomenon.  

 

Samples cannot be selected in haphazard ways because the information obtained might be biased. To 

obtain samples that are unbiased, stratified sampling techniques were used. Accordingly, data from 

representative towns for each climatic zone were used for further analysis. 

 

In order to test the normality of the collected data it was tested for skewness. The result was found 

to be -0.4, which is neither ≥+1 nor ≤-1; this implies that the data is not skewed. Thus it is 

approximately normally distributed. Once we proof that it is normally distributed we can go on for 

further statistical analysis.  

For the sample to highly represent the characteristics of the population, the maximum error of 

estimate must be close to Zero and the confidence interval must be close to 100%. In our study from 

a total of 24 samples one was rejected and the maximum error of estimate to be within 2.2℃ , 

calculating the confidence level for 23 samples and using t-test table presented in Appendix III, the 

23 samples reveal that sample mean is within 2.2 degree Celsius.  

 

In case of t distribution it is impossible to compute the sample size since the value of 𝑡𝛼

2
 is also 

depends on the sample size for a given maximum error of estimate. But it is possible to compute the 

confidence interval for a given sample size. For this thesis a total of 24 samples are used of which 

one sample is rejected. Taking a maximum error of estimate to be within 2.2 degree Celsius, the 

Confidence level for the 23 samples is calculated to be 1.717. 
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From the t-distribution table presented on Appendix III this value corresponds to 90% confidence 

interval. Therefore, the 23 samples reveal a 90% confidence that the sample mean is within 2.2 degree 

Celsius. Please refer to the t- distribution table which is presented on Appendix III.  

 

From different model selection criteria`s used in the scientific world three were presented in paper.  

Akaike information criterion (AIC), Schwarz information criterion (SIC) and coefficient of multiple 

determination (R2). 

 

To meet the objective of this research i.e. providing better predictive model R2 was used as a model 

selection criteria. Accordingly, all the results will be interpreted and presented as below. 

 

After the model selection criteria is specified then the input data for the model development was 

presented in Table 3-6. As we can read from the Table 4 towns show that the onsite measurement of 

maximum pavement surface temperature of 4 towns was recorded to be greater than 60℃, which was 

maximum pavement surface temperature of USA in summer when Marshall developed the model.  

The maximum pavement surface temperature of Ethiopia is however, either greater or lower than the 

one set by Marshall.  

 

Table 3-6 shows that the maximum pavement surface temperature of 23 towns is either greater than 

or less than 60℃, except for Konso, where the data was rejected due to unexpected heavy rain during 

the time of measurement.   

 

If we consider areas like Humera, Danakil depression of afar region, etc... which, was impossible to 

incorporate the data due to budget constraint and riot in the country at the time of study the maximum 

pavement surface temperature is expected to be much higher than 60℃. On the other hand, if we 

consider the coldest places the Temperate and Alpine zones the maximum pavement surface 

temperature will be much lower than 60℃.   The onsite measurement and the available historical 

maximum air temperature data emphasizes that we need to develop a model related to the existing 

condition in the country. 

 

As it is presented in Table 3-4, the R-square value varies for each function. The R-square value for 

linear function was determined to be 0.835. This implies that the maximum air temperature will 



76 

 

explain the maximum pavement surface temperature to 83.5%.   On the other hand refereeing the 

same table the linear function of the latitude is 0.0196 implying that the latitude will explain the 

maximum pavement surface temperature to 1.96%.  

 

When we come to the second function, i.e. polynomial function the R-square value was 0.841 for 

second degree, 0.847 for third degree, 0.849 for fourth degree, 0.853 for degree five and 0.60 for 

degree six. The R-square value generally tends to increase when we go from lower degree polynomial 

function to higher degree function. From these results we can infer that the capacity of the maximum 

air temperature to explain the maximum pavement surface temperature increase from 84.1% to 86%.  

 

Referring the same table and function, the values of R-square for latitude also increase from 0.020 to 

0.061. This implies that generally the capability of the latitude to explain the dependent variable 

increase from 2% in second-degree polynomial to 6.1% in sixth degree polynomial function.  As we 

can read from the Table, polynomial function of degree six provides the best fit for each explanatory 

variable.  

 

The third function that we incorporate in the study was Power function. The result shows that the 

maximum air temperature explains the dependent variable to 81.2% while, the latitude explains only 

1.8%.   

 

The fourth function is logarithmic function. When the data was subjected to this function in Excel 

analysis, the results presented in Table 3-4 were found. The R-square value for the maximum 

pavement surface temperature was 0.790, which implies that the parameter explains the maximum 

pavement surface temperature to 79% and for that of the latitude, it was 0.016, which means the 

capability of the latitude parameter when we apply this function to explain the maximum pavement 

surface temperature is 1.6%. 

 

As we can read from Table 3-4 the fifth and last function was exponential function. For this function 

the maximum air temperature explains the maximum pavement surface temperature to 84.3% and 

latitude explains the maximum pavement surface temperature by 2.2%. 
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Table 3-4 presents the combined effect of these two parameters, which is basic to determine which 

function to use in the final stage of model development. Table 3-4 presents a polynomial function up 

to third degree. Even though the six degree polynomial function provides the best fit we recall the 

capability of the modeling software STATA (SE13), only enables us to develop a model up to third 

degree. 

 

Bearing this in mind, we will further discuss about Table3-4. The maximum air temperature best 

explains the dependent variable when it is linear. As we can read from Table 3-4 the R-square value 

of the maximum air temperature value tends to decrease from 0.8603 to 0.8049 when we go from 

first degree polynomial to cubic polynomial function. For the latitude on the other hand, the R-value 

increase from 0.8603 to 0.8643 when we go from the first degree to third degree. Generally, there is 

strong relationship between the maximum air temperature and maximum pavement surface 

temperature when it is linear and when the latitude is cubic. 

 

Further cross validating the model after dividing the data in to five folds following the procedure 

presented in Figure 3-15, 45 models were developed feeding the raw data to STATA SE-13. Please 

refer to appendix IV for all the STATA output. The summary of the data was also tabulated and 

presented in Table 3-8, 3-9 and 3-10 in section 3.5.5. Based on all the above mentioned procedures 

the model was presented as equation (21).  

 

𝑇𝑠 = 1.189124𝑇𝑎 + 0.0015058𝐿𝑎𝑡 2 + 19.05162 − − − − − − − − − − − − − − − − − −(21) 

Where, 

 Ts –surface temperature  

 Ta –air temperature  

 Lat –latitude in degrees 

After the development of the model the next process is to determine the degree to which the model 

corresponds to the real system i.e. validation of the model. From the validation process it is verified 

that the numerical results obtained from quantifying hypothesized relationships between variables 

shows that there is significant relationship between the dependent variable (maximum pavement 

surface temperature) and the explanatory variables (maximum air temperature and latitude). 
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Table 3-7, which is presented under sub section 3.5.4 above shows that the R-square value was 0.8643 

at 99.5% confidence interval, 0.8634 at 95% confidence interval and 0.8634 at 90% confidence 

interval. Moreover, the P-value for each variable tests the null hypothesis. In this regard, only at 90% 

confidence interval where 𝛼 = 0.1, the probability of P-value to be greater than 𝛼 is zero. However, 

for the other two intervals the value of 𝛼 = 0.05 which is less than the P-value 0.051. Hence, we 

reject the null hypothesis.  

 

Regression coefficients represent the mean change in the predictor variable while holding the other 

parameters constant. As we can refer from the model, the relationship between maximum pavement 

temperature and maximum air temperature is essentially linear.  

 

The value of a coefficient for maximum air temperature (Ta) is 1.189124. This tells us that for every 

increment maximum air temperature we expect the maximum pavement surface to increase by 

1.189124. This result supports the study conducted by (Huber, 1994), which shows that the maximum 

pavement surface temperature increase for every increment of maximum air temperature.  

 

Furthermore, previous studies conducted by Federal Highway Administration shows that for flexible 

pavements the surface deflection and layer moduli are significantly affected by the air temperature 

(Dr. Sameh Zaghloul et al, 2006). This study also suggests that prediction models should have to be 

developed and incorporated in the design stages (Dr. Sameh Zaghloul et al, 2006). 

 

As it is presented with equation 16, the relation between latitude and maximum pavement surface 

temperature is cubic with coefficient of (0.0015058)3 this implies for every increment of the latitude 

we expect the maximum pavement surface temperature to increase by (0.0015058)3.  This is very 

different from previous study conducted by (Huber, 1994) in which he mentioned that the relation 

was quadratic. The constant (C) also becomes positive 19.05162 supporting the result provided by 

(Huber, 1994). For locations of the same latitude, the relation between the air and pavement 

temperature is that the maximum pavement surface will increase by 1.189124.   

 

Generally, from Table 3-7 above we can read that three confidence intervals were R2 is 0.8634 i.e. 

86.34%, this means the independent variables X1 and X2, are explaining 86.34% the variation in Y. 

Moreover, it substantiates that there is a statistically meaningful relation existed between the 
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explanatory variables and the dependent variable. On the other hand, the remaining 13.66% is 

attributed to variables not included in the model. This is normal because it is impossible to include 

all the independent variables in the regression model.  

 

From the cross validation it was confirmed that the model will fit any data provided by the user at 

any maximum air temperature or latitude. From the analysis it was found that the smallest average 

mean square error was recorded when the maximum air temperate was linear and latitude was square 

as it was tabulated and presented in Table 3-9 and 3-10 the smallest cross validation estimate error 

was 12.554 , which was calculated by selecting 5 towns for each fold. Therefore, the model developed 

by this research can be applicable for all scenarios. It will also pave the way to concerning parties of 

the road construction sector in the country to decide which PG grade bitumen to which scenarios 

based on the location and maximum air temperature of the proposed construction site. 
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4.2.2 Implication of laboratory Test results 

4.2.2.1 Implication of Aggregate test results 

In this section, the implication of all the test results presented on table 4-2. The tests include  

aggregate gradation, aggregate impact value, determination of flakiness index, plasticity index, sieve 

analysis of each group, specific gravity and water absorption, aggregate Impact value (AIV) & ten 

percent fines value (TFV), sand equivalent , soundness, coating and stripping of bitumen and Los 

Angeles Abrasion test.   

 

Aggregate must be resistant to breakdown or disintegration under action of wetting and drying and 

/or freezing and thawing (weathering). The soundness test determines an aggregate’s resistance to 

disintegration by weathering and, in particular, freeze-thaw cycles. Aggregates that are durable 

(resistant to weathering) are less likely to degrade in the field and cause premature HMA pavement 

distress and potentially, failure. As it is presented in table 4-2, the result of soundness test has fulfilled 

the requirements stated in AASHTO T-104 which is <10%, this declare that the aggregate is resistant 

to weathering. 

 

Aggregates through internal friction must transmit the wheel loads to the underlying layers and also 

must be resistant to abrasion and polishing due to traffic. Aggregates are subject to crushing and 

abrasive wear during manufacturing, placing and compaction of HMA (Freddy L.Roberts, 1996). 

Aggregates desired toughness and abrasion is measured with the Los Angeles test. 

 

The Loss Angles Abrasion (LAA) result presented on Table 4-2 shows that the aggregate has 

qualified the acceptable standard. This implies the aggregate resist crushing, degradation 

disintegration and appropriate in order to produce a high quality HMA. One item that usually must 

be dealt with when producing HMA with aggregate having high LAA is the generation of dust during 

handling of aggregates and production of HMA. A high dust content will likely produce 

environmental problems as well as mixture control problems. In this regard the laboratory test reveals 

that the abrasion of the aggregate is to the acceptable standard limits, so that it can be applied in 

HMA production. 

 

The property of a material to resist impact is known as toughness. Due to movement of vehicles on 

the road, the aggregates are subjected to impact resulting in their breaking down into smaller pieces. 
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The aggregates should therefore have sufficient toughness to resist their disintegration due to impact. 

This characteristic is measured by impact value test. The aggregate impact value is a measure of 

resistance to sudden impact or shock, which may differ from its resistance to gradually applied 

compressive load. The principle behind aggregate crushing value (ACV) test is that aggregates used 

in road construction should have to be strong enough to resist the crushing under traffic wheel loads. 

In this regard, the aggregate, which was tested in laboratory, is exceptionally strong as we can refer 

from table 4-2 the ACV value was determined to be 14.1%. This substantiate the aggregate we choose 

is the right aggregate to develop the mix. 

 

In aggregate impact value (AIV) test a coarse aggregate sample is subjected to successive blows from 

a falling hammer to simulate resistance to impact loading. After testing, the AIV is the amount of 

material finer than 2.36mm expressed as a percentage of the initial sample mass. The test was 

designed to be supplementary to the ACV test for values up to 26. Softer aggregate should be tested 

using a modified procedure to ensure that the generation of excessive fines does not invalidate the 

result. The AIV has considerable advantages because the equipment is simple, easily portable and 

does not require a large crushing press. 

 

The particular purpose, which an aggregate is meant to serve, requires the aggregate to have a 

particular strength. The ten percent fines value provides a method for measuring this strength. This 

method is suitable for testing both strong and weak aggregate passing a 14.0 mm test sieve and 

retained on a 10.0 mm test sieve by applying repeated loads to determine the maximum force which 

generates a given sieve analysis. In addition to this it enables direct comparisons to be made between 

strong and weak materials. Vide to table 4-2, the aggregate has passed this qualification in order to 

be used in the mix design. 

The sand equivalent test, which was conducted to determine the relative proportions of plastic fines 

or claying material in fine aggregates. According to AASHTO T-176 procedures, it should have to 

be >50% and the result 75%, supporting the idea cleaner aggregate will have a higher sand equivalent 

value, which is acceptable to use in the mix design.  The remaining 25% is dust and clay particle. 

 

The other test parameter was specific gravity & absorption of fine aggregates. The specific gravity 

and water absorption of aggregates are important properties that are required for the design of 

bituminous mixes. Specific Gravity of the three group of aggregates was conducted to measure the 
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strength or quality of the material and determine the water absorption. It was found that, aggregates 

having low specific gravity are generally weaker than those with higher specific gravity values. 

Moreover, the water absorption property is related to bitumen absorption property of the aggregate 

in the mix design. The higher the water absorption value means higher bitumen absorption and vice 

versa. 

It is desirable that coarse aggregates used in bituminous mixtures have a satisfactory shape and that 

a large proportion of the material tends to be cubical and not flaky. The flakiness index is determined 

for material passing a 63mm sieve and retained on a 6.3mm sieve.  As it is presented in table 4-2 

above following BS 812 Section 105.1 procedures the aggregate fulfilled the criteria which is <35% 

in which the value become 25%. This implies the aggregates, which are flaky or elongated, are 25% 

of the total aggregate. Moreover, the aggregate is detrimental to higher workability and stability of 

mixes. 

 

The effect of particle size on the plasticity index (PI) to better quantify the nature of the aggregate, 

with further implications for durability. PI is also a measure of the degree of plasticity of fines and 

can indirectly indicate the amount and type of plastic fines. This was acknowledged by applying 

AASHTO T89-90 procedures. As it is presented in table 4-2, the test result value is less than 4%, 

which is acceptable. 

 

Gradation is the most important property of an aggregate. It affects almost all the important properties 

of a HMA, including stiffness, durability, permeability, workability, fatigue resistance, fractional 

resistance, and resistance to moisture damage. Therefore, gradation is a primary consideration in 

asphalt mix design.  

 

As it is presented from the above figure 4-1, the aggregate is well graded. In this study, three groups 

of aggregate were used. The first group of aggregate were sizes from 0.00mm to 2.36 mm, 2.36mm 

-4.75 and from 4.75mm-12.5 mm. 

If it is close to (too close to) the maximum density line, which is presented, with blue line on Figure 

4-1, the VMA is likely to be too low. The target gradation should be adjusted to deviate from the 

maximum density line, especially on the No.8 (2.36 mm) sieve. As we can read from the figure4-1 
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the middle curve, which is presented with yellow line presents that it deviates from the maximum 

density line especially on sieve size No.8 (2.36 mm), hence the proportion we chose is appropriate.    

Theoretically, it would seem reasonable that the best gradation for HMA is the one that gives the 

densest particle packing.  

 

The gradation having maximum density provides increased stability through increase inter particle 

contacts and reduced voids in the mineral aggregate. However, there must be sufficient air void space 

to permit enough asphalt cement to be incorporated to ensure durability, while still leaving some air 

space in the mixture to avoid bleeding and /or rutting.   

 

A tightly packed aggregate (low voids in mineral aggregate) also results in a mixture that is more 

sensitive to slight changes in asphalt cement. In this regard, the aggregate test shows that the selected 

aggregate is well graded and provides sufficient air void space to permit enough asphalt cement to 

be incorporated to ensure durability, while still leaving some air space in the mixture to avoid 

bleeding and /or rutting.    

 

Generally, the test results reveal that the aggregate had conformed to standards: it is clean, hard, 

strong, durable particles free of absorbed chemicals, coatings of clay, and other fine materials in 

amounts that could affect hydration and bond of the bitumen. 

 

4.2.2.2 Implication of Bitumen test results 

In this section, the implication of all the bitumen test results which were presented on table 4-4 will 

be discussed. 

 

Softening point denotes the temperature at which the bitumen attains a particular degree of softening 

under the specifications of test. Higher softening point indicates lower temperature susceptibility and 

is preferred in hot climates. Our result shows that 49 degree Celsius is the temperature at which the 

bitumen attains a particular degree of softening or it is a temperature where our bitumen starts a phase 

change. Generally, the tested Bitumen can perform properly without extensive softening at 49 degree 

Celsius. 
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Penetration measures the hardness or softness of bitumen by measuring the depth in tenths of a 

millimeter to which a standard loaded needle will penetrate vertically in 5 seconds. The penetrometer 

consists of a needle assembly with a total weight of 100g and a device for releasing and locking in 

any position. The bitumen is softened to a pouring consistency, stirred thoroughly and poured into 

containers at a depth at least 15 mm in excess of the expected penetration (Freddy L.Roberts, 1996). 

A grade of 40/50 bitumen means the penetration value is in the range 40 to 50 at standard test 

conditions. In hot climates, a lower penetration grade is preferred. Accordingly, the bitumen brought 

to laboratory was determined to be consistent for hot climates.  

 

Ductility is the property of bitumen that permits it to undergo great deformation or elongation. 

Ductility is defined, as the distance in cm, to which a standard sample or briquette of the material 

will be elongated without breaking. The distance up to the point of breaking of thread is the ductility 

value, which is reported in cm. At high temperatures depending upon the grades of bitumen, materials 

leave out volatiles. And these volatiles catches fire which is very hazardous; testing the bitumen it 

was found that at 232 degree Celsius the temperature vapor of bitumen momentarily catches fire. 

 

The density of bitumen is greatly influenced by its chemical composition. Increase in aromatic type 

mineral impurities cause an increase in specific gravity. Our result shows that the aromatic type 

mineral impurities are to the allowable extent.  

In paving jobs, to classify a binder, density property is of great use. In most cases, bitumen is weighed, 

but when used with aggregates, the bitumen is converted to volume using density values.  

 

When the bitumen is heated, it loses the volatility and gets hardened. Loss in weight is expressed as 

percentage by weight of the original sample. As we can read from Table 4-4 above the maximum 

loose on heating is 0.5%, the result is 0.02% which implies that the result fulfills the criteria and it is 

under allowable range.  

 

At high temperatures depending upon the grades of bitumen, materials leave out volatiles. In addition, 

these volatiles catches air which is very hazardous and therefore it is essential to qualify this 

temperature for each bitumen grade. The flash point is the temperature at which the vapor of bitumen 

shortly catches fire in the form of flash under specified test conditions. 
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Asphalt cements undergo substantial short term aging (hardening) when they are mixed with hot 

mineral aggregates in HMA mixing facility. Their long term aging continues during the life of HMA 

pavements which are subjected to environmental and other factors.  This property was represented 

with Thin Film Oven Test (TFOT). The aged asphalt cement is usually required to meet specified 

minimum percentage retained penetration or maximum viscosity.  

 

Generally, the test results reveal that the bitumen can be used for the mix design since it meets all the 

criteria set for PG-40/50. 

 

4.2.2.3 Comparison between the two Marshall Specimen heating temperatures (600C and 750C)  

The final step in this is mix design preparation evaluation and result interpretation. 

 

The out puts of the aggregate evaluation and bitumen evaluation were presented in the previous 

sections.  Here the results of the two Marshall Specimen heating temperatures i.e. 600c (the standard 

specimen heating temperatures and 750c (the actual maximum pavement surface temperature) will 

be compared. 

 

The percent of voids in the mineral aggregate (VMA), tends to show the expected decrease to a 

minimum and then increasing with increasing bitumen content. However, in this case because we 

limit the percentage of the bitumen to 6%, the VMA decrease and fails to rise up.  It is expected that 

if we increase the percentage of the bitumen further the VMA will escalate.  

 

 

After the bitumen was evaluated the optimum bitumen content was determined to be 5.25%. As it 

was presented in figure 4-6 above, the grading falls within the envelop marginally. The optimum 

asphalt content for the mix falls within 5.25 % and satisfied all criteria of Asphalt institute and ERA. 

Therefore, it is acceptable to go ahead of the next steps.  

 

As it is presented in table 4-6, the VA, VMA, and VFA the results were the same for both specimens. 

However, the stability and flow are different.   
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Figure 4-7 below shows that when the specimen heating temperature changed from the standard   

600C to 750C, the actual maximum pavement surface temperature of the case study area Samara the 

Marshall flow and Stability changed.  The flow increase from 2.75 mm to 3.12 mm and the stability 

decrease from 9.45 KN to 7.2KN.  

 (a) 

 (b) 

Figure 4- 7 Stability (a) and Flow (b) Comparison between the two heating temperatures 
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Referring the marshal design mix criteria presented in Table 4-5, the test conducted at specimen 

heating temperature of 600C; the stability of the mix should have to be greater than 8006 N or 

8.006KN, to be serviceable for all kind of traffics. Moreover, the flow should have to be between 8-

14 per 0.25mm or 2-3.5 per mm. Vide to the criteria the mix meet both criteria and it can be applied 

to build pavement for the proposed temperature 600C. 

 

On the other hand, the test conducted at specimen heating temperature of 750C shows that the stability 

is below requirement of heavy traffic and the flow had increased from 2.75mm to 3.12 mm implying 

that Anything that decrease the viscosity of the asphalt cement decrease the Marshal stability and 

higher flow values indicate a plastic mix that experience permanent deformation under traffic. 

 

For very hot climatic zones with pavement surface temperature much greater than 600C, the mix will 

experience higher plastic deformation (rutting) than that at the 600C which cause poor performance 

and failure of the pavement. Moreover, during flexible pavement construction core sample is taken 

from test pits to be tested at the standard specimen heating temperature of 600C. However, the axle 

load will layover at the actual pavement surface temperature which is 750C in this case. In this regard, 

the laboratory test results that we conduct on the core sample fails to simulate the field condition. 

 

Generally, mix that passes the criteria when tested at the local maximum pavement surface 

Temperature may fails to meet the criteria when tested at the standard 60degree Celsius or Mix that 

fails to meet the criteria when tested at the local maximum pavement surface Temperature may pass 

the criteria when tested at the standard 60degree Celsius.  

 

Therefore, the result of this research clearly shows that that the actual pavement surface temperature 

should have to be used instead of the marshal temperature 600C, parallel to the developed model 

(calibrated Huber`s equation) for Ethiopian climate. 

4.2.3 Options to determine maximum pavement surface temperature  

In order to modify the standard specimen heating temperature of 600C and substitute with the actual 

maximum pavement surface temperature of a given location the following two points will be helpful.  

 If there is previously measured and recorded pavement surface temperature, then it will 

directly be used as a specimen heating temperature. 
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 If there is no measured data for the maximum pavement surface temperature then the 

developed model will be used to compute the maximum pavement surface temperature. 
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5. Conclusion and Recommendation  

 5.1 Conclusion 
The following conclusions can be drawn on the basis of the results: 

 Ethiopian climate can be divided into four climatic region for studies related to pavement 

surface temperature; i.e. Berha/Desert, Kolla/Tropical, Sub-Tropical and Temperate-Alpine. 

 The relationship of maximum pavement surface temperature with the maximum air 

temperature and latitude is significant for Ethiopia climate. Moreover, it can be expressed 

using multiple linear regression model.  

 The proposed model is capable of predicting the maximum pavement surface temperature 

within a reasonable level of accuracy. 

 In the model, the two parameters express the maximum pavement temperature 86.34%. 

 The average maximum seven days air temperature was recorded in Samara town to be 450C.  

 The maximum pavement surface temperature of Samara town was calculated to be 750C. 

 The bitumen test results reveal that the bitumen can be used for the mix design since it meets 

all the criteria set for PG-40/50. 

 The optimum bitumen content was determined to be 5.25%. 

 Tests were conducted for both specimen heating temperatures 600C and 750C 

 The flow changed from 2.75mm to 3.12mm; and the stability decrease from 9.45 KN to 7.2 

KN when the specimen heating temperature changed from 600C to 750C.  

 The actual pavement surface temperature should have to be used in order to avoid falsified 

results about flow and stability of the proposed bitumen for every design. 

 Mix that passes the criteria when tested at the local maximum pavement surface Temperature 

may fails to meet the criteria when tested at the standard 60degree Celsius or Mix that fails 

to meet  the criteria when tested at the local maximum pavement surface Temperature may 

pass the criteria when tested at the standard 60degree Celsius.  

 Generally, it is concluded that Marshall mix design should be conducted at the place (local) 

maximum pavement surface Temperature rather than conducting at the standard 60degree 

Celsius. 
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5.2 Recommendation  
Based on the result of this research the following are recommended: 

 In this research Huber`s equation was calibrated& laboratory test was applied to elaborate the 

calibrated Model. The result showed that the flow increase and stability decrease. It is 

recommended that, further researchers proceed to find out how to minimize the negative 

impacts when the actual much greater than60 0C. 

  

 The more the number of samples the better they will represent the situation. In this study 24 

towns were incorporated, Even though, it was better to increase the number of samples it was 

very difficult to do so, due to finical constraints. It is recommended that, further researches to 

be carried out involving more number of samples. 

 

 The results of this study shows that the two variables explain the dependent variable to 86. 

34%, the remaining 13.66% is for other variables which are not included in the model. 

Therefore, it is recommended that if researchers could include other factors and modify the 

model, the model will be more reliable.  

 

 In most part of the world the mix design method moved forward from using Marshall Mix 

design method to super pave method, which is dependent on maximum pavement surface 

temperature. In this regard, the developed model could be a mile stone to practice super pave 

in our country in the future.  

 

 The scope this study was also to predict the expected rutting. However, due to absence of 

wheel truck test, it was hardly possible to do so. It is recommended that, the stakeholders in 

this area should have to work to import modern laboratory instruments. In addition to that, 

academic institution have to work in collaboration with the industry to help students easily 

access instruments and equipment. 

 

  Most of the companies, which were asked for cooperation, were, unwilling. However, 

AACRA, ECWC, TCD& CORE Consulting Engineers collaboration plays vital role towards 

the success of this research. It is recommended that, academic institutes must work towards 

creating positive attitude for researches. 
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Appendix I: Laboratory test results 
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Appendix II: On site measurement pictures 

 

Figure Appendix II- 1 Abay Berha and Bale Robe 

 

 

Figure Appendix II - 2 Axum and Ambo 
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Figure Appendix II- 3 Arbaminch & Bahirdar  

 

 

Figure Appendix II- 4 Batu (Ziway) and Debrebirehan 
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Figure Appendix II- 5 Dejen and Jima 

 

Figure Appendix II- 6 Gonder and Hawassa 
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Figure Appendix II- 7 Bulehora and Komobolcha  

 

 

Figure Appendix II- 8 Konso and Mekele  
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Figure Appendix II- 9 Meki and Metehara  

 

Figure Appendix II- 10 Nekemete and Welaita sodo  
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Figure Appendix II- 11 Adama and Addis Ababa (Tulu Dimtu)  
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Appendix III: t-Distribution  
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Appendix IV: Model development for each fold (STATA Output) 
                        MODEL (K-1) 

 

. regress Ts Ta Lat 

 

      Source |       SS       df       MS              Number of obs =      18 

-------------+------------------------------           F(  2,    15) =   39.72 

       Model |   564.03858     2   282.01929           Prob > F      =  0.0000 

    Residual |  106.492589    15  7.09950591           R-squared     =  0.8412 

-------------+------------------------------           Adj R-squared =  0.8200 

       Total |  670.531169    17  39.4430099           Root MSE      =  2.6645 

 

----------------------------------------------------------------------------- 

          Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 

-------------+--------------------------------------------------------------- 

          Ta |   1.184027    .133424     8.87   0.000     .8996402    1.468413 

         Lat |   .5209836   .2914724     1.79   0.094    -.1002752    1.142242 

       _cons |   15.90056    4.74954     3.35   0.004     5.777155    26.02396 

----------------------------------------------------------------------------- 

 regress Ts Ta c.Lat#c.Lat 

 

      Source |       SS       df       MS              Number of obs =      18 

-------------+------------------------------           F(  2,    15) =   41.71 

       Model |  568.335341     2   284.16767           Prob > F      =  0.0000 

    Residual |  102.195829    15  6.81305524           R-squared     =  0.8476 

-------------+------------------------------           Adj R-squared =  0.8273 

       Total |  670.531169    17  39.4430099           Root MSE      =  2.6102 

 

----------------------------------------------------------------------------- 

          Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 

-------------+--------------------------------------------------------------- 

          Ta |   1.189021   .1308557     9.09   0.000     .9101083    1.467933 

             | 

 c.Lat#c.Lat |   .0298045   .0149776     1.99   0.065    -.0021195    .0617285 

             | 
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       _cons |   17.89865   3.973181     4.50   0.000     9.430018    26.36729 

----------------------------------------------------------------------------- 

 

. regress Ts Ta c.Lat#c.Lat#c.Lat 

 

      Source |       SS       df       MS              Number of obs =      18 

-------------+------------------------------           F(  2,    15) =   43.00 

       Model |  570.946015     2  285.473008           Prob > F      =  0.0000 

    Residual |  99.5851538    15  6.63901026           R-squared     =  0.8515 

-------------+------------------------------           Adj R-squared =  0.8317 

       Total |  670.531169    17  39.4430099           Root MSE      =  2.5766 

 

----------------------------------------------------------------------------- 

               Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. 
Interval] 

------------------+---------------------------------------------------------- 

               Ta |   1.192418   .1292854     9.22   0.000     .9168522    
1.467983 

                  | 

c.Lat#c.Lat#c.Lat |    .002078   .0009843     2.11   0.052      -.00002    
.0041761 

                  | 

            _cons |   18.57398   3.767688     4.93   0.000     10.54335    
26.60462 

----------------------------------------------------------------------------- 

 

. regress Ts Lat c.Ta#c.Ta 

 

      Source |       SS       df       MS              Number of obs =      18 

-------------+------------------------------           F(  2,    15) =   33.37 

       Model |  547.496432     2  273.748216           Prob > F      =  0.0000 

    Residual |  123.034737    15  8.20231578           R-squared     =  0.8165 

-------------+------------------------------           Adj R-squared =  0.7920 

       Total |  670.531169    17  39.4430099           Root MSE      =   2.864 

 

----------------------------------------------------------------------------- 

          Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
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-------------+--------------------------------------------------------------- 

         Lat |   .5032276   .3131177     1.61   0.129     -.164167    1.170622 

             | 

   c.Ta#c.Ta |   .0213258   .0026221     8.13   0.000     .0157368    .0269147 

             | 

       _cons |    32.0102   3.691624     8.67   0.000     24.14169    39.87871 

----------------------------------------------------------------------------- 

 

. regress Ts c.Ta#c.Ta c.Lat#c.Lat 

 

      Source |       SS       df       MS              Number of obs =      18 

-------------+------------------------------           F(  2,    15) =   35.14 

       Model |   552.60235     2  276.301175           Prob > F      =  0.0000 

    Residual |  117.928819    15  7.86192128           R-squared     =  0.8241 

-------------+------------------------------           Adj R-squared =  0.8007 

       Total |  670.531169    17  39.4430099           Root MSE      =  2.8039 

 

----------------------------------------------------------------------------- 

          Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 

-------------+--------------------------------------------------------------- 

   c.Ta#c.Ta |   .0214426   .0025712     8.34   0.000     .0159623     .026923 

             | 

 c.Lat#c.Lat |   .0294186    .016087     1.83   0.087      -.00487    .0637072 

             | 

       _cons |   33.92778   2.615131    12.97   0.000     28.35376     39.5018 

----------------------------------------------------------------------------- 

 

. regress Ts c.Ta#c.Ta c.Lat#c.Lat#c.Lat 

 

      Source |       SS       df       MS              Number of obs =      18 

-------------+------------------------------           F(  2,    15) =   36.45 

       Model |  556.100784     2  278.050392           Prob > F      =  0.0000 

    Residual |  114.430385    15  7.62869236           R-squared     =  0.8293 

-------------+------------------------------           Adj R-squared =  0.8066 

       Total |  670.531169    17  39.4430099           Root MSE      =   2.762 
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----------------------------------------------------------------------------- 

               Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. 
Interval] 

------------------+---------------------------------------------------------- 

        c.Ta#c.Ta |   .0215324   .0025361     8.49   0.000     .0161268     
.026938 

                  | 

c.Lat#c.Lat#c.Lat |   .0020858   .0010555     1.98   0.067    -.0001639    
.0043355 

                  | 

            _cons |   34.58694   2.333473    14.82   0.000     29.61326    
39.56062 

----------------------------------------------------------------------------- 

. regress Ts Lat c.Ta#c.Ta#c.Ta 

 

      Source |       SS       df       MS              Number of obs =      18 

-------------+------------------------------           F(  2,    15) =   26.45 

       Model |  522.400009     2  261.200004           Prob > F      =  0.0000 

    Residual |   148.13116    15   9.8754107           R-squared     =  0.7791 

-------------+------------------------------           Adj R-squared =  0.7496 

       Total |  670.531169    17  39.4430099           Root MSE      =  3.1425 

 

----------------------------------------------------------------------------- 

            Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 

---------------+------------------------------------------------------------- 

           Lat |   .4791411   .3433255     1.40   0.183    -.2526398    1.210922 

               | 

c.Ta#c.Ta#c.Ta |   .0004916   .0000679     7.24   0.000     .0003468    .0006364 

               | 

         _cons |   37.68958   3.647058    10.33   0.000     29.91606    45.46309 

----------------------------------------------------------------------------- 

. regress Ts c.Lat#c.Lat c.Ta#c.Ta#c.Ta 

 

      Source |       SS       df       MS              Number of obs =      18 

-------------+------------------------------           F(  2,    15) =   27.79 

       Model |  528.039547     2  264.019774           Prob > F      =  0.0000 
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    Residual |  142.491622    15  9.49944145           R-squared     =  0.7875 

-------------+------------------------------           Adj R-squared =  0.7592 

       Total |  670.531169    17  39.4430099           Root MSE      =  3.0821 

 

----------------------------------------------------------------------------- 

            Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 

---------------+------------------------------------------------------------- 

   c.Lat#c.Lat |   .0286025    .017676     1.62   0.126     -.009073     .066278 

               | 

c.Ta#c.Ta#c.Ta |   .0004948   .0000667     7.41   0.000     .0003526     .000637 

               | 

         _cons |   39.47879   2.347883    16.81   0.000      34.4744    44.48318 

----------------------------------------------------------------------------- 

 

. regress Ts c.Ta#c.Ta#c.Ta c.Lat#c.Lat#c.Lat 

 

      Source |       SS       df       MS              Number of obs =      18 

-------------+------------------------------           F(  2,    15) =   28.86 

       Model |  532.209841     2  266.104921           Prob > F      =  0.0000 

    Residual |  138.321328    15  9.22142186           R-squared     =  0.7937 

-------------+------------------------------           Adj R-squared =  0.7662 

       Total |  670.531169    17  39.4430099           Root MSE      =  3.0367 

 

----------------------------------------------------------------------------- 

               Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. 
Interval] 

------------------+---------------------------------------------------------- 

   c.Ta#c.Ta#c.Ta |   .0004974   .0000659     7.55   0.000     .0003571    
.0006378 

                  | 

c.Lat#c.Lat#c.Lat |   .0020594   .0011604     1.77   0.096     -.000414    
.0045328 

                  | 

            _cons |   40.10056   1.996839    20.08   0.000      35.8444    
44.35672 

----------------------------------------------------------------------------- 
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                                MODEL(K-2) 

 

. regress Ts Ta Lat 

 

      Source |       SS       df       MS              Number of obs =      18 

-------------+------------------------------           F(  2,    15) =   64.93 

       Model |  432.752997     2  216.376499           Prob > F      =  0.0000 

    Residual |  49.9830401    15  3.33220267           R-squared     =  0.8965 

-------------+------------------------------           Adj R-squared =  0.8827 

       Total |  482.736037    17  28.3962375           Root MSE      =  1.8254 

 

----------------------------------------------------------------------------- 

          Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 

-------------+--------------------------------------------------------------- 

          Ta |   1.078132   .0948261    11.37   0.000     .8760151    1.280249 

         Lat |    .293984   .1970158     1.49   0.156    -.1259451    .7139132 

       _cons |   21.02634    3.29693     6.38   0.000      13.9991    28.05358 

----------------------------------------------------------------------------- 

. regress Ts Ta c.Lat#c.Lat 

 

      Source |       SS       df       MS              Number of obs =      18 

-------------+------------------------------           F(  2,    15) =   67.40 

       Model |    434.4011     2   217.20055           Prob > F      =  0.0000 

    Residual |  48.3349377    15  3.22232918           R-squared     =  0.8999 

-------------+------------------------------           Adj R-squared =  0.8865 

       Total |  482.736037    17  28.3962375           Root MSE      =  1.7951 

 

----------------------------------------------------------------------------- 

          Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 

-------------+--------------------------------------------------------------- 

          Ta |   1.079082   .0932499    11.57   0.000     .8803244    1.277839 

             | 

 c.Lat#c.Lat |   .0160089   .0095433     1.68   0.114    -.0043322    .0363501 

             | 
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       _cons |   22.27133   2.760936     8.07   0.000     16.38654    28.15613 

----------------------------------------------------------------------------- 

. regress Ts Ta c.Lat#c.Lat#c.Lat 

 

      Source |       SS       df       MS              Number of obs =      18 

-------------+------------------------------           F(  2,    15) =   68.76 

       Model |  435.262357     2  217.631178           Prob > F      =  0.0000 

    Residual |  47.4736806    15  3.16491204           R-squared     =  0.9017 

-------------+------------------------------           Adj R-squared =  0.8885 

       Total |  482.736037    17  28.3962375           Root MSE      =   1.779 

 

----------------------------------------------------------------------------- 

               Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. 
Interval] 

------------------+---------------------------------------------------------- 

               Ta |   1.078806   .0923901    11.68   0.000     .8818808     
1.27573 

                  | 

c.Lat#c.Lat#c.Lat |   .0010443   .0005896     1.77   0.097    -.0002124    
.0023011 

                  | 

            _cons |    22.7578   2.627168     8.66   0.000     17.15813    
28.35748 

----------------------------------------------------------------------------- 

. regress Ts Lat c.Ta#c.Ta 

 

      Source |       SS       df       MS              Number of obs =      18 

-------------+------------------------------           F(  2,    15) =   62.47 

       Model |  430.993934     2  215.496967           Prob > F      =  0.0000 

    Residual |  51.7421037    15  3.44947358           R-squared     =  0.8928 

-------------+------------------------------           Adj R-squared =  0.8785 

       Total |  482.736037    17  28.3962375           Root MSE      =  1.8573 

 

----------------------------------------------------------------------------- 

          Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 

-------------+--------------------------------------------------------------- 

         Lat |   .2795667   .2003766     1.40   0.183     -.147526    .7066594 
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             | 

   c.Ta#c.Ta |   .0191898   .0017208    11.15   0.000      .015522    .0228575 

             | 

       _cons |   35.88482   2.407762    14.90   0.000     30.75279    41.01684 

----------------------------------------------------------------------------- 

. regress Ts c.Ta#c.Ta c.Lat#c.Lat 

 

      Source |       SS       df       MS              Number of obs =      18 

-------------+------------------------------           F(  2,    15) =   65.71 

       Model |  433.280609     2  216.640305           Prob > F      =  0.0000 

    Residual |  49.4554284    15  3.29702856           R-squared     =  0.8976 

-------------+------------------------------           Adj R-squared =  0.8839 

       Total |  482.736037    17  28.3962375           Root MSE      =  1.8158 

 

----------------------------------------------------------------------------- 

          Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 

-------------+--------------------------------------------------------------- 

   c.Ta#c.Ta |   .0192277   .0016829    11.43   0.000     .0156407    .0228148 

             | 

 c.Lat#c.Lat |   .0159499    .009653     1.65   0.119    -.0046251    .0365249 

             | 

       _cons |   36.99474   1.664692    22.22   0.000     33.44653    40.54294 

----------------------------------------------------------------------------- 

 

 

. regress Ts c.Ta#c.Ta c.Lat#c.Lat#c.Lat 

 

      Source |       SS       df       MS              Number of obs =      18 

-------------+------------------------------           F(  2,    15) =   68.08 

       Model |  434.831178     2  217.415589           Prob > F      =  0.0000 

    Residual |  47.9048598    15  3.19365732           R-squared     =  0.9008 

-------------+------------------------------           Adj R-squared =  0.8875 

       Total |  482.736037    17  28.3962375           Root MSE      =  1.7871 

 

----------------------------------------------------------------------------- 



130 

 

               Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. 
Interval] 

------------------+---------------------------------------------------------- 

        c.Ta#c.Ta |   .0192443   .0016564    11.62   0.000     .0157138    
.0227749 

                  | 

c.Lat#c.Lat#c.Lat |   .0010769   .0005925     1.82   0.089    -.0001859    
.0023397 

                  | 

            _cons |   37.42248   1.470639    25.45   0.000     34.28789    
40.55708 

----------------------------------------------------------------------------- 

. regress Ts Lat c.Ta#c.Ta#c.Ta 

 

      Source |       SS       df       MS              Number of obs =      18 

-------------+------------------------------           F(  2,    15) =   51.71 

       Model |  421.586194     2  210.793097           Prob > F      =  0.0000 

    Residual |   61.149844    15  4.07665626           R-squared     =  0.8733 

-------------+------------------------------           Adj R-squared =  0.8564 

       Total |  482.736037    17  28.3962375           Root MSE      =  2.0191 

 

----------------------------------------------------------------------------- 

            Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 

---------------+------------------------------------------------------------- 

           Lat |   .2655755   .2177656     1.22   0.241    -.1985808    .7297318 

               | 

c.Ta#c.Ta#c.Ta |   .0004372   .0000431    10.15   0.000     .0003453    .0005291 

               | 

         _cons |   41.04613   2.367356    17.34   0.000     36.00023    46.09203 

----------------------------------------------------------------------------- 

 

 

. regress Ts c.Lat#c.Lat c.Ta#c.Ta#c.Ta 

 

      Source |       SS       df       MS              Number of obs =      18 

-------------+------------------------------           F(  2,    15) =   54.57 

       Model |  424.402044     2  212.201022           Prob > F      =  0.0000 
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    Residual |  58.3339935    15   3.8889329           R-squared     =  0.8792 

-------------+------------------------------           Adj R-squared =  0.8630 

       Total |  482.736037    17  28.3962375           Root MSE      =   1.972 

 

----------------------------------------------------------------------------- 

            Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 

---------------+------------------------------------------------------------- 

   c.Lat#c.Lat |   .0158408   .0104836     1.51   0.152    -.0065044     .038186 

               | 

c.Ta#c.Ta#c.Ta |   .0004385   .0000421    10.41   0.000     .0003487    .0005283 

               | 

         _cons |   42.03374   1.466459    28.66   0.000     38.90806    45.15942 

----------------------------------------------------------------------------- 

 

 

. regress Ts c.Ta#c.Ta#c.Ta c.Lat#c.Lat#c.Lat 

 

      Source |       SS       df       MS              Number of obs =      18 

-------------+------------------------------           F(  2,    15) =   56.99 

       Model |  426.591924     2  213.295962           Prob > F      =  0.0000 

    Residual |   56.144113    15  3.74294087           R-squared     =  0.8837 

-------------+------------------------------           Adj R-squared =  0.8682 

       Total |  482.736037    17  28.3962375           Root MSE      =  1.9347 

 

----------------------------------------------------------------------------- 

               Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. 
Interval] 

------------------+---------------------------------------------------------- 

   c.Ta#c.Ta#c.Ta |   .0004393   .0000413    10.63   0.000     .0003512    
.0005274 

                  | 

c.Lat#c.Lat#c.Lat |   .0011033   .0006416     1.72   0.106    -.0002642    
.0024708 

                  | 

            _cons |   42.41825   1.218211    34.82   0.000     39.82169     
45.0148 

----------------------------------------------------------------------------- 
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                             MODEL (K-3) 

 

. regress Ts Ta Lat 

 

      Source |       SS       df       MS              Number of obs =      18 

-------------+------------------------------           F(  2,    15) =   62.18 

       Model |  627.733765     2  313.866883           Prob > F      =  0.0000 

    Residual |  75.7156721    15  5.04771148           R-squared     =  0.8924 

-------------+------------------------------           Adj R-squared =  0.8780 

       Total |  703.449438    17  41.3793787           Root MSE      =  2.2467 

 

----------------------------------------------------------------------------- 

          Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 

-------------+--------------------------------------------------------------- 

          Ta |   1.316699   .1194543    11.02   0.000     1.062089     1.57131 

         Lat |   .6024406   .2440802     2.47   0.026     .0821959    1.122685 

       _cons |   10.82999   4.213842     2.57   0.021     1.848398    19.81158 

----------------------------------------------------------------------------- 

 

. regress Ts Ta c.Lat#c.Lat 

 

      Source |       SS       df       MS              Number of obs =      18 

-------------+------------------------------           F(  2,    15) =   63.78 

       Model |  629.429302     2  314.714651           Prob > F      =  0.0000 

    Residual |  74.0201352    15  4.93467568           R-squared     =  0.8948 

-------------+------------------------------           Adj R-squared =  0.8807 

       Total |  703.449438    17  41.3793787           Root MSE      =  2.2214 

 

----------------------------------------------------------------------------- 

          Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 

-------------+--------------------------------------------------------------- 

          Ta |   1.322199    .118261    11.18   0.000     1.070132    1.574266 

             | 

 c.Lat#c.Lat |   .0303671   .0118427     2.56   0.022     .0051251    .0556091 
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             | 

       _cons |   13.50414   3.624261     3.73   0.002     5.779205    21.22907 

----------------------------------------------------------------------------- 

. regress Ts Ta c.Lat#c.Lat#c.Lat 

 

      Source |       SS       df       MS              Number of obs =      18 

-------------+------------------------------           F(  2,    15) =   63.94 

       Model |  629.603099     2  314.801549           Prob > F      =  0.0000 

    Residual |   73.846339    15  4.92308926           R-squared     =  0.8950 

-------------+------------------------------           Adj R-squared =  0.8810 

       Total |  703.449438    17  41.3793787           Root MSE      =  2.2188 

 

----------------------------------------------------------------------------- 

               Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. 
Interval] 

------------------+---------------------------------------------------------- 

               Ta |   1.326691   .1182839    11.22   0.000     1.074575    
1.578808 

                  | 

c.Lat#c.Lat#c.Lat |   .0019025   .0007391     2.57   0.021     .0003272    
.0034779 

                  | 

            _cons |   14.34575   3.510124     4.09   0.001     6.864095     
21.8274 

----------------------------------------------------------------------------- 

 

. regress Ts Lat c.Ta#c.Ta 

 

      Source |       SS       df       MS              Number of obs =      18 

-------------+------------------------------           F(  2,    15) =   45.86 

       Model |  604.580133     2  302.290066           Prob > F      =  0.0000 

    Residual |  98.8693049    15  6.59128699           R-squared     =  0.8595 

-------------+------------------------------           Adj R-squared =  0.8407 

       Total |  703.449438    17  41.3793787           Root MSE      =  2.5674 

 

----------------------------------------------------------------------------- 

          Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
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-------------+--------------------------------------------------------------- 

         Lat |   .5990459   .2789159     2.15   0.048     .0045508    1.193541 

             | 

   c.Ta#c.Ta |   .0226838   .0023973     9.46   0.000     .0175741    .0277936 

             | 

       _cons |   29.50484   3.391127     8.70   0.000     22.27683    36.73286 

----------------------------------------------------------------------------- 

. regress Ts c.Ta#c.Ta c.Lat#c.Lat 

 

      Source |       SS       df       MS              Number of obs =      18 

-------------+------------------------------           F(  2,    15) =   47.15 

       Model |  606.906821     2  303.453411           Prob > F      =  0.0000 

    Residual |  96.5426164    15  6.43617443           R-squared     =  0.8628 

-------------+------------------------------           Adj R-squared =  0.8445 

       Total |  703.449438    17  41.3793787           Root MSE      =   2.537 

 

----------------------------------------------------------------------------- 

          Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 

-------------+--------------------------------------------------------------- 

   c.Ta#c.Ta |   .0227986   .0023725     9.61   0.000     .0177416    .0278555 

             | 

 c.Lat#c.Lat |   .0305076   .0135281     2.26   0.039      .001673    .0593421 

             | 

       _cons |   32.19669   2.446496    13.16   0.000      26.9821    37.41127 

----------------------------------------------------------------------------- 

 

. regress Ts c.Ta#c.Ta c.Lat#c.Lat#c.Lat 

 

      Source |       SS       df       MS              Number of obs =      18 

-------------+------------------------------           F(  2,    15) =   47.57 

       Model |  607.654316     2  303.827158           Prob > F      =  0.0000 

    Residual |  95.7951221    15  6.38634147           R-squared     =  0.8638 

-------------+------------------------------           Adj R-squared =  0.8457 

       Total |  703.449438    17  41.3793787           Root MSE      =  2.5271 
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----------------------------------------------------------------------------- 

               Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. 
Interval] 

------------------+---------------------------------------------------------- 

        c.Ta#c.Ta |   .0228953   .0023672     9.67   0.000     .0178496    
.0279409 

                  | 

c.Lat#c.Lat#c.Lat |   .0019284   .0008423     2.29   0.037     .0001332    
.0037237 

                  | 

            _cons |   33.07493   2.235185    14.80   0.000     28.31074    
37.83911 

----------------------------------------------------------------------------- 

. regress Ts Lat c.Ta#c.Ta#c.Ta 

 

      Source |       SS       df       MS              Number of obs =      18 

-------------+------------------------------           F(  2,    15) =   33.82 

       Model |  575.756443     2  287.878222           Prob > F      =  0.0000 

    Residual |  127.692994    15  8.51286629           R-squared     =  0.8185 

-------------+------------------------------           Adj R-squared =  0.7943 

       Total |  703.449438    17  41.3793787           Root MSE      =  2.9177 

 

----------------------------------------------------------------------------- 

            Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 

---------------+------------------------------------------------------------- 

           Lat |   .5872766   .3169146     1.85   0.084    -.0882109    1.262764 

               | 

c.Ta#c.Ta#c.Ta |   .0005048   .0000622     8.12   0.000     .0003723    .0006373 

               | 

         _cons |   35.93381   3.441146    10.44   0.000     28.59918    43.26844 

----------------------------------------------------------------------------- 

. regress Ts c.Lat#c.Lat c.Ta#c.Ta#c.Ta 

 

      Source |       SS       df       MS              Number of obs =      18 

-------------+------------------------------           F(  2,    15) =   34.77 

       Model |  578.629348     2  289.314674           Prob > F      =  0.0000 

    Residual |   124.82009    15  8.32133932           R-squared     =  0.8226 
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-------------+------------------------------           Adj R-squared =  0.7989 

       Total |  703.449438    17  41.3793787           Root MSE      =  2.8847 

 

----------------------------------------------------------------------------- 

            Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 

---------------+------------------------------------------------------------- 

   c.Lat#c.Lat |   .0302144   .0153821     1.96   0.068    -.0025718    .0630007 

               | 

c.Ta#c.Ta#c.Ta |   .0005077   .0000616     8.25   0.000     .0003765     .000639 

               | 

         _cons |   38.56509   2.220442    17.37   0.000     33.83233    43.29785 

----------------------------------------------------------------------------- 

 

. regress Ts c.Ta#c.Ta#c.Ta c.Lat#c.Lat#c.Lat 

 

      Source |       SS       df       MS              Number of obs =      18 

-------------+------------------------------           F(  2,    15) =   35.20 

       Model |   579.90563     2  289.952815           Prob > F      =  0.0000 

    Residual |  123.543807    15  8.23625382           R-squared     =  0.8244 

-------------+------------------------------           Adj R-squared =  0.8010 

       Total |  703.449438    17  41.3793787           Root MSE      =  2.8699 

 

----------------------------------------------------------------------------- 

               Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. 
Interval] 

------------------+---------------------------------------------------------- 

   c.Ta#c.Ta#c.Ta |   .0005103   .0000614     8.32   0.000     .0003795    
.0006411 

                  | 

c.Lat#c.Lat#c.Lat |   .0019261   .0009567     2.01   0.062    -.0001131    
.0039653 

                  | 

            _cons |   39.43568    1.92471    20.49   0.000     35.33326    
43.53811 

----------------------------------------------------------------------------- 
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                          MODEL(K-4) 

 

. regress Ts Ta Lat 

 

      Source |       SS       df       MS              Number of obs =      18 

-------------+------------------------------           F(  2,    15) =   51.82 

       Model |  713.206276     2  356.603138           Prob > F      =  0.0000 

    Residual |  103.218731    15  6.88124874           R-squared     =  0.8736 

-------------+------------------------------           Adj R-squared =  0.8567 

       Total |  816.425007    17  48.0250004           Root MSE      =  2.6232 

 

----------------------------------------------------------------------------- 

          Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 

-------------+--------------------------------------------------------------- 

          Ta |   1.240437   .1249074     9.93   0.000     .9742029    1.506671 

         Lat |   .2290379   .2997912     0.76   0.457     -.409952    .8680277 

       _cons |   16.97975    4.10513     4.14   0.001     8.229873    25.72963 

----------------------------------------------------------------------------- 

 

 

. regress Ts Ta c.Lat#c.Lat 

 

      Source |       SS       df       MS              Number of obs =      18 

-------------+------------------------------           F(  2,    15) =   52.43 

       Model |  714.247759     2  357.123879           Prob > F      =  0.0000 

    Residual |  102.177248    15  6.81181655           R-squared     =  0.8748 

-------------+------------------------------           Adj R-squared =  0.8582 

       Total |  816.425007    17  48.0250004           Root MSE      =  2.6099 

 

----------------------------------------------------------------------------- 

          Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 

-------------+--------------------------------------------------------------- 

          Ta |   1.237762   .1244451     9.95   0.000      .972514    1.503011 

             | 

 c.Lat#c.Lat |   .0131594   .0152714     0.86   0.402    -.0193909    .0457096 
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             | 

       _cons |   17.98961   3.516098     5.12   0.000     10.49523      25.484 

----------------------------------------------------------------------------- 

. regress Ts Ta c.Lat#c.Lat#c.Lat 

 

      Source |       SS       df       MS              Number of obs =      18 

-------------+------------------------------           F(  2,    15) =   52.65 

       Model |  714.631392     2  357.315696           Prob > F      =  0.0000 

    Residual |  101.793614    15  6.78624097           R-squared     =  0.8753 

-------------+------------------------------           Adj R-squared =  0.8587 

       Total |  816.425007    17  48.0250004           Root MSE      =   2.605 

 

----------------------------------------------------------------------------- 

               Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. 
Interval] 

------------------+---------------------------------------------------------- 

               Ta |   1.236689   .1242908     9.95   0.000     .9717696    
1.501609 

                  | 

c.Lat#c.Lat#c.Lat |   .0008749    .000977     0.90   0.385    -.0012075    
.0029572 

                  | 

            _cons |   18.39946   3.428993     5.37   0.000     11.09073    
25.70819 

----------------------------------------------------------------------------- 

. regress Ts Lat c.Ta#c.Ta 

 

      Source |       SS       df       MS              Number of obs =      18 

-------------+------------------------------           F(  2,    15) =   41.71 

       Model |  692.003896     2  346.001948           Prob > F      =  0.0000 

    Residual |  124.421111    15   8.2947407           R-squared     =  0.8476 

-------------+------------------------------           Adj R-squared =  0.8273 

       Total |  816.425007    17  48.0250004           Root MSE      =  2.8801 

 

----------------------------------------------------------------------------- 

          Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 

-------------+--------------------------------------------------------------- 
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         Lat |   .2468166   .3289673     0.75   0.465    -.4543607    .9479939 

             | 

   c.Ta#c.Ta |   .0220233   .0024738     8.90   0.000     .0167506     .027296 

             | 

       _cons |   33.71795   3.398819     9.92   0.000     26.47354    40.96236 

----------------------------------------------------------------------------- 

. regress Ts c.Ta#c.Ta c.Lat#c.Lat 

 

      Source |       SS       df       MS              Number of obs =      18 

-------------+------------------------------           F(  2,    15) =   42.46 

       Model |  693.856594     2  346.928297           Prob > F      =  0.0000 

    Residual |  122.568412    15  8.17122749           R-squared     =  0.8499 

-------------+------------------------------           Adj R-squared =  0.8299 

       Total |  816.425007    17  48.0250004           Root MSE      =  2.8585 

 

----------------------------------------------------------------------------- 

          Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 

-------------+--------------------------------------------------------------- 

   c.Ta#c.Ta |   .0219677   .0024565     8.94   0.000     .0167319    .0272035 

             | 

 c.Lat#c.Lat |   .0149218   .0167023     0.89   0.386    -.0206784     .050522 

             | 

       _cons |   34.70499   2.327681    14.91   0.000     29.74365    39.66632 

----------------------------------------------------------------------------- 

. regress Ts c.Ta#c.Ta c.Lat#c.Lat#c.Lat 

 

      Source |       SS       df       MS              Number of obs =      18 

-------------+------------------------------           F(  2,    15) =   42.92 

       Model |  694.977147     2  347.488574           Prob > F      =  0.0000 

    Residual |  121.447859    15  8.09652396           R-squared     =  0.8512 

-------------+------------------------------           Adj R-squared =  0.8314 

       Total |  816.425007    17  48.0250004           Root MSE      =  2.8454 

 

----------------------------------------------------------------------------- 

               Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. 
Interval] 
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------------------+---------------------------------------------------------- 

        c.Ta#c.Ta |   .0219433   .0024449     8.98   0.000     .0167321    
.0271545 

                  | 

c.Lat#c.Lat#c.Lat |   .0010345   .0010648     0.97   0.347    -.0012351    
.0033041 

                  | 

            _cons |   35.11743   2.099466    16.73   0.000     30.64253    
39.59234 

----------------------------------------------------------------------------- 

. regress Ts Lat c.Ta#c.Ta#c.Ta 

 

      Source |       SS       df       MS              Number of obs =      18 

-------------+------------------------------           F(  2,    15) =   31.83 

       Model |  660.728965     2  330.364483           Prob > F      =  0.0000 

    Residual |  155.696042    15  10.3797361           R-squared     =  0.8093 

-------------+------------------------------           Adj R-squared =  0.7839 

       Total |  816.425007    17  48.0250004           Root MSE      =  3.2218 

 

----------------------------------------------------------------------------- 

            Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 

---------------+------------------------------------------------------------- 

           Lat |   .2772483   .3676322     0.75   0.462     -.506341    1.060838 

               | 

c.Ta#c.Ta#c.Ta |   .0005007   .0000645     7.77   0.000     .0003633    .0006381 

               | 

         _cons |   39.18837   3.562745    11.00   0.000     31.59456    46.78219 

----------------------------------------------------------------------------- 

 

. regress Ts c.Lat#c.Lat c.Ta#c.Ta#c.Ta 

 

      Source |       SS       df       MS              Number of obs =      18 

-------------+------------------------------           F(  2,    15) =   32.57 

       Model |  663.618821     2  331.809411           Prob > F      =  0.0000 

    Residual |  152.806186    15   10.187079           R-squared     =  0.8128 

-------------+------------------------------           Adj R-squared =  0.7879 

       Total |  816.425007    17  48.0250004           Root MSE      =  3.1917 
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----------------------------------------------------------------------------- 

            Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 

---------------+------------------------------------------------------------- 

   c.Lat#c.Lat |   .0172954   .0186158     0.93   0.368    -.0223833    .0569741 

               | 

c.Ta#c.Ta#c.Ta |   .0004993   .0000638     7.82   0.000     .0003633    .0006354 

               | 

         _cons |   40.23149    2.16857    18.55   0.000     35.60929    44.85369 

----------------------------------------------------------------------------- 

 

. regress Ts c.Ta#c.Ta#c.Ta c.Lat#c.Lat#c.Lat 

 

      Source |       SS       df       MS              Number of obs =      18 

-------------+------------------------------           F(  2,    15) =   33.12 

       Model |  665.680687     2  332.840343           Prob > F      =  0.0000 

    Residual |   150.74432    15  10.0496213           R-squared     =  0.8154 

-------------+------------------------------           Adj R-squared =  0.7907 

       Total |  816.425007    17  48.0250004           Root MSE      =  3.1701 

 

----------------------------------------------------------------------------- 

               Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. 
Interval] 

------------------+---------------------------------------------------------- 

   c.Ta#c.Ta#c.Ta |   .0004988   .0000634     7.87   0.000     .0003638    
.0006339 

                  | 

c.Lat#c.Lat#c.Lat |     .00123   .0011835     1.04   0.315    -.0012925    
.0037525 

                  | 

            _cons |   40.67155   1.824117    22.30   0.000     36.78354    
44.55956 

----------------------------------------------------------------------------- 
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MODEL(K-5) 

 

. regress Ts Ta Lat 

 

      Source |       SS       df       MS              Number of obs =      20 

-------------+------------------------------           F(  2,    17) =   43.70 

       Model |   542.11836     2   271.05918           Prob > F      =  0.0000 

    Residual |  105.439201    17  6.20230595           R-squared     =  0.8372 

-------------+------------------------------           Adj R-squared =  0.8180 

       Total |  647.557562    19  34.0819769           Root MSE      =  2.4904 

 

----------------------------------------------------------------------------- 

          Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 

-------------+--------------------------------------------------------------- 

          Ta |   1.160994   .1270522     9.14   0.000     .8929377    1.429051 

         Lat |   .4845478   .2450375     1.98   0.064    -.0324362    1.001532 

       _cons |   16.72925   4.182768     4.00   0.001     7.904379    25.55412 

----------------------------------------------------------------------------- 

 

. regress Ts Ta c.Lat#c.Lat 

 

      Source |       SS       df       MS              Number of obs =      20 

-------------+------------------------------           F(  2,    17) =   44.63 

       Model |  543.954886     2  271.977443           Prob > F      =  0.0000 

    Residual |  103.602676    17  6.09427506           R-squared     =  0.8400 

-------------+------------------------------           Adj R-squared =  0.8212 

       Total |  647.557562    19  34.0819769           Root MSE      =  2.4687 

 

----------------------------------------------------------------------------- 

          Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 

-------------+--------------------------------------------------------------- 

          Ta |   1.160745   .1259409     9.22   0.000     .8950333    1.426457 

             | 

 c.Lat#c.Lat |   .0252133    .012186     2.07   0.054    -.0004968    .0509234 

             | 
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       _cons |   18.93314   3.638433     5.20   0.000     11.25672    26.60956 

----------------------------------------------------------------------------- 

 

. regress Ts Ta c.Lat#c.Lat#c.Lat 

 

      Source |       SS       df       MS              Number of obs =      20 

-------------+------------------------------           F(  2,    17) =   44.56 

       Model |  543.826894     2  271.913447           Prob > F      =  0.0000 

    Residual |  103.730668    17  6.10180398           R-squared     =  0.8398 

-------------+------------------------------           Adj R-squared =  0.8210 

       Total |  647.557562    19  34.0819769           Root MSE      =  2.4702 

 

----------------------------------------------------------------------------- 

               Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. 
Interval] 

------------------+---------------------------------------------------------- 

               Ta |    1.16048   .1260188     9.21   0.000     .8946037    
1.426357 

                  | 

c.Lat#c.Lat#c.Lat |   .0015952   .0007734     2.06   0.055    -.0000364    
.0032268 

                  | 

            _cons |   19.73526   3.537825     5.58   0.000     12.27111    
27.19942 

----------------------------------------------------------------------------- 

 

. regress Ts Lat c.Ta#c.Ta 

 

      Source |       SS       df       MS              Number of obs =      20 

-------------+------------------------------           F(  2,    17) =   37.56 

       Model |  528.058503     2  264.029252           Prob > F      =  0.0000 

    Residual |  119.499059    17  7.02935638           R-squared     =  0.8155 

-------------+------------------------------           Adj R-squared =  0.7938 

       Total |  647.557562    19  34.0819769           Root MSE      =  2.6513 

 

----------------------------------------------------------------------------- 

          Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 
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-------------+--------------------------------------------------------------- 

         Lat |   .4866437   .2608639     1.87   0.079    -.0637311    1.037018 

             | 

   c.Ta#c.Ta |   .0213826   .0025256     8.47   0.000      .016054    .0267113 

             | 

       _cons |   32.05786   3.168872    10.12   0.000     25.37212    38.74359 

----------------------------------------------------------------------------- 

 

. regress Ts c.Ta#c.Ta c.Lat#c.Lat 

 

      Source |       SS       df       MS              Number of obs =      20 

-------------+------------------------------           F(  2,    17) =   38.61 

       Model |  530.731379     2   265.36569           Prob > F      =  0.0000 

    Residual |  116.826182    17  6.87212837           R-squared     =  0.8196 

-------------+------------------------------           Adj R-squared =  0.7984 

       Total |  647.557562    19  34.0819769           Root MSE      =  2.6215 

 

----------------------------------------------------------------------------- 

          Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 

-------------+--------------------------------------------------------------- 

   c.Ta#c.Ta |   .0213958   .0024972     8.57   0.000     .0161271    .0266645 

             | 

 c.Lat#c.Lat |   .0257142   .0129404     1.99   0.063    -.0015876     .053016 

             | 

       _cons |    34.2176   2.318808    14.76   0.000     29.32534    39.10986 

----------------------------------------------------------------------------- 

 

. regress Ts c.Ta#c.Ta c.Lat#c.Lat#c.Lat 

 

      Source |       SS       df       MS              Number of obs =      20 

-------------+------------------------------           F(  2,    17) =   38.87 

       Model |  531.364798     2  265.682399           Prob > F      =  0.0000 

    Residual |  116.192763    17  6.83486842           R-squared     =  0.8206 

-------------+------------------------------           Adj R-squared =  0.7995 

       Total |  647.557562    19  34.0819769           Root MSE      =  2.6144 
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----------------------------------------------------------------------------- 

               Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. 
Interval] 

------------------+---------------------------------------------------------- 

        c.Ta#c.Ta |   .0214071   .0024905     8.60   0.000     .0161526    
.0266616 

                  | 

c.Lat#c.Lat#c.Lat |   .0016498   .0008185     2.02   0.060    -.0000771    
.0033767 

                  | 

            _cons |     34.997   2.127328    16.45   0.000     30.50873    
39.48527 

----------------------------------------------------------------------------- 

. regress Ts Lat c.Ta#c.Ta#c.Ta 

 

      Source |       SS       df       MS              Number of obs =      20 

-------------+------------------------------           F(  2,    17) =   31.02 

       Model |  508.264048     2  254.132024           Prob > F      =  0.0000 

    Residual |  139.293513    17  8.19373607           R-squared     =  0.7849 

-------------+------------------------------           Adj R-squared =  0.7596 

       Total |  647.557562    19  34.0819769           Root MSE      =  2.8625 

 

----------------------------------------------------------------------------- 

            Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 

---------------+------------------------------------------------------------- 

           Lat |   .4866217   .2816419     1.73   0.102    -.1075907    1.080834 

               | 

c.Ta#c.Ta#c.Ta |   .0005088   .0000662     7.69   0.000     .0003692    .0006485 

               | 

         _cons |   37.25786   3.082562    12.09   0.000     30.75422     43.7615 

----------------------------------------------------------------------------- 

 

. regress Ts c.Lat#c.Lat c.Ta#c.Ta#c.Ta 

 

      Source |       SS       df       MS              Number of obs =      20 

-------------+------------------------------           F(  2,    17) =   32.03 
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       Model |  511.736406     2  255.868203           Prob > F      =  0.0000 

    Residual |  135.821155    17  7.98947973           R-squared     =  0.7903 

-------------+------------------------------           Adj R-squared =  0.7656 

       Total |  647.557562    19  34.0819769           Root MSE      =  2.8266 

 

----------------------------------------------------------------------------- 

            Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. Interval] 

---------------+------------------------------------------------------------- 

   c.Lat#c.Lat |   .0260897    .013953     1.87   0.079    -.0033486    .0555281 

               | 

c.Ta#c.Ta#c.Ta |   .0005096   .0000654     7.80   0.000     .0003717    .0006475 

               | 

         _cons |   39.37567   2.028213    19.41   0.000     35.09652    43.65483 

----------------------------------------------------------------------------- 

 

. regress Ts c.Ta#c.Ta#c.Ta c.Lat#c.Lat#c.Lat 

 

      Source |       SS       df       MS              Number of obs =      20 

-------------+------------------------------           F(  2,    17) =   32.45 

       Model |  513.138026     2  256.569013           Prob > F      =  0.0000 

    Residual |  134.419536    17  7.90703151           R-squared     =  0.7924 

-------------+------------------------------           Adj R-squared =  0.7680 

       Total |  647.557562    19  34.0819769           Root MSE      =  2.8119 

 

----------------------------------------------------------------------------- 

               Ts |      Coef.   Std. Err.      t    P>|t|     [95% Conf. 
Interval] 

------------------+---------------------------------------------------------- 

   c.Ta#c.Ta#c.Ta |   .0005103    .000065     7.85   0.000     .0003731    
.0006475 

                  | 

c.Lat#c.Lat#c.Lat |   .0016958   .0008804     1.93   0.071    -.0001617    
.0035534 

                  | 

            _cons |   40.13826   1.767316    22.71   0.000     36.40955    
43.86697 

----------------------------------------------------------------------------- 
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Appendix V: Scatter Plot for Model Selection  

 

Figure Appendix V- 1: Linear function for the correlation b/n Ta &Ts 

 

 

Figure Appendix V- 2: Logarithmic function for the correlation b/n Ta &Ts 
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Figure Appendix V- 3: Exponential function for the correlation b/n Ts & Ta 

 

Figure Appendix V- 4 Power function for the correlation b/n Ts & Ta 
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Figure Appendix V- 5 Polynomial of degree three function for the correlation b/n Ts & Ta 

 

 

Figure Appendix V- 6 Polynomial of degree four function for the correlation b/n Ts & Ta 
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Figure Appendix V- 7Polynomial of degree five function for the correlation b/n Ts & Ta 

 

Figure Appendix V- 8 Polynomial of degree six function for the correlation b/n Ts & Ta 
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Figure Appendix V- 9: Exponential function for the correlation b/n Ts & Lat. 

 

Figure Appendix V- 10: Logarithmic function for the correlation b/n Ts & Lat. 
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Figure Appendix V- 11: Power function for the correlation b/n Ts & Lat. 

 

Figure Appendix V- 12: Linear function for the correlation b/n Ts & Lat. 
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Figure Appendix V- 13 Polynomial of degree Two function for the correlation b/n Ts & Lat. 

 

Figure Appendix V- 14 Polynomial of degree Three function for the correlation b/n Ts & Lat. 
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Figure Appendix V- 15:  Polynomial of degree Four function for the correlation /n Ts & Lat. 

 

Figure Appendix V- 16 : Polynomial of degree Five function for the correlation /n Ts & Lat. 
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Figure Appendix V- 17: Polynomial of degree six function for the correlation /n Ts & Lat. 
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Appendix VI: Tabular Presentation for K-th fold Cross validation  

MODEL (K-1) 

Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
1.184027(Ta)  + 

0.5209836(Lat)  +       
15.90056 

35.1 10.076 62.1 62.70934 0.371293351  

23 9.03 45.4 47.83766 5.942200453  

28.6 8.55 55.2 54.21814 0.964045171  

28.8 14.12 55.6 57.35683 3.086437707  

24.3 8.98 50.1 49.35085 0.561227479  

     10.92520416 3.641735 

     SSE MSE 
 

Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
1.189021(Ta)  + 

0.0298045(Lat)^2  
+       17.89865 

35.1 10.076 62.1 62.65921 0.312718162  

23 9.03 45.4 47.67642 5.182082344  

28.6 8.55 55.2 54.08343 1.246719496  

28.8 14.12 55.6 58.08471 6.173779335  

24.3 8.98 50.1 49.19531 0.81846924  

     13.73376858 4.577923 

     SSE MSE 
 

Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
1.192418(Ta)  + 
0.002078(Lat)^3  
+       18.57398 

35.1 10.076 62.1 62.55359 0.205744966  

23 9.03 45.4 47.52966 4.53543115  

28.6 8.55 55.2 53.97594 1.498323845  

28.8 14.12 55.6 58.76553 10.02060832  

24.3 8.98 50.1 49.05452 1.093022689  

     17.35313097 5.784377 

     SSE MSE 
 

Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
0.0213258(Ta)^2  
+ 0.5032276(Lat)  

+       32.0102 

35.1 10.076 62.1 63.35432 1.573319053  

23 9.03 45.4 47.83569 5.932602475  

28.6 8.55 55.2 53.75645 2.083844259  

28.8 14.12 55.6 56.80425 1.450206656  

24.3 8.98 50.1 49.12186 0.956766682  

     11.99673913 3.998913 

     SSE MSE 
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Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
0.0214426(Ta)^2  

+ 
0.0294186(Lat)^2  

+       33.92778 

35.1 10.076 62.1 63.33202 1.517882693  

23 9.03 45.4 47.66973 5.151694795  

28.6 8.55 55.2 53.61754 2.504172364  

28.8 14.12 55.6 57.57845 3.914248052  

24.3 8.98 50.1 48.96175 1.295616374  

     14.38361428 4.794538 

     SSE MSE 

       

Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
0.0215324(Ta)^2  

+ 
0.0020858(Lat)^3  

+       34.58694 

35.1 10.076 62.1 63.24879 1.319720089  

23 9.03 45.4 47.51338 4.46639203  

28.6 8.55 55.2 53.50326 2.878920122  

28.8 14.12 55.6 58.31865 7.391048036  

24.3 8.98 50.1 48.81204 1.658839421  

     17.7149197 5.904973 

     SSE MSE 

       

Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
0.0004916(Ta)^3  
+ 0.4791411(Lat)  
+       37.68958 

35.1 10.076 62.1 63.77594 2.808759449  

23 9.03 45.4 47.99752 6.747117075  

28.6 8.55 55.2 53.28656 3.661261456  

28.8 14.12 55.6 56.19833 0.357999037  

24.3 8.98 50.1 49.04619 1.110516024  

     14.68565304 4.895218 

     SSE MSE 

       

Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
0.0004948(Ta)^3  

+ 
0.0286025(Lat)^2  

+       39.47879 

35.1 10.076 62.1 63.77959 2.821022712  

23 9.03 45.4 47.8313 5.911196312  

28.6 8.55 55.2 53.14489 4.223496656  

28.8 14.12 55.6 57.00112 1.9631242  

24.3 8.98 50.1 48.88515 1.475869696  

     16.39470958 5.464903 

     SSE MSE 
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Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
0.0004974(Ta)^3  

+ 
0.0020594(Lat)^3  

+       40.10056 

35.1 10.076 62.1 63.71661 2.613441938  

23 9.03 45.4 47.66879 5.147414984  

28.6 8.55 55.2 53.02374 4.736091  

28.8 14.12 55.6 57.77994 4.752144859  

24.3 8.98 50.1 48.72902 1.879579353  

     19.12867213 6.376224 

     SSE MSE 
 

MODEL (K-2) 
 

Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
1.078132(Ta)  + 
0.293984(Lat)  +       

21.02634 

31.4 6.06 58.4 56.66123 3.023328624  

31.6 11.595 60.4 58.50406 3.594604865  

20 7.13 37.1 44.68509 57.53352841  

28 7.93 54.8 53.54533 1.574199017  

33 8.733 56 59.17206 10.06195368  

     75.7876146 25.26254 

     SSE MSE 

       

Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
1.079082(Ta)  + 

0.0160089(Lat)^2  
+       22.27133 

31.4 6.06 58.4 56.74241 2.747607128  

31.6 11.595 60.4 58.52262 3.524547585  

20 7.13 37.1 44.66681 57.25665668  

28 7.93 54.8 53.49234 1.709964017  

33 8.733 56 59.10196 9.622152027  

     74.86092744 24.95364 

     SSE MSE 

       

Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
1.078806(Ta)  + 

0.0010443(Lat)^3  
+       22.7578 

31.4 6.06 58.4 56.86471 2.357108751  

31.6 11.595 60.4 58.47601 3.701751426  

20 7.13 37.1 44.71244 57.94930958  

28 7.93 54.8 53.48514 1.728865604  

33 8.733 56 59.05393 9.32647419  

     75.06350955 25.02117 

     SSE MSE 
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Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
0.0191898(Ta)^2  
+ 0.2795667(Lat)  
+       35.88482 

31.4 6.06 58.4 56.49937 3.61239664  

31.6 11.595 60.4 58.28856 4.458168002  

20 7.13 37.1 45.55405 71.47097106  

28 7.93 54.8 53.14659 2.733774115  

33 8.733 56 59.22397 10.3939709  

     92.66928071 30.88976 

     SSE MSE 

       

Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
0.0192277(Ta)^2  

+ 
0.0159499(Lat)^2  

+       36.99474 

31.4 6.06 58.4 56.53822 3.466221642  

31.6 11.595 60.4 58.33912 4.247222804  

20 7.13 37.1 45.49666 70.50395745  

28 7.93 54.8 53.07226 2.985069383  

33 8.733 56 59.15013 9.923312925  

     91.1257842 30.37526 

     SSE MSE 

       

Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
0.0192443(Ta)^2  

+ 
0.0010769(Lat)^3  

+       37.42248 

31.4 6.06 58.4 56.63625 3.110818452  

31.6 11.595 60.4 58.31782 4.335455095  

20 7.13 37.1 45.51054 70.73719683  

28 7.93 54.8 53.04704 3.072880198  

33 8.733 56 59.09676 9.589952063  

     90.84630264 30.2821 

     SSE MSE 

       

Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
0.0004372(Ta)^3  
+ 0.2655755(Lat)  
+       41.04613 

31.4 6.06 58.4 56.19086 4.880320364  

31.6 11.595 60.4 57.9211 6.144927492  

20 7.13 37.1 46.43728 87.1848597  

28 7.93 54.8 52.74956 4.204311924  

33 8.733 56 59.07706 9.468281267  

     111.8827008 37.29423 

     SSE MSE 
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Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
0.0004385(Ta)^3  

+ 
0.0158408(Lat)^2  

+       42.03374 

31.4 6.06 58.4 56.19106 4.879434272  

31.6 11.595 60.4 58.00009 5.759580453  

20 7.13 37.1 46.34704 85.50769634  

28 7.93 54.8 52.65584 4.597425863  

33 8.733 56 59.00022 9.001306187  

     109.7454431 36.58181 

     SSE MSE 

       

Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
0.0004393(Ta)^3  

+ 
0.0011033(Lat)^3  

+       42.41825 

31.4 6.06 58.4 56.26414 4.561915559  

31.6 11.595 60.4 58.00005 5.759756601  

20 7.13 37.1 46.33256 85.2401632  

28 7.93 54.8 52.61195 4.787544346  

33 8.733 56 58.9402 8.644771497  

     108.9941512 36.33138 

     SSE MSE 
 

MODEL (K-3) 
 

Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
1.316699(Ta)  + 

0.6024406(Lat)  +       
10.82999 

19.6 9.63 44.1 42.43879 2.759607441  

20 10.17 47.8 43.29079 20.33296669  

27 9.9 53.8 52.34502 2.116952425  

29.9 12.52 57.1 57.74185 0.411966817  

24.7 5.65 52.5 46.75624 32.99072506  

     58.61221843 19.53741 

     SSE MSE 

       

Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
1.322199(Ta)  + 

0.0303671(Lat)^2  
+       13.50414 

19.6 9.63 44.1 42.23539 3.47676629  

20 10.17 47.8 43.08896 22.19393793  

27 9.9 53.8 52.17979 2.625072437  

29.9 12.52 57.1 57.79795 0.487127463  

24.7 5.65 52.5 47.13185 28.81704462  

     57.59994875 19.19998 

     SSE MSE 
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Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
1.326691(Ta)  + 

0.0019025(Lat)^3  
+       14.34575 

19.6 9.63 44.1 42.04793 4.210977741  

20 10.17 47.8 42.88076 24.19895844  

27 9.9 53.8 52.0124 3.19551073  

29.9 12.52 57.1 57.7475 0.419250685  

24.7 5.65 52.5 47.45816 25.42018444  

     57.44488203 19.14829 

     SSE MSE 

       

Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
0.0226838(Ta)^2  
+ 0.5990459(Lat)  
+       29.50484 

19.6 9.63 44.1 43.98786 0.012575239  

20 10.17 47.8 44.67066 9.792788845  

27 9.9 53.8 51.97188 3.342005879  

29.9 12.52 57.1 57.28444 0.034017636  

24.7 5.65 52.5 46.72861 33.30895549  

     46.49034309 15.49678 

     SSE MSE 

       

Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
0.0227986(Ta)^2  

+ 
0.0305076(Lat)^2  

+       32.19669 

19.6 9.63 44.1 43.78418 0.099742003  

20 10.17 47.8 44.4715 11.07892883  

27 9.9 53.8 51.80692 3.972370772  

29.9 12.52 57.1 57.36094 0.068092235  

24.7 5.65 52.5 47.07977 29.37892865  

     44.59806249 14.86602 

     SSE MSE 

       

Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
0.0228953(Ta)^2  

+ 
0.0019284(Lat)^3  

+       33.07493 

19.6 9.63 44.1 43.59256 0.257497071  

20 10.17 47.8 44.26148 12.52112523  

27 9.9 53.8 51.63673 4.679744484  

29.9 12.52 57.1 57.32807 0.052016424  

24.7 5.65 52.5 47.39093 26.10255643  

     43.61293963 14.53765 

     SSE MSE 
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Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
0.0005048(Ta)^3  
+ 0.5872766(Lat)  
+       35.93381 

19.6 9.63 44.1 45.39019 1.664599089  

20 10.17 47.8 45.94481 3.441718723  

27 9.9 53.8 51.68383 4.478189266  

29.9 12.52 57.1 56.78027 0.102226731  

24.7 5.65 52.5 46.85887 31.82238648  

     41.50912029 13.83637 

     SSE MSE 

       

Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
0.0005077(Ta)^3  

+ 
0.0302144(Lat)^2  

+       38.56509 

19.6 9.63 44.1 45.18983 1.187719007  

20 10.17 47.8 45.75173 4.19540116  

27 9.9 53.8 51.51946 5.200851544  

29.9 12.52 57.1 56.87249 0.051762298  

24.7 5.65 52.5 47.18025 28.29970068  

     38.93543469 12.97848 

     SSE MSE 

       

Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
0.0005103(Ta)^3  

+ 
0.0019261(Lat)^3  

+       39.43568 

19.6 9.63 44.1 44.99812 0.806616033  

20 10.17 47.8 45.54409 5.08912771  

27 9.9 53.8 51.34881 6.008343182  

29.9 12.52 57.1 56.85646 0.059312746  

24.7 5.65 52.5 47.4729 25.27173455  

     37.23513422 12.41171 

     SSE MSE 
 

MODEL (K-4) 
 

Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
1.240437(Ta)  + 

0.2290379(Lat)  +       
16.97975 

28.6 7.07 52.3 54.07555 3.152564141  

29 7.667 52.6 54.70846 4.445589147  

24.5 11.83 51.8 50.07997 2.958486493  

23 13.47 51.2 48.59494 6.786329721  

31.1 8.9 56.2 57.59578 1.948196253  

     19.29116575 3.858233 

     SSE MSE 
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Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
1.237762(Ta)  + 

0.0131594(Lat)^2  
+       17.98961 

28.6 7.07 52.3 54.04737 3.053317619  

29 7.667 52.6 54.65826 4.236415907  

24.5 11.83 51.8 50.15642 2.701346819  

23 13.47 51.2 48.84579 5.542307646  

31.1 8.9 56.2 57.52636 1.759242187  

     17.29263018 3.458526 

     SSE MSE 

       

Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
1.236689(Ta)  + 

0.0008749(Lat)^3  
+       18.39946 

28.6 7.07 52.3 54.07795 3.161103174  

29 7.667 52.6 54.65775 4.234328024  

24.5 11.83 51.8 50.14682 2.733000834  

23 13.47 51.2 48.98157 4.92142986  

31.1 8.9 56.2 57.47727 1.631406591  

     16.68126848 3.336254 

     SSE MSE 

       

Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
0.0220233(Ta)^2  
+ 0.2468166(Lat)  
+       33.71795 

28.6 7.07 52.3 53.47712 1.385615803  

29 7.667 52.6 54.13189 2.346681372  

24.5 11.83 51.8 49.85728 3.774175751  

23 13.47 51.2 48.6929 6.285573967  

31.1 8.9 56.2 57.21577 1.031796277  

     14.82384317 2.964769 

     SSE MSE 

       

Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
0.0219677(Ta)^2  

+ 
0.0149218(Lat)^2  

+       34.70499 

28.6 7.07 52.3 53.41955 1.253402442  

29 7.667 52.6 54.05697 2.12276803  

24.5 11.83 51.8 49.97939 3.314615598  

23 13.47 51.2 49.03333 4.694467029  

31.1 8.9 56.2 57.13432 0.872963009  

     12.25821611 2.451643 

     SSE MSE 
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Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
0.0219433(Ta)^2  

+ 
0.0010345(Lat)^3  

+       35.11743 

28.6 7.07 52.3 53.43176 1.280873857  

29 7.667 52.6 54.03798 2.067793556  

24.5 11.83 51.8 50.00161 3.234208907  

23 13.47 51.2 49.25376 3.787838729  

31.1 8.9 56.2 57.0705 0.757769595  

     11.12848464 2.225697 

     SSE MSE 

       

Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
0.0005007(Ta)^3  
+ 0.2772483(Lat)  
+       39.18837 

28.6 7.07 52.3 52.86172 0.31552828  

29 7.667 52.6 53.52561 0.856744646  

24.5 11.83 51.8 49.83157 3.874700223  

23 13.47 51.2 49.01492 4.774568047  

31.1 8.9 56.2 56.71705 0.267342286  

     10.08888348 2.017777 

     SSE MSE 

       

Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
0.0004993(Ta)^3  

+ 
0.0172954(Lat)^2  

+       40.23149 

28.6 7.07 52.3 52.77645 0.227005822  

29 7.667 52.6 53.42559 0.681600959  

24.5 11.83 51.8 49.99473 3.258998265  

23 13.47 51.2 49.44457 3.081548381  

31.1 8.9 56.2 56.62052 0.176835365  

     7.425988793 1.485198 

     SSE MSE 

       

Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
0.0004988(Ta)^3  
+ 0.00123(Lat)^3  
+       40.67155 

28.6 7.07 52.3 52.77498 0.225605337  

29 7.667 52.6 53.39113 0.625886589  

24.5 11.83 51.8 50.04335 3.085827658  

23 13.47 51.2 49.74658 2.112428024  

31.1 8.9 56.2 56.54268 0.117430331  

     6.167177939 1.233436 

     SSE MSE 
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MODEL (K-5) 

Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
1.160994(Ta)  + 

0.4845478(Lat)  +       
16.72925 

36.9 8.85 64.1 63.85818 0.058478542  

23 9.083 45.4 47.83326 5.920752609  

27.6 6.81 54.4 52.07245 5.417466109  

           

           

     11.39669726 11.3967 

     SSE MSE 

       

Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
1.160745(Ta)  + 

0.0252133(Lat)^2  
+       18.93314 

36.9 8.85 64.1 63.7394 0.130032945  

23 9.083 45.4 47.71039 5.337923506  

27.6 6.81 54.4 52.139 5.112136727  

           

           

     10.58009318 10.58009 

     SSE MSE 

       

Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
1.160480(Ta)  + 

0.0015952(Lat)^3  
+       19.73526 

36.9 8.85 64.1 63.66269 0.191238759  

23 9.083 45.4 47.62167 4.935826533  

27.6 6.81 54.4 52.26831 4.544119124  

           

           

     9.671184415 9.671184 

     SSE MSE 

       

Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
0.0213826(Ta)^2  
+ 0.4866437(Lat)  
+       32.05786 

36.9 8.85 64.1 65.47942 1.902796035  

23 9.083 45.4 47.78944 5.709424121  

27.6 6.81 54.4 51.66031 7.505885006  

           

           

     15.11810516 15.11811 

     SSE MSE 
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Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
0.0213958(Ta)^2  

+ 
0.0257142(Lat)^2  

+       34.2176 

36.9 8.85 64.1 65.36434 1.59854468  

23 9.083 45.4 47.65742 5.095956614  

27.6 6.81 54.4 51.70859 7.243693609  

           

           

     13.9381949 13.93819 

     SSE MSE 

       

Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
0.0214071(Ta)^2  

+ 
0.0016498(Lat)^3  

+       34.997 

36.9 8.85 64.1 65.28869 1.412977037  

23 9.083 45.4 47.55764 4.655422139  

27.6 6.81 54.4 51.82511 6.630035959  

           

           

     12.69843513 12.69844 

     SSE MSE 

       

Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
0.0005088(Ta)^3  
+ 0.4866217(Lat)  
+       37.25786 

36.9 8.85 64.1 67.12831 9.170652639  

23 9.083 45.4 47.86841 6.093070149  

27.6 6.81 54.4 51.26906 9.802797521  

           

           

     25.06652031 25.06652 

     SSE MSE 

       

Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
0.0005096(Ta)^3  

+ 
0.0260897(Lat)^2  

+       39.37567 

36.9 8.85 64.1 67.02312 8.544640793  

23 9.083 45.4 47.7284 5.421430931  

27.6 6.81 54.4 51.29973 9.611658784  

           

           

     23.57773051 23.57773 

     SSE MSE 
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Model Ta Lat Ts Ts hat (Ts-Tshat)^2  

Ts =        
0.0005103(Ta)^3  

+ 
0.0016958(Lat)^3  

+       40.13826 

36.9 8.85 64.1 66.95292 8.139166094  

23 9.083 45.4 47.61784 4.918802217  

27.6 6.81 54.4 51.40267 8.983982373  

           

           

     22.04195068 22.04195 

     SSE MSE 
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