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RESEARCH OF THE RELEVANT TEMPERATURES FOR THE
DESIGN OF PAVEMENT CONSTRUCTIONS ON THE DESERT
ROADS IN LIBYA

Hasan Awadat Salem

ABSTRACT

Asphalt pavements form an important and integrat p& any transportation system. The
structural capacity of the hot mix asphalt conctayers depends on many factors including its
temperature. Moreover temperature can be a majotrilbator to several types of distress.
Therefore temperature is a significant factor tatiects the performance and life span of a
pavement.

The Libyan road network expanded at a phenomenz@ fram approximately 10,000 km of
paved roads in 1980 to more than 34,000 km in 20h@. study area is located in the southern
desert region of Libya at latitudes between (2441 &nd (30°11'N). With the recent SHRP and
LTTP research findings, it was necessary to ingasti the applicability of the models developed
from these research studies to the study areamrsgenvironmental conditions and more
generally to the rest Libya desert reigns.

This research presents the investigations undertakelevelop models to predict high and low
asphalt pavement temperatures in study area reglopavement monitoring station was set-up
at the regions to monitor air, pavement temperatunedifferent depth, wind speed and solar
radiation. Data were collected for 365 days.

Daily minimum and maximum temperatures were reabrd®egression analysis was used to
develop the minimum and maximum pavement tempe¥ahgadels, using air temperature, wind
speed and solar radiation.

This research presents a new model for predictiagimum and minimum of pavement layers
temperature based on data collected by installedrpant monitoring station.The study area was
divided into different “performance grade zones”zones with different extreme temperatures
for bitumen “PG” gradation - on the basis of pirews 10 years temperature data collected from
10 weather stations. Also a temperature and “R@Hing map has been proposed to be
implemented in the Libyan desert area.

Keywords: pavement, temperature, predicting, asphalt, SHRPP, PG, Libya



NCTPAXKUBAILE MEPOJABHUX TEMIIEPATYPA 3A
HPOJEKTOBAIBE KOJTOBO3HUX KOHCTPYKIINJA
HYCTUIBCKUX ITYTEBA Y JIMBUJHU

XacaH ABaI[aT Caaem

PE3UME

AcantHu KOJIOBO3M YMHE BakKaH, MHTETPAIHM JIEO CBAKOT TpaHCHOpTHOr cucrema. HocuBoct
ciojeBa o]l acaidTHUX MeIIaBUHA 3aBUCU Of BHIIEe (akropa, yKbyuyjyhu Ttemmepatypy.
[TaBuie, Temneparypa acanra Moxke OUTH I1aBHU (PakTOp KOJ pa3Boja HEKuX omrehema na
3aTO MMa BEJIMKHU yTHIIA] HA TepdOpMaHce U KUBOTHH BEK KOJIOBO3a.

Mpexa nuOWjcKUX TyTeBa ce pas3Bujana BesukoM Op3umHOM onx oko 10 000 km myreBa
cacaBpemenuM 3actopoMm 1980.Tonune nosumie ox 34 000km y 20100j rogunu. Ctyauja je
cnpoBeneHa y JInOujckoj mycTumH, y jyxHoM aeny Jlubuje, Ha reorpadckum mupuHama umely
24°17'Nu 30°11'N. Mopene pa3BujeHe y OKBUPY UCTpaxkuBaukux nporpama SHRPwu LTPP
Oni10 je mMoTpeOHO MPOBEPUTH y aMOUjEeHTAIHUM YCIOBUMA KaKBH Cy y HOJpy4jy oOyxBaheHoM
CTYZI1jOM, OZJTHOCHO F'€HEpaJIHO, Y IyCTUICKOM aeny JIubuje.

OBaj UCTpaKUBAYKHU MOIyXBAT YNHE UCTPAKUBAA CIIPOBE/ICHA Y IIHJbY (GOpPMHpama MOJIeNa 3a
npenBularbe BUCOKMX M HHCKHX TeMIeparypa ac(ajiTHOr KOJIOBO3a Y NMPEIMETHOM PErHOHY.
VYcrocTaB/beHe Cy MOHHTOPCKE CTaHHWIle 3a mnpahiele Temieparype Basjayxa, TeMIleparype
KOJIOBO3a Ha pa3jMYUTUM JyOuWHama, Op3WHE BeTpa M CYHYECBOT 3pauema. [lojamu cy
MPUKYIJbeHH 3a 365 1aHa.

CHumJbEHE Cy MakCUMaJlHE M MHHHMMAjHE [HEBHE TEMIIepaType a 3aTUM je W3BpIIeHa
perpecroHa aHajau3a 3a MOJEIHpake MAaKCUMaJlHE U MUHUMAJHE TeMIlepaType KOoJoBO3a Ha
OCHOBY TeMIIepaType Ba3ayxa, Op3uHEe BETpa U CYHUYEBOI3paucHha.

HcrpaxxuBameM je (GOpMHpaH HOBH MOJEN 3a IpenBubhame MHUHUMATHE W MaKCHMAalHe
TeMIlepaType y CIJIOjeBHMa KOJIOBO3HE KOHCTPYKIIMj€ 3aCHOBAaH Ha IOJAlMMa MPUKYIIJbEHUM
noMohy MOHUTOPCKUX cranuna. [Toapydje koje je 610 npeaMeT UCTPaKHUBaba, MOJIEJLEHO j€ Ha
10 "PG” 30Ha —npeMapa3InuyuTHM €KCTPEMHUM TemrepaTrypama 3a PGrpaganujy 6urymena —
Ha OCHOBY JIECETOTOAMIIIMX IMoJaTaka NpuKymbeHnx ca 10 ximmaronomkux cranuia. Ha
Kpajy ce Ipeajiake Mara ca TeMnepaTypHuM, ogHocHo "PG”  3onama JIuOujcke nyctume.

Kibyune peun: Koj0B03, TeMIieparypa, npeasuhame, achanr, SHRP, LTPP, PGJutuja
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Chapter 1 INTRODUCTION

Asphalt pavements form an integral part of anydpamtation system. The structural capacity of
the hot mix asphalt concrete layers depends on nfaotors including its temperature.

Temperature can also be a major contributor to raévigypes of distresses. Therefore,
temperature is a significant factor that affectsplerformance and life span of a pavement.

The Libyan road network expanded at a phenomerta fram approximately 1500 km of paved

roads in 1970 to morethan 34,000 km in 2010. Pthsehe road construction program is still

under way in all regions of Libya. The main funatiof these roads is to connect the cities,
towns and villages as possible throughout the cgust; it is necessary to have roads with
excellent pavement from structural and functior@ahpof view.

The road network density is generally satisfacttrg,total length of Libya's paved road network
is about 34,000 km (2010), of which about 15,000rkain roads, the secondary and agricultural
road network is about at 18,000 km.

The unpaved network is about 3,000 km long, theralso a network of seasonal tracks about
50,000 km. Figure 1.1 shows Libya's road netwotle Tiighway network is classified into four
main roadway types:

» Expressways: Roads arteries outside municipal bstdiking the cities and regions with
two carriage ways and at least four lanes (twodamwanore in each direction).

* Main roads: Roadways linking cities and regionsserving cities within municipal
boundaries, there are single carriageway roadgdod paved standard or dual carriage
ways with two lanes in each direction.

» Secondary roads: These link district centers alagés.

» Agricultural roads: Roads linking agricultural laadd farms with markets.

Two main strategic highways have been planned foyd's road network. One of them, the
North-South highway, is almost completed. The otktte East-West highway, which will run
from the Tunisian border up to the Egyptian bordEnis is a two-lane highway in each
direction;it is fully access controlled with a sgeémit of 130 km/hour. It is planned up to
international standards and will be part of the Mat highway, which runs from Morocco to
Egypt as well as being part of the Mediterranea gystem.
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Figure 1.1 Libya's road network. (Source Ezilionpsja

1.1 Background

A significant factor that affects the performancel dife span of a pavement is the influence of
temperature. Temperature can contribute to cectaammon types of asphalt pavement distresses
such as permanent deformation or rutting (typicallgsociated with high temperature
environments), bleeding, and thermal cracking @ased with low temperature environments).
The Strategic Highway Research Program (SHRP) lested the Long-term Pavement
Monitoring Program (LTPP) program in 1987 to sup@obroad range of pavement performance
analyses leading to improved engineering tools é@sigh, construct, and manage pavements
(Diefenderfergt al. 2002).

The Seasonal Monitoring Program (SMP) was estaddisas an element of LTPP in 1991 to
measure and evaluate the effects of temperature madture variations on pavement
performance and validate the available models (Mohd 998; Diefenderfeet al. 2002). From
the initial SHRP testing and SMP data, several pere temperature models were developed to
assist in the proper selection of the asphalt bigsgformance grade (PG) (Mohesni, 1998;
Mohesni and Symons, 1998a; Mohesni and Symons,bl199&anen, 1998; Diefenderfest al.
2002). Solaimanian and Kennedy (1993) proposednatyiécal model based on the theory of
heat and energy transfer. Shaal. (1997) also developed a procedure based on reaefer
theory to estimate pavement temperatures. Regresstalels based on other sets of data were
developed (Bosschet al. 1998; Marshalkt al. 2001). A simulation model was developed to
calculate temperatures during summer conditionsdas the heat transfer models developed by
Solaimanian and Kennedy (Hermansson, 2000 and Zefenderfergt al. 2002).



Al-Abdul Wahhab et al. (1994) conducted a studywo regions in Saudi Arabia to manually
measure pavement temperatures in different pavesestions. The study concluded that the
extreme pavement temperatures in arid environnaergead between 3 and 72°C, while in coastal
areas, the temperature ranged between 4 and 6&°&hother study, Al-Abdul Wahhadt al.
(1997) recommended five performance graded bindeez for the whole Gulf area. The study
also proposed modification of the currently usaalbrs to suit the proposed grades.

Libya as well as the desert area, in generalsgsses a different environment from that of
North America and the Gulf area. The applicabitifthe recent SHRP and LTPP developments
in the United States to Libya's or the desert areavironmental conditions needed to be
evaluated.

The Strategic Highway Research Program (SHRP), wtrd in the United States and Canada
between 1987 and 1992, resulted in a new appraaabphalt mix design (Superpave). The new
approach includes a grading system dsphalt bindercalled performance grading (PG), that
proposes a two-number system intended to insutethieaproper asphalt binder is used with
resistanceto pavement rutting in hot temperatures$ &ith resistance to cracking in cold
temperatures. The two numbers in the new appragutesent the expected maximum high and
minimum low asphalt temperatures, based on local clintta for the hottest and coldest times
of the year.

A significant number of departments of transpootatacross the United States and Canada either
have already implemented, or are in the processmplementing, the Superpave design.
However, implementation of Superpave raises questwith respect to pavement temperature
estimations since the new performance grading ndefilmoasphalt binders appears to modify the
asphalt operational temperature range, and thakefulimits availability of asphalt that meets
the prescribed criteria. One concern associateld this implementation is the cost since both
asphaltic cement and aggregate costs may be High8uperpave mixes due to limited sources
or increased processing than for normal agency dasgigns. Also, performance grading
requirements either may require modifications ie #sphalt or simply further constrain the
available crude oil sources. In either case, the& ob asphalt may increase by as much as 30
percent over conventional agency implementationse Superpave performance grading
requirements for lower asphalt layers - including binder and base courses, and the appropriate
binder selection for hot mix asphalt recycling, I€alor a detailed understanding of the
temperature profile in pavements.

1.2 Study area

A pavement monitoring station was established gittestations in the Libyan desert to monitor
air, pavement temperatures, wind speed and salati@n. Table 1.1 shows the weather station
locations and climaticregions. Data were colledt#d365 days. Daily minimum and maximum



temperatures were recorded. Regression analysis used to develop the low pavement
temperature model. Stepwise regression was usdevielop high temperature models using air
temperature, solar radiation, and duration of s@édration as independent variables.

Table 1.1Weather station locations and climateoreg)i

Location | Climatic | Latitude & Elevation Max Min Precipitation
Region Longitude temp temp (per year)
Kufra Desert 24°13'N 435 m 46 -5 1 mm
23°18'E
Ghadames Desert 30°08N 360 42.5 2 2mm
9°30 E
Brak Desert 27°32' N 349 46 -2 2mm
14°16'E
Ghat Desert 24°59'N 710 48 -2 0.5mm
10°11'E
Wuddan Desert 29°02'N 288 45 1 1mm
16°00'E
Awbari Desert 26°46'N 468 46 -3 0.5mm
12°57'E
Al Qatrun | Desert 24°56'N 479 48 -2 0.5mm
15°03'E
Ojalah Desert 29°0 49 42 2 1.5mm
21°33 E
1.2.1 Climate

The Mediterranean and the Sahara together havega iiafluence on the climate. The Greek
historian Herodotus wrote, in the 5th century BAR&:the higher parts of Libya, it is always
summer’, and this is still true. Along the coastréhis a Mediterranean climate with hot summers
and mild winters. Tripoli has an average winter penature of 14°C. In early summer
temperatures reach 30°C, with high humidity. InyJahd August the temperature can reach
40°C. From October till March, rain falls along theast.

The highlands, such as Jebel Algarbi and Jebel &khake generally cooler. In winter, the
temperatures sometimes fall below freezing. Sndlg teccasionally; Jebel Algarbi was snow-
covered in 1994. In the interior, the climate beesrdryer, and the desert is extremely arid.

Temperatures can reach 50°C in summer, and nighttemperatures drop drastically. On the
coast, the wind usually blows from the northeastarth, hot in summer and colder in winter. In
spring and fall, a hot, dry, dust-laden wind caligubli blows over the country. This south wind



lasts from one to four days, and the dust stormssandstorms it raises often affect the countries
north of the Mediterranean. The winds have erotied_ibyan mountain ranges, as exemplified
in the Tibesti Mountains.
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Figure 1.2 Map of Libyan climate (Sourdsgtp://fanack.com/en/countries/libya/basic-
facts/geography-and-climaje/

Libya is located in a hot and arid climatic regioharacterized by high variation in daily
temperatures, high solar radiation, low humidioyy lprecipitation,wind and dust storms (Table
1.1). Asphalt pavement roads are the main and smiyce of the Libyan overland transportation
system for most passengers and goods. Though #igndée for Libyan roads is 20 years, the
harsh climate leads to rapid deterioration and g¢ediservice life. The tendency for the asphalt
binder to harden and age under atmospheric infegehas been known and studied for many
years. High solar radiation with the presence ofgex accelerates and increases the physical,
chemical, and photochemical processes in the adphder.The pavement in midday of summer
season can be heated by solar radiation to more TBaC, but it may cool down in some
extreme cases to freezing temperatures during .nighs swinging and fluctuation of solar
radiation and temperatures induces thermal streasds causes fast aging in the asphalt
pavement layers. Therefore, thermal cracking besaar@oblem.



1.2.2 Pavement temperature prediction

Flexible pavements comprise a majority of the primtaghways in Libya. These primary roads
are subjected to heavy loading that can causefisigmi damage to the hot-mix asphalt (HMA)
pavements. As HMA is a viscoelastic material, ttrectural or load-carrying capacity of the
pavement varies with temperature. Thus, to detegnmirsitu strength characteristics of flexible
pavement, it is necessary to predict the tempegadistribution within the HMA layers. The
majority of previously published research on paveihemperature prediction has consisted of
predicting the annual maximum or minimum pavemamgerature so as to recommend a
suitable asphalt binder performance grade.

To determine the pavement temperature profilejrtii@ence of the air temperature and seasonal
changes must be understood so that the effectsatiinig and cooling trends within the pavement
structure can be quantified. Recent investigatizaage shown that it is possible to model daily
pavement maxima and minima temperature by knowimg maximum or minimum air
temperatures, the depth at which the pavement textyse is desired, and the day of the year of
appearance of extreme temperatures at a partiogktion. (Diefenderfer, 2002).

1.3 Problem statement

Previous research has investigated prediction wémpant temperatures mainly due to changes in
air temperature for pavement design purposes. Hemydtie equations predicting pavement
temperature from air temperature has been baseshidy theoretical and experimental studies
performed worldwide, but not covering desert arde ILibiyan Desert, with its particular
climate conditions.

The current asphalt binder specifications in Lilaya based on the bitumen Penetration Grade:
penetration test is performed af@5Penetration is an empirical measure of the stersty that is
used as an empirical indicator of the rutting aattfie susceptibility of asphalt binder, and is not
related to pavement performance. The new approasiojved through SHRP Investigation
program, with Superpave method for asphalt mixtlegign, has include number of parameters for
ambiental impacts on pavement, with detailed anaysemperatures. But model is under the
guestion for implementation in special desert areas

1.4 Methodology

Eight climatic regions of Libya's desertarea welentified for this research. These are located
between 18 and 29latitude, with dimensions nearly 1500km * 900km and includerfra,
Ghadames, Brak, Ghat, Wuddan, Awbari, Al Qatrun@jadah.



Eight stations, one representing each of the clowagions, were chosen and the weather data
for each location were obtained from the Libyan ibfal Climatic Database Center. The
weather data included10 years of daily maximum amdimum temperatures, daily average
percent sunshine, daily average rainfall, and darlgrage wind speed for each location.

A monitoring station was set-up to collect dataaantemperature, wind speed, solar radiation
and pavement temperatures at various depths. Tdieseine was mounted on an instrumentation
tower. The data logger was operated by a solaeiyatt

For this study, the sensors (HUATIO S300 ) SERTEBMMPERTURE DATA LOGGER was
used to record temperatures of different depthasphalt pavement in different locations.S300
Series temperature humidity logger HUATO Digitaihpeerature and humidity logger is widely
used in the engineering purposes medical induggctronic industry, food industry, the
transport industry, the meteorological industryxtite industry, HVAC refrigeration, file
management, agricultural research, biochemistratatvell as hospitality industry and food and
beverage business. Table 1.2 shows the technpadifation of data logger and the figure 1.3
presents the picture of data logger.

Table 1.2Technical Specification of data logger

Temperature accuracy +0.3C
Humidity accuracy *+ 3%
Recording volume 43000

Temperature measurement range  -40-85C
Logging interval 2S-24H
HUATO

Figure 1.3 Temperature Data Logger Picture (sollteATO Company General Catalogue)



Data were analyzed using the statistical packagtas8ta 12 (StatSoft Inc., Tulsa, OK, USA),
university license for Novi Sad University.

Table 1.3 The structures with layer thickness afiehs that temperatures were recorded by
sensors.

Station Material Wearing Binder Base Natural
Name Designation course course course subgrade
(cm) (cm) (cm)
Kufra AC 5 9 20
Ghadams AC 5 9 20
Brak AC 5 9 20
Ghat AC 5 9 20
Wuddan AC 5 9 20
Ubari AC 5 9 20
Algatron AC 5 9 20
Ojalah AC 5 9 20

1.4 Obijectives of research

The objective of this research is to develop a rmtmldetermine pavement temperature from air
temperature for special desert conditions. This ehstiould accurately describe the effects of
seasonal variation on pavement temperature in tdeseditions and be able to accurately predict
temperatures within the HMA layers. To achieve,tttie following needs to be accomplished:

» Study the relationship between air temperature panement temperature at several
depths within the pavement;

» Develop a regression equation to predict tempezanatr several depths within the
pavement based on air temperature;

* Quantify the effects of seasonal variations andep@nt location on pavement
temperature using parameters such as date or ismlation to develop a predictive
model;

» Develop a PG MAP (Performance Grade Map) of Libyaésls located in the desert area,
determine the PG of bitumen used in Libya, and mekemparative study between PG
Map and bitumen used up to now in the study area.

The overall objective is to improve the design aadstruction of roads in Libya through:

» Defining zones in Libya's desert areas with a déffié climate (temperature);
» Determining a model of temperature propagation ugho pavement and correlation

between air temperature, road surface temperataréise characteristic depth (in the
individual layers);



» Defining the recommended design temperature forintdeidual layers of asphalt and
some desert areas and linking these data withppepriate type of bitumen with the PG
gradation;

 Mapping Libya's desert areas and dividing them iatmnes designated by the
recommended applicable temperature (i.e., the meduperformance of bitumen and
asphalt mixtures).

1.5 Research Hypotheses

The general hypotheses in this research:

For desert areas, such as the Sahara regionhexmsbtdels for pavement “project temperatures”
prediction are not very reliable, and could be iowed through investigations with well-defined

procedures and appropriate assumptions and ingttatan, using in field measurements and
existing climate data for the Sahara region. Thaul¥ be the basis for reliable temperature
model development and PG mapping (according PGmieitugradation) of the Sahara desert
area.

1.6 Scope of research

To achieve the objectives of this study, researahb performed as part of the ongoing studies for
recording air and pavement temperatures in Libgatrimentation was installed to allow for
guantitative measurement of the pavement resparséocambient environmental conditions.

This thesis is organized as follows: Chapter 2 gness a theory of temperature and radiation
influences on a flexible pavement and presentsiqusely developed pavement temperature
prediction models (STATE OF THE ART). Chapter 3adses the environmental monitoring
portion of the research conducted on the LibyandRéatwork. Details of pavement temperature
research are given. Chapters 4 and 5present ddtareatysis. Chapter 6 presents the summary
and conclusions of the research, and Chapter vsaféeommendations for further study.



Chapter 2 BACKGROUND

To develop and calibrate the pavement performamzk tamperature prediction models of
pavement, it is necessary to know the availablehots used for pavement temperature
evaluation models and prediction. The approachesl @isr pavement temperature prediction
models are summarized in this chapter.

2.1 Pavement Temperature Prediction Models

Roadways constructed using hot-mix asphalt (HMAQ eomplex to characterize in terms of
their in-situ performance due to the nature ofrttaerial. HMA is a viscoelastic material; that is

it exhibits the properties of both a viscous andekastic material. At low temperatures, HMA
acts as an elastic solid where low amounts of eggirain are recoverable and thus permanent
deformation is not likely to occur until this lowrain limit is surpassed. However, at high
temperatures, HMA acts as a viscous fluid in whtied material will begin to flow with an
applied strain. These variations in temperaturatedl performance show why it is important to
consider the in-situ properties of HMA during ibbratory evaluation.

The temperature within a section of pavement vatiesto several factors. The most important
is ambient temperature. Next is solar radiationpéeglly during the summer months).
Following these, in lesser significance are wineesp and relative humidity. The ambient
temperature will vary with season and locationaBohdiation is an important factor to consider
when trying to describe or predict the pavementpinature profile. As the earth revolves about
its axis of rotation, different areas of the plaregteive differing amounts of radiation. During the
summer months, this radiation is greater due tofélcé that the surface of the earth at that
location is closer to being perpendicular to the twan during the winter months. In addition,
there are seasonal effects that must be considBrgthg the summer months, the temperature
of the ground will tend to increase (even at depghgo 1m) and this heat can be conducted to
upper layers following the first law of thermodynam Thus, seasonal effects are nearly as
important to consider as daily environmental flattons. (Diefenderfer, 2002)

Extensive research on flexible pavement predictioodels has been carried out in many
different climate areas of the world. Pioneeringeaach in the field of asphalt pavement
temperatures was done by Barber (1957). Barbemptesl to correlate pavement surface
temperatures and temperatures at 3.5in depths statidard weather report information. The
weather parameters used were wind speed, prempitair temperature, and solar radiation. The
pavement was considered to be a semi-infinite nmasentact with air. Baber (1957) observed
that pavement temperature fluctuations measuredybla Valley, Vir, roughly followed a sine

curve within a period of one day. The research gtbthat when solar radiation was included in
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the analyses with air temperature, the sine cupgraximation provided estimates of asphalt
surface temperatures. (Yavuzturk and Ksaibati,2002)

Straubet al. (1968) studied asphalt pavementseémtithern climate of New York. The study
considered both 6 in and 12 in thick dense gradecement at various depths. A computer
model was developed to predict pavement temperdiased on air temperature and solar
radiation. The study showed that surface temperahgasurements must be made at the surface
to achieve a good correlation with solar radiati@teived at the site. Straub stated the
temperatures at various depths of an asphalt paveane independent of the thickness of the
flexible pavement. He indicated that solar radiatiad greater effect on surface temperatures
than air temperatures.

Southgate and Deen (1969) developed a method o$taty pavement deflection measurements
to a reference mean pavement temperature usingeaddly air temperature history. A linear
relationship was found between pavement temperatarea given depth and the sum of the
surface temperature and the five-day mean air testyme history. A model validation was
performed using data from Arizona and New York.

Rumney and Jimenez (1971) conducted a study ofnpamnetemperatures in the southwest
United States, near Tucson, Ariz. In this hot deskmate, maximum pavement temperatures
are a main concern to pavement engineers. Reseanaleee looking for a practical tool for
predicting maximum surface temperatures. The statlgcted pavement temperatures at various
depths, as well as corresponding surface temperatu rate of incident solar radiation. From
this data set, correlations were developed thatigterd pavement temperatures for a given set of
air temperatures and solar radiation intensitiets $f curves were developed for pavement
temperatures at 2 in and 4 in depths.

Pavement temperatures are of concern for pavenmgineers in many climates worldwide. In
South Africa, the primary consideration is the maxn pavement temperature in the upper
levels of pavement. Williamson (1971) developed adeh adapting a FORTRAN V. This
model used finite-difference techniques to pretkchperatures at various depths over a short
period of time, usually a day. Inputs for the monheluded climatic parameters as well as the
thermal properties of the pavement. A series ofisigity analyses was performed investigating
the impact of the radioactivity of the pavementenal, pavement density, and possible errors in
the measurements of incident radiation, initial pemature boundary conditions, and air
temperature. This study showed that variation hepitems, such as emissive power, convection
coefficient, and thermal conductivity, had margirfects on temperature. In addition, the
model was validated using case studies. Data fatetnealidation was collected from8 in thick
asphalt pavement and a Portland cement concretenmnt section in Pretoria. Actual
temperatures and predicted temperatures were ¢lodesus time for various 24-hour periods.
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The results showed a good correlation between giextland measured temperatures. However,
neither precipitation nor humidity effects were simiered in the model. Also studied were the

differences in temperature of pavements paintedemtarsus naturally colored asphalt pavement
and surface temperatures of cement treated baseéha sheltered from direct sunlight versus

those exposed.

Christson and Andereson (1972) investigated theorese of asphalt pavements to low

temperature climatic environments. A computer maslas developed that used a numerical
finite difference method to predict the thermalineg in pavement systems. Christson and
Andereson used a one-dimensional, transient apiproa@ homogeneous pavement to solve
resulting energy balance equations with an impliegtheme. Input variables were the

meteorological data, such as the air temperatoter sadiation, cloud cover and wind velocity,

structural and physical properties including thergetry of asphalt pavements and thermo-
physical properties of asphalt materials. Comparisetween predicted temperatures throughout
the asphalt pavement and measured temperatureseghexeellent agreement at the Alberta,
Canada test site. (Yavuzturk and Ksaibati, 2002)

In Norway, Noss (1973) studied pavement tempersatrglated to frost penetration in subgrades.
Using weather and pavement temperature data cadleett the Vormsund Test Road,
multivariate regression analyses were performedptedict the difference between air
temperature and pavement temperature during coitersi. This boundary condition could then
be used to calculate frost depth. The parametetaded in regression analyses were 30-year
mean air temperature (i.e., normal air temperatusddtive difference between the normal air
temperature and the recorded temperature, preogoifavind velocity, cloud cover, relative
humidity, and absorbed global radiation at the atef Regression coefficients were calculated
for various months.

Berg (1974) investigated the accuracy of individaglnce components and total energy balance
at the surface of pavement sections constructed Ratrtland cement concrete. Experimental
data were obtained from a section located at Labdegional Airport in Lebanon, N.H. The
surface energy balance approach included heatféraahse to incident and short reflected short-
wave radiation, long-wave radiation emitted by taenosphere and the earth’s surface,
convection, conduction into the air and ground pevation and condensation on the surface, and
infiltration of moisture into the ground. The studgncluded that a surface energy balance
approach was not sufficient to estimate frost d&raavtdepths within 15% of measured depths.

Wilson (1975) used data collected from four pavensections laid next to the Alconbury By-

Pass in the United Kingdom. The study also consttieolar radiation for cloudless skies. Data
collected on one such rare day were compared tprddicted values. Since published values for
solar radiation and the thermal properties of tieepent material were used, the model yielded
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results with limited accuracy. In addition, an engail approach was tried. In this study, daily
pavement temperatures were represented as sin@funtemperature variation with depth was
accounted for by applying a factor that reducedaimplitude of the sine curve with increasing
depth. The method provided the greatest accuraggglthe warming period at the surface, but
had decreasing accuracy with increasing depth.

Dempsey et al (1987) developed a climatic databasthe State of Illinois. This database was
derived from weather station records in 23 locaionand near the state. Maps were developed
showing areas of equal percent sunshine and wiaddspA table of average weekly high and
low air temperatures was also produced. Using tleiw database, combined with the heat
transfer model developed years earlier, several applications could be made. In one
application, pavement temperatures were computéd the heat transfer model and climate
data. A regression analysis was run to establisgtlagionship between pavement temperatures
and Mean Monthly Air Temperatures (MMAT). This infioation could then be used for
selection of the proper asphalt concrete modullisevim be used in pavement design. The heat
transfer model together with input from the climatatabase produced the dependency of
pavement temperatures on MMAT which compared veetiublished correlations by the Asphalt
Institute. The new tools also were used to praeiciperature profiles in PCCP for a given date,
time, and location. (Yavuzturk and Ksaibati, 2002).

Wolfe et al. (1987) suggested a “simple” predictmethod based on heat transfer equations to
determine the cooling rate of a freshly laid asphahat under a given set of environmental

conditions. The method was developed to help pawmemegineers decide whether to proceed
with construction on a daily basis. Research irtditdhat the cooling rates of mats of sufficient

thickness can be slow enough to permit satisfactmmypaction even under rather adverse
weather conditions and temperatures.

Huber et al. (1989) adapted a computer programinaily created to predict long-term
permafrost thawing over a period of years. The $aafuthe research was to develop methods for
the prediction of pavement thaw onset so that itme @llowable for use of heavy trucks for
logging during the winter could be maximized.

Hseih et al. (1989) developed computer models faedipting temperatures in concrete
pavements and rain water infiltration into soil asub grades due to weather changes. The
models use an implicit finite difference scheme #maploys spatial factorization to implement
the solution as an alternating-direction impliagsence. The model utilizes a series of TMY
(typical meteorological Year) weather databasesapeng to various climate conditions. The
significance of the study is that a three-dimensiamumerical modeling approach was used
coupled with moisture diffusion into pavement. Axperimental validation of the model was
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attempted using data from sunny and cloud coveagd th Miami and Orlando, Fla. (Mohseni,
1998).

The advent of the SHRP steered research in alglidifterent direction. The performance-type
specifications developed for asphalt cements reduihat a certain grade of asphalt binder
perform over a given range of temperatures. Foepent engineers, knowing the upper and
lower temperatures a pavement would be exposedetanhe important. Solaimanian and
Kennedy (1993) made an effort to develop a simpdg Yor pavement engineers to determine
these critical temperature extremes. Their studjcated that the difference between maximum
pavement temperatures and maximum air temperatass function a of latitude. A parabolic
equation was developed that describes this relstip well. Using a known value of latitude,
the maximum expected surface temperature could pprogimated. The study also
recommended using the lowest expected surface tatope as the lowest expected pavement
temperature for design. A third order polynomiatadlary equation was suggested to predict
pavement temperatures at various depths (Bosstlatr, €998; Lukanen et al., 1998; Mohseni
and Symons, 1998a and 1998b).

Another study to predict effective asphalt layenperatures was conducted by Inge and Kim
(1995), who developed a database approach for dtimation of asphalt concrete mid-depth
temperature. The method represents improvements the AASHTO method for the
temperature correction procedure deflections i diatemperatures for the previous five days
are not needed, allowing quicker computations. Adldially, the heating and cooling cycles of
asphalt pavements are taken into account. Therodsaéso studied an alternative temperature
prediction model known as the BELLS equation tddaiké temperature prediction at one-third
asphalt depths (Liaoet al., 2008).

Lukanen et al. (1998) suggested a probabilistichogktfor asphalt binder selection based on
pavement temperatures. The study developed an ieaiparediction model based on simple
regression analysis to relate the seven-day avérigheair temperature to the seven-day average
high pavement temperature. The analyses used data $HRP obtained in Canada and the
United States as well as data from LTPP-SMP. Teatper prediction of the empirical model
was compared to existing prediction relationshipsluding an asphalt pavement heat flow
model (Mohseni, 1998).

Mohseni (1998) proposed revisions to the SHRP pedoce grading system for asphalt
selection, specifically for low temperature apgiicas. The study, based on data from the LTPP-
SMP, presents a revised model for determining tive &dnd high temperature component of
Superpave performance-based binders. The study aresipexisting models and resulting
performance grades with the proposed approach. wEwéhe temperature limits used for the
PG binder specification are pavement temperaturdsnat air temperatures. Thus, expressions
were developed to determine the pavement temper&tom the air temperature. The current
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expression used for the PG grading is given in ggus below and it is referred to as the SHRP
models. (Mohseni, 1998).

Bosscher et al. (1998) conducted a study on sixstgions on US-53 in Trempealeau County,
Wis., by using different performance-graded aspbialtlers to validate the superpave pavement
temperature algorithm and the binder specificatlonits. The analysis was focused on
development of a statistical model for estimatiérioww and high pavement temperatures from
meteorological data. The model was compared tetiperpave recommended model and to the
more recent model recommended by the LTPP proghdthough the temperature data analyses
indicated a strong agreement between the new tgtatisnodel and LTPP model for the
estimation of low pavement design temperatures, RL-Ténd superpave models both
underestimated the high pavement temperaturesr atemiperatures higher than °80 The
temperature data analyses also showed that thersigmificant differences between standard
deviation and air temperatures and the standaraititmv of pavement temperatures. The study
raised questions about the accuracy of the reliplektimates used in the current Superpave
recommendations (Yavuzturk and Ksaibati,2002)

Maintenance decision support system (MDSS) rese@vtdhoney and Myers 2003; Pisano,
Stern, and Mahoney 2005) has shown that prediatingther and road conditions requires
weather data at an hourly resolution to properlharabterize rapidly changing conditions
associated with sunrise, sunset, frontal passages precipitation episodes. Road temperature
models are particularly sensitive to the solar eyels road temperatures rise and fall quickly at
dawn and dusk, respectively. The temporal resalutibweather model data provided by the
NWS is only three hours. Therefore, anyone usiegstandard NWS models will only be able to
provide forecast information at this temporal re§oh. They may provide hourly output by
interpolating, but the true resolution will remdimree hours. It is likely that the NWS will
eventually disseminate selected weather paramatdrsurly resolution, but the timeframe for
this is unclear.

Liao et al. (2011)developed a temperature prediatimdel for flexible pavement of freeways in
Taiwan. Using thermocouples embedded at 20-mmrdistan depth, temperature profiles were
determined for 24-hr periods covering seasonalatians. Pavement temperature predictions
made by the BELLS model revealed that, at paverganperature higher than 4Q the model
tends to underestimate pavement temperatures. dawimg] the climatic characteristics in
Taiwan, the air temperature at testing time is usdtle model. Also, a single sine function on a
24-hr clock system is used to simplify the predigtiequation. The proposed pavement
temperature model shows a good correlation betwesssured and predicted temperatures and
has a coefficient of determination around 0.92.

Mati¢ et al, (2011) formulated new models for predigtminimum and maximum pavement
surface temperatures in Serbia using regressioateqs, in dependence on the ambient air
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temperature. Furthermore, model validation has bemmducted. Based on the correlation
coefficient, standard model deviation and the maasolute error (MAE) and standard deviation
of error (SDE) between measured and predicted panetemperatures, they concluded that the
models predict pavement surface temperatures wdltlzat they can be utilized for calculations
in analyzing air temperature influence on a paversgncture.
On validating the model for pavement temperaturedigtion according to the Superpave
methodology and in relation to the measured tentpess, the conclusion is that the model does
not predict pavement temperature with adequateracgu
The model predicting maximum temperatures in theepeent surface was presented by the
following equation:

Yp,max = 0,065567 + 1,268887 - Xa, max. (2.1)

Standard model deviation is 3,0016. Correlatiorffament is 0,972651.

The model predicting minimum temperatures in theepgent surface was presented by the
following equation:
Yp, min=0,318933 + 1,10967 - Xa, min. (2.2)

Standard model deviation is 1,8569. Correlatiorffament is 0,980397,

where

Yp,max = predicted maximum daily surface pavement teatpee (°C);
Xa,max = measured maximum daily air temperature (°C);

Yp, min = predicted minimum daily surface pavement temjpeea°C); and
Xa,min = measured maximum daily air temperaturg.(°C

Yuan Xun Zheng et al., 2011, Advanced Materialsedesh, 243-249, 506presented a kind of
new model correlates air and pavement temperaturelituminous pavement. Based on
abundant measured temperature data in Henan Peovluina, distribution laws in asphalt
concrete pavement temperature is studied detalédhe dependency between air and pavement
temperature is discussed by the method of regresmmalysis and the prediction models of
asphalt pavement temperature are established. Hedfdhat the Comparisons between
measured and predicted asphalt pavement tempesadhdieate that the models are equipped
with comprehensive applicability and excellent aacy.

Bojan Matt (2013) presented a new model for predicting mimmsurface pavement
temperature based on data collected by Road Welatloemation System (RWIS) in Serbia in
the period from 2010 to 2012 (Matic B., Awadat HI8atic D., Uzelac Dj.,2012).

Y, i = 09100X, i, — 0415

a,min

(2.3)
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where
Y, min= predicted minimum daily pavement surface tempeeatand

Xamin= Minimum daily air temperature.

2.2 Energy balance in asphaltic pavements

The temperature profile in an asphaltic pavementaffected directly by the thermal
environmental conditions to which it is exposede inimary modes of heat transfer are incident
solar radiation, thermal and long-wave radiatiotween the pavement surface and the sky,
convection due to heat transfer between the pavesweface and the fluid (air or water) that is
in contact with the surface, and conduction insiseepavement as shown in figure 2.1.

A solar
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Soll
Figure 2.1 Energy balance on the surface of themawt.(William Herb, Mihai Marasteanu and
Heinz G. Stefan, 2006

The intensity of solar radiation (direct and di#)iss dependent on diurnal cycles, the location of
the sun in the sky and the incident angle betwkerstirface and sun’s rays. The solar radiation
results in direct and diffuse heat gain on the paam through absorption of solar energy by the
pavement. The convection heat flux is a functiofiw@l velocity and direction, and it is affected
primarily by wind velocity and direction on the fage. As the convection heat transfer
coefficient increases due to higher velocities apdortune wind directions, the convective heat
flux also increases. Thus, at relatively high wirgdocities, a convective cooling of the surface
occurs when the temperature of the wind is lowantthe temperature of the pavement surface.
The direction of the heat transfer due to thermal lang-wave radiation is away from the
pavement since deep sky temperatures typicallysigr@ficantly lower than pavement surface
temperatures (Yavuzturk and Ksaibati, 2002).
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The surface energy balance on a pavement requiatshe sum of all heat gains through the
surface of the pavement must be equal to the lwatucted in the pavement. The direction of
the heat flux due to convection and thermal ragdinais a function of the temperature difference
between the pavement surface and the bulk fluidigkyperatures. In cases where the sky
temperature and the bulk fluid temperature are talan the pavement surface temperature, a
cooling of the surface occurs while the surfacehmgmultaneously be heated through incident
solar radiation. Thus, depending on the magnitugfemdividual heat fluxes, a heating or a
cooling of the pavement takes place. An adiabaitton surface can be assumed for sufficiently
thick pavements stipulating no heat transfer betw#®e pavement and sub-grade layers.
Similarly, side surfaces of the pavement (pavenselges) are considered to be adiabatic for
sufficiently large horizontal expansions since &patemperature changes in the vertical
direction will be much greater than horizontal ol at pavement edges, and any heat transfer
through pavement edge surfaces can be neglectetisistudy, a pavement of 730 cm width
approximating a two-lane pavement of 50 cm depthiafinitely long length is considered. The
length of the pavement is of interest since it @fedirectly the convective heat flux on the
surface (Yavuzturk and Ksaibati, 2002).

2.3 Solar radiation

The solar radiation going through the atmosphergasgially absorbed by its constituents,
partially reflected back to space and partiallyudieéd, with the remaining reaching the ground as
direct solar radiation. On a planetary scale, 17%otar radiation is absorbed by the atmosphere,
30% is reflected by the constituents of the atmesphand 53% reaches the surface of the earth,
31% of it as direct solar radiation and 22% asud#éfradiation (Shaltout et al., 2001).

Libya lies between a subtropical high pressure amdl the equatorial low pressure cell. We have
mentioned that its climate is located in a harsit, bnd arid region, where, about 88% of the
area is considered to be desert. The daily avesatgg radiation on a horizontal plane is 7.1
kWh/nf/day in the coastal region, and 8.1 kWhmy in the southern region, with average sun
duration of more than 3500 hours per year (Sale@1p

Libya's weather is mostly clear and sunny; thusrehs a high potential for solar energy. The
intensity of the incoming solar energy varies wydahd significantly over the 24-hour period
and as well as over the course of the year. Fompbg in the Ghat location, radiation ranges
from about zero during night to its maximum of abb800 watts per square meter \¥/im the
(middle of the day). It is known that solar radiatican be transmitted through empty space. The
above-mentioned fluctuations of solar energy betwd®y and night, and over the year, which
causes daily air temperatures to rise and falldditeon to the high absorption coefficient of
asphalt binder to solar radiation, leads the upagers of the pavement to be rapidly effected
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and deteriorated. Therefore, prior to introducihg tinfluence of solar radiation on asphalt
pavement layers, we introduce hereafter, the cumalasolar radiation for Libyan road
pavement and climate conditions.

2.4 Aging due to temperatures and solar radiation

The aging of bitumen is a process of change inbihenen properties due to hardening and
changes in the bitumen structure and compositidre presence of oxygen, ultra-violet, and
temperature, in addition to dry wind storms, leadrdpid loss of the volatile material in the

bitumen, resulting in a decrease of penetration andncrease of the softening point and
penetration index (PIl). Short-term aging is infloed by the source of the bitumen used, the
chemical composition, type of mixture, mixing preséemperature and time. Long-term aging is
related mainly to the bitumen hardening due todfiect of environmental conditions on the

road pavement, which is known as road hardening.

Long-term aging happens more on the surface op#wvement due to the presence of oxygen
and the temperature variation is more likely touscat the surface; aging decreases as the depth
of the pavement increases. In-service aging, wbadurs when the asphalt (bitumen) reacts with
the oxygen in the atmosphere by oxidation, is alfected by air voids, bitumen content and
bitumen type or source of bitumen.

Figure 2.2 The effects of temperature and solaatiath on pavement

Aging of bitumen is one of the major factors infieeng the performance of the pavement,
where the bitumen is subjected to a wide rangeeofperatures during storage, mixing, and
laying, which is known as short-term aging, andsémvice life, which is known as long-term
aging.

2.5 Radiation theory (energy equilibrium)
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This section presents the current theory on haasfer in a layered pavement system.
(Diefenderfergt al. 2002)
Considering the earth as a black body radiatoresysthe net rate of heat flow in and out of the

systemg,.:, can be expressed as the following:

Gnet = qs +da + q: £ 9. £ qx — g5 (2.4)

where

qs = energy absorbed from direct (solar) radiation;

q, = energy absorbed from diffuse radiation (radiatieflected by the atmosphere);
q:= energy absorbed from terrestrial radiation;

q. = energy transferred by convection;

q; = energy transferred by conduction; and

q, = energy emitted through outgoing radiation.

The energy absorbed from direct solar radiatiod,which is reflected by the atmosphegeand

q.), is positive for the surface of a body on thefame of the earth, such as a pavement. The
terrestrial radiation componeng,j can be considered to be zero for a pavement sinise
defined as the radiation that is absorbed by a ladmbwe the surface of the earth. The energy
transferred by convectiory) is defined as the transfer of energy from a sslidace to a fluid

(in this case the air above the pavement). Theadion term is positive if energy is transferred
from the pavement to the air in the case that theement surface possesses a higher
temperature. The convection term will be negativéhe air temperature is higher than the
pavement surface temperature. Conduction enerdypeipositive if the heat is transferred from
within the pavement to the pavement surface (vbBen the surface is cooler). A negative sign is
used when the pavement surface is warmer than dkengent below the surface. Outgoing
radiation from the pavement surface is always giveh a negative sign.

2.5.1 Solar Radiation

Due to the high surface temperature of the sunrappately 6000°K), radiation of high
frequency, or shortwave radiation, is emitted. Bé&this radiation from the sun can be scattered
by clouds or moisture in the atmosphere. Thusgthes two types of shortwave radiation, direct
and diffuse. Diffuse shortwave radiation is thatahhs scattered or diffused by the atmosphere
or by particles in the atmosphere. Direct shortwagkation is that which is not scattered by the
atmosphere or by particles in the atmosphere. Ehaive percentages of direct and diffuse
radiation making up the total shortwave radiatioa dependent upon the weather and local
environmental conditions. On a cloudless day, teeegntage of direct shortwave radiation is
higher. Bosscher et al. (1998) measured the salfiation using a pyranometer and obtained
values in Wisconsin of approximately 500 W/m2 (wimtand 1200 W/m 2 (summer). The
energy received as direct solar radiation, q sbeaexpressed as the following:
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qs = asR; (2.5)
where
a, is the solar surface absorptivity, and
R; is the incident solar radiation.

The surface absorptivity depends upon the wavetemdtthe radiation received, which is

dependent upon the surface temperature of thetoad#olaimanian and Kennedy (1995) report
a typicala range as 0.85 to 0.93. The incident solar rachaia@efined as the radiation received
by a body parallel to the surface of the earth. elev, radiation from the sun is not always
perpendicular to a specific surface, thus, thediei solar radiation is defined as the following:

R; = R,, cos(i) (2.6)
where
R,, = radiation received by a body which is placedwadrto the direction of the sun, and
i = angle between the normal to the surface anditketion of the sun.

The value ofR,, can be calculated from the solar const&ptwhich is given as 139 /m?2. The
solar constant is defined as the solar energy é@mtidpon a surface that is perpendicular to the
direction of the sun located at the outer edgeshef earth’s atmosphere. However, gases,
moisture, and suspended particles in the atmosgbgether reflect approximately 26% of the
incoming solar radiation (insulation) back into spa

The solar energy received at the earth’s surfagem#s upon the time of day, season, and
location on the planet. The valuergfis given as the following:

R,=Ry-t," (2.7)
where
T, = transmission coefficient for a unit air mass;
m = relative air mass, defined as the ratio of tbeia path length to the shortest path length
~1/cos(z); and
z = zenith angle (angle between the zenith and itleetecbn of the sun).

The transmission coefficient, according to KreitB&6), ranges from 0.81 on a clear day to 0.62
on a cloudy day. A value of 0.7 can be used as\amage. In addition, the value of the

transmission coefficient is higher in the summaeanthin the winter due to higher moisture

content. The zenith angle depends on the latitpdletife time of day, and the solar declination
(65)- The time is expressed in terms of an hour affglehat is defined as the angle through

which the earth turns to bring the sun directlyrbead a particular location. The hour angle
(h)is defined as being zero at local noon. The zaanityie ¢ can be found from the following:

cos(z) = sin(¢) *sin(8s) + cos(ds) * cos(h) * cos( @). (2.8)
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For a horizontal surfaceps(i) = cos(z), however, if the surface is tilted at an anglgas
shown in Figure 2.3, it can be determined fromfdtlewing:

L cos(i) = cos(z — Y ) — sin(z) * sin(P) + sin(z) * cos(P) *sin |4 — B| (2.9)

Rn

where
v = angle of tilt from the horizontal.

Perpendicular to Horizontal
Sun Plane (Zenith)
& 1
Vg
<]
F North

Normal to

Tukted Surface
Horizontal Plane

Tilted
West East

/

South

Figure 2.3 Definition of solar and surface angkee(th, 1986)

where

A = azimuth of the sun; and

B = angle between the south meridian and the notontie surface measured westward along
the horizon.

Solaimanian and Kennedy (1993) report that thetkemigle can be approximated at locations of
latitude greater than 22° between the months of llay August (at local noon time) as the

following:
Z=latitude-20 degrees (2.10)
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The radiation received by the pavement that isectdd from the atmosphere as longwave
radiationg,, can be calculated as the following:

Qo =&, 0° T;ir 2.11)
where
£,= atmospheric emissivity, assumed to be 0.7 fdoadtess day;
o = Stefan-Boltzman constant = 5.68 x®1@V/m?K?); and
T,i-= the air temperature (°K).

2.6Radiation emitted by pavement surface

Any heat transfer by radiation will involve both issivity (ability of a surface to emit radiation
as compared to a black body) and absorptivity ifgbdf a surface to absorb radiation)
component. It has been reported that the emissanty the absorptivity to solar radiation for
asphaltic materials is identical at approximatel@30 (Solaimanian and Kennedy, 1993).
Solaimanian and Kennedy (1993) state that the @ugg@longwave) radiationg,, can be
expressed iW /m? (using the black body assumption) from the Stéattzman Law as the
following:

qr =&, 0T (2.12)
where
&,= pavement emissivity; and
T,= surface temperature (°K).

2.6.1 Conduction Energy

The conduction of thermal energy within the pavenoam be expressed as the following:

G = —k == (2.13)
where
k = thermal conductivity;
T,= surface temperature (°C);
d = depth (m); and
T, = temperature at depth(°C).

2.6.2 Convection Energy

The rate of heat flow by convection to the air sunding the pavement can be expressed as
follows:

qdc = h. (Ts - Tair) (214)
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where

h. = the surface coefficient of heat transfer;
T,= surface temperature (°K);and

T, = air temperature (°K).

The coefficient of heat transfer depends upon théase geometry of the pavement, the wind
velocity, and physical properties of the air.

2.7 Pavement temperature prediction

Using results from the LTPP and SMP studies, aivifjineers have a higher probability of
specifying an asphalt binder that can withstand dffects of vehicular loading at different
temperatures regardless of location. More than@Bp#¥ement sites throughout North America
were fitted with instruments to measure respon$diseopavement due to vehicular loading and
environmental conditions. The LTPP sites were chasethat a wide variety of pavement types,
structural designs, and environmental factors cdnddanalyzed. As a result of this work, the
Superpave method was developed. Not only didrtisdesign protocol include new methods
of evaluating HMA and asphalt binder in the laborgt but it also included a new way to
specify asphalt binder for field projects based emvironmental conditions (temperature)
experienced at different areas within the Uniteat€dt and Canada. Under the current Superpave
protocol, asphalt binder is specified in terms lné £xpected minimum air temperature and
maximum seven-day average air temperature. Thederaperatures are used to estimate the
temperature experienced by the pavement. Throughegitimation of yearly high and low
pavement temperatures, a proper binder can beteglec terms of the PG designation.
(Diefenderfergt al. 2002)

2.8 Performance grade of bitumen (PG)

Selection of the appropriate binder for differergas of the United States is performed using a
set of performance-based equations under the SHRRrEave Binder PG System. This PG
system is intended to ensure that the appropriatédeb is used in locations with different
environmental conditions. A database was developeghich environmental data from 6092
weather stations in the United States and Canadaeased to determine the seven-day average
high air temperature and the one-day low air teatpee for any location (Ali and Lopez, 1996).
However, the temperature limits used for the PGdéinspecifications are pavement
temperatures and not air temperatures. Thus, esiprss were developed to determine the
pavement temperature from the air temperature.clinent expressions used for the PG grading
are given in Equations 2.15 through 2.18 and wallrbferred to herein as the SHRP models.
Equation 2.15 gives the high pavement temperataretife surface of a pavement as the
following:
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Tstmax) = Tamax) — 0.00618 * @2 + 0.2289 = ¢ + 24.4 (2.15)
where
Ts(max) = Maximum pavement temperature at the surfacg (°C)
Tamax) = S€VEN-day average maximum air temperature i),
@ = latitude of the desired location (degrees).

Equation 2.16 yields the high pavement temperatitftedepth as the following:

T,

avimax) = Tsmax) * (1 — 0.063 * d% — 0.007 * d*) (2.16)

where

Tpav(max) = Maximum pavement temperature at dept);
Tsmax)= Maximum pavement temperature at the surface te);
d = depth from surface (in).

The low pavement temperature at the surface ismgagebeing equal to the low air temperature,
expressed as the following:

Ts(min) = Ta(min) (2-17)
where
Tsminy = Minimum pavement temperature at the surface @)

Ta(miny= Minimum one-day air temperature (°C).
The minimum pavement temperature at any depthvengas the following:

Tpaviminy = Ta(min) + 0.051 * d — 0.000063 * d? (2.18)

where Tpqy(miny = MiNimum pavement temperature at degpth
Equations 2.15 and 2.17are based on research peddry Solaimanian and Kennedy (1993).

In addition to the above expressions, updatedoregsof the SHRP models have been developed
(Mohseni, 1998; Mohseni and Symons, 1988a and )98&ked on current LTPP data, referred

to herein as the LTPP models. Equations 2.19 tir@ug?2 were developed from additional data

obtained after the previously published SHRP war&. determine the maximum pavement

temperature at any depth, the following expressagiven:

Tamaz) = (Ts(maxy + 17.8) x (1 — 248 x 1073d + 1.1 x 107°d? — 2.4 X 1078d®) — 17.8 (2.19)

where
Ta(max)= Maximum pavement temperature (°C)at depth =d; an
d = depth (mm).
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As an expression for the maximum pavement temperatd a depth of 20mm, Equation 2.19
simplifies to the following:
TZO(max) = 0.955 * Ts(max) —0.8. (220)

The minimum pavement surface temperature is fowmuthe minimum air temperature, shown
as the following:

To determine the minimum pavement temperature aeéth, the following expression is given:
Td(min) = Ts(min) +51x 10_2d — 6.3 X 10_5d2 (222)

whereTminyis the minimum pavement temperature (°C). at deqdh

It is important to keep in mind that these modeé&semdeveloped to calculate annual minimum
and maximum pavement temperatures for the purpbbender specification and not for daily
pavement temperature analysis.

2.9 Analysis of SHRP models

Many researchers have investigated the initial SiHi®Eels to determine the appropriateness of
these expressions (Ali and Lopez, 1996; Robertd®87; Mohseni and Symons, 1988a;

Bosscher et al.,, 1998; Lukanen, et al., 1998). &lsadies point out that several erroneous
assumptions about the physical nature of paveneempérature arise when employing the heat
flow model. Equation (2.23) considers the eartl étack body radiator system in which the net
rate of heat flow in and out of the systep,, can be expressed as the following:

Gnet =qs +qa + 4 X qc t qx — gy .42)
where
qs = energy absorbed from direct (solar) radiation;
q, = energy absorbed from diffuse radiation (radratieflected by the atmosphere);
q:= energy absorbed from terrestrial radiation;
q. = energy transferred by convection;
q, = energy transferred by conduction; and
q, = energy emitted through outgoing radiation.

Mohseni and Symons (1998a and 1998b) presentegseaising the updated data to make
comparisons with the initial SHRP models. Theierest was in discussing differences between

observed data and the SHRP models. The authomsrperd statistical analysis on the pavement
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temperature data in order to determine which plydi&ctors had the most influence on the
pavement temperature. (Diefenderfral. 2002)

In the SHRP model it was determined that the amprature, latitude, and depth from the

surface were the most significant factors. Thisaied data was used for the development of a
revised low-temperature model that consisted of 4iala points. The air and pavement

temperatures ranged from 4.6 to 41.5°C and 13 1€ 32spectively. The location of the sensors
ranged from O to 150mm in depth from the pavemarfase. The latitude of the pavement sites

varied between approximately 24°59'N. The variableew air temperature, latitude, and depth

were found to have the most influence on the lowep#nt temperature. The relationship

between air and pavement temperatures was foure tmear and it was also found that air

temperature was the most influential variable mttodel. A latitude variable was found to vary

nonlinearly with pavement temperature. Throughl tiad error, the variable latitude-squared

was found to be more significant. A third varialdepth from the pavement surface, was found
to have a weak correlation with the pavement teatpez. Therefore, the terms depth-squared
and log(depth+25) were considered with log(depth+26viding a better fit.

Mohseni and Symmons analyzed SMP data using Equat®4 (depth, d = 25mm) and found
that the low pavement temperatures were approxiypnd@C warmer than the air temperature at
a low air temperature of -40°C and approximatel@ %farmer than the air temperature at a low
air temperature of -5°C. In light of these diffeten, it was proposed to develop a new model to
be able to predict the low pavement temperaturgasibus depths. The variables that were
considered to have a significant effect on low paeet temperature are low air temperature,
latitude, and depth. It was shown that the relatigm between low air temperature and low
pavement temperature is of a linear nature; a neatirelationship exists between low pavement
temperature and both latitude and depth. (Diefdadet al. 2002)

From this analysis, Mohseni and Symons developedvesed set of temperature prediction
equations. These equations termed here the rew$®P models. Equation 2.24 gives the
revised LTPP low pavement temperature model afotlmsving:

Tpay = —1.56 + 0.72 * Ty — 0.004 * d* + 6.26 log(d + 25) (2.24)
where
Tyav = low pavement temperature below the surface (@adg;
T, = low air temperature (°C).

When the residuals (difference between actual panétemperature and predicted temperature
using Equation 2.24 were plotted versus the sicgnifi terms, no obvious trend was found and
the error appeared to be evenly distributed actllssemperature range. A standard error of
2.1°C was reported. Again, this revised model dates an annual low pavement temperature.
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It was reported that in determining the design paam temperature (such as when using the
Superpave binder selection), two types of erroespaesent: an error based on model prediction,
and an error associated with the mean air temperafio account for these errors, the standard
deviation of the mean air temperature and root neprare error (RMSE) of the model is
incorporated into Equation 2.24 and thus Equati@b &% presented as follows:

Tyay = —1.56 + 0.72 % Ty — 0.004 * d* + 6.26 log(d + 25) — z /4.4 +0520%,  (2.25)

wheres,;,- is the standard deviation of the mean low air terajre (°C), and is obtained from
the standard normal distribution for the desiredaaunder the normal distribution curve.
Equation 2.24 is sufficient to determine the lowgraent temperature having 50% reliability.
However, Equation 2.25 allows the calculation of tbw pavement temperature with a higher
reliability by subtracting the error from the 50%liability expression. The error portion of
Equation 2.25 can be expressed in terms of thelatdrdeviation of the mean air temperature
(o4ir) @and the standard error estimate of the maglgl £.;).

The variability in calculating the low pavement f@mature can be written in terms of both of
these errors as the following:

Upav = ‘/o-r%wdel + (0'720air)2 (2.26)

Substituting the standard error estimate of the ehdd.1°C) into the pavement temperature
variability, the error term (Equation 2.26) canvinétten independently as: features

=z /4.4 + 0.5202, (2.27)

Mohseni and Symons (1998a) also presented a revViggd temperature model. Again, the

variables to be included were air temperaturetuldd, and depth from the surface. The
correlation between pavement temperature and mijpgeature was again found to be linear and
was also the strongest correlation of the thre@abkas. The relationship between latitude and
pavement temperature was also found to be strohgvéas of a nonlinear nature. Through trial

and error, the term latitude-squared was foundetohle most significant variable incorporating

latitude. Depth from the surface was also founchéawe a strong nonlinear correlation with

pavement temperature. The terms depth-squared agiidepth+25) were considered with the
second term providing a better fit. The revisechktigmperature is given as follows:

Tyay = 5432 + 0.78 * Ty — 0.0025 * ®? + 15.14 log(d + 25) — z /9 +0.610%, (2.28)

The standard error was given as 3.0 and“of R.76 was reported.
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Following this, Mohseni and Symons (1998b) invgetied the effects of different estimated
pavement temperatures on binder selection usingetfised LTPP and the SHRP models. One
randomly selected weather station was chosen flaeh etate or province in the United States
and Canada and the two models were compared. TgieadrSHRP model indicated that a PG
76-10 and a PG 82-10 binder would be specifiedaf60% and a 98% reliability, respectively.
However, using the revised LTPP model, the bindadegs were given as 70-10 and 82-10 for
50% and 98% reliability, respectively. For all dighndomly selected weather stations, it was
seen that the revised LTPP model specified bindeesor two grades higher than the original
SHRP model in estimating the low temperature birggescification. When comparing all 7801
weather stations in the SHRP program, the revis@®F. model specified a higher low
temperature binder grade than the original SHRPeiimd 76% and 85% of the weather station
sites for 50% and 98% reliability, respectively.el¢domparisons between the SHRP data and the
LTPP models are discussed in more detail in Moh$2898). The low temperature model
presented by Mohseni and Symons (Equation 2.24jdt@ntly been incorporated into a revised
Superpave standard.

Robertson (1997) developed a model to estimatéotheéemperature binder specification based
on data obtained from Canadian Strategic HighwaseBReh Program (C-SHRP) projects. This
study also included a method that allows the ueesdlect the reliability of the estimated
pavement temperature. As part of his investigatiRwhertson listed some observations about the
pavement temperatures under study:

* the maximum and minimum ground temperatures rosometime after the summer and winter
solstices, respectively;

* the pavement temperature range tends to dedreasastal areas since the capacity for heat
absorption of water is much greater than for land;

* winter pavement temperatures vary over a smadlgge and they vary more slowly than air
temperatures;

« the lowest pavement temperature is warmer thaowest air temperature;

« the difference between low air and low pavememntperatures is larger for areas having lower
air temperatures; and

« almost all thermally related cracking occurs kegw November and February.

In addition to the above statements, Robertson7)l88veloped a linear relationship between air
and pavement temperatures for seven Canadianhsitésg a pavement thickness greater than
100mm. The model covers an expected minimum aipégature range from -32 to -48°C. The
resulting regression model is given as follows:

T, = 0.749T, (2.29)

whereT;and T,represent the minimum pavement surface temperét@eand the minimum
air temperature (°C), respectively. Robertson resptitat this model, developed from 653 data
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points, has a standard error equal to 1.5°C anB’asf 0.95. A design equation, allowing the
user to specify the desired reliability is presdrds follows:

Taesign = 0.749(Tgir — nOg;r) — 1.5n (2.30)
where
Taesign = Winter pavement (surface) design temperaturg (°C

T, = mean of minimum air temperatures at the pavesien{°C);

04= Standard deviation of the minimum air tempera(ti@®; and

n = multiplier associated with the desired reliapi(il.28 for 99%, 1.00 for 97.5%, 0.76 for 95%,
and 0.48 for 90%).

Lukanen et al. (1998) presents a summary of cosgres between the initial SHRP temperature
model (heat flow model) and three models indepethgeleveloped by Han (as discussed by
Lukanen et al., 1998; Mohseni 1998; and Roberts®njusing data from the SMP. Han

utilized the same dataset used by Mohseni to dpvéie revised LTPP models; however,

slightly different results were obtained. Han’s rabfbr the maximum pavement temperature is
given as follows:

Ta(max) = 0.52 4 6.225¢@ — 0.1502 + 0.0011®3 + 0.28T4(qx) — 8.37LN(d + 40). (2.31)

The standard error for Han’s maximum pavement teatpee equation was given as 2.2°C using
70 data points. Han’s model for the minimum paventemperature is given as follows:

Taminy = —0.14 — 1.70 — 0.0602 — 0.0007®3 + 0.69 * Ty(miny + 4.12LN(d + 100). (2.32)

The standard error for Hans’s minimum pavement tgatpre equation was given as 2.6°C
using 71 data points. The standard error for Mofs@maximum pavement temperature model
was given as 3.0°C based on 309 data points. Tdredatd error for Mohseni’s minimum
pavement temperature model was given as 2.1°C lmasdd 1 data points. (Diefenderfet,al.
2002)

Robertson’s work, as discussed earlier, was praingitg previous research at C-SHRP,
suggesting that the initial minimum temperaturedm®on model offered by SHRP was too
severe (i.e., the pavement temperature was actuaiyner than the prediction). Differences
between Mohseni’'s model (and thus Han’s also) aoldeRson’s work may have resulted since
although hourly temperature data was availabléatitne, Robertson’s concurrent study did not
utilize it since it was suggested that he might Imate known of its recent availability. Thus,
Robertson used only daily minimum temperatures éwetbp his model (Equation 2.29).
Observing the differences between the models, $esn that Robertson’s model does not
account for latitude. The latitude variable wasnsas less significant with the C-SHRP data
since the latitudes for the projects under stugygreater than 45°N and thus the air temperature
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is the predominant factor. If Robertson’s modelevier be compared with Han’s model, it would
require a latitude input of approximately 47°N.

In addition, Lukanen et al. (1998) present theirnomaximum and minimum pavement
temperature prediction models based on an expaseteaf SMP data. At the time this paper was
published (1998), data from an additional 15 di@d been added to the SMP first loop (the data
used by Mohseni and Han). The models presentedikgrien et al. (1998) were taken from two
summer seasons and one winter season. For eadditéestinly one annual maximum and one
annual minimum were used to develop the modelsahak’'s model for predicting maximum
pavement temperature is presented as follows:

Tymax) = 047 + 5.717® — 0127602 + 0.0008121®3 + 0.3078 * Ty max)
—8.602LN(d + 40) . (2.33)

Lukanen et al. (1998) reported that the standawat &or this model is 2.7°C and is based on 113
data points. Lukanen’s model for predicting minimpavement temperatures is presented as
follows:

Ta(miny = —0.15 — 1.9 + 0.06@2 — 0.0007®> + 0.59 * Ty(miny + 5.2LN(d + 100). (2.34)
The standard error for this model is reported to beCaid is also based on 113 data points.
Lukanen also suggested that the temperature profile Im@deld be used to estimate the
temperature at different depths within the pavement torrdéte the appropriate PG binder
selection for the asphalt within the base courses of thenpent.

In a study incorporating an independent dataset fréigicastudy in Wisconsin, Bosscher et al.
(1998) described a pavement section instrumented withmisters to monitor pavement
temperature down to a depth of 101.6mm. Models weveldped and compared to the original
SHRP and the revised LTPP pavement temperature modetingsnpresented by Bosscher
include that solar radiation values of 500 W/amnd 1200 W/rh were typical for winter and
summer, respectively. Conclusions include that during that,nighen air temperatures are
typically the lowest; the pavement temperature was alwayadf to be higher than the air
temperature (probes were installed at a depth of 6.4ram the surface). The surface layer
always experienced the largest temperature fluctuationgaced to the other pavement layers)
that coincided with daily changes in air temperature. Adggnificant differences exist between
the standard deviation of the pavement temperature arair ttegnperature.

Bosscher developed a model that gave the daily minirpawement temperature with daily
minimum air temperature as the only input. Although the modeelated well with a linear
relationship, the standard error of estimate was reptotée 2.71°C, too high by the author's
reasoning. To improve this model, other factors werauded to reduce the standard error. The
total solar radiation intensity for the previous 24 hourstaedaverage hourly freezing index of
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the air temperature for the previous three daysvimzluded. The total solar radiation (Wjm
was recorded for the 24 hours prior to the timevinch the minimum pavement temperature
occurred. The hourly freezing index of the air temgture is calculated by summing the hourly
air temperatures below 0°C during the 72 hourseatieg the minimum pavement temperature
and dividing this total by 72 (total number of heum three days). The result of these two values
when multiplied was taken to the 0.25 power for irs¢he model equation. This fourth root
factor was based on the theory that any blackbadiator (whose temperature is greater than
absolute zero) radiates heat at a rate that isoptiopal to the fourth power of the absolute
temperature (Kreith, 1986). In addition to thesetdes, the inclusion of the average air
temperature of the previous 24-hour period improteel error of the prediction model to
between 1.25 and 1.9°C. To further improve pavertemperature prediction, a step approach,
employing different models over different air temgiare ranges, was incorporated. Two
models, predicting the pavement temperature apthag 6.4mm, are given as follows:

Tp(min)6.4 = 0.3768 + 0.687 * Ta(min) (235)
Tyiminyss = —1.001 + 0.422 # Ty(mimy + 0.359 * Ty_o; (2.36)

where Ty miny andT,_o, are the minimum air temperature for the day inohthe pavement

minimum is being predicted and the average air ggatpre for the 24 hrs preceding the time of
the pavement low temperature, respectively.

Bosscher et al. (1998) were also interested inraeténg the pavement temperature as it varied
with depth in relationship to the low air temperatuAn expression for determining the
temperature at depth, d (mm), is given as follows:

Taminy = Tpminyes — [(0.00123 * Tpaninyea) * (d — 6.4)] + 0.01416 * (d — 6.4).  (2.37)

The authors go on to state that the data usedvielafethe above expression do not include time
as a factor in determining the pavement depth. Thiusvas assumed that the minimum
temperature within each layer occurs simultaneo(efyassumption incorporated into the heat
flow theory used in the original SHRP models). Hsaalso noted that the above expression is
only valid for estimating pavement temperatures rwhige air temperature is less than -5°C.
Since the analysis performed under SHRP assumethéhkbow temperature occurs at the surface
of the pavement, Equations 2.35 and 2.36 can b&tituted into Equation 2.38, respectively, to
yield:
Ts(miny = 0.286 + 0.692 x T, _ (2.38)

Tyminy = —1.102 + 0.425 % T, + 0.362 % T,_q; - (2.39)

The authors again state that Equations 2.38 artda2e8best suited for air temperatures less than
-5°C.
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Following this, Bosscher et al. (1998) compareddeeloped prediction models to the existing
SHRP and revised LTPP models. When considering gawement temperatures, the SHRP
models consider the most severe or coldest lowmametemperature to occur at the surface of
the pavement. That is, the temperature at thiditmtas equal to the low air temperature at that
time. The revised LTPP models incorporate regressioalysis that is presented in Mohseni
(1998). When comparing the SHRP model, the revisBeP model and equations (2.35) and
(2.36) for predicting pavement temperature at atideyd 6.4mm to the actual pavement
temperature at 6.4mm, the standard error (in °G) fwand to be 2.409, 1.719, 1.655, and 1.226,
respectively, for air temperatures less than -5F@e authors concluded that the developed
models (equations (2.35) and (2.36) and the LTP&efsd show good agreement between actual
pavement temperatures at 6.4mm depth and predieeeiment temperatures at 6.4mm depth.
However, according to Bosscher et al. (1998), tHRB models did not show good agreement
between actual pavement temperatures at 6.4 mrh depit predicted pavement temperatures at
6.4 mm depth. Bosscher et al. (1998) reported ttatSHRP models predicted the pavement
temperature at 6.4mm depth to be significantly lothan the measured pavement temperature at
the same depth. This difference ranged from apprately 3°C to 14°C at measured pavement
temperatures of -5°C to -30°C, respectively. (Dielierfer,et al. 2002)

The standard deviation of the pavement temperatarsus the standard deviation of the air
temperature is also important to consider. The fgwe binder selection protocol assumes that
the standard deviations are equal for both the rpame temperature and the air temperature.
Bosscher et al. (1998) showed that this was notcése for either high or low temperatures.
Thus, the assumptions used to determine the rijaluf the binder grade selection are
erroneous. The standard deviations were calcufeded monthly averages of the daily minimum
and maximum air and pavement temperatures. Datdhéomaximum temperature portion were
taken from the three hottest months for each sumiheras shown that the standard deviation
for the maximum pavement temperature is much highan the standard deviation of the
maximum air temperature. However, at lower tempeest this trend is reversed; the minimum
pavement temperature standard deviation is mucleridivan the minimum air temperature
standard deviation. Equations for determining thaendard deviation of the pavement
temperatures based on the standard deviation ohitheemperatures are given as equations
(2.40) and (2.41) for minimum and maximum tempeegpurespectively. (Diefenderfest al.
2002)

SDp(miny = 1.170 + 0.6422 * SDg(miny (2.40)

where
SD,, = standard deviation of the pavement temperatine;
SD, = standard deviation of the air temperatures.
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Equations (2.40) and (2.41) are given by Bossched.g1998) as valid for pavement surface
temperatures below 0°C and above 40°C, respectively

When predicting maximum pavement temperaturesfirent pavement sites, Solaimanian and
Kennedy (1993) state that latitude is an influént@mponent. For areas in the United States,
states of lower latitude will receive more direatliation per hour in the summer than states of
higher latitude. The greater amount of radiatiol wanifest itself as a larger difference
between maximum air temperature and maximum tertyreravithin the pavement. Solaimanian
and Kennedy state that for project sites sharirgg game latitude, the difference between
maximum air temperature and maximum pavement tesiyner is nearly constant, varying only
upon radiation, conduction, and convection. An egpion was developed to yield the difference
between air and pavement temperatures as a furaftiatitude as the following:

AT = —0.006202 + 0.22899 + 24.38 (2.42)

where
AT = difference between maximum air and maximum paverenperatures (°C); and

® = latitude (degrees).

Solaimanian and Kennedy (1993) also state th&dvedr latitudes, the difference between air
and pavement temperatures can be up to approxym28C when the air temperature varies
between 24 and 42°C. At a latitude of 60°, theetldhce can reach approximately 15°C. The
authors also discuss prediction of pavement temyreravith depth. However, they only state
that the form of this equation should be quadratleere the input variable is the surface
temperature. No mention of factors, including esseal adjustment, is offered.

2.10 Applications of pavement temperature predictio

Up to this point, the research mentioned previolnsly focused on maximum or minimum air
temperatures for predicting the annual maximum orimum pavement temperatures for the
purpose of binder selection. Studying the dailyngfes in pavement temperature poses a
problem of similar nature; however, prediction hees a more complicated task. Climatologic
factors affect the analysis now as much as engirgegrinciples. While the basic theories
previously discussed hold true, yearly climatic legcbegin to exert their influence on the
pavement temperature. For example, while the amp&rature may be identical for two dates,
the distribution of temperatures within the pavetmaay be vastly different if the two dates are
many months apart. In an effort to model this vaz&g Hermansson (2000 and 2001) presents a
simulation-based prediction model to monitor therdal temperature changes in the pavement
during the summer months. The models follow thecepts discussed by Salaimanian and
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Kennedy (1993) and utilize data from LTPP sitesthe United States and from sites in
Sweden.(Diefenderfeet al. 2002)

Park et al. (2001) developed a model that coulddsal to predict pavement temperatures given
the surface temperature and time of day for usé WiVvD analysis. Huang (1993) lists the
pavement temperature and the local climate asfsignt factors influencing the deflection of
the pavement system. The development of Park’s meds performed by collecting
temperatures using retrofitted (added to the pawera#ter construction) thermocouples and
measuring the temperature of mineral oil in holesasious depths in six flexible pavements in
Michigan. A regression-based model was develop@iyusd7 data points and compared with
data from SMP sites in seven other states (Coloraionnecticut, Georgia, Nebraska,
Minnesota, South Dakota, and Texas). The developtkl is given as follows:

T, = Tsury + (—=0.3451z — 0.432z% 4 0.0019623) * sin(—6.3252t + 5.0967) (2.43)
where
T, = temperature at depth z (°C);
Tsurp= temperature at the surface (°C);
z = depth from surface (cm);
sin = sine function (radians); and
t = time of temperature measurement in fraction ¢f(@a., 1:30PM = 13.5/24 = 0.5625 days).

The model was validated over a surface temperatunge of —28.4 to 53.7°C and a depth range
of 14 to 27.7cm. A Rvalue better than 90% was reported and a temperptediction band of
+4°C was given. After validating the model with @dtom SMP sites across the United States,
the authors suggested that this model could beteddpr all seasons and other climatic areas.
Marshall et al. (2001) present another recent teatpee prediction model for use with FWD
analysis. Four flexible pavements in Tennessee wesgumented with thermistors during
construction or during reconstruction at mid-dejtlthe asphalt surface and base layers. The
data collected from the four sites were used telbgvthe following regression based model:

T; =095+ 0.892 T, + (logd — 1.25)
2T 21
* (1.83 sin (EA> — 0.448T + 0.621 * Tavg) + 0.042 = T * sin(ﬁ B)
(2.44)

where

T, = pavement temperature at mid-layer depth (°C);

T, = surface temperature measured with infrared s€h&9;

Ty = average of high and low temperature of precedayg(°C);
d = mid-layer depth (mm); and

A and B are variables defined as
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tg+95 if 0<t;<5 ty+95 if 0<t;<3
A={ —45 if 5<t;<11B={ —-45 if 3<t;<9
ty—155 if 11<t, <24 —135 if 9<t, <24

The authors state that the above model gives ggmekement between predicted and actual mid-
layer temperatures over a range of 5 to 45°C.

Ovik et al. (1999) present an analysis of tempeeatata from the MnRoad test site in

Minnesota. The goal for these researchers was amtify the relationships between climatic

factors and pavement mechanical properties forruseechanistic-empirical pavement design. A

falling weight deflectometer was employed to measbe mechanical response of pavements to
load at various times of the year. Data from thstrumented roadway gave the pavement
temperature. The measured temperature data wasacedhpvith an equation presented in

Andersland and Anderson (1978) and is given asvdi

2T
T(x,t) = Tean + A€ x\/; sin(%ﬂ *xt—Xx 123—7;) (2.45)

where

T (x, t)= temperature at depth, x and time, t (°C);
x = depth from surface (m);

Tmean= average temperature at surface (°C);

A = maximum temperature amplitudeTz,x — Tmean (°C);
_2m _ 2m,

P~ 365

P = period or recurrence cycle;

o= thermal diffusivity, assumed to be 0.12%¥/day; and

t = time measured from when the surface temperggasses throudh, .., (days).

The authors reported that equation (2.44) gaveechlysproximations to the actual measured
temperature at the MnRoad site. In addition, Bggrset al. (2000) utilize data from the MnRoad
project to compare predicted pavement temperaamddase course moisture contents using the
FHWA Integrated Climatic Model. The authors repdrggood correlations between predicted
and actual values. The model presented by Ovikl.e{1899) are given as to be used in
predicting a daily pavement temperature and nothaurly distribution as are the models
presented by (Park et al. 2001) and Marshall 1Gf)1).

2.11 FHWA integrated climatic model

An integrated model was developed through resdagthheen FHWA and Texas Transportation
Institute (TTI) (Lytton et al., 1993) to providecamprehensive model encompassing all factors
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contributing to environmental effects on pavemeftse climatic model is made up of several
components: the Precipitation Model, the Infiltoatiand Drainage Model, the Climatic-
Materials-Structural Model, and the Frost Heavel¥ Isettlement Model. These components are
then combined to perform an overall analysis of gahgement and subgrade. The user can add
detailed climatic information for specific sites; employ the provided average data for nine
climatic zones in the United States.

The model was developed to utilize historical datgive an average expected result of climatic
conditions. The Precipitation Model is a statidtidatabase of precipitation events for various
climatic areas of the United States. Through thigleh the user may determine the probability
of rain occurring during certain time periods ahd historically based amount of precipitation
that can be expected. The historical data is base®D years of observations from the National
Oceanic and Atmospheric Administration (NOAA) firstder weather stations. This model
provides input to the Infiltration and Drainage MbdOne assumption for this model is that all
precipitation occurs in the form of rain. No allawas for snow, sleet, etc. are made. Thus,
according to this assumption, at mean monthly teatpees less than -1°C, infiltration of
moisture ceases. The Infiltration and Drainage Modeveloped at Texas A&M University,
allows for drainage analysis of saturated basesesyrdesign based on an empirical assessment
of the drainage characteristics for the base couoraterials, and analysis of infiltration of
moisture into the base course and subgrade maodui tlata obtained from the Precipitation
Model. The Climatic-Materials-Structural Model, @desped at the University of lllinois,
incorporates weather related data to calculaterpametemperature profile, changes in stiffness
of asphalt courses, and resilient modulus and Boisgatio of base courses. Inputs into this
model include percent sunshine, wind speed, airpéeature, solar radiation, pavement
geometry, and pavement material properties.

The Frost Heave/Thaw Settlement Model, developethatArmy Corps of Engineers Cold
Region Research and Engineering Laboratory, dedls lveat and moisture flow within soils.
The soil temperature is derived from the CMS masimates for pavement temperature, thus
estimates of frost depth can also be made. A stidjpe effectiveness and sensitivity of the
integrated climatic model was performed by Solailmarand Bolzan (1993). The sensitivity of
various parameters was analyzed, including: aiptFature, percent sunshine, solar radiation,
and pavement emissivity, absorptivity, and theromalductivity. The effectiveness was analyzed
by comparing outputs from the model with measuragement temperatures from various sites
in the United States and Canada during summer antemconditions. The variables listed
above were estimated. The predicted values tendednderestimate the actual pavement
temperatures by 4 to 18%. However, below a deptlapgfroximately 50mm the prediction
improved. The surface temperature, based on theemiperature, was predicted within 1.1°C.
The authors suggested that additional testing metemlbe undertaken for better approximations
to thermal values (emissivity, absorptivity, andrthal conductivity). (Diefenderfeet al 2002)
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2.12 Considerations on prediction accuracy

It may be unavoidable to have some discrepancy dmivpredicted and measured pavement
temperature values due to the number of variablscould be considered. The number of these
input variables will depend upon a balance of tt®ueacy and the complexity of the model. One

important topic that merits discussion (albeit bimethis work) when considering the accuracy

of temperature prediction is the measurement ofasartemperature. This is not such an

arbitrary quantity that a thermometer at grouncelesan accurately measure it. Many of the

aforementioned models utilize air temperature,asaiftemperature, or both in their prediction.

In fact, Geiger (1965) dedicates an entire voluméhe treatment of this topic. Factors that can
influence the surface temperature include: soldraten, air temperature, wind speed, cloud

cover, time of day, distance from the surface, phgsical properties of the material at the

surface (Solaimanian and Kennedy, 1993). Not ondythere atmospheric effects to consider,

but also the pavement itself presents many vasaibiat can influence the movement of thermal
energy. Factors such as color (especially wherudsog surface absorptivity), percent voids,

moisture content, and orientation to the horizomtaly also be important to consider when

discussing thermal energy within a pavement strediiDiefenderferet al. 2002)

2.13 Determination of Performance Grade accordingp Superpave method

Pavement surface temperature can be determineer dithdirect measurement or calculated
using air temperature and other factors. A model designing asphalt pavements called
Superpave (Superior Performing Asphalt Pavemens) been created after many years of
research (LTTP - Long-Term Pavement PerformanceSiMB - Seasonal Monitoring Program)
of behavior of pavement due to traffic load andiemmental conditions. According to the
method of Superpave, asphalts are designed acgaalithe expected minimum air temperature
and maximum seven-day average annual temperatarappropriate asphalt-binder is based on
estimates of annual high and low temperatures atefiaed PG x-y (Performance Grade, Figure
2.4) (Kennedy T. et al., 1994). Symbol (PG x-yused to determine asphalts depending on the
pavement temperature. PG - Performance Grade gh-gavement design temperature y - low
pavement design temperature. (Matdi.al 2011)

P PG 64 — 22
1

Performance Maximum seven-day Minimum pavement
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grade average annual terafure
temperature

Figure 2.4 Explanation of PG symbol

Selecting an appropriate binder for different lomad is determined using a series of equations
defined by SHRP Superpave Binder System. PG syatimpts to indicate the appropriate
layers of asphalt-binder depending on the tempezafiatc et.al 2011)

Table 2.1 Specification of asphalt layers, depemdimthe PG (Kennedy T. et al., 1994)
Performance Graded Asphalt Binder Specification (from AASHTO MP 1)

Performance Grade

Avarage T-day Maxmum Pavemant Design - <46 <52 <58 <70 =76 < §2

f’éi,"""'”" Pavement D Temperaiue, -34|.40l-45 -10|-16]-22 -23|-34|-40]4B -1Gl-22|-28 -34|-40(-10 -15|-22|-23]-34[-40 -10|-1s]-22|-25[-34|-40 -10]-1s|-22l-2a|-34 -10]-16 -22|-25|34
ORIGINAL BINDER
Flah Point Temp, T 48, Minimum °C} 230

Viscoaity, ASTM D 4402:°
Maximum, 3 Pa's, Test Temp, °C
Dynamic Shear, TR 5.°
@*sin’, Minimum, 1.00 kPa 46 52 58 64 70 76 a2

Test Temo @ 10 radis, 'C
ROLLING THIN FILM QVEN RESIDUE ET 240)
1.00

135

Mass Loss, Madmum, percent

[Dynamic Shear, TP &
Glsing', Minimum, 2.20 kPa 46 52 58 64 70 76 82
Test Tamp @ 10 rad's, “C

PRESSURE AGING VESSEL RESIDUE (PP 1)

PAV Aging ¢! 90 90 100 100 100 {110) 100 (110) 100 (110)
Dynamic Shear, TP 5:
@sing!, Maximum, 5000 kPa 07| 4|25/22(19(16|13(10| 7 (25|22|19( 16|13 (31|28 |25 2219|1634 |31 |28 | 25|22\ 19|37 (3431|268 |25|40|37|34| 31|28
Tast Temp @ 10 rad's, “C

P hysical Hardening® Report
Creep Stffness, TP 1
Datermine the critical cracking temperature| -24 [-30|-36| 0 | -6 [-12(-18-24 (-30|-36( 6 -12|-18(-24|-30| O | -6 [-12|-18(-24(-30| O | -6 |-12|-18|-24|-30| O [ -6 (-12|-18|-24| O | 6 |-12|-18|-24
a3 described in PP 42
Direct Tension, TP 3

Determine the critical cracking temperature| -24 | -30|-36| 0 | -6 |-12(-18|-24|-30|-36| -6 (-12|-18|-24|-30| O | -6 |-12|-18|-24|-30| O | -6 |-12|-1B|-24|-30( O | -6 |-12(-18|-24| O | -6 |-12(-18|-24
a5 described in PP 42

a. Pavement temperatures are estimated from air temperatures using an algorithm contained in the LTPP Bind program, may be provided by the spacifying agency, or by following the procedures as outlined in MP 2 and PP 28
b. This requirement may be waived at the discretion of the specifying agency if the supplier warrants that the asphalt binder can be adequately pumped and mixed at temperatures that meet all applicable safety standards.

c. For quality control of agphalt binder prod 3 al the viscosity of the arlginal asphalt cement may be used to dynamic shear of GYsinG at test temperatures wherne the asphalt is a Newtonlan
fluid.

d. The PAV aging temperature is based on simulated climatic conditions and is ane of three temparatures 80°C, 100°C or 110°C. The PAV aging temperatura is 100°C for PG 58- and above, except in desert climates, whera it is 110°C.

&, Physical hardening = TP 1 is performed on a set of asphalt beams according o Section 12, except the conditioning time is extended to 24 hours £ 10 minutes at 10°C abows the minimum pedomance temperature, The 2d-hour stiffness and nr-alue
are reported for information purposes only. NAPA

f. G*5ind = high temperature stifiness and G*sind = inlermediate temperature stiffness ——

Way of calculating pavement temperatures, accorttinthe Superpave method, based on air
temperature is as follows:

» convert average 7-day maximum air temperature Yempant surface temperature;

» calculate 7-day maximum pavement temperature agaegpth;

e convert minimum air temperature to minimum pavensemtace temperature;

» calculate minimum pavement temperature at desigthd&ennedy T. et al., 1994).

The method allows the estimation of the pavemerfase temperature and the temperature at
specified depths from the surface. The average nséag maximum pavement design

temperature is the average of the highest dailgp@nt temperatures for 7warmest consecutive
days in a year. Minimum annual pavement temperasutiee lowest temperature in a year. The

39



design depth for calculation of maximum pavemeniperature used in the Superpave system
is20 mm below the top of the pavement layer. Whemsitlering, for example, a 50-mm thick
surface mixture over a base mixture, a design digptthe surface mixture is 20 mm below the
pavement surface. Design depth for the base miidl2@ mm below the top of the base mixture,
that is, 70 mm below the pavement surface (Kenffedy al., 1994).
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Chapter 3LIBYA ENVIRONMENT AND CLIMATE
CONDITIONS

3.1 General

Libya is located in a hot and arid climatic regioharacterized by high variation in daily
temperatures, high solar radiation, low humidityy Irainfall intensity, wind and dust storms.
Asphalt pavement roads are the main and only soofdée Libyan overland transportation
system for most passengers and goods. Most of silgeteriorated roads pass through the
Libyan desert. While Libyan roads have an expedesign life of 20 years, these roads do not
last so long due to the hot, arid climate, whiclodoices aging, rapid deterioration and a
reduction of service life. The tendency for the redp binder to harden and age under
atmospheric influences has been known and studiesnfiny years. High solar radiation in
Libya's hot and arid climate, along with the pre&sgeof oxygen, accelerates and increases the
physical, chemical, and photochemical processdabanasphalt binder. Additionally, swinging
and fluctuation a fluctuation of daily solar radiat and temperature—pavement in the summer
can reach more than 70°C during the day and yételeeing at night—induces thermal stresses
and causes fast aging in the asphalt pavementslayéerefore, deterioration in the form of
thermal cracking is a problem.

3.2 Weather classifications

The hot-arid climate is characteristic of regioyiad mostly between 15° and 45° both north and
south. The severe conditions of hot dry climateskewdly complicate construction and call for
special architectural treatments, design approadresb construction practices to make durable
buildings and other structures (Stoll and Evstrat887). Generally asphalt pavement roads are
the main and only source of the Libyan overlanddpartation system for most passengers and
goods. These roads are without traffic controleysor limitations to the loading. There is also
lack of exact and accurate traffic information tielg to axle loads and traffic growth trends in
Libya. The estimated number of equivalent standeid load (8.2 tons), the repetition reaches
or exceeds 2 500 000 EAL, medium to heavy trafRoffa 2000).
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Figure 3.1 Geographic and climatic location of laby
(Source: http://en.wikipedia.org/wiki/Geographicaine)

Most of Libya's main roads pass through differestlggical formations and are located between
24° and 30°.The most deteriorated roads pass thrthegLibyan desert, which is characterized
by high variation in daily temperatures, high soktiation, low humidity, low rainfall intensity,
wind and dust storms. Although the usual mode ibdirfia expected in this geographical location
is deformation (rutting), it has been seen that miegin mode of pavement deterioration is
cracking failure. This type of pavement failuressen in many highways in the Libyan desert,
(e.g., Waddan-Sebha highway, Brak béte-Brak, Wadddlah, and Ajdabiya-AlKufra
highway).

3.3 Libya road materials

The asphalt cement (bitumen) binder used in Liby@ads is semi-solid asphalt (AC 60/70),
which is recommended by the general road departofehibya and produced by Azzawia Oil
Refining Company. Bituminous mixture pavement rdgdr as linear visco-elastic materials,
where the bitumen plays the major part for theauscproperties, while, the mineral substances
are responsible for the elastic properties. Theouis property plays a large part in asphalt
pavement performance and deterioration, the crgckimd deterioration of asphalt pavement
layers due to the consequence of several causesnikterial fatigue, shrinkage, sub grade
rutting, ageing due to environment influences aoor gonstruction quality, etc.
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Particularly, in Libyan road deterioration, we egpedhat the hot arid climate plays a
predominant role, leading to a much faster agirugess in the bituminous binder than observed
in other regions. The high solar radiation in tegion with presence of oxygen accelerates and
increases the asphalt binder physical, chemicdl paiwtochemical processes.

3.4 Climate conditions

Libya is located in a hot and arid climatic regwith high temperatures and low humidity in
summer. In the desert, the mean annual duratiosun$hine is about 11 hours daily, and the
temperature is over 25°C for about seven monthshef year (Roffa 2005). The ambient
temperature, (the absolute temperature) is in exae40°C, the daily average temperature in the
hottest month is over 20°C. The extreme maximunpgature in summer exceeds 52°C, and
the extreme low temperature in winter reaches bdl@szing (-6 °C). The hottest recorded
world temperature was in Libya on September 132 19hich was 58 °C. Azizia is which lies at
about 32.53 °N 13.02 °E, and a height above sed &hout 112 m / 367 feet, and only about 50
km far from the seaside. The rainfall in the Liby@esert is not uniform and does not last long;
its annual intensity is as low as 0-10 mm.

Mean annual relative humidity is about 30 to 50 Ble dry wind and dust storms are very
severe and impact both structures and humans (R6fi2). The well known scorching wind
called the "gibli"(a hot, very dry, sand-laden winmhn raise the temperatures in a matter of
hours to between 40°C and 50°C. The under study seations passing through this region are
subjected to long hot summers (over 100 days @).y&he above-mentioned climate not only
causes human discomfort but also building matedaterioration This hot arid environmental
condition has its hard impact and influences onasghalt pavement mixtures, leading to fast
and rapid hardening and aging. Figure 3.2 showdetmperature variation along the months of
the year. As the asphalt pavement binder ages gbaid of the organic materials and
sublimation of volatile fractions), the pavememgds its durability and becomes intolerant, and
behave as rigid pavement and owes its strengtiictoh between the mineral component alone.
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°C Libyan Desert (South Region)
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Figure 3.2 Temperature variations in south regmhibya.

3.4.1 Weather related data

To accomplish the climatic analysis required focramental damage accumulation, the
following five weather-related parameters are reslii

* Hourly air temperature

* Hourly precipitation

* Hourly wind speed

* Hourly percentage sunshine (used to define ctmwetr)

* Hourly relative humidity

* Solar radiation

The air temperature is required by the heat balangcation in the Enhanced Integrated Climatic
Model EICM for calculations of long wave radiatiemitted by the air and for the convective
heat transfer from surface to air. Both computatiare explained in detail later in this chapter.
In addition to the heat calculations, the tempeegatiata is used to define the frozen/thawing
periods within the analysis time frame and to detee the number of freeze-thaw cycles.

Heat fluxes resulting from precipitation and infition into the pavement structure have not
been considered in formulating the surface heax fwundary conditions. The role of
precipitation under these circumstances is notegtclear, and methods to incorporate it in the
energy balance have not been attempted. Howeaipation is needed to compute infiltration
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for rehabilitated pavements and aging processethdimore, the precipitation that falls during a
month when the mean temperature is less than ¢eeifrg temperature of water is assumed to
fall as snow.

wind speed is required in the computations of tbevention heat transfer coefficient at the
pavement surface. The percentage of sunshine dedder the calculations of heat balance at
the surface of the pavement.

3.5 Deterioration of the Libyan desert road netwik

A road pavement continuously deteriorates under dbmbined action of traffic and the
environment. The ability of the road to satisfy ttemands of traffic and the environment over
its design life is called its performance. The mmmthmon indicators of pavement performance
are: fatigue cracking, surface rutting, riding gtyaland skid resistance. The change in the value
of these performance indicators over time is refi&to as deterioration.

Libya's road network has been considerably expasded 1978. At that time, Libya had only
about 8,800 kilometers of roads, of which perhaps-loalf were paved. However, by 1985 Libya
had between 23,000 and 25,600 kilometers of pawadst Surfaced roads existed between the
north and the southern oases of Al Kufrah, Maraumg Sabha. By 1999 Libya had an estimated
total road network of 83,200 kilometers, of which 300 kilometers were paved. These roads
helped much to end the isolation of remote setttémdn particular, the agricultural projects
underway in the desert oases have benefited framntbre efficient crop marketing made
possible by these roads. The National General Coynfma Roads oversees all new construction
and maintenance. The key road in Libya is the H8R2neter national coastal highway. It runs
from the border with Tunisia to the Egyptian borded passes through Tripoli and Benghazi.
About two-thirds of Libya’s roads have a bitumenface or have at least been treated with
bitumen.

Pavement cracking and rutting are two of the mastal distress types manifested on flexible
pavements, and they often dominate the overall pané condition. Generally, most of desert
roads damages apparts without surface deformatiwgning there is no luck of bearing
capacity, and main causes are the environmentéi@oslwith material properties.

3.6 Types of distress in Libya desert roads

Cracking and rutting are two of the major problevhshe Libyan road network. The following
pictures were taken on Libyan roads by the author.
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3.6.1 Raveling

Heat from the sun's ultra-violet rays causes tipaidi asphalt in pavement to oxidize and become
brittle as shown in figure 3.3. The weight of véégccauses the surface to crumble at the point of
contact between the tires and the pavement. Waken tvashes away the dry, crumbled
aggregate, diminishes pavement thickness, andleea@augh rocky appearance

Figure 3.3 Raveling distress in Libyan roads charastic

3.6.2 Cracking

Variation in temperature and expansive soils cgaement to expand and contract. Cracking
causes the pavement surface to divide into rectangieces. Longitudinal (expansion) cracks
run parallel to the roadway or along curb linesanBverse cracks (block cracking) run
perpendicular to centerline and are a sign of &igure 3.4-3.6 show the types of cracking.
These cracks indicate that the pavement has sbility and needs major reconstruction.

Figure 3.4 Block cracking distress in Libyan roads
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Figure 3.5 Longitudinal and transverse crackingress in Libyan roads

' 23072_‘ al:2a _
Figure 3.6 AIiat raklng |tressm leyara
3.6.3 Alligatoring

As a load associated structural failure, alligat@cking often occurs because of weakness in the
surface, base or sub grade; a surface or basasthabd thin; or poor drainagdlligatoring
spreads through the pavement, breaking the paveimeneven smaller pieces and eventually
forming potholes as the loose pieces are throwiodtie side.
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Figure 3.7 AIIigato cracks in Libya roads
3.6.4 Edge Cracks

Edge cracks travel along the edge of the paveriéety are commonly caused by poor drainage
conditions and lack of support at the pavement edge

'

‘.& STl st
ibya roads

Figure 3.8 Edg daages in
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Figure 3.9 Road damages in Libya roads

3.6.4 Rutting

Pavement rutting is one of the most common andwlgite pavement distresses being observed
in flexible pavements, which is primarily due toeoads that exceed the legal limit and high
ambient temperatures. Poor mix design is also aecad rutting Rutting is characterized by
permanent deformation of the pavement. It geneddlyelops during the hot seasons when the
asphalt is softer. It can be identified by rutslo® wheel path,

Figure 3.10 Rutting distressesty://www.pavementinteractive.org/article/rutting/ )

3.7 Pavement temperature parameters related to themal stress and
durability

The following parameters that characterize pavertenperatures are of interest in the context
of pavement durability.
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1) The average pavement temperature affects bethetisile/compressive stress level and the
mechanical material properties.

2) The temperature gradient over the pavementrikgk produces bending stresses, which are a
concern for rigid pavement (concrete) but of leepadrtance for flexible pavement (asphalt).
Nonetheless, it should be recognized that temperatnd stress gradients may be higher at or
near the surface than over the thickness of therpant.

3) The diurnal amplitude of pavement temperatuimgortant for pavement fatigue analysis.

4) The time rate of change of temperature is @redt because fast temperature changes give the
material less time for plastic creep, and thereftr@uld give higher stress levels.

Figure 3.11 Road damages in Libya roads

3.8 Field instrumentation and data collection systa

3.8.1 Zones and stations

Libya can be divided into two main weather zonhs: Mediterranean sea and the desert. From
the weather map, we can see that most of Libyadatéd in the desert. Before installing the
sensors in the stations, we selected the zonetetbaa the desert. The map below presents all
the Libyan regions, and it is listed as:

1. Zwarah 9. Marj 17. Al Wahat

2. Zawiya 10. Jabal al Akhdar 18. Ghat

3. Jafara 11. Derna 19. Wadi al Hayaa
4. Tripoli 12. Butnan 20. Sabha

5. Murqub 13. Nalut 21. Murzuq

6. Misrata 14. Jabal al Gharbi 22. Kufra

7. Sirte 15. Wadi al Shatii

8. Benghazi 16. Jufra
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Figure 3.12 Libya stats map (Source Ezilion maps)

3.8.2 Description of data collection system

The data collection system provides pavement teatper and climatologically monitoring.
Eight test sections were selected for the paveneemperature monitoring system. The sections
represent the eight different regions in the Libgasert and covering an area 1800km *900 km.
The next step was selection of the regions andimtarepresentative of the desert area:

1.Nalut (Ghadames)
2.Wadi al Shatii (Brak)
3.Jufra(Wuddan)

4.Al Wahat(Awjila)
5.Ghat (Ghat)

6.Wadi al Hayaa (Ubari)
7.Murzug (Qatrun)
8.Kufra (Kufra )
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Figure 3.13 Location of the study area station (G@&zilion maps).

Table 3.1 Latitude and longitude of the locatiohthe selected station for the study

Locations Latitude Longitude
Ghat 24°59'N 10°11'E
Ghudamis 30°11'N 09°29'E
Waddan 29°02'N 16°00'E
Al Kufrah 24°17'N 23°15'E
Al Qatrun 24°56'N 15°03'E
Awbari 26°46'N 12°57'E
Awijilah 29°08'N 21°07'E
Brak 27°31'N 14°20'E

3.8.3 Description of study area

3.8.3.1 Ghadames station

The city of Ghadames is part of Libya and is famdus to its calm atmosphere. The streets of
this city are white, which gives them the refreghiook that you might not get in many other
cities in the world. Ghadames is actually an oasis), located in the western region of Libya. It
is situated around 550 kilometers away from thdlseestern region of Tripoli. The borders of

Tunisia and Algeria are located in its proximity.

The city of Ghadames is situated around 360 métédrh is around 1170 feet) above sea level.
The city hardly experiences rain or snow, and ihithe major reason for the hot temperatures
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throughout the year. The maximum temperature taet®C in June and July, which is the
hottest month. The climate for Ghadames is sinddhe rest of Libya, that is, very hot at times.

3.8.3.2 Kufra Station

Kufra's location in Libya's southeast places itlo@ country's border witkgypt Sudan(unlike
any other Libyan district), an@had Besides the main Oasis group of the Kufra Baiay
more oases, lying northwest of Kufra Basin, belamghe region includingRebianaBuzema
Wadi ZighenandTazirbu The oasis-valleys afabal ArkanuandJebel Uweinatie southeast of
the basin. It is situated around 1500 km away ftbensoutheastern region of Tripoli, and 900
km away from south of Benghazi.

Kufra Climate

The weather and climate condition of Kufra can b@sarized as:

Altitude: 435 m (1427 ft). The warmest average higimperature is 48°C in June. The coolest
average low temperature is-5°C in January. Kufreeik@s on average 1 mm (0.0 in) of
precipitation annually or 0 mm (0.0 in) each mor@m balance there are 0 days annually on
which greater than 0.1 mm (0.004 in) of precip@at{rain, sleet, snow or hail) occurs or O days
on average. The months with the driest weathedameary to July and September to December,
when on balance, 0 mm (0.0 in) of rainfall (pret@pon) occurs. The month with the wettest
weather is August when on balance 1 mm (0.0 impiof, sleet, hail or snow falls across 0 days.
Mean relative humidity for an average year is rdedras 32.1% and on a monthly basis it
ranges from 23% in June, July and August to 48%acember. There is an average range of
hours of sunshine in Kufra of between 8.6 hoursdagrin December and 12.4 hours per day in
July. On balance there are 3693 sunshine hoursaliyrand approximately 10.1 sunlight hours
for each day.

3.8.3.3 Ghat station

Ghat, the capital of the Ghat District, is in thez#Fan region, near the western border of Libya
with Algeria. The Acacus Mountains have a largeiateoan of landscapes, from differently
coloured sand dunes to arches, gorges, isolatéd evad deep ravines (wadis). Major landmarks
include the arches of Afzejare and Tin Khlega. Aitgh this area is one of the most arid of the
Sahara, there is vegetation, such as the mediCialatropis procera, and there are a number of
springs and wells in the mountains. Ghat is an mamb tourist destination due to the existence
of prehistoric rock paintings and engravings in tieghboring Tadrart Acacus and Tassili
N'Ajjer mountains, in addition to the beauty of teerrounding desert landscapes. A major
tourist attraction in the town itself is the Fosseof GhatKoukemen.
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3.8.3.4 Waddan station

Halfway between Sebha and the coast, east of tpelif6ebha Highway, are the three adjacent
Al-Jufra oases of Houn, Sokna and Waddan. Wadslahed oldest city in the Jufra District
located 230 km south of Sirte, and 400 km narftSebha. The town is at the crossroads of the
Sirte-Waddan Road and the Fezzan Road.

3.8.3.5 Ubari station

Ubari is in the Targa valley, lying between the BHls Sattafat plateau and Idhan Ubari ergsand
dunes and lakes. Native plants include wetlandsgsaat the natural spring fed lakes' shorelines,
and the native Saharan Date palm. The Ubari oadierment is the second center for the Kel
Ajjer Tuareg people, after Ghat. Neighbouring \g#a include Germa, and Garran.

3.8.3.6 Brak station

Brak station is located in Wadi al Shatii and asngtimes referred to as Ash Shati. It is one of
the districts of Libya in the central-west partloé country. The area is mostly desert.

3.8.3.7 Qatrun station

Qatrun, Al Katrun, Gatrone, or Al Gatrun is a wj&ain the Murzuq District in southern Libya on
the main road to Chad and Niger. It has a fillitgtisn and a Niger consulate office is located
there. When the border checkpoint 310 kilometergrsat Tumu is closed, travelers crossing
into Libya from Niger report in at Qatrun.

3.9 Temperatures monitoring at the Libya desert sttions

Eight pavement sections in different geographicehtions of the Libya desert were selected for
this study. A monitoring station was set-up to edlldata on air temperature, solar radiation,
wind speed, and pavement temperatures at variqubtigieSensors were connected to (HE70X-
80X series is thermocouple thermometer, develogddWATO company) data logger housed in

a protection enclosure. The data logger was opkrbtea solar energy battery. Chapter 4
describes the installation and sensor locations.
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Chapter 4 DATA PRESENTATION AND ANALYSIS

4.1 General

As HMA is a viscoelastic material, its mechanicabperties vary with temperature. Thus, to
study the difference in strength characteristicvarfous pavement designs, it is imperative to
know the temperature distribution within the pavath@oss-section.

4.1.1 Pavement Temperature Monitoring System

The temperature within the pavement at the pavers@tions is monitored using HUAT
thermocouples. As opposed to thermostats, whicbrregptemperature change, the output from
the thermocouples can be directly computed as lattmaperature values. A stainless steel
thermal probes (similar to the LTPP design) weasalled in the road pavement sections. In
each station two sensors were used with two pridyesach one, thus there were four probes for
each station.

One probe was placed on the surface of the pavemaeicond at 3 cm from the surface, a third
at 8 cm from the surface (binder course asphatir)aynd the last at 15 cm from the surface
(between the binder course asphalt layer and thautpar base course layer), A schematic
illustration of the thermal probes' location andadle of the instrumentation layout and the
profile of the thermal probe installed in a pavetssttions shown in figure 4.1

4.1.2 Climatological Monitoring System

In addition to the pavement temperature monitoggstem, climatologically data (including air
temperature, wind speed, wind direction, and s@édiation) had been monitored. This data has
been collected to evaluate the effects of these@mwmental factors on the thermal variations of
the pavement.

4.2 Thermocouple placements

The thermocouples were placed at the stationsarLilbyan desert study area to determine the
temperature at various distances from the surfa¢heopavement — surface (C1), 3 cm (C2), 8
cm (C3), and 15 cm (C4).

A test site incorporating eight pavement secti@mesenting a typical road pavement structure
in the Libyan desert was constructed. All pavenmsdtions were outfitted with temperature
sensors connected to a portable data logger. Thenpnt cross-section information is
summarized in Table4.1. It is noted that flexibe/@ment of roads in the Libyan desert in this
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study are comprised of sub grade, 20cm aggregeste tourse, and asphalt concrete with a 9cm
binder course and 5cm wearing course on top.

Since the total thickness of pavement layers isrB4hermocouples were installed in the lower
portion of asphalt layers and a temperature proage wsed in the upper portion. In the lower
portion, thermocouples were embedded at the suffatgeof AC, and at 3 cm (C2), 8 cm (C3),
and 15 cm (C4) down to the AC layer. A digital thecouple probe was inserted in each hole
for measurement. The air temperature and pavemefaice temperature were obtained using an
infrared temperature gun. figure 4.1 shows the rsettie of the temperature measurement layout.
All temperature data were recorded at 15-minuteruatls within a day.
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Figure 4.1 Pavement layers and thermocouples totati
Table 4.1 The typical layers of roads in roads@tat
Location | Wearing binder Base Total
course(cm)| course(cm)| course(cm)| thickness(cm)
Brak 5 9 20 34
Alkoufra 5 9 20 34
Awjalaha 5 9 20 34
Alkatroun 5 9 20 34
Awbarei 5 9 20 34
Gahat 5 9 20 34
Wuaddan 5 9 20 34
Ghadamess 5 9 20 34
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4.3 Analysis of results with respect to pavementrsictural configuration

Prior to discussing the temperature data yamal a brief summary of the
temperature data set is presented. Figures 4.2.8nshow an example of tlkstributionsof
maximal and minimal daily air anpavement temperature for four layers at the Brakiost
during the study period (1.3.2012.- 4.3.2013.). &qgtix A presents figuresf the distributions
of maximal and minimal daily air anghvement temperature for four depths for the remgin
stations.

Scatterplot of multiple variables against Date
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Figure 4.2 Maximal daily temperatures at Bark dgtime study period (1.3.2012.- 4.3.2013.)

Legend:

Air_max — maximabaily air temperature®C);

C1_max — maximadaily pavementemperature at surfac&Q);

C2_max — maximallaily pavementemperature at 3 cm depth from the surfa€y;(
C3_max — maximadlaily pavementemperature at 8 cm depth from the surfa€y;(and
C4_max — maximadlaily pavementemperature at 15 cm depth from the surfa€g.(
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Scatterplot of multiple variables against Date
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Figure 4.3 Minimal daily temperatures at Brak dgrthe study period (1.3.2012.- 4.3.2013.)

Legend:

Air_min — minimaldaily air temperature°C);

C1_min — minimabaily pavementemperature at surfaceéQ);

C2_min — minimabaily pavementemperature at 3 cm depth from the surfay;(
C3_min — minimabaily pavementemperature at 8 cm depth from the surfa;(and
C4_min — minimabaily pavementemperature at 15 cm depth from the surfa€a;(

To compare the effect of pavement structural figaration on the pavement

temperature at given distances from the surface, the tatapes were divided into daily

maximum and daily minimum values. The daily tempeestwrere analyzed from the beginning
of March 2012 until the beginning of May 2013.

In tables 4.2 and 4.3 the descriptive statistics for malxeand minimal daily temperatures for
station Al-Jufroh are given, including the mean, 95%fidence interval, minimum, maximum
standard deviation and standard error, while in AdpeB the tablef descriptive statistics for
maximal and minimal temperatures for the remaining stationgjigen. Figure 4.4 presents the
box plot of maximal daily temperatures at Al Jufroh fofediént layers. Figure 4.5 presents the
box plot of minimal daily temperatures at Al Jufroh, ApgienB presents similar box plots for
the remaining stations.
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Table 4.2 The descriptive statistics for maxiaily temperatures for station Al-Jufroh

Al-Jufroh Maximal daily temperatures Descriptive Statistics
Variable | Valid | Mean | Confidence¢Confidence Min Max Std.Dev.| Standard
N -95,000% | 95,000% Error
Air_max| 365|36,01189 35,21528 36,80850 17,290 50,330 7,73921 0,405089
C1l_max 365 50,09195 48,86147 51,32242 21,650 70,080 11,95429 0,625716
C2_max 365 45,46497 44,33811 46,59183 19,440 66,880 10,94765 0,573026
C3_max 365 42.6609Q 41.61106 43.71079 18.930 62.045 10.19944 0.533863
C4_max 365 41,41027 40,39167 42,42884 18,545 57,930 9,89594 0,5179771
Legend:
Air_max — maximal daily air temperaturd);
C1_max — maximal daily pavement temperature atsar{C);
C2_max — maximal daily pavement temperature at 8lepth from the surfacéQq);
C3_max — maximal daily pavement temperature at 8epth from the surfacé@); and
C4_max — maximal daily pavement temperature atm slepth from the surfacéQ).
Table 4.3 The descriptive statistics for minimalydeemperatures for station Al-Jufroh
Al-Jufroh Minimal daily temperatures Descriptive Statistic
Variable| Valid | Mean | ConfidencéConfidencg Min Max Std.Dev.| Standard
N -95,000% | 95,000% Error
Air_min 365| 13,77288 13,08801 14,4577 -0,950, 25,880 6,653633 0,3482671
Cl _min 363 17,16121 16,433124 17,88929 3,320, 30,090 7,073499 0,370244
C2_min 3683 17,80827 17,0679Q 18,54865 4,120, 31,220 7,192897 0,376493
C3_min 363 19,69514 18,95914 20,43114 6,380 31,910 7,150404 0,374269
C4_min 368 20,79249 20,087771 21,49722 7,780 38,110 6,846527 0,358364
Legend:

Air_min — minimal daily air temperaturei@);
C1_min - minimal daily pavement temperature atatef(C);
C2_min - minimal daily pavement temperature at 3dapth from the surfacéq);

C3_min - minimal daily pavement temperature at 8dapth from the surfacé) and
C4_min - minimal daily pavement temperature at ibdepth from the surfacéQ).

Mean values of maximal daily temperatures are higbe pavement temperatures than air
temperatures. Mean value of maximal daily surfaeperature is the highest for four layers.
Mean values of maximal daily temperatures for ftayers decrease with distance from the
surface. Same is for maximums of maximal dailyasid pavement temperatures. Minimums of
maximal daily air and pavement temperatures deeregth distance from the surface. Standard
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deviation of maximal air temperature is the lowestandard deviation of maximal surface
temperature is the highest of four layers. Stand@rdations of maximal daily temperatures for
four layers decrease with distance from the surfiackcating less variation in deeper layers.

Mean values of minimal daily temperatures are higloe pavement temperatures than air
temperatures. Mean value of minimal daily surfaeegerature is the lowest for four layers.
Mean values of minimal daily temperatures for foayers increase with distance from the
surface. Same is for maximums of minimal dailyad pavement temperatures. Minimums of
minimal daily air and pavement temperatures in&esish distance from the surface. Standard
deviation of minimal air temperature is the lowestandard deviation of minimal C3 layer
temperature is the highest of four layers. Standiendations of minimal daily temperatures for
C4 layer is the lowest of four layers, indicatiegs variation in deeper layers.

Standard deviations of maximal daily air and pavamemperatures are higher than standard
deviations of maximal daily air and pavement terapges indicating less variation in minimal
then maximal temperatures.

Site=Al-Jufroh
Box Plot of multiple variables
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Figure 4.4 Box plot of maximal daily temperaturles Al-Jufroh location
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Site=Al-Jufroh
Box Plot of multiple variables
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Figure 4.5 Box plot of minimal daily temperatuegghe Al-Jufroh location

The development of temperature prediction modelsgudata from the eight locatiolegan

by finding maximum and minimal daily temperatureishim each layer and maximum and
minimal daily air temperature. h& maximal daily temperatures occurred between 14:00
and 17:00 at each layer and the minimal daily temperaiacerred between 3:08nd 8:00
within each layer. For most days, the minimal yaitemperature at the
surface occurred just before sunrise and the maximbl egenmperature at the surface occurred
between 14:00 and 16:00, with the respective minimum orimadxdaily temperatures

in each layer occurring with a time lag that increased increasing distance.

Figures 4.6 and 4.7 presents the temperatures for 30n2012 and December 30, 2012 at the
Brak station. Appendix C presents similar figures tloe remaining stations.
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Line Plot of air and pavement temperatures
BRAK
30th June 2012
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Figure 4.6 Air and pavement temperatures at fopthdeat the Brak location for June 30, 2012.
Line Plot of air and pavement temperatures
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Figure 4.7 Air and pavement temperatures at fopthdeat Brak location for December 30, 2012.
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Matrix Plot
BRAK maximal temperatures
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Figure 4.8 Relationship between maximal daily albrscise) and pavement temperatures
(ordinate) at the Brak location
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Figure 4.9 Relationship between minimal daily(alvscise) and pavement temperatures
(ordinate) at the Brak location
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In figures 4.8 and 4.9 the relationships betweaimal and minimal daily temperatures at four
differentlayersand maximal and minimal daily air temperatures@esented in a matrix plot.

In each matrix, the histograms of the temperataregresented on the diagonal. In the rows are
the scatter plots presenting the relationships éetvair temperature and pavement temperatures.

These graphs show there exists a linear relatidwdsm maximal (minimal) daily air and
pavement temperatures. The maximal (minimal) dadlyement temperatures depend linearly on
maximal (minimal) daily air temperatures, and dlsere is a strong linear relationship between
maximal (minimal) daily temperatures of the pavetman different layers. For maximal
temperatures, there is more variation in the mstip between the air temperature and
pavement temperatures than there is for minimalp&gatures, suggesting that the model for
maximal temperatures should include, besides theteanperature, some other variables.
Appendix C presents similar figures for the remagrstations.

2.3.1 Cumulative solar radiation calculation

In figures 4.10 and 4.11 solar radiation is presgntogether with maximum and minimal daily

air and pavement temperatures. Solar radiationegalere scaled (devided by 25) in order to be
presented on the same graph. It can be seen thaythe of the solar radiation is similar to the

temperature cycle, and that the solar radiatioraiasffect on air and pavement temperatures.

In order to include solar radiation in the modéts, each location the daily cumulative solar
radiation was determined, for each day, as a sumegiftered solar radiation during the day.
Examples for the eight locations are given in tabie

Table 4.4 Cumulative solar radiations at eighatmmns, at 1% of January and 15of June

- . | Cumulative solar radiatic W/m*

Locations Latituder— ¢ January | 15" of June
Al Kufrah 24°17'N 15937.3 32060.8
Al Qatrun 24°56'N 19151.9 25845.9
Ghat 24°59'N 19151.3 29097.9
Awbari 26°46'N 19151.3 29097.9
Brach(SEBHA) 27°31'N 13970.8 33031.5
Hun-joufra 29°02'N 16938.5 32293.9
Awjilah 29°08'N 10108.8 30236.8
hudamis 30°11'N 15756.2 25299.2
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Line Plot of temperatures and solar radiation
Ghat, 30th and 31th of Decembar 2102
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Figure 4.10 Air, pavement temperatures and sotiiatian at Ghat on 3band 3% of December
2012.

Line Plot of temperatures and solar radiation
Ghat, 5th and 6th of June 2012
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Figure 4.11 Air, pavement temperatures and sotiatian at the Ghat locatiori"@&nd 6 June
2012.
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In figure 4.12, the cumulative solar radiationtreg Ghat location during one year is presented.
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Figure 4.12 Cumulative solar radiations at the Gbedtion during one year
4.4 Pavement temperature prediction

Two groups of models were made for predicting makimand minimal daily pavement
temperatures at four different layers.

The first one incorporates the air temperature, afaye year, wind speed and solar radiation, as
predictors, and daily pavement temperatures atléyers (surface (C1), 3 cm (C2), 8 cm (C3), and
15 cm (C4)), as response. We start with air temiperaand add other variables one by one,
forming a series of models. With each combinatibrvariables, we include the latitude in the
model, using the data from all locations.

The second group of models incorporates temperafufee surface of the pavement (C1), day of
the year, wind speed and solar radiation as poedicand daily pavement temperatures at three
layers: 3 cm (C2), 8 cm (C3), and 15 cm (C4),apaese. We start with the temperature of the
surface of the pavement (C1) and add the resteofvélniables one by one, forming a series of
models. With each combination of the variablesjnvgkide the latitude in the model, using the data
from all locations.

As measures of the accuracy of predictions ovenaksure, of how well the model fits the data,
we use adjusted coefficient of determinatidn @d standard error of estimate.

R?is a statistical measure of how close the datdaatie fitted regression line. It is also known
as the coefficient of determination, or the coéfint of multiple determination for multiple
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regression. The definition of’Rs fairly straight-forward; it is the percentagktbe response
variable variation that is explained by a lineardeio

The adjusted Rcompares the explanatory power of regression reotfelt contain different
numbers of predictors. The adjusteti®a modified version of Rhat has been adjusted for the
number of predictors in the model. The adjustéihBreases only if the new term improves the
model more than would be expected by chance am@ntalso decrease with poor quality
predictors.. It decreases when a predictor impréokresmodel by less than expected by chance.
The adjusted Rcan be negative, but it's usually not. It is alwégywer than the R

Standard error of estimate represents the averagende that the observed values fall from the
regression line. Conveniently, it tells how wrorg tregression model is on average using the
units of the response variable. Smaller valuesatier because it indicates that the observations
are closer to the fitted line.

The regression models for predicting maximum andimmel daily pavement temperatures were
developed using statistical package Statistica Stat§oft Inc., Tulsa, OK, USA), university
license for Novi Sad University.

4.5 Linear modeling for daily pavement temperatureprediction incorporating
air temperature

4.5.1 Relationship with the air temperature

The first model to predict daily maximal or minimalaily pavement temperatures is
a simple linear regression relationship betweenmthgimal or minimal dailyair temperature
and themaximal or minimal daily pavement temperature #edent distances (depths) from the
surface. The model is of the following form:

y=Ax*Air+B
where
y= predicted daily pavement temperature (°C) (marmau minimum);
A = air temperature coefficient ;
Air= daily air temperature (°C) (maximum or minimyimd
B = intercept coefficient.

Table 4.5 presents the coefficients for the lineaedjction models developed for four

depths from the surface at the Al-Jufroh station. bhetliwith the model coefficients and their
standard errors are the standard errors of estiamateéhe adjusted coefficient of determination
R?. The coefficients statistically different from zemce denoted in red. Tables of coefficients for
the pavement temperature for the remaining stati@prasented in Appendix D.
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Table 4.5 Parameters of the model for predictirity ggavement temperature from daily air
temperature at the Al-Jufroh location

Al-Jufroh | Maximal daily temperatures y = A * Aityq, + B
depth B Std.Err. A Std.Err. Adjusted R Std.Error of
of B of A estimate
C1 -1,28107 | 1,14505P9 1,42656 | 0,031089 0,85254646 4,5904
Cc2 -1,84082 | 1,0145391,31362| 0,02754% 0,86197995 4,0672
C3 -0.704899 1.035144| 1.204208| 0.028105| 0.83446278 4.1497
C4 -1,20210 | 0,936827 1,18329 | 0,02543% 0,85597026 3,7556
Minimal daily temperatures y = A * Aity,;, + B
C1 2.993632| 0.215441] 1.028658| 0.014089 0.936072602 1.78845
Cc2 3.262923) 0.185374| 1.056087| 0.012122| 0.954229212 1.53885
C3 5.675779 0.276623| 1.017896| 0.018090| 0.896863528 2.29634
C4 7.108064| 0.214801] 0.993578| 0.014047| 0.932168703 1.78313

Standard error of estimate for maximal daily temperaftare€C1 layer, equal to 4.59, indicates
that the average distance of the data points from the fitteds about 4.59 °C. Standard error of
estimate for minimal daily temperature for C1 layer, eqodl.788, indicates that the average
distance of the data points from the fitted line is about8L°Z3

Standard errors of estimate for maximal daily temperaturefdor layers are higher than

standard errors of estimate for minimal temperaturelécating less variation. Standard errors of
estimate for maximal daily temperature are smaller fopeledayers, indicating less variation.

Such pattern does not exist for minimal daily pavement testyres.

Adjusted R are higher for minimal temperatures than for maximal teatpees, indicating
better fit to the data.

A graphical example of the linear relationship devetbfig the Al-Jufroh station is shown in
figures 4.13 to 4.16 where the relationship betw#® maximal daily temperature at
different layers is showmersus thanaximal dailyair temperature. Indures 4.17 to 4.20,
the relationship between the minimal daily tempaetat different layers is showersus
theminimal dailyair temperature. Figures showing those relations foreimaining locations are
presented in Appendix D.
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Scatterplot of C1_max against Int_max
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Figure 4.13Vlaximal daily temperature at layer G/rsus the maximal daily air temperature at
the Al-Jufroh location

Scatterplot of C2_max against Int_max
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Figure 4.14Vlaximal daily temperature at layer G2rsus the maximal daily air temperature at
the Al-Jufroh location
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Scatterplot of C3_max against Int_max
AL-JUFROH_INT_MAX 21v *365c
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Figure 4.19Vlaximal daily temperature at layer G@&rsus the maximal daily air temperature at
the Al-Jufroh location
Scatterplot of C4_max against Int_max
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Figure 4.1GVlaximal daily temperature at layer G#rsus the maximal daily air temperature at
the Al-Jufroh location
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Scatterplot of C1_min against Int_min
AL-JUFROH_INT_min 20v*365c¢c
Cl_min =2,9936+1,0287*x

32
30t o ©
28 Int_min:C1_min: y=2,9936 + 1,0287*x; r=0,9676; p = 0.0000; )
[ [ =0,9362 B .
26 r ...
24t °
L]
22 t . os8 '9..
20 | . . J
LJ
£ 18} RY 5. <5 Xl
HI 16 ° o‘.
(@] 00 ® LX) ° [
14} ° o .
L] L] e °
12 e e T o
® o ® %% °
10 . colef :o ° o
8t oo’ A .oS o.o °
(]
6 | ° 00..1. ° hd
Py L[]
4+ ° ° o °
2

-4 2 0 2 4 6 8 1I0 1I2 1I4 1I6 1I8 2I0 2I2 2I4 2I6 28
Air_min
Figure 4.1Minimal daily temperature at layer G/rsus the minimal daily air temperature at
the Al-Jufroh location
Scatterplot of C2_min against Int_min
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Figure 4.18Vlinimal daily temperature at layer G2rsus the minimal daily air temperature at
the Al-Jufroh location
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Scatterplot of C3_min against Int_min
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Figure 4.19Minimal daily temperature at layer @8rsus the minimal daily air temperature at
the Al-Jufroh location

Scatterplot of C4_min against Int_min
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Figure 4.20Minimal daily temperature at layer G#rsus the minimal daily air temperature at
the Al-Jufroh location

The table 4.5, figures 4.13 to 4.20, and tablesfegures in Appendix D show that the agreement
between the maximg&minimal) daily pavementemperature and maxim@hinimal) daily air

72



temperature in terms of a linear relationshigreases with increasing distance from the
surface since the standard error of estimate idlanfar deeper layer of pavement. As
distance from the surfacecreases, the slope of the line describing thaticeiship between
the maximal (minimal) daily aitemperature and maximgminimal) daily pavement
temperature decreases. It is also noted that the relapobshween the measured values is
generally better for the minimal daily temperatures thanntbgimal daily temperatures. This
can be seen from the values of adjustédvRich are higher for minimal temperatures then for
maximal temperatures, as well as from standard erfastionates, which are lower for minimal
temperatures then for maximal temperatures

Standard error of estimate for maximal daily temperatdezsease with the distance from the
surface, indicating that there is less variability in theximal daily temperatures for deeper
layers.

Considering maximal daily air temperature coefficierinAable 4.5, it can be seen the maximal
daily pavement temperature at all four layers is highan thaxima daily air temperatures.
Considering minimal daily air temperature coefficieninAable 4.5, it can be seen the minimal
daily pavement temperature at all four layers is approxignateame as minimal daily air
temperatures.

4.5.1.1 Relationship with the air temperature and latitude

The next model predicts maximal (minimal) daily paventeniperatures at four different layers
from maximal (minimal) daily air temperatures and idelsi the latitude of the locations. It was
build using data from all locations. The model is offtiilwing form:

y=AxAir+BxLat+C
where
y= predicted daily pavement temperature (°C) (maxonahinimal);
A = air temperature coefficient;
Air= daily air temperature (°C) (maximal or minimal);
B = latitude coefficient;
Lat = latitude of the station (degrees); and
C = intercept coefficient.
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Table 4.6 Parameters of the model for predictiamgepent temperatures when including air

temperature and latitude

glcl:ations Maximal daily temperaturesy = A * Aity,,, + B * Lat + C
depth C B A Adjusted RA2 Std.Error of
estimate
C1 6.726644 | -0.170940| 1.317137 | 0.803477712| 5.1277721p
C2 -1.18177 0.01534| 1.29681 0.845510632| 4.33718244
C3 4.222745 | -0.208648| 1.23755% 0.84010897 4.25591268
Cc4 -1.52011 -0.04626| 1.16772 0.812725747| 4.39406426
Minimal daily temperatures y = A * Airy, + B x Lat + C

C1 1.670400 0.087764 0.953374 0.89188359 2.51980491
C2 9.812420 -0.205259 0.979869| 0.963631337| 1.45078374
C3 13.77512 -0,28955|  0.97828 | 0.921314305 2.184078
C4 14.59235 -0.25946| 0.96868 | 0.90469115 2.3997062

Standard errors of estimates for these models igieeththan corresponding standard error of
estimate for models without the latitude. This t@nexplained by the fact that the data from all

eight stations are included, and therefore themeoie variability in data - the observations ass|
close to regression line.

Table 4.7 Latitudes and longitudes of the stations

Locations Latitude Longitude
Al Kufrah 24°17'N | 24,28333 23°15'E
Al Qatrun 24°56'N| 24,93333 15°03'E
Ghat 24°59'N| 24,98333 10°11'E
Awbari 26°46'N | 26,76667 12°57'E
Brach(SEBHA) | 27°31'N| 27,51667 14°20'E
Hun-joufra 29°02'N| 29,0333B8 16°00'E
Awjilah 29°08'N | 29,13333 21°07'E
Ghadamis 30°11'N 30,18333 09°29'E

A graphical example of the linear relationship devebtbjis shown irfigure 4.21 where the
relationship between the surface daily maximal terapre is showrversusdifferent
distances from the surface arite daily maximal air temperature. Inidure 4.22 the

relationship between the surface daily minimal terapures areshown versusdifferent
layers andhe dailyminimal air temperature.
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3D Surface Plot of C1_max against Latitude and Int_max
C1_max = 6,7266-0,1709*x+1,3171*y
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Figure 4.21 Maximal daily C1 temperatures for atldtions as a function of maximum daily air
temperature and latitude

3D Surface Plot of C1_min against Int_min and Latitude
Cl_min =1,6704+0,9534*x+0,0878*y
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Figure 4.22 Minimal daily C1 temperatures for altdtions as a function of maximum daily air
temperature and latitude

In Appendix D the figures for the remaining layare presented. The tables and figures for this
model show that the agreement between maximal ifmaiipavementemperatures at all four
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layers and maximal (minimal) air temperature @rnmts of a linear relationshifi is also
noted that the relationship between the measured valuesasalig better for the minimal daily
temperatures than the maximal daily temperatures. Hmde seen from the values of adjusted
R? and standard errors of estimates, which are higher fommal daily temperatures than
maximal daily temperatures.

Furthermore, since the most of the coefficients of #tkulde are negative, maximal (minimal)
daily pavement temperatures decrease, as latitude sesrea

4.5.2 Relationship with air temperature and day othe year

The next model for predicting maximal (minimal) dapavement temperatures at different
distances includes maximal (minimal) daily air tempeest and the day of the year. The days of
the year are coded from O, for the first of Januarga®, for December 31st. (leap year) As it is
presented in figures 4.23 and 4.24, there existqbnear relation between maximal (minimal)
daily temperatures with the day of the year, the sgoéthe day of the year will be included in
the model.

Scatterplot of C1_max against Day
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Figure 4.23 C1 maximal daily temperature as a funafdhe day of the year for the Brak
station
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Scatterplot of C1_min against Day
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Figure 4.24 C1 minimal daily temperature as a fiamcof the day of the year for the Brak
station

Tables 4.8 to 4.11 give the characteristics & thodels for maximal daily pavement
temperatures for four layers at the Brak locatiehere the model is of the form:

VYmax = A * Aityax + B * Day + C x Day* + D
where
y_max= predicted maximal daily temperature for four thepaf the pavement (°C);
A = air temperature coefficient;
Air_max = maximal daily air temperature (°C);
B = coefficient for the day of the year;
Day = day of the year;
C = coefficient for the square of the day of tharye
D = intercept coefficient.

In table 4.8, in the column denoted by b the regiom coefficients of the model are given. So,
intercept is equal tB=3.40893. The air temperature coefficient As 0.62822. The coefficient
for the day of the year B=0.23666. The coefficient for the square of the ofthe year i< = -
0.00065.
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Table 4.8 Coefficients of the model for predigtimaximal daily C1 temperature from
maximal daily air temperature and day of the ygdhe Brak location.

Regression Summary for Dependent Variable: C1_max
Brak (BRAK_C1_max)
Cl max |R=.97744464 R?= .95539803 Adjusted R?= .95502738

F(3,361)=2577.6 p<0.0000 Std.Error of estimate1 24

b* Std.Err. b Std.Err. t(361) p-value
of b* ofb
Intercept 13.40893 0.686521 19.5317 0.00
Air_max 0.4481Q 0.021658 0.62827 0.030364 20.6899 0.00
Day 2.19731 0.086222 0.23666 0.009287 25.4842 0.00
Day? -2.27299 0.084984 -0.00065 0.000024 -26.7456 0.00
Yimax = 0.62822 * Aity 0, + 0.23666 * Day — 0.00065 * Day? + 13.40893
Legend:

b* - standardized regression coefficient;

Std.Err.of b* - Standard error of b*;

b - regression coefficient;

Std.Err. of b - Standard error of b;

t(361) — value of test statistics for regressioeftiaent;

p-value - the probability of obtaining a value eét statistic at least as extreme as the one that
was actually observed, assuming that the null hgms$ that regression coefficient is zero is
true.

In the tables are presented standardized coefficighand their standard errors. It means that
first all variables were standardized so to havamealue zero and standard deviation 1, after
that regression coefficients b* were determinede @an use standardized coefficients in the
equation to compare the effect of independent bkasato the dependent variable.

Table 4.9 Characteristics of the model for prixigcmaximal daily C2 temperature from
maximal daily air temperature and day of the ygdhe Brak location

Regression Summary for Dependent Variable: C2_max
Brak (BRAK_C1_max)
C2_max |R=.98036557 R?=.96111665 Adjusted R?= .96079352

F(3,361)=2974.4 p<0.0000 Std.Error of estimate1 223

b* Std.Err. b Std.Err. | t(361) p-value
of b* of b

Intercept 7.188584 0.656843 10.9441 0.00000(¢
Air_max 0.49464 0.020222 0.710664 0.029051 24.4627 0.00000(
Day 2.04180 0.080505 0.225349 0.008885 25.3623 0.00000(
Day? -2.09579 0.079351 -0.000613 0.000023 -26.4118 0.00000(

Vmax = 0.710666 * Aty + 0.225349 x Day — 0.000613 = Day? + 7.188584
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Table 4.10 Characteristics of the model for prag maximal daily C3 temperature from
maximal daily air temperature and day of the yeédhe@ Brak location

Regression Summary for Dependent Variable: C3_max
Brak (BRAK_C1_max)
C3 _max |R=.98120351 R2=.96276034 Adjusted R2=.96245087

F(3,361)=3111.0 p<0.0000 Std.Error of estimate02&2

b* Std.Err. b Std.Err. t(361) p-value
of b* of b

Intercept 6.005978 0.626556 9.5857, 0.00000(¢
Air_max 0.49029 0.01979Q 0.686538 0.027711 24.7745 0.00000(
Day 2.06739 0.07878§ 0.222403 0.008474 26.2407 0.00000(
Day? -2.11272 0.077655 -0.000603 0.000022 -27.2063 0.00000(

Vmax = 0.686538 * Ay, + 0.222403 x Day — 0.000603 = Day? + 6.005975

Table 4.11 Characteristics of the model for prag maximal daily C4 temperature from
maximal daily air temperature and day of the yeédhe@ Brak location

Regression Summary for Dependent Variable: C4_max
Brak (BRAK_C1_max)
C4 _max |R=.98054216 R2=.96146292 Adjusted R?=.96114267

F(3,361)=3002.2 p<0.0000 Std.Error of estimate6230

b* Std.Err. b Std.Err. t(361) p-value
of b* of b

Intercept 4.639623 0.587529 7.8968 0.00000(
Air_max 0.47194 0.020132 0.609187 0.025985 23.4435 0.00000(¢
Day 2.14345 0.080144 0.212552 0.00794§ 26.7442 0.00000(
Day? -2.17524 0.0789971 -0.0005734 0.000021 -27.5359 0.00000(¢

Vmax = 0.609187 * Airy, . + 0.212552 x Day — 0.000572 = Day? + 4.639623

In figure 4.25 the relationship between the surfack saaximal temperatures ashown
versusday of the year anthhe dailymaximalair temperature.
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3D Surface Plot of C1 maxagainst Day and Int max
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Figure 4.25 Maximal daily C1 temperature asraecfion of maximal daily air temperature and
the day of the year for the Brak station

Tables 4.12 to 4.15 give the characteristighefmodels for daily minimum temperatures at
the Brak location, where the model is of the form:

VYmin = A * Aityyin + B * Day + C *x Day? + D
where

y_min= predicted minimal daily temperature for four depof the pavement (°C);
A = air temperature coefficient;

Air_min = minimal daily air temperature (°C);

B = coefficient for the day of the year;

Day = day of the year;

C = coefficient for the square of the day of tharye

D = intercept coefficient.
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Table 4.12 Characteristics of the model for priaggcminimal daily C1 temperature from
minimal daily air temperature and day of the ydaha Brak location

Regression Summary for Dependent Variable: C1_min

(BRAK_Air_min)
Brak R=.94704362 R?= .89689161 Adjusted R?= .89603475
Cl min |F(3,361)=1046.7 p<0.0000 Std.Error of estimate2@10

b* Std.Err. b Std.Err. t(361) p-value
of b* of b

Intercept 9.216314 0.319654 28.83215 0.00000(
Air_min 0.71332 0.032338 0.627141 0.028431 22.05834 0.00000(¢
Day 1.03327 0.128854 0.061204 0.007633 8.01851 0.00000(
Day? -1.0799¢ 0.125654 -0.00017Q 0.00002Q -8.5947Q 0.00000(

Vinin = 0.627141 * Aty + 0.061208 * Day — 0.000170 * Day? + 9.216318

Table 4.13 Characteristics of the model for prag minimal daily C2 temperature from
minimal daily air temperature and day of the yddaha Brak location

Regression Summary for Dependent Variable: C2_BRAK_Air_min)
Brak R=.99126313 R2=.98260259 Adjusted R2=.98245802
C2_min F(3,361)=6796.4 p<0.0000 Std.Error of estimatel 799
b* Std.Err b Std.Err (361 p-value
of b* ofb

Intercep 2.544214 0.156933 16.2121 0.00
Air_min 0.776403 0.013283 0.815841 0.013958 58.4499 0.00
Day 0.965883 0.052929 0.068388 0.003748 18.2487 0.00
Day? -0.955165 0.051614 -0.000179 0.00001Q -18.5058 0.00

Vmin = 0.815841 * Aityy;, + 0.068388 * Day — 0.000179 * Day? + 2.544214

Table 4.14 Characteristics of the model for prag minimal daily C3 temperature from
minimal daily air temperature and day of the yatathe Brak location

Regression Summary for Dependent Variable: C3_min

Brak (BRAK_Air_min)
C3 min |R=.99079541 R2= .98167554 Adjusted R?=.98152326
F(3,361)=6446.5 p<0.0000 Std.Error of estimate3620
b* Std.Err. b Std.Err. t(361) p-value
of b* of b

Intercept 3.116924 0.163964 19.0098 0.00
Air_min 0.75142 0.013633 0.803832 0.014583 55.1195 0.00
Day 1.07127 0.054321 0.07721§ 0.003915 19.7211 0.00
Day? -1.06163 0.052972 -0.000203 0.00001Q0 -20.0415 0.00
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Vonin = 0.803832 * Airy;, + 0.077218 * Day — 0.000203 * Day? + 3.116924

Table 4.15 Characteristics of the model for prg minimal daily C4 temperature from
minimal daily air temperature and day of the yddha Brak location

Regression Summary for Dependent Variable: C4_min
Brak (BRAK_Air_min)
C4_min |R=.97526875 R?=.95114913 Adjusted R?= .95074317

F(3,361)=2342.9 p<0.0000 Std.Error of estimate8827

b* Std.Err. b Std.Err. t(361) p-value
of b* of b

Intercept 4.682004 0.282968 16.5461 0.00
Air_min 0.67299 0.022259 0.760949 0.025164 30.2348 0.00
Day 1.33007 0.088693 0.101335 0.006757 14.9964 0.00
Day? -1.35471 0.08649Q -0.000274 0.000017 -15.6632 0.00

Vonin = 0.760949 % Airyn + 0.101335 * Day — 0.000274 * Day? + 4.682006

3D Surface Plot of C1_min against INT_min and Day
BRAK_INT_min 22v*365c¢
C1l_min =9,9338+0,8334*x-0,0038*y

s 1

> 35
M <34
B <29
<24
<19
B <14
B <o

Figure 4.26 Minimal daily C1 temperature as a fiorcbf minimal daily air temperature and the
day of the year for the Brak station

Appendix E presents the tables and figures of tbhdets for predicting maximal (minimal) daily
pavement temperatures at different depths depemaimgaximal (minimal) daily air temperatures
and the day of the year for the remaining locations
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From the tables in Appendix E for the models faedicting maximal (minimal) daily pavement
temperatures at different depths depending on naximinimal) daily air temperatures, and the
day of the year, it can be seen that the air teatper coefficients are lower compared to the
coefficients in the models which did not include thay of the year. This means that the day of the
year has an effect on the temperatures of the pavemlso, adjusted Rare higher for the
models, which include the day of the year, esplgdiat maximal daily temperatures. The standard
errors of the models both for maximal and minichaly temperatures are lower compared to the
models which did not include the day of the yednmsTneans that the models with the day of the
year better explain maximal and minimal daily terapgres of the pavement at all four layers than
the models including only the air temperature.

Standard error of estimate for maximal daily terapses decrease with the distance from the
surface, indicating that there is less variabilitythe maximal daily temperatures for deeper
layers.

4.5.2.1 Relationship with air temperature, day of the year and latitude

The next model for predicting maximal (minimal) lgfapavement temperatures at different
distance from maximal (minimal) daily air temperas and the day of the year was built using
data from all stations and included the latitudéheflocations.

The model for daily maximal temperatures is offthilowing form:

Ymax = A * Ailipax + B*Day + C * Day? + D = Lat + E
where
y_max= predicted maximal daily temperature for four thspaf the pavement (°C);
A = air temperature coefficient;
Air_max = maximal daily air temperature (°C);
B = coefficient for the day of the year;
Day = day of the year;
C = coefficient for the square of the day of tharye
D = latitude coefficient;
Lat = latitude of the location (degrees); and
E = intercept coefficient.

Tables 4.16 to 4.19 give the characteristichefrhodels for maximal daily pavement
temperatures for four layers for all locations.
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Table 4.16 Characteristics of the model for prg maximal daily C1 temperature from

maximal daily air temperature and day of the yeawafl locations

Regression Summary for Dependent Variable: C1_max
All (Max_all_locations)
locations |R=.95874772 R?=.91919720 Adjusted R2=.91908613
Cl max |[F(4,2910)=8275.9 p<0.0000 Std.Error of estimat2832

b* Std.Err. b Std.Err. | t(2911) p-value
of b* of b

Intercept 24.89774 0.93298(Q0 26.6863 0.00
Air_max 0.47839 0.008475 0.70669 0.012519 56.4458 0.00
Day 2.01658 0.033218 0.2205¢ 0.003633 60.7084 0.00
Day? -2.11827 0.033397 -0.00061 0.00001(q -63.4272 0.00
Latitude -0.08727 0.005394 -0.48402 0.02991§ -16.1781 0.00

= 0.70665 * Aifyq, + 0.22056 * Day — 0.00061 * Day? — 0.48402 * Lat + 24.89776

ymax

Table 4.17 Characteristics of the model for prg maximal daily C2 temperature from
maximal daily air temperature and day of the yeaall locations

Regression Summary for Dependent Variable: C2_max
All (Max_all_locations)
locations |R=.97400806 R?=.94869169 Adjusted R?= .94862117
C2_max |F(4,2910)=13451. p<0.0000 Std.Error of estimate0 22

b* Std.Err. b Std.Err. | t(2911) p-value
of b* ofb

Intercept 15.09352 0.70947q 21.2742 0.00000(
Air_max 0.52563 0.006754 0.7409§ 0.00952Q 77.8302 0.00000(
Day 1.93441 0.02647Q 0.20191 0.002763 73.0805 0.00000(
Day? -2.01524 0.026613 -0.00056 0.000007 -75.7252 0.00000(
Latitude -0.0509 0.004298 -0.26971 0.022751 -11.855(0 0.00000(¢

VYmax = 0.74095 * Aityy 4, + 0.20191 * Day — 0.00056 * Day? — 0.2697 * Lat + 15.09352
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Table 4.18 Characteristics of the model for prag maximal daily C3 temperature from
maximal daily air temperature and day of the yenall locations

ymax

Table 4.19 Characteristics of the model for taty maximal daily C3 temperature from

Regression Summary for Dependent Variable: C3_max
All (Max_all_locations)
locations |R=.96476177 R?=.93076527 Adjusted R2=.93067007
C3 _max |F(4,2909)=9776.9 p<0.0000 Std.Error of estimat@d25

b* Std.Err. b Std.Err. | t(2910) p-value
of b* of b

Intercept 18.9427¢ 0.795015 23.8269 0.00
Air_max 0.54074 0.007845 0.73521 0.010667 68.9251 0.00
Day 1.81295 0.030756 0.18249 0.00309¢ 58.9464 0.00
Day? -1.88885 0.030922 -0.00050 0.000004 -61.0841 0.00
Latitude -0.09140 0.004994 -0.46665 0.02549¢4 -18.3028 0.00

= 0.73521 * Aifyq, + 0.18249 * Day — 0.00050 * Day? — 0.46665 * Lat + 18.94276

maximal daily air temperature and day of the yeaafl locations.

Regression Summary for Dependent Variable: C4_max
All (Max_all_locations)
locations |R=.95348649 R?=.90913648 Adjusted R?=.90901159
C4 max |F(4,2910)=7279.0 p<0.0000 Std.Error of estimat@638

b* Std.Err. b Std.Err. | t(2911) p-value
of b* ofb
Intercept 12.66080Q 0.868776 14.5732 0.00000(
Air_max 0.51326 0.0089871 0.6657¢ 0.01165§ 57.1090 0.00000(
Day 1.91984 0.035225 0.18439 0.003383 54.5031f 0.00000(
Day? -1.96552 0.035415 -0.00050 0.000009 -55.4994 0.00000(
Latitude -0.0623§ 0.00572Q -0.30365 0.02786(0 -10.8994 0.00000(
Vmax = 0.66576 * Aity,q, + 0.18439 * Day — 0.00050 * Day? — 0.30365 * Lat + 12.66080

The model for minimal daily temperatures is of tbkowing form:

where
y_min= predicted minimal daily temperature for four depof the pavement (°C);
A = air temperature coefficient;
Air_min = minimal daily air temperature (°C);
B = coefficient for the day of the year;
Day = day of the year;
C = coefficient for the square of the day of tharye

Ymin = A * Aityin + B * Day + C * Day? + D * Lat + E
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Day? = square of the day of the year;

D = latitude coefficient;

Lat = latitude of the location (degrees); and
E = intercept coefficient.

Tables 4.20 to 4.23 give the characteristics eftfodels for minimal daily pavement
temperatures for four layers for all locations.

Table 4.20 Characteristics of the model for ptang minimal daily C1 temperature from
minimal daily air temperature and day of the yeaurdll locations

Regression Summary for Dependent Variable: C1_min
All (Min_all_locations)
locations |R=.94769674 R?=.89812911 Adjusted R?= .89798912
Cl min |F(4,2911)=6416.1 p<0.0000 Std.Error of estimaté4?26
b* Std.Err. b Std.Err. | t(2911) p-value
of b* of b
Intercept 1.525863 0.605489 2.5201] 0.01178%
Air_min 0.833175 0.010731 0.840662 0.010827 77.6451 0.00000(
Day 0.520239 0.042613 0.037714 0.003089 12.2085 0.00000(
Day? -0.543774 0.042417 -0.000105 0.000008 -12.8194 0.00000C
Latitude 0.020274 0.005926 0.074524 0.021787 3.4214 0.000633

VYmin = 0.840662 * Aity,;,, + 0.037716 * Day — 0.000105 * Day? + 0.074524 = Lat

+ 1.525863

Table 4.21 Characteristics of the model for mtang minimal daily C2 temperature from
minimal daily air temperature and day of the yeardll locations

Regression Summary for Dependent Variable: C2_min
(Min_all_locations)
All R=.98756678 R?= .97528814 Adjusted R2=.97525418
locations |F(4,2911)=28722. p<0.0000 Std.Error of estimat&9a7
C2_min b* Std.Err. b Std.Err. | t(2911) p-value
of b* of b
Intercept 9.203414 0.296041 31.0883 0.00
Air_min 0.815107 0.005283 0.816427 0.005294 154.2286 0.00
Day 0.775277 0.02098§ 0.055794 0.00151Q 36.9393 0.00
Day? -0.771101 0.020892 -0.000147 0.000004 -36.9094 0.00
Latitude -0.061513 0.002919 -0.2244674 0.01065Q -21.0769 0.00

Vomin = 0.816427 * Aityyin + 0.055795 * Day — 0.000147 * Day? — 0.224462 * Lat

+9.203415
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Table 4.22 Characteristics of the model for prag minimal daily C3 temperature from

minimal daily air temperature and day of the yeardll locations

Regression Summary for Dependent Variable: C3_min
(Min_all_locations)
All R=.97156229 R2= .94393329 Adjusted R?=.94385625
locations |F(4,2911)=12252. p<0.0000 Std.Error of estimat@449
C3_min b* Std.Err. b Std.Err. | t(2911) p-value
of b* of b
Intercept 13.08017 0.45638§ 28.6602 0.00
Air_min 0.72841 0.007961 0.74673 0.008161 91.5016 0.00
Day 1.06663 0.031613 0.07857 0.002329 33.7401 0.00
Day? -1.07664 0.031468 -0.00021] 0.000004 -34.2143 0.00
Latitude -0.08549 0.004396 -0.319271 0.01641f -19.4467 0.00
Ymin = 0.74673 * Airyin + 0.07857 * Day — 0.00021 * Day? — 0.31927 * Lat + 13.08012

Table 4.23 Characteristics of the model for gy minimal daily C4 temperature from

minimal daily air temperature and day of the yeaurdll locations

Regression Summary for Dependent Variable: C4_min
(Min_all_locations)
All R=.96461979 R2= .93049135 Adjusted R?= .93039583
locations |F(4,2911)=9742.2 p<0.0000 Std.Error of estimat@5@7
C4_min b* Std.Err. b Std.Err. | t(2911) p-value
of b* of b
Intercept 13.73368 0.5073071 27.0717 0.00
Air_min 0.70401 0.008864 0.7205(0 0.009071 79.4254 0.00
Day 1.14945 0.035199 0.08452 0.00258§ 32.6553 0.00
Day? -1.14947 0.035038 -0.00022 0.000007 -32.8064 0.00
Latitude -0.07741 0.004895 -0.28861 0.01825(0 -15.814§ 0.00

Yomin = 0.72050 * AiTy;, + 0.08452 x Day — 0.00022 * Day? — 0.28861 * Lat + 13.73368

Most of the coefficients of the latitude are negatiindicating that as latitude increases,
pavement temperatures decreases. Compared witihdtels including only maximal daily air
temperature and latitude, the models includingniagimal daily air temperature, the day of the
year and latitude have higher adjustedaRd standard error of estimate, indicating befiten
the data.

4.5.3 Relationship with air temperature and wind sped

The next model for predicting maximal (minimal) lggpavement temperatures at different depths
included maximal (minimal) daily air temperaturesl avind speed.
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Tables 4.24 to 4.27 give the characteristics ohtloelels for maximal daily pavement

temperatures for four layers at the Awbari locatiwhere the model is of the form:

where

Vmax = A* Al + B* WS +C

y_max= predicted maximal daily pavement temperature;(°C)
A= air temperature coefficient;
Air_max= maximal daily air temperature (°C);
B = coefficient for the wind speed,;
WS = wind speed(m/s); and

C

intercept coefficient.

Table 4.24 Characteristics of the model for prg maximal daily C1 temperature from
maximal daily air temperature and the wind speedhe Awbari location

Regression Summary for Dependent Variable: C1_max
Awbari (AWBARI_C1_max)
C1_max R=.86686882 R2=.75146156 Adjusted R?=.75008461

F(2,361)=545.75 p<0.0000 Std.Error of estimate637/5

b* Std.Err. b Std.Err. t(361) p-value
of b* of b

Intercept 5.691504 1.498995 3.79688 0.00017Z
Air_max 0.870801 0.02657Q 1.189832 0.036304 32.77425 0.00000(
Wind Speed, (m/s)| 0.0277450.02657Q 0.000987 0.000944 1.04423 0.29708(

Vmax = 1.189832 * Airy,g, + 0.000987 x WS + 5.691504

Table 4.25 Characteristics of the model for prag maximal daily C2 temperature from
maximal daily air temperature and the wind speedHhe Awbari location

Regression Summary for Dependent Variable: C2_max
Awbari (AWBARI_C1_max)
C2_max R=.90932612 R2= .82687400 Adjusted R?=.82591485

F(2,361)=862.09 p<0.0000 Std.Error of estimate9343

b* Std.Err. b Std.Err. t(361) p-value
of b* of b

Intercept 3.347029 1.183891 2.82714 0.00495§
Air_max 0.908650 0.022175 1.174872 0.02867Z4 40.97564 0.00000(¢
Wind Speed, (m/s) -0.0042870.022173 -0.000143 0.000747 -0.19106 0.84858¢

Vnax = 1174872 % Aityngy — 0.000143 x WS + 3.347029
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Table 4.26 Characteristics of the model for mtang maximal daily C3 temperature from
maximal daily air temperature and the wind speedhe Awbari location

Regression Summary for Dependent Variable: C3_max

Awbari (AWBARI_C1_max)
C3_max R=.91098301 R2=.82989005 Adjusted R?= .82894761
F(2,361)=880.58 p<0.0000 Std.Error of estimate0253
b* Std.Err. b Std.Err. t(361) p-value
of b* of b

Intercept 2.342969 1.159394 2.02085 0.044033
Air_max 0.909843 0.021981 1.162244 0.028079 41.39159 0.00000d
Wind Speed, (m/s) -0.0070780.021981 -0.000235 0.000731 -0.32200 0.747637

Vimax = 1.162244 % Airy, 5, — 0.000235 x WS + 2.342969

Table 4.27 Characteristics of the model for prg maximal daily C4 temperature from
maximal daily air temperature and the wind speedife Awbari location

Regression Summary for Dependent Variable: C1_max

Awbari (AWBARI_C1_max)
C4_max R=.91166155 R?= .83112679 Adjusted R?= .83019120
F(2,361)=888.35 p<0.0000 Std.Error of estimate03®
b* Std.Err. b Std.Err. t(361) p-value
of b* of b

Intercept -0.851159 1.051738 -0.80929 0.418882
Air_max 0.909075 0.021901 1.05728Q 0.025472 41.50783 0.00000d
Wind Speed, (m/s) -0.0156130.021901 -0.000473 0.000663 -0.71289 0.476374

Vimax = 1.057280 * Aity,, — 0.000473 x WS — 0.851159

Tables 4.28 to 4.31 give the characteristichefrhodels for minimal daily pavement
temperatures for four layers at the Awbari location

The model for minimum temperatures is of the follagvform:

where

Ymin = A * Airyin + B*x WS +C

y_min= predicted minimal daily pavement temperature ;(°C)
A = air temperature coefficient;
Air_min = minimal daily air temperature (°C);
B = coefficient for the wind speed;
WS = wind speed(m/s); and

C=

intercept coefficient.
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Table 4.28 Characteristics of the model for fmtéty minimal daily C1 temperature from

minimal daily air temperature and wind speed forbaw location

Regression Summary for Dependent Variable: C1_min
Awbari (AWBARI_Air_min)
C1_min R=.97008280 R2=.94106065 Adjusted R?=.94073411

F(2,361)=2882.0 p<0.0000 Std.Error of estimate8708

b* Std.Err. b Std.Err. t(361) p-value
of b* ofb

Intercept 2.624441 0.231399 11.34164 0.00000d
Air_min 0.964115 0.013192 0.997554 0.01365(0 73.08242 0.00000¢
Wind Speed, (m/s)| 0.0229670.013192 0.001674 0.000962 1.74092 0.082549

Ymin = 0.997554 x Airy,;,, + 0.001674 x WS + 2.624441

Table 4.29 Characteristics of the model for prag minimal daily C2 temperature from

minimal daily air temperature and wind speed fe Awbari location
Regression Summary for Dependent Variable: C2_min
Awbari (AWBARI_Air_min)
C2_min R=.97879550 R2=.95804063 Adjusted R?= .95780817
F(2,361)=4121.3 p<0.0000 Std.Error of estimate282%
b* Std.Err. b Std.Err. t(361) p-value
of b* ofb
Intercept 4.685447 0.187394 25.00325 0.00000¢
Air_min 0.973207 0.011131 0.966484 0.011054 87.43333 0.00000¢
Wind Speed, (m/s)| 0.0215730.011131 0.00151Q 0.000779 1.9381q4 0.053384

Ymin = 0.966484 * Air,,;;, +0.001510 * WS + 4.685447

Table 4.30 Characteristics of the model for prag minimal daily C3 temperature from
minimal daily air temperature and wind speed fe Awbari location

Regression Summary for Dependent Variable: C3_min
Awbari (AWBARI_Air_min)
C3_min R=.97028617 R?=.94145525 Adjusted R2=.94113090

F(2,361)=2902.6 p<0.0000 Std.Error of estimate6@77

b* Std.Err. b Std.Err. t(361) p-value
of b* of b

Intercept 7.702494 0.216644 35.5536§ 0.00000(¢
Air_min 0.975935 0.013148 0.948578 0.012779 74.22724 0.00000(¢
Wind Speed, (m/s) -0.0238120.013148 -0.001631 0.000900 -1.8111Q 0.070957%

Ymin = 0.948578 x Airy,;,, — 0.001631 * WS + 7.702494
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Table 4.31 Characteristics of the model for prag minimal daily C4 temperature from
minimal daily air temperature and wind speed fa Awbari location

Regression Summary for Dependent Variable: C4_min
Awbari (AWBARI_Air_min)
C4_min R=.96400826 R?=.92931193 Adjusted R?=.92892031

F(2,361)=2373.0 p<0.0000 Std.Error of estimate6169

b* Std.Err. b Std.Err. t(361) p-value
of b* of b

Intercept 9.266781 0.241274 38.40764 0.00000d
Air_min 0.971125 0.014447 0.95667Q 0.014232 67.21845 0.00000d
Wind Speed, (m/s)| -0.030423 0.014447 -0.002114 0.001003 -2.1057§ 0.035914

Vomim = 0.956670 * Airy — 0.002112 x WS + 9.266781

Appendix F presents the tables and figures of thdets for predicting maximal (minimal) daily
pavement temperatures at different depths depemaimgaximal (minimal) daily air temperatures,
and wind speed for the remaining stations.

From tables 4.24 to4.31 and the tables in Appemdior the models for predicting maximal
(minimal) daily pavement temperatures at differdgpths depending on maximal (minimal) daily
air temperatures and wind speed, it can be seewitite speed coefficients are negative, so as
wind speed increases, the pavement temperatureases. However, these coefficients are small,
especially for deeper layers and are usually missitally significant. Also, it can be seen tte

air temperature coefficients are similar to thefiedents in the models which did not include the
wind speed. This means that the wind speed hisdifiect on the temperatures of the pavement.
Furthermore, adjusted®Rare lower for the models which include the wineéesh The standard
errors of the models both for maximal and minineahperatures are similar to the standard errors
of the models which did not include wind speed.sTiheans that the models with the wind speed
do not better explain maximal and minimal daily pematures of the pavement than the models
including only maximal and minimal daily air tempeirre.

4.5.3.1 Relationship with air temperature, wind speed, and latitude

The next model for predicting maximal (minimal) lgigbavement temperatures at four different
layers from maximal (minimal) daily air temperatrand the wind speed was built using data
from all locations and included the latitude of kheations.

The model for maximum temperatures is of the foit@form:

where
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y_max= predicted maximal daily pavement temperature;(°C)
A = air temperature coefficient;
Air_max= maximal daily air temperature (°C);
B = coefficient for the wind speed (m/s);

WS = wind speed;

C =latitude coefficient;
Lat = latitude of the location (degrees);
D = intercept coefficient.

Tables 4.32 to 4.35 give the characteristichefrhodels for maximal daily pavement
temperatures for four layers.

Table 4.32 Characteristics of the model for prag maximal daily C1 temperature from
maximal daily air temperature and wind speed fbloahtions

Regression Summary for Dependent Variable: C1_max

All locations (Max_all_locations)
C1l_max R=.89654196 R?= .80378749 Adjusted R2=.80358527
F(3,2911)=3975.0 p<0.0000 Std.Error of estimat&25%6
b* Std.Err. b Std.Err. | t(2911) p-value
of b* of b

Intercept 6.8959164 1.387568  4.9698 0.000001
Air_max 0.891351 0.008288 1.316651 0.012242 107.5525 0.00000d
Wind Speed, (m/s)| -0.017612 0.008215 -0.001277 0.000594 -2.1438 0.032133
Latitude -0.031411 0.008291 -0.174221 0.045984 -3.7887| 0.000154

Vimax = 1.316651 * Airy 0y

—0.001277 * WS — 0.174221 * Lat + 6.895916

Table 4.33 Characteristics of the model for gty maximal daily C2 temperature from
maximal daily air temperature and wind speed fbloghtions

Regression Summary for Dependent Variable: C2_rkax (all_sites)

All locations R=.91973352 R2= .84590975 Adjusted R?= .84575095

C2_max F(3,2911)=5326.8 p<0.0000 Std.Error of estimatg@338

b* Std.Err. b Std.Err. | t(2911) p-value
of b* of b

Intercept -1.02465 1.173444 -0.8732 0.382628
Air_max 0.919642 0.007344 1.2963¢ 0.010353 125.218Q 0.00000(
Wind Speed, (m/s)| -0.017131 0.00728(0 -0.00119 0.000504 -2.3531] 0.018684
Latitude 0.002328 0.0073474 0.01230 0.038888§ 0.3162 0.751850

Vimax = 1.29636 * Aitipgy — 0.00119 * WS + 0.01230 * Lat — 1.02465
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Table 4.34 Characteristics of the model for presdgcmaximal daily C3 temperature from
maximal daily air temperature and wind speed fbloghtions

Regression Summary for Dependent Variable: C3_x (all_sites)

All locations R=.91676381 R2=.84045588 Adjusted R?=.84029140
C3_max F(3,2910)=5109.8 p<0.0000 Std.Error of estimat2535

b* Std.Err. b Std.Err. | t(2910) p-value

of b* of b

Intercept 4.086301 1.151777% 3.5478 0.000395
Air_max 0.910508 0.007474 1.237945 0.010162 121.8208 0.00000d
Wind Speed, (m/s)] 0.015409 0.007409 0.00102§ 0.000494 2.0797 0.037641
Latitude -0.040350 0.007477 -0.205999 0.038173 -5.3965 0.00000(¢

Vimax = 1.237945 % Air,, ., + 0.001028 WS — 0.205999 x Lat + 4.086301

Table 4.35 Characteristics of the model for presdgcmaximal daily C4 temperature from
maximal daily air temperature and wind speed fbloghtions

Regression Summary for Dependent Variable: C4_x (all_sites)

All locations R=.90412211 R2=.81743679 Adjusted R2=.81724865
C4_max F(3,2911)=4344.7 p<0.0000 Std.Error of estimatg4@7

b* Std.Err. b Std.Err. | t(2911) p-value

of b* of b

Intercept -0.948412 1.175306 -0.8069 0.419762
Air_max 0.898984 0.007994 1.166081 0.010369 112.4558 0.00000d
Wind Speed, (m/s)| -0.067739 0.007924 -0.004314 0.000504 -8.5480, 0.00000¢
Latitude -0.011778 0.007997 -0.05734Q0 0.03895Q -1.4721] 0.141089

Vmax = 1.166081 * Airy, — 0.004312 x WS — 0.057340  Lat — 0.948412

The model for minimum temperatures is of the follogvform:

where

ymin:A*Airmin+B*WS+C*Lat+D

y_min= predicted minimal daily pavement temperature ;(°C)
A = air temperature coefficient;

Air_min = minimal daily air temperature (°C);

B = coefficient for the wind speed,;
WS = wind speed (m/s);
C =latitude coefficient;

Lat = latitude of the location (degrees); and
D = intercept coefficient.
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Tables 4.36 to 4.39 give the characteristics hif models for minimal daily pavement
temperatures for four layers.

Table 4.36 Characteristics of the model for praticminimal daily C1 temperature from
minimal daily air temperature and wind speed folaglations

Regression Summary for Dependent Variable: C1_min
All locations (Min_all_locations)
Cl _min R=.94435930 R2=.89181449 Adjusted R?=.89170296

F(3,2910)=7996.1 p<0.0000 Std.Error of estimatge2@7

b* Std.Err. b Std.Err. | t(2910) p-value
of b* of b

Intercept 1.664344 0.619445 2.6868 0.007254
Air_min 0.944903 0.006128 0.953313 0.006183 154.1821 0.00000(¢
Wind Speed, (m/s) -0.0012880.006127 -0.000221 0.00109% -0.2021] 0.839839
Latitude 0.023991 0.006101 0.08814Q 0.022415 3.9323 0.0000864

Vomin = 0.953313 * Airy;, — 0.000221 * WS + 0.088140 * Lat + 1.664344

Table 4.37 Characteristics of the model for prisggcminimal daily C2 temperature from
minimal daily air temperature and wind speed fbftagations

Regression Summary for Dependent Variable: C2_min
All locations (Min_all_locations)
C2_min R=.98168449 R2= .96370444 Adjusted R?= .96366702
F(3,2910)=25755. p<0.0000 Std.Error of estimat4494
b* Std.Err. b Std.Err. | t(2910) p-value
of b* of b
Intercept 9.792971 0.356194 27.4932 0.00000(
Air_min 0.977323 0.00355Q 0.978881 0.003553 275.3230 0.00000(
Wind Speed, (m/s)| 0.010247 0.003549 0.001817 0.00063C 2.8862 0.003924
Latitude -0.056108 0.003534 -0.204644 0.012889 -15.8777 0.00000(

Vomin = 0.978881 * Airyp;y, + 0.001817 * WS — 0.204646 * Lat + 9.792971
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Table 4.38 Characteristics of the model for prag minimal daily C3 temperature from
minimal daily air temperature and wind speed fbtagations

Regression Summary for Dependent Variable: C3_min
All locations (Min_all_locations)
C3_min R=.95997377 R2=.92154964 Adjusted R?=.92146876

F(3,2910)=11395. p<0.0000 Std.Error of estimat&823

b* Std.Err. b Std.Err. | t(2910) p-value
of b* of b

Intercept 13.74768 0.5360371 25.6469 0.00000¢
Air_min 0.952653 0.005219 0.97670 0.00535Q 182.5444 0.00000(
Wind Speed, (m/s)| 0.016654 0.005217 0.0030Z 0.000947% 3.1916 0.00143(
Latitude -0.078030 0.00519§ -0.29137 0.01939§ -15.0194 0.00000(

Vomin = 0.97670 * Aifyyin + 0.00302 * WS — 0.29132 * Lat + 13.74768

Table 4.39 Characteristics of the model for pradg minimal daily C4 temperature from
minimal daily air temperature and wind speed fbtagations

Regression Summary for Dependent Variable: C4_min
All locations (Min_all_locations)
C4_min R=.95129068 R?= .90495397 Adjusted R2=.90485598
F(3,2910)=9235.6 p<0.0000 Std.Error of estimaté9@4
b* Std.Err. b Std.Err. | t(2910) p-value
of b* of b
Intercept 14.5512(0 0.588904 24.7089 0.00000(
Air_min 0.944641 0.005744 0.96664 0.005878 164.4490 0.00000(
Wind Speed, (m/s)| 0.018794 0.005743 0.00341 0.001041% 3.2723 0.001079
Latitude -0.069249 0.005718 -0.25805 0.021309 -12.1097 0.00000(

Vomin = 0.96666 * ATy + 0.00341 x WS — 0.25805 * Lat + 14.55120

Most of the coefficients of the latitude are negatindicating that as latitude increases, minimal
daily pavement temperatures decreases. Comparkdhgitmodels including only minimal daily
air temperature and latitude, the models includirgy minimal daily air temperature, the wind
speed, and latitude have very similar adjustédafd standard error of estimate, indicating

similar fit to the data.

4.5.4 Relationship with air temperature, and cumudtive solar radiation

For each location the daily cumulative solar radratvas determined as a sum of registered
solar radiations during the day. Examples of deilsnulative solar radiation for two days -
January1% and June1Bfor the eight locations are given in table 4.40.
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Table 4.40 Cumulative solar radiations at eighations for Januaryisand June1%

_ _ Solar radiatio W/m*
Locations Latitude 4 g o January 2012 15" of June 2012
Al Kufrah 22°17N 15937.3 32060.8
Al Qatrun 24°56'N 19151.9 25845.9
Ghat 24°59'N 19151.3 29097.9
Awbari 26°46'N 19151.3 29097.9
Brach(SEBHA) | 27°31'N 13970.8 330315
Hun-joufra 29°02'N 16938.5 32293.9
Awijilah 20°08N 10108.8 30236.8
hudamis 30°11N 15756.2 25299.2

The next model for predicting maximal (minimal) Iggdavement temperatures at four different
layers included maximal (minimal) daily air temgeras and cumulative solar radiation.

Tables 4.41 to 4.44 give the characteristics of iwels for daily maximal daily pavement
temperatures for four layers at the Awijilah locatizvhere the model is of the form:

Vmax = A * Aityq + B * Cum_SR + C
where
y_max= predicted maximal daily pavement temperaturg;(°C
A = air temperature coefficient;
Air_max= maximal daily air temperature (°C);
B = coefficient for the cumulative solar radiation;
Cum_SR = cumulative solar radiation (Wfnand
C = intercept coefficient.

Table 4.41 Characteristics of the model for prisdicmaximal daily C1 temperature from
maximal daily air temperature and cumulative scdaiation for the Awjilah location

Regression Summary for Dependent Variable: C1_max
Awijilah (AWJILAH_C1_max)
Cl max |R=.95801599 R2=.91779463 Adjusted R2=.91733793

F(2,360)=2009.6 p<0.0000 Std.Error of estimate533

b* Std.Err. b Std.Err. t(360) p-value
of b* of b

Intercept 1.669274 0.780947 2.1375Q0 0.033231
Air_max 0.810979 0.018883 1.138747 0.026513 42.9471§ 0.00000C
Cum_SR | 0.218388 0.018883 0.000325 0.000028 11.56524 0.00000d

Vmax = 1.138747 * Airy g, + 0.000325 * Cum_SR + 1.669272
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Table 4.42 Characteristics of the model for presdgcmaximal daily C2 temperature from
maximal daily air temperature and cumulative scdaliation for the Awijilah location

Regression Summary for Dependent Variable: C2_max
Awjilah (AWJILAH_C1_max)
C2_max |R=.95922141 R2=.92010572 Adjusted R2=.91966186

F(2,360)=2073.0 p<0.0000 Std.Error of estimate1 333

b* Std.Err. b Std.Err. t(360) p-value
of b* of b

Intercept -3.28738 0.79659Q -4.12682 0.000044
Air_max 0.80036(0 0.018614 1.16281 0.027044 42.99348 0.00000(
Cum_SR | 0.234109 0.018614 0.0003§ 0.000029 12.57579 0.00000d

Vmax = 1.16281  Airya, + 0.00036 * Cum_SR — 3.28738

Table 4.43 Characteristics of the model for preadgcmaximal daily C3 temperature from
maximal daily air temperature and cumulative scdaliation for the Awijilah location

Regression Summary for Dependent Variable: C3_max
Awijilah (AWJILAH_C1_max)
C3_max |R=.95230364 R2=.90688222 Adjusted R2=.90636490

F(2,360)=1753.0 p<0.0000 Std.Error of estimate9821

b* Std.Err. b Std.Err. | t(360) p-value
of b* of b

Intercept -0.982303 0.767348 -1.28013 0.201324
Air_max 0.786103 0.0200971 1.019067 0.026053 39.11462 0.00000(¢
Cum_SR | 0.243539 0.0200971 0.000334 0.000024 12.11788 0.00000q

Vmax = 1.019067 * Airy,g, + 0.000334 x Cum_SR — 0.982305

Table 4.44 Characteristics of the model for prg maximal daily C4 temperature from
maximal daily air temperature and cumulative scdaliation for the Awijilah location

Regression Summary for Dependent Variable: C4_max
Awjilah (AWJILAH_C1_max)
C4_max |R=.95648216 R?=.91485813 Adjusted R?=.91438512

F(2,360)=1934.1 p<0.0000 Std.Error of estimate2@/®

b* Std.Err. b Std.Err. t(360) p-value
of b* of b

Intercept -1.39134 0.70166Q -1.98293 0.048134
Air_max 0.82804(Q 0.019217 1.02649 0.023823 43.08783 0.00000C
Cum_SR | 0.19321Q0 0.0192174 0.00025 0.000025 10.05389 0.00000d

Vmax = 1.02649 * Aityga, + 0.00025 * Cum_SR — 1.39134
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Tables 4.45 to 4.48 give the characteristics of thedels for minimal daily pavement
temperatures for four layers at the Awjilah locatishere the model is of the form:

Vmin = A * AiTyin + B x Cumgg + C
where
y_min= predicted minimal daily pavement temperature ;(°C)
A = air temperature coefficient;
Air_min = minimal daily air temperature (°C);
B = coefficient for the cumulative solar radiation;
Cum_SR = cumulative solar radiation(W/x and
C = intercept coefficient.

Table 4.45 Characteristics of the model for predgctminimal daily C1 temperature from
minimal daily air temperature and cumulative sotatiation for the Awijilah location

Regression Summary for Dependent Variable: C1_min
Awijilah (AWJILAH_AIir_min)
Cl min |R=.91279489 R2=.83319452 Adjusted R?= .83226782

F(2,360)=899.10 p<0.0000 Std.Error of estimate0237

b* Std.Err. b Std.Err. t(360) p-value
of b* of b

Intercept 5.23237§ 0.427273 12.24594 0.00000C
Air_min 0.772668 0.027764 0.691628 0.02485Q 27.83164 0.00000d
Cum_SR | 0.200722 0.027764 0.000174 0.000024 7.23005 0.00000d

Vomin = 0.691628 * Aty + 0.000174 * Cumgg + 5.232376

Table 4.46 Characteristics of the model for predgctminimal daily C2 temperature from
minimal daily air temperature and cumulative sodatiation for the Awijilah location.

Regression Summary for Dependent Variable: C2_min
Awjilah (AWJILAH_AIir_min)
C2_min |R=.98435714 R2= .96895897 Adjusted R?= .96878652

F(2,360)=5618.8 p<0.0000 Std.Error of estimate6872

b* Std.Err. b Std.Err. t(360) p-value
of b* of b

Intercept 3.202931 0.200377 15.98454 0.00000(
Air_min 0.930087 0.011976 0.905069 0.011654 77.66163 0.00000¢
Cum_SR | 0.082631 0.011974 0.000074 0.000011 6.89959 0.00000¢
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Table 4.47 Characteristics of the model for predgctminimal daily C3 temperature from
minimal daily air temperature and cumulative sotatiation for the Awjilah location

Regression Summary for Dependent Variable: C3_min
Awjilah (AWJILAH_AIir_min)
C3_min |R=.97031262 R?=.94150658 Adjusted R?=.94118161

F(2,360)=2897.3 p<0.0000 Std.Error of estimate2457

b* Std.Err. b Std.Err. t(360) p-value
of b* of b

Intercept 4597323 0.272358 16.87973 0.00000(
Air_min 0.910734 0.01644Q 0.877521 0.01584Q 55.39748 0.00000(
Cum_SR | 0.09033Q 0.01644(¢ 0.000084 0.000015 5.49454 0.00000d

Vomin = 0.877521 * At + 0.000084 * Cumsgg + 4.597323

Table 4.48 Characteristics of the model for predgctminimal daily C4 temperature from
minimal daily air temperature and cumulative sotatiation for the Awjilah location

Regression Summary for Dependent Variable: C4_min
Awjilah (AWJILAH_AIir_min)
C4_min |R=.97270518 R?= .94615536 Adjusted R?=.94585623

F(2,360)=3163.0 p<0.0000 Std.Error of estimate62%

b* Std.Err. b Std.Err. t(360) p-value
of b* of b

Intercept 4.693005 0.262626 17.869571 0.00000(
Air_min 0.913831 0.015773 0.884934 0.015274 57.93563 0.00000(¢
Cum_SR | 0.0893171 0.015773 0.000084 0.000014 5.66257 0.00000¢

Vomin = 0.884934 * Aty + 0.000084 * Cumsgy + 4.693005

Appendix F presents the tables of the models fedipting maximal (minimal) daily pavement
temperatures at different depending on maximal ifmaf) daily air temperatures and the
cumulative solar radiation for the remaining stasio

From the tables in Appendix F for the models fagdicting maximal (minimal) daily pavement
temperatures at different depths depending on naximinimal) daily air temperatures, and the
cumulative solar radiation, it can be seen thataihéemperature coefficients are lower compared
to the coefficients in the models which did notludle the cumulative solar radiation. This means
that cumulative solar radiation has an effect entémperatures of the pavement. Also, adjusted R
are higher for the models which include cumulatbadar radiation, especially for maximum
temperatures. The standard errors of the models toot maximal (minimal) daily pavement
temperatures are lower compared to the models wihitihot include cumulative solar radiation.
This means that the models with the cumulative rscddiation explain better maximal and
minimal daily temperatures of the pavement.
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4.5.4.1 Relationship with air temperature, cumulative solar radiation, and latitude

The next model for predicting maximal (minimal) lggpavement temperatures at different depths
from maximal (minimal) daily air temperatures, ahd cumulative solar radiation was built using
data from all stations and included the latitudéheflocations.

The model for maximal daily temperatures is offthiwing form:

Vmax = A * Ailygy + B * Cum_SR + C * Lat + D
where
y_max= predicted maximal daily pavement temperaturg;(°C
A = air temperature coefficient;
Air_max= maximal daily air temperature (°C);
B = coefficient for the cumulative solar radiation;
Cum_SR = cumulative solar radiation(WAn
C =latitude coefficient;
Lat = latitude of the location (degrees); and
D = intercept coefficient.

Tables 4.49to0 4.52 give the characteristics oftloelels for maximal daily pavement
temperatures for four layers.

Table 4.49 Characteristics of the model for presdgcmaximal daily C1 temperature from
maximal daily air temperature and cumulative sodaiation for all locations

Regression Summary for Dependent Variable: C1_max
All (Max_all_locations)
locations |R=.91250894 R2= .83267256 Adjusted R?=.83249928
C1 _max |F(3,2897)=4805.5 p<0.0000 Std.Error of estimaté2d2

b* Std.Err. b Std.Err. | t(2897) p-value
of b* of b

Intercept 5.705999 1.280503 4.45606 0.00000¢
Air_max 0.796426 0.008737 1.176934 0.012911 91.16075 0.00000(
Cum_SR 0.196719 0.008669 0.000289 0.000013 22.69304 0.00000C
Latitude -0.034286 0.007669 -0.189953 0.042489 -4.47065 0.000008

Vimax = 1.176934 * Air,, + 0.000289 x Cum_SR — 0.189953 x Lat + 5.705999
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Table 4.50 Characteristics of the model for presdgcmaximal daily C2 temperature from
maximal daily air temperature and cumulative sodaiation for all locations

Regression Summary for Dependent Variable: C2_max
All (Max_all_locations)
locations |R=.93354624 R2= .87150858 Adjusted R?= .87137552
C2 max |F(3,2897)=6549.8 p<0.0000 Std.Error of estimat@545

b* Std.Err. b Std.Err. | t(2897) p-value
of b* of b

Intercept -2.13711 1.070961 -1.9955 0.046081
Air_max 0.830451 0.007654 1.1712§ 0.010798 108.4734 0.00000(
Cum_SR 0.184927 0.007594 0.00026 0.000011 24.3433 0.00000d
Latitude -0.000080 0.006721 -0.00042 0.035536 -0.0119 0.990539

Vimax = 1.17128 * Aitigay + 0.00026 * Cum_SR — 0.00042  Lat — 2.13711

Table 4.51 Characteristics of the model for presdgcmaximal daily C3 temperature from
maximal daily air temperature and cumulative sodaiation for all locations

Regression Summary for Dependent Variable: C3_max
All (Max_all_locations)
locations |R=.92543614 R?= .85643204 Adjusted R2= .85628332
C3_max |F(3,2896)=5758.5 p<0.0000 Std.Error of estimat@3a@3

b* Std.Err. b Std.Err. | t(2896) p-value
of b* of b

Intercept 3.478154 1.091566 3.1864 0.00145¢4
Air_max 0.839021 0.008093 1.140951 0.011004 103.6745 0.00000(¢
Cum_SR 0.147258 0.008030 0.000199 0.000011 18.3381 0.00000(¢
Latitude -0.043187 0.007105 -0.220179 0.036223 -6.0784 0.00000d

Vimax = 1.140951 * Air, 5, + 0.000199 * Cumgg — 0.220179 * Lat + 3.478156

Table 4.52 Characteristics of the model for presdgcmaximal daily C4 temperature from
maximal daily air temperature and cumulative sodaiation for all locations

Regression Summary for Dependent Variable: C4_max
All (Max_all_locations)
locations |R=.91760567 R2=.84200016 Adjusted R?=.84183654
C4 max |F(3,2897)=5146.2 p<0.0000 Std.Error of estimat@334

b* Std.Err. b Std.Err. | t(2897) p-value
of b* of b

Intercept -2.39620 1.092323 -2.19368 0.028334
Air_max 0.8051764 0.00849Q 1.04454 0.011013 94.84374 0.00000(
Cum_SR 0.196313 0.008424 0.00025 0.000011 23.3051Q 0.00000d
Latitude -0.012995 0.007452 -0.06320 0.036245 -1.74372 0.081315
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Vimax = 1.04454  Aitina, + 0.00025 * Cum_SR — 0.06320  Lat — 2.39620

The model for minimal daily temperatures is of tbkowing form:

Ymin = A * Airyi + Bx Cum_SR + C * Lat + D
where
y_min= predicted daily minimal daily pavement tempemt{icC);
A = air temperature coefficient;
Air_min= minimal daily air temperature (°C);
B = coefficient for cumulative solar radiation;
Cum_SR = cumulative solar radiation(W#x
C =latitude coefficient;
Lat = latitude of the location (degrees); and
D = intercept coefficient.

Tables 4.53 to 4.56 give the characteristics eftfodels for daily minimum pavement
temperatures for four layers.

Table 4.53 Characteristics of the model for ptang minimal daily C1 temperature from
minimal daily air temperature and cumulative soéatiation for all locations

Regression Summary for Dependent Variable: C1_min
All (Min_all_locations)
locations |R=.94599942 R2= .89491490 Adjusted R?= .89480596
Cl min |F(3,2894)=8215.2 p<0.0000 Std.Error of estimat4826
b* Std.Err. b Std.Err. | t(2534) p-value
of b* of b
Intercept 0.440099 0.627523 0.7013 0.483155
Air_min 0.915134 0.006855 0.92350(0 0.00691§ 133.5001 0.00000¢
Cum_SR 0.062434 0.006861 0.000061 0.00000% 9.0998 0.00000(¢
Latitude 0.026404 0.006034 0.09720Q0 0.022214 4.3753 0.000013

Vomin = 0.923500 * Aty + 0.000061 * Cum_SR + 0.097200 * Lat + 0.440099
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Table 4.54 Characteristics of the model for mtang minimal daily C2 temperature from
minimal daily air temperature and cumulative soéatiation for all locations

Regression Summary for Dependent Variable: C2_min

All (Min_all_locations)
locations |R=.98320604 R?= .96669412 Adjusted R?= .96665960
C2_min |F(3,2894)=27999. p<0.0000 Std.Error of estimat@903

b* Std.Err. b Std.Err. | t(2534) p-value

of b* of b

Intercept 8.615312 0.350574 24.5744 0.00
Air_min 0.95082¢4 0.003859 0.95218Q 0.003865 246.3815 0.00
Cum_SR 0.058471 0.003863 0.000057 0.000004 15.1372 0.00
Latitude -0.053244 0.003397 -0.194524 0.012411 -15.6731 0.00

Vomin = 0.952180 * Airyyim + 0.000057 * Cum_SR — 0.194524 * Lat + 8.615312

Table 4.55 Characteristics of the model for mtang minimal daily C3 temperature from
minimal daily air temperature and the cumulativiaisoadiation for all locations

Regression Summary for Dependent Variable: C3_min

All (Min_all_locations)
locations |R=.96167393 R2=.92481676 Adjusted R?=.92473882
C3_min F(3,2894)=11866. p<0.0000 Std.Error of estimat&325

b* Std.Err. b Std.Err. | t(2534) p-value

of b* of b

Intercept 12.447871 0.538984 23.0951 0.00000(¢
Air_min 0.925350 0.005794  0.94823 0.005942 159.5926 0.00000(¢
Cum_SR 0.061786 0.005804 0.00004 0.000004 10.6463 0.00000(
Latitude -0.07472Q 0.005104 -0.27934 0.019081 -14.6394 0.00000(

Vomin = 0.94823 x Airy,;, + 0.00006 x Cum_SR — 0.27934 * Lat + 12.44787

Table 4.56 Characteristics of the model for predgctminimal daily C4 temperature from
minimal daily air temperature and cumulative saoéatiation for all locations

Regression Summary for Dependent Variable: C4_min

All (Min_all_locations)
locations |R=.95344555 R2=.90905841 Adjusted R?=.90896414
C4 min |F(3,2894)=9642.9 p<0.0000 Std.Error of estimatg424

b* Std.Etrr. b Std.Err. | t(2534) p-value

of b* of b

Intercept 13.06374 0.591919 22.0701 0.00000(¢
Air_min 0.912596 0.006377  0.93380 0.006525 143.1082 0.00000(¢
Cum_SR 0.071999 0.006383 0.00007 0.000004 11.2801 0.00000(¢
Latitude -0.065642 0.005614 -0.24504 0.020953 -11.693¢ 0.00000(
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Vimin = 0.93380 * AiTyy;, + 0.00007 * Cum_SR — 0.24504  Lat + 13.06372

All of the coefficients of the latitude are negativndicating that as latitude increases, maximal
(minimal) daily pavement temperatures decreasesipgaced with the models including only air
temperature and latitude, the models includingtennperature, cumulative solar radiation and
latitude have very similar, but higher adjustétaRd standard error of estimate, indicating better
fit to the data.

4.5.5 Relationship with air temperature, day of theyear, and cumulative solar
radiation

The next model for predicting maximal (minimal) lgggavement temperatures at different depth
includes maximal (minimal) daily air temperaturéise day of the year and the cumulative solar
radiation.

The model for maximal daily pavement temperatuneglifferent locations is of the form:

VYmax = A * Aityg, + B x Day + C * Day? + D * Cum_SR + E
where
Ymax= Predicted maximal daily pavement temperaturé;(°C
A = air temperature coefficient;
Air_max= maximal daily air temperature (°C);
B = coefficient of a day of the year;
Day = day of the year;
C = coefficient of the square of the day;
Day? = square of the day of the year;
D = coefficient of cumulative solar radiation;
Cum_SR= cumulative solar radiation (W#y and
E= intercept.

Tables 4.57 to 4.60 present the coefficients forithesar prediction models developed for four

layers at station Al Qatrun. Included with the modelfficients and their standard errors are the
standard errors of estimate and the adjusted The coefficients statistically different from zero

are denoted in red. Tables of coefficients for the makidaily pavement temperature for the

remaining stations are presented in Appendix G.
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Table 4.57 Characteristics of the model for prigggc maximal daily C1 temperature from
maximal daily air temperature, the day of the yeagd cumulative solar radiation for the Al

Qatrun location

Regression Summary for Dependent Variable: C1_rAax (
Al-Qatrun QATRUN_INT_MAX)
C1 max R=,97312855 R?=,94697917 Adjusted R?=,94638841
- F(4,359)=1603,0 p<0,0000 Std.Error of estimate5247
b* Std.Err. b Std.Err. t(359) p-value
of b* of b
Intercept 4,020631 1,387294 2,8982 0,003984
Air_max 0,35604 0,018623 0,610327 0,031924 19,1168 0,00000(
Day 2,06818 0,108379 0,231862 0,01215Q 19,0827 0,00000(
Day? -2,1194¢4 0,116652 -0,000631 0,000035 -18,1691 0,00000(
Cum_SR (W/m) 0,16708 0,025802 0,000363 0,000054 6,4754 0,00000(

Vinax = 0,610327 * Aitnay + 0,231862 * Day — 0,000631 * Day? + 0,000363 * Cum_SR
+4,020631

Table 4.58 Characteristics of the model for présdgcmaximal daily C2 temperature from
maximal daily air temperature, the day of the yaadt cumulative solar radiation for the Al

Qatrun location.

Regression Summary for Dependent Variable: C2_rAax (
Al-Qatrun QATRUN_INT_MAX)
C2 max R=,98234336 R2=,96499847 Adjusted R?=,96460848
- F(4,359)=2474,4 p<0,0000 Std.Error of estimate1230
b* Std.Etrr. b Std.Err. | t(359) p-value
of b* of b
Intercept 3,653849 1,015134 3,5994 0,000364
Air_max 0,42238 0,015133 0,652049 0,023364 27,9112 0,00000(
Day 1,99333 0,088054 0,201259 0,008891 22,6367 0,00000(
Day? -2,02330 0,094779 -0,00054Z7 0,000025 -21,3475 0,00000(
Cum_SR (W/rM) 0,1358§ 0,020964 0,000264 0,000041 6,4803 0,00000¢

Vinax = 0,652049 * Aitnay + 0,201259 * Day — 0,000542 x Day? + 0,000266 * Cum_SR
+ 3,653849
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Table 4.59 Characteristics of the model for presdgcmaximal daily C3 temperature from
maximal daily air temperature, the day of the yaad wind speed for the Al Qatrun location

Regression Summary for Dependent Variable: C3_rAax (
Al-Qatrun QATRUN_INT_MAX)
C3 max R=,97859744 R2= 95765296 Adjusted R2=,95718112
- F(4,359)=2029,6 p<0,0000 Std.Error of estimate5241
b* Std.Err. b Std.Err. | t(359) p-value
of b* of b
Intercept 3,549284 1,086781 3,2659 0,001196
Air_max 0,4215Q0 0,0166453 0,633320 0,02501Q 25,3223 0,00000(¢
Day 2,05727 0,096858 0,20217Q 0,009518 21,2400 0,00000(¢
Day? -2,10980 0,104251 -0,00055Q 0,000027 -20,2377 0,00000(
Cum_SR (W/rf) 0,10700 0,023059 0,000204 0,000044 4,6403 0,000004

VYmax = 0,633320 * Aitipq, + 0,202170 * Day — 0,000550 = Day? + 0,000204 * Cum_SR
+ 3,549284

Table 4.60 Characteristics of the model for taty maximal daily C4 temperature from
maximal daily air temperature, the day of the yaad cumulative solar radiation for the Al

Qatrun location

Regression Summary for Dependent Variable: C4_rAax (
Al-Qatrun QATRUN_INT_MAX)
C4 max R=,98307922 R?=,96644476 Adjusted R2=,96607089
- F(4,359)=2584,9 p<0,0000 Std.Error of estimate5027
b* Std.Err. b Std.Err. | t(359) p-value
of b* of b
Intercept 4,98198Q 0,882474 5,6455 0,00000(
Air_max 0,44694 0,0148171 0,612607 0,020309 30,1649 0,00000(¢
Day 1,99559 0,086219 0,178891 0,007729 23,1455 0,00000(
Day? -2,02093 0,09280Q -0,000481 0,000022 -21,7772 0,00000(
Cum_SR (W/m) 0,11061 0,020524 0,0001924 0,000036 5,3889 0,00000(

VYmax = 0,612607 * Aitipq, + 0,178891 * Day — 0,000481 = Day? + 0,000192 = Cum_SR
+ 4,981980

From these tables it can be seen that the cumailatlar radiation coefficients are statistically
significant and positive, which means that as catiwé solar radiation increases, temperatures
increases. Compared with the model including dailgimal air temperature and the day of the
year, we see that adjusted &vefficients are higher, and standard error dfrese are lower,
indicating better fit to the data.
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The model for minimal daily pavement temperatucggiffferent locations is of the form:

Ymin = A * Aityin + B * Day + C * Day? + D * Cum_SR + E
where
Ymin= predicted minimal daily pavement temperature;(°C
A = air temperature coefficient;
Air_min = minimal daily air temperature (°C);
B = coefficient of a day of the year;
Day = day of the year;
C = coefficient of the square of the day of theryea
Day? = square of the day of the year;
D = coefficient of cumulative solar radiation;
Cum_SR= cumulative solar radiation(W#Ay and
E=intercept.

Tables 4.61to 4.64 present the coefficients for theali prediction models developed for each
layer at station Al Qatrun. Included with the modetfGoients and their standard errors are the
standard errors of estimate and the adjusted e coefficients statistically different form from
zero are denoted in red. Tables of coefficients ler pavement temperature for the remaining
stations are presented in Appendix G.

Table 4.61 Characteristics of the model for prediatmgmal daily C1 temperature from
minimal daily air temperature, the day of the year, amdutative solar radiation for the Al
Qatrun location

Regression Summary for Dependent Variable: C1_min (AL-
Al Qatrun QATRUN_'NT_MIH)
C1 min R=,98500322 R?=,97023134 Adjusted R?=,96990057
- F(4,360)=2933,3 p<0,0000 Std.Error of estimate: 1,2724
b* Std.Err. b Std.Err. t(360) p-value
of b* of b
Intercept 3,370473 0,482634 6,98347 0,00000d
Air_min 0,829142 0,019161 0,796853 0,018415 43,27144 0,00000d
Day 0,751824 0,10053§ 0,05207Q 0,006963 7,47814 0,00000d
Day? -0,764534 0,105204 -0,00014¢ 0,000019 -7,26711 0,00000q
Cum_SR (W/r) -0,023301 0,019311 -0,000031 0,00002¢4 -1,20662 0,228373

Vonin = 0,796853 * Aty + 0,052070 * Day — 0,000140 * Day? — 0,000031 * Cum_SR

+ 3,370473

107



Table 4.62 Characteristics of the model for mtang minimal daily C2 temperature from
minimal daily air temperature, the day of the yeag cumulative solar radiation for the Al

Qatrun location

Regression Summary for Dependent Variable: C2_#in (

Al Qatrun QATRUN_INT_Min)
C2 min R=,99041456 R2=,98092099 Adjusted R2=,98070900
- F(4,360)=4627,2 p<0,0000 Std.Error of estimate3850
b* Std.Err. b Std.Err. t(360) p-value
of b* of b

Intercept 3,494134 0,393927 8,87011 0,00000(¢
Air_min 0,839143 0,015340 0,822201 0,01503Q 54,7029Q 0,00000(q
Day 0,61417¢ 0,080486 0,043364 0,005683 7,6307 0,00000(¢
Day? -0,606594 0,084223 -0,000114 0,000014 -7,20222 0,00000(
Cum_SR (W/rf) 0,01835Q 0,01546Q 0,000025 0,000021 1,18698 0,236019

VYmin = 0,822201 * Airy,;,, + 0,043366 * Day — 0,000114 = Day? + 0,000025 * Cum_SR

+ 3,494134

Table 4.63 Characteristics of the model for prag minimal daily C3 temperature from
minimal daily air temperature, the day of the yeaaug cumulative solar radiation for the Al

Qatrun location.

Regression Summary for Dependent Variable: C3_#in (
Al Qatrun QATRUN_'NT_MIH)
C3 min R=,98548342 R2= 97117757 Adjusted R?=,97085732
- F(4,360)=3032,6 p<0,0000 Std.Error of estimate7953
b* Std.Err. b Std.Err. | t(360) p-value
of b* of b
Intercept 0,272264 0,523270 0,5203 0,603166
Air_min 0,67584 0,018854 0,715674 0,019966 35,8451 0,00000¢
Day 1,04238 0,098924 0,079544 0,007549 10,5370 0,00000(
Day? -1,0647¢ 0,103519 -0,000214 0,000021 -10,2854 0,00000(
Cum_SR (W/m) 0,08808 0,019001 0,00013Q0 0,000024  4,6355 0,000004

Vonin = 0,715672 * Airyin + 0,079546 * Day — 0,000216 * Day? + 0,000130 * Cum_SR

+ 0,272264
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Table 4.64 Characteristics of the model for mtang minimal daily C4 temperature from
minimal daily air temperature, the day of the yeag cumulative solar radiation for the Al
Qatrun location.

Regression Summary for Dependent Variable: C4_#in (
Al Qatrun QATRUN_INT_Min)
C4 min R=,98520199 R2?=,97062297 Adjusted R2=,97029656
- F(4,360)=2973,6 p<0,0000 Std.Error of estimate67133
b* Std.Err. b Std.Err. | t(360) p-value
of b* of b
Intercept 2,197511 0,518835 4,23547 0,000029
Air_min 0,706844 0,019035 0,735125 0,01979§ 37,13423 0,00000(
Day 0,882451 0,099873 0,066137 0,007483 8,83575 0,00000(
Day? -0,886899 0,10451Q -0,000174 0,000021 -8,4862¢ 0,00000(
Cum_SR (W/rf) 0,101209 0,019183 0,000147 0,000028 5,2759Q0 0,00000(

Ymin = 0,735125 * Air;, + 0,066137 * Day — 0,000176 = Day? + 0,000147 * Cum_SR
+2,197511

From these tables it can be seen that the cumailatlar radiation coefficients are statistically
significant and positive, which means that as catié solar radiation increases, temperatures
increases. Compared with the model including dailgimal air temperature and the day of the
year, we see that adjusted &efficients are slightly higher, and standaraenf estimate are
slightly lower, indicating similar fit to the data.

4.5.5.1 Relationship with air temperature, day of the year, cumulative solar radiation and
latitude

The next model for predicting maximal daily pavettemperatures at four different layers, based
on the maximal daily air temperatures, the dayhefyear and the cumulative solar radiation was
built using data from all stations, and includes tlatitude of the locations. The model is of the
form
Ymax = A * Aitypgx + B xDay + C * Day? + D = Lat + E * Cum_SR + F
where
Ymax= Predicted maximal daily pavement temperature;(°C)
A = air temperature coefficient;
Air_max= maximal daily air temperature (°C);
B = coefficient of a day of the year;
Day = day of the year;
C = coefficient of square of the day;
Day? = square of the day of the year;
D = coefficient of latitude;
Lat = latitude (degrees);
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E = coefficient of cumulative solar radiation;

Cum_SR= cumulative solar radiation(WAy and

F= intercept.

Tables 4.65 to 4.68 give the characteristics ohtioelels for maximal daily pavement
temperatures for four layers.

Table 4.65 Characteristics of the model for prag maximal daily C1 temperature from
maximal daily air temperature, the day of the yaat cumulative solar radiation for all

locations.

Regression Summary for Dependent Variable: C1_max
All locations (Max_all_locations)
C1 max R=,95900914 R2=,91969853 Adjusted R?=,91955984

- F(5,2895)=6631,3 p<0,0000 Std.Error of estimat2786
b* Std.Err. b Std.Err. | t(2909) p-value
of b* of b

Intercept 24,1497 0,947654 25,4838 0,00000¢
Air_max 0,47617 0,008471 0,70367 0,01251§ 56,2105 0,00000(
Day 1,96000 0,036223 0,21415 0,003954 54,1090 0,00000q
Day? -2,05579 0,0369371 -0,00060 0,000011 -55,6565 0,00000q
Cum_SR (W/m) 0,03019 0,006744 0,00004 0,00001Q 4,4763 0,000004
Latitude -0,08632 0,005398 -0,47821 0,029907 -15,9898 0,00000¢

Vmax = 0,70367 * Aityg, + 0,21415 * Day — 0,00060 * Day? — 0,47821  Lat + 0,00004
« Cum_SR + 24,14976

Table 4.66 Characteristics of the model for prag maximal daily C2 temperature from
maximal daily air temperature, the day of the yaad cumulative solar radiation for all

locations.

Regression Summary for Dependent Variable: C2_max
All locations (Max_all_locations)
C2 max R=,97427306 R2=,94920799 Adjusted R2=,94912026

- F(5,2895)=10820, p<0,0000 Std.Error of estimat482]
b* Std.Err. b Std.Err. | t(2909) p-value
of b* of b

Intercept 14,33569 0,719325 19,9294 0,00000(
Air_max 0,52367 0,006737 0,73859 0,009504 77,7281 0,00000(
Day 1,87709 0,028809 0,1957§ 0,003004 65,1573 0,00000(
Day? -1,9518¢4 0,029374 -0,00054 0,000008 -66,4430 0,00000(
Cum_SR (W/m) 0,03005 0,005364 0,00004 0,000004 5,6025 0,00000(
Latitude -0,04970 0,004293 -0,26281 0,022702 -11,5769 0,00000(

Vmax = 0,73859 * Aityg, + 0,19575 * Day — 0,00054 * Day? — 0,26281 * Lat + 0,00004
* Cum_SR + 14,33569
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Table 4.67 Characteristics of the model for taty maximal daily C3 temperature from
maximal daily air temperature, the day of the yaad cumulative solar radiation for all

locations.

Regression Summary for Dependent Variable: C3_max
All locations (Max_all_locations)
C3 max R=,96472889 R?=,93070184 Adjusted R2=,93058211

- F(5,2894)=7773,5 p<0,0000 Std.Error of estimat@d?]
b* Std.Err. b Std.Err. | t(2908) p-value
of b* of b

Intercept 19,047071 0,810174 23,5094 0,00000¢
Air_max 0,54000 0,00787Q 0,73437 0,010702 68,6178 0,00000(
Day 1,83005 0,033657 0,18399 0,003384 54,3741 0,00000q
Day? -1,9067§ 0,03432Q -0,00051 0,000009 -55,5582 0,00000(q
Cum_SR (W/rf) -0,0047Q 0,006265 -0,000014 0,00000§ -0,7502 0,453169
Latitude -0,09164 0,005014 -0,4672Q 0,025571 -18,2707 0,00000q

VYimax = 0,73432 * Air;, 4, + 0,18398 « Day — 0,00051 * Day? — 0,46720 * Lat — 0,00001
* Cum_SR + 19,04707

Table 4.68 Characteristics of the model for taty maximal daily C4 temperature from
maximal daily air temperature, the day of the yaad cumulative solar radiation for all

locations.

Regression Summary for Dependent Variable: C4_max
All locations (Max_all_locations)
C4 max R=,95450058 R2=,91107136 Adjusted R?=,91091777

- F(5,2895)=5931,8 p<0,0000 Std.Error of estimat@230
b* Std.Err. b Std.Err. | t(2909) p-value
of b* of b

Intercept 11,37024 0,8754564 12,9879 0,00000(
Air_max 0,51030 0,008913 0,66200 0,011564 57,2427 0,00000(
Day 1,80324 0,038119 0,17297 0,003654 47,3063 0,00000(
Day? -1,8373¢ 0,038871 -0,00047 0,00001Q -47,2685 0,00000(
Cum_SR (W/m) 0,0578Q0 0,0070971 0,00007 0,000009 8,1437 0,00000(
Latitude -0,06021 0,005681 -0,29282 0,027629 -10,5982 0,00000(

VYmax = 0,66200 * Aityyq, + 0,17297 * Day — 0,00047 * Day? — 0,29282 = Lat + 0,00007
* Cum_SR + 11,37024

All of the coefficients of the latitude are negativndicating that as latitude increases, pavement
temperature decreases. Compared with the modélgling only maximal daily air temperature,
the day of the year, and latitude, the models ttolgithe maximal daily air temperature, the day

of the year, the cumulative solar radiation antitude have very higher adjusted &d lower
standard error of estimate, indicating betterdithte data.
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The next model for predicting minimal daily pavermesmperatures at four different layers, based
on minimal daily air temperatures, the day of tleary and cumulative solar radiation was built
using data from all stations and includes th&uld¢ of the locations. The model is of the form

VYmin = A * Aityin + B * Day + C x Day? + D = Lat + E * Cum_SR + F
where
Ymin= predicted minimal daily pavement temperature;(°C)
A = air temperature coefficient;
Air_min = minimal daily air temperature (°C);
B = coefficient of a day of the year;
Day = day of the year;
C = coefficient okquare of the day of the year;
Day? = square of the day of the year;
D = coefficient of Latitude;
Lat = latitude (degrees);
E = coefficient of cumulative solar radiation;
Cum_SR = cumulative solar radiation(W#y and
F= intercept.

Tables 4.69to 4.72 give the characteristics of thedels for daily minimal pavement
temperatures for four layers.

Table 4.69 Characteristics of the model for mtang minimal daily C1 temperature from
minimal daily air temperature, the day of the yeag cumulative solar radiation for all
locations.

Regression Summary for Dependent Variable: C1_min
All locations (Min_all_locations)

C1 min R=,94797464 R2= ,89865592 Adjusted R?=,89848070

- F(5,2892)=5128,9 p<0,0000 Std.Error of estimaté427
b* Std.Err. b Std.Err. | t(2908) p-value

of b* of b

Intercept 1,013228 0,625111 1,6209 0,105153
Air_min 0,832853 0,010775 0,840467 0,010873 77,2977 0,00000d
Day 0,464054 0,046772 0,033665 0,003399 9,9216 0,00000¢
Day? -0,482431 0,0472371 -0,000093 0,000009 -10,2132 0,00000q
Cum_SR (W/rf) 0,026424 0,007647 0,00002§ 0,000009 3,4556) 0,000557
Latitude 0,021501 0,005947 0,079158 0,021895 3,6154 0,000305

Vmin = 0,840467 * Aityyim + 0,033665 * Day — 0,000093 * Day? + 0,079158 * Lat
+ E0,000026 * Cum_SR + 1,013228
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Table 4.70 Characteristics of the model for prg minimal daily C2 temperature from
minimal daily air temperature, the day of the yeaug cumulative solar radiation for all

locations.
Regression Summary for Dependent Variable: C2_min
All locations (Min_all_locations)
C2 min R=,98771434 R?=,97557961 Adjusted R2=,97553739
- F(5,2892)=23107, p<0,0000 Std.Error of estimat&9Q9
b* Std.Err. b Std.Err. | t(2908) p-value
of b* of b
Intercept 8,947653 0,304509 29,3839 0,00000d
Air_min 0,816964 0,005289 0,818129 0,005297 154,463 0,00000d
Day 0,742537 0,02296Q 0,053455 0,001653 32,3410 0,00000d
Day? -0,735878 0,0231884 -0,000141 0,000004 -31,7357 0,00000q
Cum_SR (W/m) 0,011839 0,003754 0,000012 0,000004 3,1540 0,001627%
Latitude -0,060532 0,002919 -0,221149 0,010664 -20,7351 0,00000q

VYmin = 0,818129 * Airy,;,, + 0,053455 * Day — 0,000141 * Day? — 0,221149 = Lat

+ 0,000012 * Cum_SR + 8,947653

Table 4.71 Characteristics of the model for priaglgcminimal daily C3 temperature from
minimal daily air temperature, the day of the yeaug cumulative solar radiation for all

locations.
Regression Summary for Dependent Variable: C3_min
All locations (Min_all_locations)
C3 min R=,97167991 R2=,94416184 Adjusted R?=,94406530
- F(5,2892)=9780,1 p<0,0000 Std.Error of estimat@427
b* Std.Err. b Std.Err. | t(2908) p-value
of b* of b
Intercept 13,3189 0,471173 28,2677 0,00000¢
Air_min 0,72922 0,007998 0,74725 0,008194 91,1779 0,00000(
Day 1,09559 0,034718 0,08071] 0,002557 31,5569 0,00000(
Day? -1,10830 0,035063 -0,00022 0,000007 -31,6091 0,00000(
Cum_SR (W/m) -0,01388 0,005676 -0,00001 0,000006 -2,4462 0,014495
Latitude -0,08582 0,004414 -0,32083 0,016503 -19,441d 0,00000q

Vomin = 0,74725  Airyn + 0,08071 x Day — 0,00022 * Day? — 0,32083 * Lat — 0,00001
« Cum_SR + 13,31895
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Table 4.72 Characteristics of the model for priaggcminimal daily C4 temperature from
minimal daily air temperature, the day of the yeag cumulative solar radiation for all

locations.
Regression Summary for Dependent Variable: C4_min
All locations (Min_all_locations)
C4 min R=,96458927 R?=,93043245 Adjusted R2=,93031218
- F(5,2892)=7735,8 p<0,0000 Std.Error of estimat@é523
b* Std.Err. b Std.Err. | t(2908) p-value
of b* of b
Intercept 13,7734 0,52515(0 26,2277 0,00000q
Air_min 0,70504 0,0089271 0,72141 0,009134 78,9777 0,00000(
Day 1,15512 0,038752 0,08497 0,002850 29,8081 0,00000q
Day? -1,15584 0,039137 -0,00023 0,000004 -29,533¢§ 0,00000(q
Cum_SR (W/rf) -0,00392 0,006335 -0,00000 0,00000§ -0,6192 0,535858
Latitude -0,0771§ 0,0049271 -0,28800 0,018393 -15,6574 0,00000(q

VYmin = 0,72141 * Air,,;,, + 0,08497 * Day — 0,00023 * Day? — 0,28800 * Lat — 0,00000
* Cum_SR + 13,77346

All of the coefficients of the latitude are negativndicating that as latitude increases, pavement
temperature decreases. Compared with the modéigling only minimal daily air temperature,
the day of the year, and latitude, the models thioly the minimal daily air temperature, the day
of the year, cumulative solar radiation and lalitthave very similar adjusted Bnd standard
error of estimate, indicating similar fit to thetaa

4.5.6 Relationship with air temperature, cumulativesolar radiation and wind speed

The model for predicting maximal (minimal) daily yeanent temperatures at different depths
including maximal (minimal) daily air temperaturesimulative solar radiation and wind speed
was built. However, the model is similar to thedabthat included only air temperature, solar
radiation, and wind speed due to having similaustdid B and standard errors of estimate. This
indicates a similar fit to the data; therefore, tbsults are not presented here.

4.5.7 Evaluation of the models with air temperature

As can be seen from the fit of the models whicHuided only the maximal/minimal daily air
temperature, those models could be improved (esibecnodels for maximal daily pavement
temperatures) by adding new variables, such a®tidne year, wind speed and cumulative solar
radiation. However, wind speed did not improve thedels significantly, as can be seen from
the values of adjusted?’Rand standard errors of estimate. In table 4.7@sabf adjustedfand
standard errors are presented for all consideredeladased on data from all eight locations.
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The best values of adjusted &d standard error of estimate were obtained whenntodel
included maximal/minimal daily air temperature, d#ythe year, latitude and cumulative solar
radiation.

Table 4.73 Adjusted Rand standard errors for different models whichtesed on the data
from all locations.

Models for maximal daily temperatures

The model including latitude and:

Air temp.
Air temp Air temp, Air temp,.cu.m. Air temp, day of the year,
wind speed solar radiation | day of the year cum. solar
radiation
Layer | Ad;. Std.Er Adj. Std.En| Adj. | Std.Err| Adj. | Std.En Adi. R? Std.Er
R? of est. R? ofest.| R? ofest. | R? | ofest | of est.

C1 .8034° | 5.1277" | .8035¢ | 5.124¢ | .8324¢ | 4.728. | .9190¢ | 3.289: | .9195¢ | 3.276¢

C2 .84557 | 4.3371¢| .8457% | 4.333¢ | .87137 | 3.954¢ | .9486: | 2.501: | .94912| 2.4871

C3 .8401( | 4.2559: | .8402¢ | 4.253% | .8562¢ | 4.030¢ | .9306° | 2.802¢ | .93058| 2.8011

C4 81272 | 4.3940t | .8172¢ | 4.340° | .8418: | 4.033¢ | .9090: | 3.062¢ | .91092| 3.0270

Models for minimal daily temperatures

The model including latitude and:

Air temp.
Air temp Air temp, Air temp, cum. Air temp, day of the year,
wind speed solar radiation | day of the year cum. solar
radiation
Layer | Ad]. Std.Er Adj. Std.En | Ad|. Std.Err| Adj. | Std.En| Adj. | Std.Er
R? of est. R? ofest.| R? ofest.| R® | ofest.| R® | ofest

C1 .8918¢ | 2.5198(| .8917(| 2.520° | .8898¢ | 2.549: | .8979¢ | 2.447¢ | .8984¢ | 2.444

C2 .9636¢ | 1.4507¢| .9636¢| 1.449:| .96657 | 1.400% | .9752¢ | 1.196° | .9755¢ | 1.190¢

C3 92137 | 2.1840° | .9214¢| 2.181%| .9225¢ | 2.1767 | .9438¢ | 1.844¢ | .9440" | 1.842]

C4 .9046¢ | 2.3997(| .9048f| 2.396¢ | .9122( | 2.313¢ | .9303¢ | 2.050" | .9303: | 2.053¢

Therefore, we conclude that the best model foriptiead the maximal/minimal daily pavement
temperatures is linear regression with maximal/malidaily air temperature, day of the year,
and cumulative solar radiation.

The best models for maximal daily pavement tentpesa are:

Surface (C1):
T = 24,14976 + 0,70367T*** + 0,21415Day — 0.00060Day? + 0,00004Cum_SR

pav,surf — air
—0,47821Lat
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3cm (C2):
Tg’g%cm = 14,33569 + 0,73859T*** + 0,19575Day — 0,00054Day? + 0,00004Cum_SR

— 0,26281Lat
8 cm (C3):
Tlﬁﬁf‘écm = 19,04707 + 0,73432T}** + 0,18398Day — 0,00051Day? — 0,00001Cum_SR
— 0,46720Lat
15 cm(C4):
;ﬁ%ﬁScm = 11,37024 + 0,66200T)}** + 0,17297Day — 0,00047Day? + 0,00007Cum_SR
—0,29282Lat
where

Tavs =maximal daily pavement temperature at certain dép@);
T7:**= maximal daily air temperature, (°C);

Day = day of the year;

Day? = square of the day of the year;

Cum_SR = cumulative solar radiation (Vfjemd

Lat=latitude of the section, (degrees).

The best models for minimal daily pavement tempeest are:

Surface (C1):
i eurs = 1,013228 + 0,840467T.1" + 0,033665Day — 0,000093Day?
+ 0,000026Cum_SR + 0,079158Lat
3cm (C2):
T em = 8,947653 + 0,818129T ;" + 0,053455Day — 0,000141Day?
+ 0,000012Cum_SR — 0,221149Lat

8 cm (C3):
o sem = 13,31895 + 0,74725T%™ + 0,08071Day — 0,00022Day? — 0,00001Cum_SR
—0,32083Lat
15 cm(C4):
T cem = 13,77346 + 0,72141TJ" + 0,08497Day — 0,00023Day? — 0,00000Cum_SR
—0,28800Lat
where

Tp’{;i}?* =minimal daily pavement temperature at certain dgp@);
TMin= minimal daily air temperature, (°C);

Day = day of the year;

Day? = square of the day of the year;

Cum_SR = cumulative solar radiation (Vfjrand
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Lat=latitude of the section, (degrees).

In the case when data on cumulative solar radiadi@nnot available, the next best model for
predicting the maximal/minimal daily pavement temgperes is linear regression with
maximal/minimal daily air temperature, and daytds year, obtained in section 4.5.2.

Figures 4.27 to 4.34 present actual maximal andmaihdaily pavement temperatures at four
layers together with predicted values from the ehadcluding the air temperature, cumulative
solar radiation and the day of the year at theutdeh location. In Appendix H, similar figures for

other locations are

80

given.

Line Plot of multiple variables
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Figure 4.27 Actual maximal daily pavement temperaat C1 depth versus predictions from
the model including maximal daily air temperatlatdifude, the day of the year, and cumulative

1.3. 1.5. 1.7. 1.9. 1.11. 30.12. — C1_max
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solar radiation at the Al Jufroh location.

117

—— C1_max_Pred



Line Plot of multiple variables
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Figure 4.28 Actual maximal daily pavement temperatt C2 depth versus predictions from the
model including maximal daily air temperature tiate, the day of the year, and cumulative solar
radiation at the Al Jufroh location.

Line Plot of multiple variables
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Figure 4.29 Actual maximal daily pavement temperatt C3 depth versus predictions from the
model including maximal daily air temperature tiate, the day of the year, and cumulative solar
radiation at the Al Jufroh location.
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Line Plot of multiple variables
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Figure 4.30 Actual maximal daily pavement tempartt C4 depth versus predictions from the
model including maximal daily air temperature tiate, the day of the year, and cumulative solar
radiation at the Al Jufroh location.
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Figure 4.31 Actual minimal daily pavement temperatt C1 depth versus predictions from the
model including minimal daily air temperature, tiatie, the day of the year, and cumulative solar
radiation at the Al Jufroh location.
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Line Plot of multiple variables
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Figure 4.32 Actual minimal daily pavement tempematat C2 depth versus predictions from the
model including minimal daily air temperature, tiatie, the day of the year, and cumulative solar
radiation at the Al Jufroh location.
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Figure 4.33 Actual minimal daily pavement tempematat C3 depth versus predictions from the
model including minimal daily air temperature, tiadie, the day of the year, and cumulative solar
radiation at the Al Jufroh location.
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Line Plot of multiple variables
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Figure 4.34 Actual minimal daily pavement temperatat C4 depth versus predictions from the
model including minimal daily air temperature, tiatie, the day of the year, and cumulative solar
radiation at the Al Jufroh location.

4.6 Pavement temperature prediction models incorp@ting air temperature
and the distance from the surface (depth)

4.6.1 Relationship with air temperature and the ditance from the surface (depth)

The next models describe the relationship betweaily d maximal/minimal pavement
temperatures, daily maximal/minimal air temperataed distance from the surface.

The model for maximal daily temperatures of the gmagnt including maximal daily air
temperature and distance from the surface iseofdhowing form:

Ymax = A * Aityqy + B * Depth + C
where
Ymax= predicted maximal daily pavement temperaturg;(°C
A = coefficient of air temperature;
Air_max=maximal daily air temperature (°C);
B = coefficient of the depth;
Depth = depth from the surface (cm); and
C = intercept.
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Tables 4.74 and 4.75 present the coefficients ferlithear prediction models developed for
location Al Jufroh. Included with the model coeffideand their standard errors are the standard
errors of estimate and the adjustéd Rhe coefficients statistically different from zere aenoted

in red. Tables of coefficients for the pavement tentpezafor the remaining stations are
represented in Appendix .

Table 4.74 Characteristics of the model for predictiagimal daily pavement temperatures from
maximal daily air temperature and depth from the sertd the Al Jufroh location.

Regression Summary for Dependent Variable: Temperanae
Al Jufroh | (Temp_depth_C1_max_Novo)
max R=.91932677 R2= .84516170 Adjusted R2=.84494916

F(2,1457)=3976.4 p<0.0000 Std.Error of estimate: 4.4386

Include condition: Site=102

b* Std.Err. b Std.Err. | t(1457) p-value
of b* of b

Intercept 2.206741 0.569341 3.8760 0.000111
Air_max 0.879221 0.010309 1.281917 0.01503Q 85.2882 0.00000(¢
Depth -0.268573 0.010309 -0.532918§ 0.020453 -26.0527 0.00000d

Vinax = 1.281917 * Airna, — 0.532918 * Depth + 2.206741

The model for minimal temperatures of the pavement inctudiaximal daily air temperature
and depth form the surface is of the following form:

Vmin = A * Airyin + B * Depth + C
where
Ymin= predicted minimal daily pavement temperature (°C);
A = coefficient of minimal daily air temperature;
Air_min = minimal daily air temperature (°C);
B = coefficient of the depth;
Depth = distance from the surface (cm); and
C = intercept.
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Table 4.75 Characteristics of the model for predicminimal daily pavement temperatures from
minimal daily air temperature and depth from thdace at the Al Jufroh location.

Regression Summary for Dependent Variable: Temperamin
Al Jufroh |(Temp_depth_Air_min_Novo)
min R=.96491149 R2= .93105419 Adjusted R?= .93095955

F(2,1457)=9837.8 p<0.0000 Std.Error of estimat8938

Include condition: Site=102

b* Std.Err. b Std.Err. | t(1457) p-value
of b* of b

Intercept 3.127439 0.127393 24.5491 0.00
Depth 0.197974 0.006879 0.251179 0.008728 28.7797 0.00
Air_min 0.944383 0.006879 1.024055 0.007459 137.2853 0.00

Vmin = 1.024055 % Airy, + 0.251179 * Depth + 3.127436
4.6.1.1 Relationship with air temperature, depth from the surface, and latitude

The next models describe the relationship betweesximal/minimal daily pavement
temperatures and maximal/minimal daily air tempeest, depth from the surface and latitude.

The model for maximal daily temperatures of the gmagnt including maximal daily air
temperature and depth from the surface is of thewong form:

Ymax = A * Aityqx + B * Depth + C * Lat + D
where
Ymax= Predicted maximal daily pavement temperaturg;(°C
A = coefficient of air temperature;
Air_max= maximal daily air temperature (°C);
B = coefficient of the distance from the surface;
Depth = distance from the surface (cm);
C = coefficient of the latitude;
Lat = latitude (degrees); and
D = intercept.

Tables 4.76 and 4.77 present the coefficients ®litrear prediction models developed for all

locations. Included with the model coefficients andrtegindard errors are the standard errors of
estimate and the adjusted RThe coefficients statistically different from aeare denoted in red.
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Table 4.76 Characteristics of the model for predgctnaximal daily pavement temperatures
from maximal daily air temperature, depth from sleface, and latitude

Regression Summary for Dependent Variable: Tempesatax

All (Temp_depth_C1_max_Novo)
locations |R=.91629732 R2=.83960079 Adjusted R2=.83955950
max F(3,11655)=20336. p<0.0000 Std.Error of estimat@1d@5

b* Std.Err. b Std.Err. | t(11655) | p-value

of b* of b

Intercept 6.368723 0.625084 10.1885 0.00000(¢
Depth -0.326919 0.00371Q -0.662561 0.007518 -88.1241 0.00000d
Air_max 0.853278 0.003744 1.254808 0.005504 227.8961 0.00000(¢
Latitude -0.018587 0.003744 -0.102634 0.020673 -4.9643 0.000001

Vimax = 1.254808 * Aty — 0.662561 x Depth — 0.102636 * Lat + 6.368723

Maximal daily temperature of pavement at differiayers depends mostly on maximal daily air
temperatures. Maximal daily pavement temperatusesedse with distance from the surface
because its coefficient is negative and decreaghdatitude because its coefficient is negative .

The model for minimal daily temperatures of the graent including minimal daily air
temperature and depth from the surface is of thewong form:
Ymin = A * Aty + B * Depth + C * Lat + D
where
Ymin= predicted minimal daily pavement temperatureg;(°C
A = coefficient of air temperature;
Air_min = minimal daily air temperature (°C);
B = coefficient of the distance from the surface;
Depth = distance from the surface (cm);
C = coefficient of the latitude;
Lat = latitude; and
D = intercept.
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Table 4.77 Characteristics of the model for predgctminimal daily pavement temperatures
from minimal daily air temperature, depth from theface and latitude.

Regression Summary for Dependent Variable: Tempezaiin

All (Temp_depth_Air_min_Novo)
locations |R=.95968313 R2=.92099171 Adjusted R?=.92097138
min F(3,11660)=45306. p<0.0000 Std.Error of estimatz0£9

b* Std.Err. b Std.Err. | t(11660) | p-value

of b* of b

Intercept 8.30010¢4 0.271852 30.5317 0.00
Depth 0.185191 0.002603 0.255764 0.003593 71.143(Q 0.00
Air_min 0.939204 0.002604 0.97002 0.00269Q 360.6271 0.00
Latitude -0.044452 0.002604 -0.167257 0.009799 -17.0682 0.00

Vomin = 0.970025 * Aty + 0.255764 * Depth — 0.167257 * Lat + 8.300106

Minimal daily temperature of pavement at differ&ayters depends mostly on minimal daily air
temperatures. Minimal daily pavement temperatumesease with distance from the surface
because its coefficient is positive and decreastslatitude because its coefficient is negative.

4.6.2 Relationship with daily air temperature, disance from the surface, and day of
the year

The next models describe the relationship betweesximal/minimal daily pavement
temperatures and maximal/minimal daily air tempees, distance from the surface and the day
of the year.

The model for maximal daily temperatures of thegmaent including the maximal daily air
temperature, distance from the surface and theofithe year is of the following form:

VYmax = A * Aityay + B * Depth + C x Day + D = Day? + E
Where:
Ymax= predicted maximal daily pavement temperature;(°C
A = coefficient of air temperature;
Air_max= maximal daily air temperature (°C);
B = coefficient of the distance from the surface;
Depth = distance from the surface (cm);
C = coefficient for the day of the year;
Day = day of the year;
D = coefficient for the square of the day of tharye
E = intercept.
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Tables 4.78 and 4.79 present the coefficients Herlinear prediction models developed for
location Al Jufroh. Included with the model coeffideand their standard errors are the standard
errors of estimate and the adjustéd Rhe coefficients statistically different from zere aenoted

in red. Tables of coefficients for the pavement tempee for the remaining stations are presented
in Appendix I.

Table 4.78 Characteristics of the model for predicting makdaily pavement temperatures
from maximal daily air temperature, the day of the yead,depth from the surface at the Al
Jufroh location.

Regression Summary for Dependent Variable: Temperahae
Al Jufroh |(Temp_depth_C1_max_Novo)
max R=.96210316 R2=.92564250 Adjusted R?=.92543808

F(4,1455)=4528.2 p<0.0000 Std.Error of estimate: 3.0780

Include condition: Site=102

b* Std.Err. b Std.Err. | t(1455) p-value
of b* of b
Intercept 9.698754 0.451588 21.477( 0.00
Depth -0.26857 0.007149 -0.532914 0.014185 -37.5692 0.00
Air_max 0.51907 0.011585 0.756818 0.016891 44.8063 0.00
Day 1.77022 0.045675 0.188626 0.004867 38.7566 0.00
Day? -1.82921 0.046175 -0.000517 0.000013 -39.6142 0.00
VYmax = 0.756818 * Ait;,q, — 0.532918 * Depth + 0.188626 * Day — 0.000517 * Day?
+ 9.698754

Model for maximal daily temperature of pavement at diffetayers including maximal daily
air temperatures, distance from the surface and day ofetar improve the model without day of
the year, since it has highef Bnd lower standard error of estimate. Maximal daitpperature
of pavement decreases with distance from the surfacadwrimal temperatures.

The model for minimal daily temperatures of the pavdanmeduding the minimal daily air
temperature, depth from the surface, and the day ofetheis of the following form:

VYmin = A * Airyin + B * Depth + C x Day + D = Day® + E
where
Ymin= predicted minimal daily pavement temperature (°C);
A = coefficient of air temperature;
Air_min = minimal daily air temperature (°C);
B = coefficient of the distance from the surface ;
Depth = distance from the surface (cm);
C = coefficient for the day of the year;
Day = day of the year;
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D = coefficient for the square of the day of tharye
E = intercept.

Table 4.79 Characteristics of the model for predgctminimal daily pavement temperatures
from minimal daily air temperature, the day of flear, and depth from the surface at the Al
Jufroh location

Regression Summary for Dependent Variable: Tempesainin
Al Jufroh | (Temp_depth_Air_min_Novo)
min R=.97707320 R2= .95467203 Adjusted R2=.95454742
F(4,1455)=7661.1 p<0.0000 Std.Error of estimate3a6
Include condition: Site=102
b* Std.Err. b Std.Err. | t(1451) p-value
of b* of b
Intercept 1.8097371 0.128374 14.0976 0.00
Depth 0.19798 0.005587 0.251179 0.007081 35.4698 0.00||
Air_min 0.71109 0.010174 0.771079 0.011033 69.8873 0.00||
Day 1.10287 0.040466 0.075141 0.002757 27.2544 0.00|
Day? -1.10814 0.040244 -0.00020Q 0.000007 -27.5338 0.00||
Ymin = 0.771079 * Airy;, + 0.251179 * Depth + 0.075141 * Day — 0.000200 = Day?
+ 1.809737

Model for minimal daily temperature of pavementderent layers including minimal daily air
temperatures, distance from the surface and daleofear improve the model without day of
the year, since it has highef Bnd lower standard error of estimate. Minimal yl&mperature
of pavement increases with distance from the serflr maximal temperatures, since its
coefficient is positive.

4.6.2.1 Relationship with daily air temperature, the distance from the surface, day of the year,
and thelatitude

The next models describe the relationship betweesximal/minimal daily pavement
temperatures and maximal/minimal daily air tempeed, the day of the year, distance from the
surface, and latitude.

The model for maximal daily temperatures is offihleowing form:

VYmax = A * Aitygy + B x Depth + C = Lat + D x Day + E * Day* + F
where
Ymax= predicted maximal daily pavement temperature;(°C
A = coefficient of air temperature;
Air_max= maximal daily air temperature (°C);
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B = coefficient of the distance from the surface;
Depth = distance from the surface (cm);

C = coefficient of the latitude

Lat = latitude (degrees);

D= coefficient of the day of the year;

Day= day of the year;

E= coefficient of the square of the day of the year;
Day?= square of the day of the year; and

F = intercept.

Table 4.80 Characteristics of the model for pradgctaximal daily pavement temperatures
from maximal daily air temperature, distance frdhe surface, the day of the year and latitude.

All Regression Summary for Dependent Variable: Tempexaimax
locations |(Temp_depth_C1_max_Novo)
max R=.96411733 R2=.92952222 Adjusted R?=.92949198

F(5,11653)=30738. p<0.0000 Std.Error of estimai@>@4

b* Std.Err. b Std.Err. | t(11657) | p-value
of b* of b

Intercept 22.2057¢ 0.434694 51.084 0.00
Depth 0.48424 0.003955 0.71214 0.005817 122.433 0.00
Air_max 1.81237 0.015503 0.19734 0.001684 116.904 0.00
Day -1.88488 0.015587 -0.00054 0.000004 -120.928 0.00
Day? -0.06900 0.002517 -0.38103 0.013901 -27.410 0.00
Latitude -0.32691 0.002459 -0.66255 0.004984 -132.931 0.00

Viax = 0.19734 * Aitpa, + 0.71214 * Depth — 0.66255 * Lat — 0.00054 = Day — 0.38103
« Day? + 22.20576

Model for maximal daily temperature of pavementidterent layers including maximal daily
air temperatures, distance from the surface andtihye year and latitude improves the model
without day of the year, since it has highérd®d lower standard error of estimate. Maximal
daily temperature of pavement decreases with distaffom the surface for maximal

temperatures, and decreases with latitude.

The model for minimal daily temperatures is of thkowing form:

Ymin = A * Aityyin + B * Depth + C x Lat + D x Day + E * Day? + F

where
Ymin= Ppredicted minimal daily pavement temperatureg;(°C
A = coefficient of air temperature;
Air_min = minimum air temperature (°C);
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B = coefficient of the distance from the surface ;
Depth = distance from the surface (cm);

C = coefficient of the latitude;

Lat = latitude (degrees);

D= coefficient of the day of the year;

Day= day of the year;

E= coefficient of the square of the day of the year;
F = intercept.

Table 4.81 Characteristics of the model for predgctninimal daily pavement temperatures from
minimal daily air temperature, distance from thdace, the day of the year, and latitude

Regression Summary for Dependent Variable: Tempezamin

Al (Temp_depth_Air_min_Novo)
locations |R=.96735568 R2= .93577702 Adjusted R?=.93574948
min F(5,11658)=33973. p<0.0000 Std.Error of estimate881

b* Std.Err. b Std.Err. | t(11658) | p-value

of b* of b

Intercept 7.723304 0.24681Q 31.2924 0.00
Depth 0.185191 0.002347 0.255764 0.003242 78.9017 0.00
Air_min 0.756259 0.004257 0.781074 0.004397 177.6319 0.00
Day 0.864444 0.016907 0.06415(0 0.001255 51.1292 0.00
Day? -0.871671 0.01683Q -0.000172 0.000003 -51.7943 0.00
Latitude -0.050351 0.002351 -0.189455 0.00884 -21.416H 0.00

Ymin = 0.781078 * Airy,;, + 0.255764 * Depth — 0.189455 * Lat + 0.064150 * Day
—0.000172 * Day? + 7.723302

Model for minimal daily temperature of pavementderent layers including minimal daily air
temperatures, distance from the surface and ddlyeofear improves the model without day of
the year, since it has highef Bnd lower standard error of estimate. Minimal yl&mperature
of pavement increases with distance from the serflr maximal temperatures, since its
coefficient is positive and decrease with latitusiace its coefficient is negative.

4.6.3 Relationship with air temperature, the deptifrom the surface and cumulative
solar radiation

The next models describe the
temperatures and maximal/minimal daily air tempees, distance from
cumulative solar radiation.

The model for maximal daily temperatures of thegmaent including the maximal daily air
temperature, distance from the surface and cumelablar radiation is of the following form:

relationship betweesximmal/minimal daily pavement
the surface, and
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Ymax = A * Aityqy + B * Depth + C * Cum_SR + D
where
Ymax= Predicted maximal daily pavement temperaturg;(°C
A = coefficient of air temperature;
Air_max= maximal daily air temperature (°C);
B = coefficient of the distance from the surface;
Depth = distance from the surface (cm);
C = coefficient for the cumulative solar radiation;
Cum_SR = the solar radiation (W/fj1 and
D = intercept

Tables 4.82 and 4.83 present the coefficients ferlithear prediction models developed for
location Al Kufrah. Included with the model coefficieatsd their standard errors are the standard
errors of estimate and the adjusteéd Rhe coefficients statistically different from zere aenoted

in red. Tables of coefficients for the pavement temoee for the remaining stations are presented
in Appendix .

Table 4.82 Characteristics of the model for predictingimal daily pavement temperatures
from maximal daily air temperature, cumulative solar raéoia and distance from the surface at
the Al Jufroh location.

Regression Summary for Dependent Variable: Temperatae _m
Al Jufroh [ (Temp_depth_C1_max_Novo)
max R=.95879770 R2=.91929303 Adjusted R?=.91912489

F(3,1440)=5467.4 p<0.0000 Std.Error of estimate: 3206

Include condition: Site=102

b* Std.Err. b Std.Err. | t(1440) p-value
of b* of b

Intercept 1.76267§ 0.412291] 4.2753 0.000020
Depth -0.268224 0.00748§ -0.532401 0.01486Q -35.8281 0.00000d
Air_max 0.561909 0.011594 0.817344 0.01687Q 48.4503 0.00000(¢
Cum_SR 0.416882 0.011594 0.00070Z 0.00002Q 35.9455 0.00000(¢

Viax = 0.817344 * Airna, — 0.532401 x Depth + 0.000702 * Cum_SR + 1.762678

Model for maximal daily temperature of pavement at diffetayers including maximal daily
air temperatures, distance from the surface and cumeilatilar radiation improves the model
without cumulative solar radiation, since it has highémaRd lower standard error of estimate.
Maximal daily temperature of pavement decreases with distaoeethe surface for maximal
temperatures and increases with cumulative solar radiation
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The model for minimal daily temperatures of the graent including the minimal daily air
temperature, distance from the surface and cumelablar radiation is of the following form:

Ymin = A * Airyyin + B x Depth + C * Cum_SR + D
where
Ymin= Ppredicted minimal daily pavement temperatureg;(°C
A = coefficient of air temperature;
Air_min = minimal dalily air temperature (°C);
B = coefficient of the distance from the surface;
Depth = distance from the surface (cm);
C = coefficient for the solar radiation;
Cum_SR = the solar radiation (W/f1 and
D = intercept.

Table 4.83 Characteristics of the model for preéagctminimal daily pavement temperatures
from minimal daily air temperature, cumulative sakdiation and distance from the surface at
the Al Jufroh location

Regression Summary for Dependent Variable: Tempezainin
Al Jufroh | (Temp_depth_Air_min_Novo)
min R=.97442993 R?= .94951369 Adjusted R?= .94940851

F(3,1440)=9027.5 p<0.0000 Std.Error of estimaté205

Include condition: Site=102

b* Std.Err. b Std.Err. | t(1440) p-value
of b* of b

Intercept -0.003224 0.174254 -0.01850 0.98524(
Depth 0.197893 0.005921 0.250968 0.007509 33.42144 0.00000q
Air_min 0.7877524 0.008994 0.853639 0.009744 87.5901§ 0.00000(q
Cum_SR | 0.207921 0.008994 0.000224 0.00001Q 23.11877 0.00000¢

Vmin = 0.853639 * Aity;y + 0.250968 * Depth + 0.000224 x Cum_SR — 0.003224

Model for minimal daily temperature of pavementierent layers including minimal daily air
temperatures, distance from the surface and cuiwvellgblar radiation improves the model
without cumulative solar radiation, since it haghgr R and lower standard error of estimate.
Minimal daily temperature of pavement increaseshwdlistance from the surface for maximal
temperatures and increases with cumulative sothatian.

4.6.3.1 Relationship with air temperature, the depth from the surface, cumulative solar
radiation and latitude
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The next models describe the relationship betweesximal/minimal daily pavement
temperatures and maximal/minimal daily air tempeed, cumulative solar radiation, distance
from the surface and latitude.

The model for maximal daily temperatures is offihleowing form:

Vmax = A * Aitygy + B * Depth + C * Lat + D * Cum_SR + E
where
Ymax= Predicted maximal daily pavement temperaturg;(°C
A = coefficient of air temperature;
Air_max= maximal daily air temperature (°C);
B = coefficient of the distance from the surface;
Depth = distance from the surface (cm);
C = coefficient of the latitude;
Lat = latitude (degrees);
D= coefficient of the cumulative solar radiation;
Cum_SR= cumulative solar radiation (WA and
E= intercept.

Table 4.84 Characteristics of the model for prédgctnaximal daily pavement temperatures
from maximal daily air temperature, distance frdhe surface, cumulative solar radiation and
latitude

All Regression Summary for Dependent Variable: Tempexamax
locations |(Temp_depth_Air_max_Novo)
max R=.92840003 R2=.86192661 Adjusted R?= .86187898

F(4,11594)=18094. p<0.0000 Std.Error of estimat2745

b* Std.Err. b Std.Err. | t(11657) | p-value
of b* of b
Intercept 5.4007524 0.580829 9.2984 0.00000(¢
Depth -0.327079 0.003451 -0.6623184 0.006984 -94.779q 0.00000¢
Air_max 0.769974 0.003969 1.132778 0.005839 194.0158 0.00000C
Cum_SR | 0.171804 0.00393§ 0.00025Z2 0.000004 43.626(d 0.00000¢
Latitude | -0.021115 0.003482 -0.116494 0.019212 -6.0635 0.00000(
VYmax = 1.132778 * Aityy, 0 — 0.662318 * Depth — 0.116494 * Lat + 0.000252 * Cum_SR
+ 5.400752

The model for minimal daily temperatures is of thkowing form:

Vmin = A * Aityin + B x Depth + C * Lat + D * Cum_SR + E
where
Ymin= Predicted minimal daily pavement temperaturg;(°C
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A = coefficient of air temperature;

Air_min = minimal dalily air temperature (°C);
B = coefficient of the depth;

Depth = depth from the surface (cm);

C = coefficient of the latitude;

Lat = latitude (degrees);

D= coefficient of the cumulative solar radiation;
Cum_SR= cumulative solar radiation (W/fy and
E= intercept.

Table 4.85 Characteristics of the model for predgctninimal daily pavement temperatures from
minimal daily air temperature, depth from the scefacumulative solar radiation and latitude.

Regression Summary for Dependent Variable: Tempezaiin

All (Temp_depth_Air_min_Novo)
locations |R=.96141723 R2=.92432309 Adjusted R2=.92429697
min F(4,11587)=35381. p<0.0000 Std.Error of estimate529

b* Std.Err. b Std.Err. | t(11587) | p-value

of b* of b
Intercept 6.979389 0.273293 25.538] 0.00
Depth 0.185014 0.002554 0.255748 0.003533 72.3957 0.00
Air_min 0.909754 0.002907 0.939427 0.003004 312.9298 0.00
Cum_SR 0.062594 0.00291Q 0.000063 0.000003 21.5111 0.00
Latitude -0.041257 0.002559 -0.155424 0.009641 -16.1214 0.00
Ymin = 0.939427 * Airy,;, + 0.255748 * Depth — 0.155426 * Lat + 0.000063 * Cum_SR
+ 6.979389

Maximum temperature of pavement at different depdepends mostly on maximum air
temperatures but decreases with depth and dependlseoday of the year. It decreases with
latitude and increases with cumulative solar raminat

Minimum temperature of pavement at different depttepends mostly on minimum air
temperature and the day of the year. It increasts depth and cumulative solar radiation and
decreases with latitude.

4.6.4 Relationship with air temperature, the distane from the surface, day of the
year and cumulative solar radiation and latitude

The next models describe the relationship betweesximal/minimal daily pavement

temperatures and maximal/minimal daily air tempeesgt, day of the year cumulative solar
radiation, distance from the surface and latitude.
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The model for maximal daily temperatures is offihleowing form:

Ymax = A * Aityygy + B * Depth + C * Day + D * Day? + E = Lat + F x Cum_SR + G

where

Ymax= Predicted maximal daily pavement temperaturg;(°C
A = coefficient of air temperature;

Air_max= maximal daily air temperature (°C);
B = coefficient of the distance from the surface;
Depth = distance from the surface (cm);

C = coefficient of the day of the year,

Day = day of the year;

D = coefficient of square of the day of the year;
E= coefficient of the latitude;

Lat = latitude (degrees);

F= coefficient of the cumulative solar radiation;
Cum_SR= cumulative solar radiation (Wfy and
G= intercept.

Table 4.86 Characteristics of the model for pradgctaximal daily pavement temperatures
from maximal daily air temperature, distance frdra surface, day of the year, cumulative solar
radiation and latitude.

All Regression Summary for Dependent Variable: Tempexamax
locations |(Temp_depth_Air_max_Novo)
max R=,96431664 R?=,92990659 Adjusted R2=,92987031

F(6,11592)=25631, p<0,0000 Std.Error of estima@439

b* Std.Err. b Std.Err. | t(11657) | p-value
of b* of b

Intercept 21,5313Q 0,44213§ 48,698 0,00000(
Depth -0,32724 0,002459 -0,66265 0,004979 -133,08¢ 0,00000¢
Air_max 0,48241 0,003956 0,70972 0,005819 121,954 0,00000d
Day 1,76231 0,016934 0,1917¢0 0,001843 104,069 0,000000
Day? -1,82944 0,017271 -0,00053 0,000005 -105,927 0,00000(
Cum_SR 0,02639 0,003155 0,00004 0,000005 8,366| 0,00000¢
Latitude -0,06802 0,002521 -0,3752¢ 0,013909 -26,98Q 0,00000(

Vmax = 0,70972  AiTimax

—0,66265 * Depth + 0,19170 * Day — 0,00053 * Day?
—0,37526 * Lat + 0,00004 * Cum_SR + 21,53130
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Ymin = A * Aityin + B x Depth + C * Day + D * Day? + E * Lat + F x Cum_SR + G

where

Ymin= predicted minimal daily pavement temperatureg;(°C
A = coefficient of air temperature;

Air_min = minimal daily air temperature (°C);
B = coefficient of the depth;

Depth = distance from the surface (cm);

C = coefficient of the day of the year;

Day = day of the year;

D = coefficient of square of the day of the year;
E= coefficient of the latitude;

Lat = latitude (degrees);

F= coefficient of the cumulative solar radiation;
Cum_SR= cumulative solar radiation (Wfy and
G= intercept.

Table 4.87 Characteristics of the model for predgctninimal daily pavement temperatures from
minimal daily air temperature, depth from the scefaday of the year, cumulative solar radiation
and latitude.

Regression Summary for Dependent Variable: Tempegainin

All (Temp_depth_Air_min_Novo)
locations | R=,96744913 R?=,93595782 Adjusted R?=,93592465
min F(6,11585)=28219, p<0,0000 Std.Error of estimaf@3712

b* Std.Err. b Std.Err. | t(11587) | p-value

of b* of b

Intercept 7,600962 0,254932 29,8154 0,00000C
Depth 0,185014 0,002351 0,255744 0,00325Q 78,6908 0,00000q
Air_min 0,757123 0,004279 0,781814 0,004419 176,9209 0,000000
Day 0,85136 0,0185774 0,06319§ 0,001379 45,8293 0,000000
Day? -0,857574 0,018761 -0,000169 0,000004 -45,7094 0,00000d
Cum_SR 0,00491Qg 0,003037% 0,000008 0,000003 1,6166 0,105992
Latitude -0,049824 0,0023624 -0,187706 0,008898 -21,0944 0,00000d

Ymin = 0,781816 * Airy,;,, + 0,255748 * Depth + 0,063198 * Day — 0,000169 * Day?
—0,187706 = Lat + 0,000005 * Cum_SR + 7,600962

Maximal daily temperature of pavement at differdepths depends mostly on daily maximal air

temperatures but decreases with depth and dependlseoday of the year. It decreases with
latitude and increases with cumulative solar raaliat
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Minimal daily temperature of pavement at differeepths depends mostly on daily minimal air
temperature and the day of the year. It increasés depth and cumulative solar radiation and
decreases with latitude.

4.6.5 Evaluation of the models including air tempeature and the distance from the
surface

As can be seen from the fit of the models whicHuided only the maximal/minimal daily air
temperature, those models could be improved (esiheonodels for maximal temperatures) by
adding new variables, such as day of the year, wipeed and cumulative solar radiation.
However, the wind speed did not improve the modasificantly, as can be seen from the
values of adjusted¥and standard errors in table 4.88. Higher valuesdpfsted Rand lower
standard errors were obtained when the model iedwthy of the year and the solar radiation.
The best values of adjusted &d standard error were obtained when the modkidad day of
the year, cumulative solar radiation:

Table 4.88 Adjusted Rand standard errors for different models whichtesed on the data
from all locations.

Models for maximal daily temperatures
The model including latitudadistance from the surfaced
_ _ _ Air temp.
Air temp Alr temp, Air temp, Air temp,.cqm. day of the year,
wind speed day of the year solar radiation cum. solar
radiation
Adj. Std.Err| Adj. | Std.Err Adj. Std.Err| Adj. | Std.Err| Adj. | Std.Err
R? of est. R | of est. R? ofest.| R° | ofest.| R? of est.
.8395¢ | 4.610¢ - - .9281¢ | 3.086% | .8616% | 4.277% | .9298 | 3.045¢
Models for minimal daily temperatures
The model including latitudajistance from the surfacad
_ _ _ Air temp.
Air temp Alr temp, Air temp, Air temp,.cgm. day of the year,
wind speed day of the year solar radiation cum. solar
radiation
Adj. Std.Err| Adj. | Std.Err Ad]. Std.Err| Adj. | Std.Err| Adj. | Std.Err
R? of est. R | of est. R? ofest.| R° | ofest.| R? of est.
92097 | 2.204¢ - - 9357494 | 1.988. | .9242¢ | 2.159¢ | .93597 | 1.987:

Therefore, we conclude that the best model foripted the pavement temperatures is linear
regression including the air temperature, distainom the surface and day of the year and
cumulative solar radiation.
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The best model for maximal daily pavement tempeestare:

Tg’,;;‘;f‘d = 24,14976 + 0,70972T*** — 0,66265d + 0,19170Day — 0,00053Day?
+ 0,00004Cum_SR — 0,37526Lat
where

pev.a =Maximal daily pavement temperature at distahitem the surface, (°C);

T = maximal daily air temperature, (°C);

d= distance from the surface (cm);

Day = day of the year;

Cum_SR = cumulative solar radiation (Vfjemd
Lat=latitude of the section, (degrees).

The best model for minimal daily pavement tempeesiare:

Téﬁi}fd = 7,600962 + 0,781816T(§’i‘r"" + 0,255748d + 0,063198Day — 0,000169Day2
+ 0,000005Cum_SR — 0,187706Lat
where

min

pava =Minimal daily pavement temperature at distasthéiem the surface, (°C);
Min= minimal daily air temperature, (°C);

Day = day of the year;

d= distance from the surface (cm);

Cum_SR = cumulative solar radiation (V§jemd

Lat=latitude of the section, (degrees).

Figures 4.35 and 4.36 present actual maximal amdrmal daily pavement temperature versus

predictions from the model including air temperafutepth from the surface, and day of the year at
the Al-Jufroh location. In Appendix J, similar figas for other locations are given.
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Figure 4.35 Actual maximal daily pavement tempeeatand predicted maximal daily pavement
temperatures from the model including maximal daitemperature, distance from the
surface, and day of the year at the Al-Jufroh iocat
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Figure 4.36 Actual minimal daily pavement tempemtand predicted minimal daily pavement

temperatures from the model including minimal daitytemperature, distance from the surface
and day of the year at the Al Jufroh location.
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4.7 Linear modeling for daily pavement temperatureprediction incorporating
surface (C1) temperature

4.7.1 Relationship with the surface temperature

The next models are built for modeling the relaglip between maximal and minimal daily
temperatures of surface temperature C1 and madanaiminimal daily temperatures of layers
C2, C3, C4.

The first model type to predict maximal and minindalily pavement temperaturesassingle
linear regression relationship between the surfecgerature and thEavement temperature at
three different distances from the surface: 3&mm and 15 cm (C2, C3, C4). The model is of
the following form:

y=A*xC1+B
where
y= predicted daily pavement temperature (°C) (maxmnau minimum);
A = surface temperature coefficient;
C1 = surface daily temperature (°C) (maximum orimum); and
B = intercept coefficient.

Table 4.89 presents the coefficients for the linpexdiction models developed for three
depths at station Al-Jufroh. Included with the modwmdfticients and their standard errors are the
standard errors of estimate and the adjusted The coefficients statistically different from zero
are denoted in red. Tables of coefficients for theepant temperature for the remaining stations
are presented in Appendix K.

Table 4.89 Parameters of the model for predicting dailyimma and minimal pavement
temperature from daily maximal and minimal surface teatpee at the Al-Jufroh location.

AL-Jufroh | Daily maximal temperatures y = A« C1_max + B
layer Std.Err. Std.Err. , Std.Error of
g B of B A of A Adjusted R estimate

C2 -0.268022 0.193819 0.912981| 0.003764| 0.993851433 0.85843603

C3 0.711501 0.441118 0.837448| 0.008566| 0.963307467 1.95373301

C4 0.277176 0.283299 0.821152| 0.005502 0.983923239 1.25474684
Daily minimal temperatures y =A*C1l_min+ B

Cc2 0.606090| 0.166621| 1.002388| 0.008978| 0.971623943 1.21165662

C3 3.014627 0.270463| 0.971989 0.014574| 0.924341803 1.96679306

C4 4.524688| 0.190533| 0.947941] 0.010267| 0.959045582 1.38554525

A graphical example of this linear relationship deypeld for the Al-Jufroh station is shown in
figures 4.37 to 4.39 where the relationship betwdenmaximal daily temperature at three
different layers arshownversus thanaximal daily surfacéemperature. Inidures 4.40 to
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4.42 the relationship between the minimal daily penature at different layers is shown
versus theminimal daily surfaceéemperature. Graphs showing those relations forghmeining
locations are presented in Appendix K.

Graphs of the maximalaily pavementemperatures against theaximal daily surface
temperature are presented in figures 4.37 to 4.39.

Scatterplot of C2_max against C1_max
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Figure 4.37 Maximal dailyemperature at layer G2rsus the maximal daily surface
temperature at the Al-Jufroh location.
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Scatterplot of C3_max against C1_max
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Figure 4.38 Maximal daily temperatuage layer C3versus the maximal daily surface temperature
at the Al-Jufroh location.

Scatterplot of C4_max against C1_max
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Figure 4.39 Maximal daily temperatua¢ layer C4versus the maximal daily surface temperature
at the Al-Jufroh location.

Graphs of minimal daily temperatures against mihida@ly surface temperature are presented in
figures 4.40 to 4.42.
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Scatterplot of C2_min against C1_min
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Figure 4.40 Minimal dailgyemperature at layer G2rsus the minimal daily surface temperature

at the Al-Jufroh location.
Scatterplot of C3_min against C1_min
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Figure 4.41 Minimal daily temperatuag layer C3versus the minimal daily surface temperature
at the Al-Jufroh location.
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Scatterplot of C4_min against C1_min
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Figure 4.42 Minimal daily temperatuag layer C4versus the minimal daily surface temperature
at the Al-Jufroh location.

4.7.1.1 Reationship with surface temperature and latitude

The next model for predicting maximal/minimal daggvement temperatures at depths C2, C3,
C4 from maximal/minimal daily surface temperatute @as built using data from all stations and
includes the latitude of the locations. The masleif the following form:

y=A*Cl+Bx*Lat+C

where

y= predicted daily pavement temperature (°C) (maxmau minimum);
A = surface temperature coefficient;

C1 = surface daily temperature (°C) (maximum orimum);

B = latitude coefficient;

Lat = latitude of the location (degrees); and

C = intercept coefficient.

Table 4.90 presents the coefficients for the linpegdiction models developed for each
depth for all locations. Included with the model coedfits and their standard errors are the
standard errors of estimate and the adjusted The coefficients statistically different from zero
are denoted in red.
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Table 4.90 Parameters of the model for predictenement temperature from the surface

temperature at the Al-Jufroh location.
All . .
locations Maximal daily temperatures y = A * C1_max + B * Lat + C
depth C B A Adjusted RA2 Std.Error of
estimate
Cc2 -4.37177| 0.14449 0.93795 0.958619301 2.24469482
C3 1.207663| -0.086149 0.894940 0.950342756 2.37176669
C4 -3.98304 | 0.06536 | 0.83902 0.909167326 3.06019018
Minimal daily temperatures y = A* C1l_min+ B * Lat + C
C2 9.615039| -0.29713#4 0.948882 0.921141385 | 2.13630661
C3 13.65339| -0.38388 0.9433¢ 0.873718286 2.76688102
C4 14.52431| -0.35042 0.9314( 0.8529213 2.98103007
3D Surface Plot of C2_max against C1_max and Latitude
C2_max = -4,3718+0,938*x+0,1445*y
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Figure 4.43 Maximal daily C2 temperatures for afldtions as a function of the maximal daily
surface temperature and latitude.
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3D Surface Plot of C3_max against C1_max and Latitude
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Figure 4.44 Maximal daily C3 temperatures for afldtions as a function of the maximal daily
surface temperature and latitude.

3D Surface Plot of C4_max against C1_max and Latitude
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Figure 4.45 Maximal daily C4 temperatures for atldtions as a function of the maximal daily
surface temperature and latitude.
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3D Surface Plot of C2_min against Latitude and C1_min
C2_min = 9,615-0,2971*x+0,9489*y
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Figure 4.46 Minimal daily C2 temperatures for altdtions as a function of the minimal daily
surface temperature and latitude.

3D Surface Plot of C3_min against Latitude and C1_min
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Figure 4.47 Minimal daily C3 temperatures for altdtions as a function of the minimal daily
surface temperature and latitude.
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3D Surface Plot of C4_min against Latitude and C1_min
C4_min = 14,5243-0,3504*x+0,9314*y

wl vy

I > 40
B <39
B <34
B < 29
<24
[J<19
B <14
B <o
-4

Figure 4.48 Minimal daily C4 temperatures for altdtions as a function of the minimal daily
surface temperature and latitude.

4.7.2 Relationship with the surface temperature anday of the year

The next model for predicting maximal (minimal) lggbavement temperatures at three different
layers includes maximal (minimal) daily surfacenperatures and the day of the year. The days of
the year are coded from 0, for first of January,365 for December 31 As there exists a
nonlinear relation between maximal (minimal) dd#gynperatures with the day of the year, the
square of the day of the year is included in thel@ho

Tables 4.91 to 4.93 give the characteristighefmodels for daily minimal pavement
temperatures for three layers at the Brak locatidrere the model is of the form:

Yimax = A * Cly,q + B * Day + C * Day? + D
where
y_max= predicted maximal daily pavement temperature;(°C)
A = surface temperature coefficient;
C1l_max = maximal daily surface temperature (°C);
B = coefficient for the day of the year;
Day = day of the year;
C = coefficient for the square of the day of tleauy
D = intercept coefficient.
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Table 4.91 Characteristics of the model for predgctmaximal daily C2 temperature from

maximal daily surface temperature and day of tler g the Brak location.

Regression Summary for Dependent Variable: C2_max
Brak (BRAK_C1_Max)
C2_max |R=.99075740 R2=.98160023 Adjusted R?= .98144732

F(3,361)=6419.6 p<0.0000 Std.Error of estimate89%

b* Std.Err. b Std.Err. t(361) p-value
of b* of b

Intercept -3.56359 0.642157 -5.54939 0.00000(
C1 _max 0.933414 0.022865 0.95648 0.023430 40.82280 0.00000(
Day 0.251824 0.08986Q 0.02779 0.00991§ 2.80245 0.0053415
Day? -0.230074 0.090854 -0.00007 0.000027 -2.5323¢ 0.011753

Vimax = 0.95648 * C1,,4, + 0.02779 * Day — 0.00007 x Day? — 3.56358

Table 4.92 Characteristics of the model for praédgctnaximal daily C3 temperature from

maximal daily surface temperature and day of tler g the Brak location.

Regression Summary for Dependent Variable: C3_max
Brak (BRAK_C1_Max)
C3_max |R=.99129707 R?=.98266989 Adjusted R?= .98252587

F(3,361)=6823.3 p<0.0000 Std.Error of estimate04(b

b* Std.Err. b Std.Err. | t(361) p-value
of b* of b

Intercept -4.35153 0.607453 -7.16357 0.00000(
C1l max 0.923944 0.022190 0.92284 0.022164 41.63702 0.00000(
Day 0.297699 0.087209 0.03203 0.009383 3.41363 0.000714
Day? -0.268013 0.088173 -0.00009 0.000025 -3.03962 0.002547

Vinax = 0.92284 * C1,,4, + 0.03203 * Day — 0.00008 = Day? — 4.35153

Table 4.93 Characteristics of the model for praédgctnaximal daily C4 temperature from

maximal daily surface temperature and day of ther g the Brak location.

Regression Summary for Dependent Variable: C4_max
Brak (BRAK_C1_Max)
C4 _max |R=.99028015 R2=.98065477 Adjusted R?=.98049401

F(3,361)=6100.0 p<0.0000 Std.Error of estimate6474

b* Std.Err. b Std.Err. t(361) p-value
of b* of b

Intercept -4.65039 0.591605 -7.86063 0.00000(
C1l _max 0.8936771 0.023445 0.8228(0 0.021584 38.11786 0.00000(
Day 0.423983 0.092140 0.04204 0.009137 4.60152 0.000006
Day? -0.383368 0.0931584 -0.0001Q0 0.000024 -4.11522 0.0000449

Vinax = 0.82280 * C1,q, + 0.04204 * Day — 0.00010 * Day? — 4.65039
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3D Surface Plot of C2_maxagainst Day and C1_max
C2_max = -4,8414+0,0028*x+1,0128*y
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Figure 4.49 Maximal daily C2 temperature as afiam of maximal daily surface temperature
and the day of the year for the Brak station.

Figures 4.91 to 4.96 give the characteristichefmodels for minimal daily temperatures at the
Brak location, where the model is of the form:
VYmin = A * Clym + B * Day + C * Day? + D
where
Ymin= predicted minimal daily pavement temperature;(°C)
A = surface temperature coefficient;
C1 _min= minimal daily surface temperature (°C);
B = coefficient for the day of the year;
Day = day of the year;
C = coefficient for square of the day of the year;
D = intercept coefficient.

Table 4.94 Characteristics of the model for preagctminimal daily C2 temperature from
minimal daily surface temperature and day of tharat the Brak location

Regression Summary for Dependent Variable: C2_min
Brak (BRAK_C1_min)
C2_min |R=.95814889 R2=.91804929 Adjusted R?=.91736826

F(3,361)=1348.0 p<0.0000 Std.Error of estimate5251

b* Std.Err. b Std.Err. | t(361) p-value
of b* of b

Intercept -3.95149 0.505779 -7.8127 0.00000¢
C1 min 0.64300 0.030623 0.76851 0.036600 20.9975 0.00000(
Day 1.38093 0.121687 0.09778 0.008616 11.3482 0.00000(
Day? -1.30310 0.120717 -0.00024 0.000023 -10.7944 0.00000(¢

Vomin = 0.76851 * C1,;, + 0.09778 * Day — 0.00024 * Day? — 3.95149
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Table 4.95 Characteristics of the model for predgctminimal daily C3 temperature from
minimal daily surface temperature and day of ther w the Brak location.

Regression Summary for Dependent Variable: C3_min

Brak (BRAK_C1_min)
C3_min |R=.96033328 R?=.92224001 Adjusted R?=.92159381
F(3,361)=1427.2 p<0.0000 Std.Error of estimate3251
b* Std.Err. b Std.Err. t(361) p-value
of b* of b

Intercept -3.3260]f 0.501561 -6.6313 0.00000(
C1 min 0.62572 0.029829 0.76135 0.036295 20.9769 0.00000(
Day 1.461164 0.118535 0.105327 0.008544 12.3269 0.00000(
Day? -1.3867(0 0.11759Q -0.00027 0.000022 -11.7927 0.00000(

Vonin = 0.76135  C1,;, + 0.10532 * Day — 0.00027 * Day? — 3.32601

Table 4.96 Characteristics of the model for preagctminimal daily C4 temperature from
minimal daily surface temperature and day of tharyat the Brak location.

Regression Summary for Dependent Variable: C4_min

Brak (BRAK_C1_min)
C4 _min |R=.94699007 R?=.89679020 Adjusted R?= .89593250
F(3,361)=1045.6 p<0.0000 Std.Error of estimate92%5
b* Std.Err. b Std.Err. t(361) p-value
of b* of b

Intercept -1.08277 0.610765 -1.7728 0.077104
C1l min 0.53521 0.034366 0.688327 0.044197 15.5739 0.00000(
Day 1.76637 0.1365627  0.13458 0.010404 12.9344 0.00000(
Day? -1.73203 0.135473 -0.00035 0.000027 -12.785(d 0.00000(

Vomin = 0.68832 * C1,;, + 0.13458 * Day — 0.00035 * Day? — 1.08277
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3D Surface Plot of C2_min against Day and C1_min
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Figure 4.50 Minimal daily C2 temperature as a fiorcbf minimal daily surface temperature
and the day of the year for the Brak station.

Appendix L presents the tables and figures of tloeets for predicting maximal (minimal) daily
pavement temperatures at three different depthendiepy on maximal (minimal) daily surface
temperatures and the day of the year for the rangalncations.

From the tables in Appendix L for the models foegicting maximal (minimal) daily pavement
temperatures at three different layers dependinghaximal (minimal) daily surface temperatures
and the day of the year, it can be seen that tliecgutemperature coefficients are lower compared
to the coefficients in the models that did notunld the day of the year. This means that the day of
the year has an effect on the temperature of #éverpent. Also, adjusted?Rre higher for the
models which include the day of the year, espgcfall maximal daily temperatures. The standard
errors of the models both for maximal and minichaly temperatures are lower compared to the
models which did not include the day of the yedrnsTmeans that the models with the surface
temperature and the day of the year better exptaximal and minimal daily temperatures of the
pavement then the models including only maximad amnimal daily surface temperature.

4.7.2.1 Relationship with surface temperature, day of the year, and latitude

The next model for predicting maximal (minimal) lggpavement temperatures at different depths
from maximal (minimal) daily surface temperaturesl éhe day of the year was built using data
from all stations and includes the latitude @ libcations.
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The model for maximal daily temperatures is offthiwing form:

Ymax = A * Clyg, + B*Day + C * Day? + D = Lat + E
where
Ymax= Predicted maximal daily pavement temperaturé;(°C
A = surface temperature coefficient;
C1 _max = maximal daily surface temperature (°C);
B = coefficient for the day of the year;
Day = day of the year;
C = coefficient for the square of the day of tharye
Day?= square of the day of the year;
D = latitude coefficient;
Lat = latitude of the location (degrees); and
E = intercept coefficient.

Table 4.97 Characteristics of the model for preédgctnaximal daily C2 temperature from
maximal daily surface temperature and day of the f@r all locations.
Regression Summary for Dependent Variable: C2_max
All (Max_all_locations)

locations |R=.98129485 R?=.96293959 Adjusted R?= .96288865
C2_max |[F(4,2910)=18903. p<0.0000 Std.Error of estimat&227

b* Std.Err. b Std.Err. | t(2911) p-value

of b* of b
Intercept 1.24869(0 0.672633 1.8564 0.063494
C1l max 0.84565¢4 0.008674 0.807009 0.008278§ 97.4942 0.00000(
Day 0.596634 0.033283 0.062274 0.003474 17.9258 0.00000(
Day? -0.594764 0.034186 -0.000165 0.000009 -17.3981 0.00000(C
Latitude 0.006368 0.003806 0.03370§ 0.020147 1.6734f 0.09435¢

Yiax = 0.807009 * C1,,4, + 0.062274 x Day — 0.000165 x Day? + 0.033706 * Lat
+ 1.248690

Table 4.98 Characteristics of the model for praédgctnaximal daily C3 temperature from
maximal daily surface temperature and day of #eg yor all locations.

Regression Summary for Dependent Variable: C3_max
All (Max_all_locations)
locations R=.97582817 R2=.95224062 Adjusted R?=.95217495
C3_max F(4,2909)=14500. p<0.0000 Std.Error of estimat&226
b* Std.Err. b Std.Err. | t(2910) p-value
of b* of b
Intercept 4.209074 0.736533 5.71471 0.00000¢
C1l max 0.891304 0.009844 0.820494 0.009064 90.52562 0.00000(
Day 0.362333 0.03779Q0 0.036472 0.003804 9.58807 0.00000d
Day? -0.350674 0.038815 -0.000094 0.00001Q -9.03458 0.00000(
Latitude | -0.029214 0.004321 -0.149149 0.02205§ -6.7617Q 0.00000d

Viax = 0.820492 * C1,,4, + 0.036472 x Day — 0.000094 x Day? — 0.149149  Lat
+4.209074
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Table 4.99 Characteristics of the model for predgctmaximal daily C3 temperature from
maximal daily surface temperature and day of #ag yor all locations.
Regression Summary for Dependent Variable: C4_max
All (Max_all_locations)

locations |R=.95748951 R?=.91678616 Adjusted R?=.91667178
C4_max |F(4,2910)=8015.0 p<0.0000 Std.Error of estimat@321

b* Std.Err. b Std.Err. | t(2911) p-value

of b* of b
Intercept 1.179969 0.927448 1.2723 0.203377
C1l _max 0.804243 0.012997 0.706221 0.011413 61.8770 0.00000(
Day 0.688187 0.049874 0.066096 0.00479Q0 13.7984 0.00000(
Day? -0.655568 0.05122§ -0.0001674 0.000013 -12.797 0.00000(
Latitude -0.00964y 0.00570Z2 -0.046984 0.027773 -1.6918 0.09079¢

Ymax = 0.706221 * C1,,45 + 0.066096 * Day — 0.000167 * Day? — 0.046986 * Lat
+ 1.179969
The model for minimum temperatures is of the folleg form:

Ymin = A* Clypin + BxDay + C = Day? + D = Lat + E
where
y_min= predicted minimal daily pavement temperature ;(°C)
A = surface temperature coefficient;
C1 _min = minimal daily surface temperature (°C);
B = coefficient for the day of the year;
Day = day of the year;
C = coefficient for the square of the day of tharye
Day? = square of the day of the year;
D = latitude coefficient;
Lat = latitude of the location (degrees); and
E = intercept coefficient.

Table 4.100 Characteristics of the model for pr@aicminimal daily C2 temperature from
minimal daily surface temperature and day of the yer all locations.

Regression Summary for Dependent Variable: C2_min
(Min_all_locations)
All R=.97139820 R2=.94361446 Adjusted R?=.94353698
locations |F(4,2911)=12179. p<0.0000 Std.Error of estimat@077
C2_min b* Std.Err. b Std.Err. | t(2911) | p-value
of b* of b
Intercept 8.683694 0.447654 19.3982 0.00
Cl min 0.73770 0.007869 0.732315 0.007811 93.7528 0.00
Day 1.05453 0.031182 0.075894 0.002244 33.8182 0.00
Day? -1.02861 0.031217 -0.00019¢4 0.00000§ -32.9503 0.00
Latitude -0.08288 0.004401 -0.302433 0.016061 -18.8304 0.00
VYmin = 0.732315 * C1,,;, + 0.075892 * Day — 0.000196 * Day? — 0.302433 * Lat
+ 8.683694
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Table 4.101 Characteristics of the model for prealgcminimal C3 temperature from minimal

daily surface temperature and day of the yearlfdo@ations.

Ymin

Table 4.102 Characteristics of the model for pragcminimal daily C4 temperature from

Regression Summary for Dependent Variable: C3_min
(Min_all_locations)
All R=.95468991 R2=.91143283 Adjusted R?=.91131113
locations |F(4,2911)=7489.2 p<0.0000 Std.Error of estimat@128
C3_min b* Std.Err. b Std.Err. | t(2911) p-value
of b* of b
Intercept 12.67724 0.574217 22.0774 0.00
C1l min 0.64153 0.0098624 0.65181 0.01002Q 65.0535 0.00
Day 1.37419 0.039081 0.10122 0.002879 35.163( 0.00
Day? -1.36488 0.039124 -0.000271 0.000004 -34.8861 0.00
Latitude -0.10470 0.005516 -0.39101 0.020602 -18.9796 0.00

= 0.65181 * C1,,;, + 0.10122 x Day — 0.00027 * Day? — 0.39101 * Lat + 12.67724

minimal daily surface temperature and day of tearyor all locations.

Regression Summary for Dependent Variable: C4_min
(Min_all_locations)
All R=.94685214 R2= .89652897 Adjusted R?= .89638679
locations |F(4,2911)=6305.6 p<0.0000 Std.Error of estimatg021
C4_min b* Std.Err. b Std.Err. | t(2911) p-value
of b* of b
Intercept 13.38319 0.619614 21.5993 0.00
C1l min 0.61069 0.010659 0.61941 0.010814 57.2914 0.00
Day 1.4773§ 0.042241 0.10864 0.003104 34.9745 0.00
Day? -1.45873 0.042288 -0.00028 0.00000§ -34.4954 0.00
Latitude -0.09603 0.005964 -0.35805 0.022230Q -16.1064 0.00

Vomin = 0.61941 % C1,;, + 0.10864 * Day — 0.00028 * Day? — 0.35805  Lat + 13.38319

Most of the coefficients of the latitude are negatiindicating that as latitude increases,
pavement temperatures decreases. Compared withdtiels including only surface temperature
and latitude, the models including the surface tenapire, the day of the year and latitude have
similar adjusted Rand standard error of estimate, indicating sinfitao the data.

4.7.3 Relationship with surface temperature and wid speed

The next model for predicting maximal (minimal) lggpavement temperatures at three different
layers includes maximal (minimal) daily surfacenperatures and wind speed.

Tables 4.103 to 4.105 give the characteristiagh®imodels for daily maximal daily pavement
temperatures for four layers at the Awbari locatiwhere the model is of the form:
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where

Vmax = A* Clya + B*WS+C

y_max= predicted maximal daily pavement temperaturg;(°C
A = surface temperature coefficient;
C1_max= maximal daily surface temperature (°C);
B = coefficient for the wind speed;
WS = wind speed(m/s); and

C=

intercept coefficient.

Table 4.103 Characteristics of the model for prmiicmaximal daily C2 temperature from
maximal daily surface temperature and the wind dpeethe Awbari location.

Regression Summary for Dependent Variable: C2_max

Awbari (AWBARI_C1_max)
C2_max R=.98201422 R?= .96435193 Adjusted R?=.96415444
F(2,361)=4882.9 p<0.0000 Std.Error of estimate936
b* Std.Err. b Std.Err. t(361) p-value
of b* of b

Intercept 1.05370§ 0.522404 2.01702 0.044434
C1l max 0.976767 0.009997 0.924311 0.00946Q 97.70544 0.00000d
Wind Speed, (m/s)| -0.04047H 0.009997 -0.001363 0.000337 -4.04867 0.000063

Vinax = 0.924311 * C1,,5, — 0.001363 * WS + 1.053706

Table 4.104 Characteristics of the model for pralicmaximal daily C3 temperature from
maximal daily surface temperature and wind speeth Awbari location.

Regression Summary for Dependent Variable: C3_max

Awbari (AWBARI_C1_max)
C3_max R=.97651939 R2= .95359012 Adjusted R?=.95333300
F(2,361)=3708.8 p<0.0000 Std.Error of estimate4d 23
b* Std.Err. b Std.Err. t(361) p-value
of b* of b

Intercept 0.436131 0.588890 0.74060 0.45941¢
C1l max 0.970704 0.011407 0.907511 0.010664 85.09977 0.00000d
Wind Speed, (m/s)| -0.04416§4 0.011407 -0.001469 0.000379 -3.87194 0.000128§
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Table 4.105 Characteristics of the model for prmiicmaximal daily C4 temperature from
maximal daily surface temperature and wind speeth® Awbari location.

Regression Summary for Dependent Variable: C4_max
Awbari (AWBARI_C1_max)
C4_max R=.96271533 R2=.92682080 Adjusted R?=.92641538

F(2,361)=2286.0 p<0.0000 Std.Error of estimate62%5

b* Std.Err. b Std.Err. t(361) p-value
of b* of b

Intercept -1.93018 0.673259 -2.86692 0.004388
C1l max 0.955274 0.014323 0.81311 0.01219Z7 66.69292 0.00000¢
Wind Speed, (m/s)| -0.054267 0.014323 -0.00164 0.000434 -3.78865 0.000177

Ymax = 0.81311 * C1,,4, — 0.00164 « WS — 1.93018

The model for minimal daily temperatures is of tbéowing form:

Ymin = A*xClypin + B*WS+C
where
y_min= predicted minimal daily pavement temperature ;(°C)
A = surface temperature coefficient;
C1_min= minimal daily surface temperature (°C);
B = coefficient for the wind speed,;
WS = wind speed (m/s); and
C = intercept coefficient.

Table 4.106 Characteristics of the model for praigcminimal daily C2 temperature from
minimal daily surface temperature and the wind dgeethe Awbari location.

Regression Summary for Dependent Variable: C2_min
Awbari (AWBARI_C1_min)
C2_min R=.98061768 R2=.96161104 Adjusted R?= .96139836

F(2,361)=4521.4 p<0.0000 Std.Error of estimate6174

b* Std.Err. b Std.Err. t(361) p-value
of b* of b

Intercept 2.648644 0.198539 13.34071 0.00000(
C1 min 0.978914 0.010688 0.939564 0.01025§ 91.59234 0.00000(
Wind Speed, (m/s)] 0.0064090.010688 0.00044§ 0.00074§ 0.59962 0.549133

Ymin = 0.939564 * C1,,;,, + 0.000448 x WS + 2.648648
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Table 4.107 Characteristics of the model for praigcminimal daily C3 temperature from
minimal daily surface temperature and wind speedhi®e Awbari location.

Regression Summary for Dependent Variable: C3_min
Awbari (AWBARI_C1_min)
C3_min R=.97275829 R?= .94625868 Adjusted R?=.94596095

F(2,361)=3178.2 p<0.0000 Std.Error of estimate9276

b* Std.Err. b Std.Err. t(361) p-value
of b* of b

Intercept 5.692664 0.229911 24.76035 0.00000(
C1 min 0.982327 0.012646 0.922780 0.011879 77.68144 0.00000¢
Wind Speed, (m/s)| -0.039194 0.01264§ -0.002684 0.000864 -3.09942 0.002091

Vomin = 0.922780 * C1,,;, — 0.002684 x WS + 5.692666

Table 4.108 Characteristics of the model for pragcminimal daily C4 temperature from
minimal daily surface temperature and wind speedhie Awbari location.

Regression Summary for Dependent Variable: C4_min
Awbari (AWBARI_C1_min)
C4_min R=.97674881 R?= .95403824 Adjusted R?= .95378361

F(2,361)=3746.7 p<0.0000 Std.Error of estimate8865

b* Std.Err. b Std.Err. t(361) p-value
of b* of b

Intercept 7.060357 0.215494 32.76335 0.00000(¢
Cl min 0.988392 0.011694 0.941042 0.011134 84.51791 0.00000d
Wind Speed, (m/s)| -0.04859¢ 0.011694 -0.003373 0.0008174 -4.15545 0.000041

Vomin = 0.941042 * C1,,;, — 0.003373 x WS + 7.060357

Appendix M presents the tables of the charactesistif the models for predicting maximal
(minimal) daily pavement temperatures at differ@epths depending on maximal (minimal) daily
surface temperatures and wind speed for the rengalacations.

From tables 4.100 to 4.105 and the tables in Appekidfor the models for predicting maximal
(minimal) daily pavement temperatures at differdgpths depending on maximal (minimal) daily
surface temperatures and wind speed, it can betseevind speed coefficients are negative, so as
wind speed increases, the pavement temperatureases. However, these coefficients are small,
especially for deeper layers, and are usually tatisgcally significant. Also, it can be seen that
surface temperature coefficients are similar todbefficients in the models that did not include
wind speed, meaning wind speed has little effecthentemperature of pavement. Furthermore,
adjusted Rare similar for the models that include wind spégte standard errors of the models
both for maximal (minimal) daily temperatures similar to the standard errors of the models that
did not include the wind speed. This means thatrtbdels with surface temperature and the wind
speed do not better explain maximal (minimal) dagynperatures of the pavement than the
models including only the surface temperature.
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4.7.3.1 Relationship with surface temperature, wind speed, and latitude

The next model for predicting maximal (minimal) lggpavement temperatures at three different
layers from maximal (minimal) daily surface temgtares and the wind speed was built using data
from all stations and included the latitude of libeations.

The model for maximal daily pavement temperatusesf the following form:

Vmax = A*Clygy + B+ WS+ C xLat +D
where
y_max= predicted maximal daily pavement temperaturg;(°C
A = surface temperature coefficient;
C1_max=maximal daily surface temperature (°C);
B = coefficient for the wind speed;
WS = wind speed (m/s);
C =latitude coefficient;
Lat = latitude of the location (degrees); and
D = intercept coefficient.

Table 4.109 Characteristics of the model for prgmiicmaximal daily C2 temperature from
maximal daily surface temperature and wind speedlfdocations.

Regression Summary for Dependent Variable: C2_max
All locations (Max_all_locations)
C2_max R=.97910576 R?= .95864809 Adjusted R?= .95860547

F(3,2911)=22495. p<0.0000 Std.Error of estimat2421

b* Std.Err. b Std.Err. | t(2911) p-value
of b* of b

Intercept -4.36539 0.606157 -7.2017] 0.00000(
Cl max 0.982844 0.003814 0.93793 0.003641 257.6104 0.00000(
Wind Speed, (m/s) -0.0006210.003773 -0.00004 0.000261 -0.1645 0.869369
Latitude 0.027275 0.003815 0.14437 0.020195 7.1486| 0.00000(

Ymax = 0.93793 * C1q, — 0.00004 x WS + 0.14437C * Lat — 4.36539

Table 4.110 Characteristics of the model for pralicmaximal daily C3 temperature from
maximal daily surface temperature and wind speedlfdocations.

Regression Summary for Dependent Variable: C3_max
All locations (Max_all_locations)
C3_max R=.97538798 R2=.95138171 Adjusted R?=.95133158

F(3,2910)=18981. p<0.0000 Std.Error of estimat&480

b* Std.Err. b Std.Err. | t(2910) p-value
of b* of b

Intercept 0.892980 0.633985 1.4085 0.159084
C1l max 0.973279 0.004137 0.895951 0.003809 235.2421 0.00000¢
Wind Speed, (m/s)| 0.031733 0.004097 0.002117 0.000279 7.7553 0.00000(
Latitude -0.015719 0.004134 -0.080253 0.021124 -3.7992 0.00014§
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Vimax = 0.895951 % C1,,4, + 0.002117 x WS — 0.080253 * Lat + 0.892980

Table 4.111 Characteristics of the model for pralicmaximal daily C4 temperature from
maximal daily surface temperature and wind speedlfdocations.

Regression Summary for Dependent Variable: C4_max

All locations (Max_all_locations)
C4_max R=.95494046 R2=.91191129 Adjusted R?=.91182050
F(3,2911)=10045. p<0.0000 Std.Error of estimate132
b* Std.Err. b Std.Err. | t(2911) p-value
of b* of b
Intercept -3.49288 0.814079 -4.2906 0.000014
C1l max 0.953675 0.005568 0.83744 0.00489Q 171.2641 0.00000d
Wwind Speed, (m/s)| -0.05184(Q 0.005507 -0.00330 0.000351] -9.4137 0.00000C
Latitude 0.01153¢4 0.005569 0.05619 0.027127 2.0716 0.038394

Vimax = 0.83744  C1,,,, — 0.00330 * WS + 0.05619 x Lat — 3.49288

The model for minimal daily pavement temperatusesfithe following form:

where

Ymin = A*Clyp; + B* WS+ C *Lat + D

y_min= predicted minimal daily pavement temperature j(°C)
A = surface temperature coefficient;
C1_min= minimal daily surface temperature (°C);

B = coefficient for the wind speed,;

WS = wind speed (m/s);
C =latitude coefficient;

Lat = latitude of the location; and

D = intercept coefficient.

Table 4.112 Characteristics of the model for praigeminimal daily C2 temperature from
minimal daily surface temperature and wind speedlidocations.

Regression Summary for Dependent Variable: C2_min
All locations (Min_all_locations)
C2_min R=.95991105 R2=.92142922 Adjusted R?=.92134822
F(3,2910)=11376. p<0.0000 Std.Error of estimat&326
b* Std.Err. b Std.Err. | t(2910) p-value
of b* of b
Intercept 9.581599 0.524684 18.2617 0.00000(
Cl min 0.954204 0.005217 0.947295 0.005179 182.8964 0.00000(
Wind Speed, (m/s)] 0.018694 0.00521§ 0.00331§ 0.000926 3.5828 0.000344
Latitude -0.081164 0.005197 -0.296034 0.018954 -15.617Q0 0.00000(

Vomin = 0.947295 % C1,;n + 0.003316 * WS — 0.296034  Lat + 9.581599
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Table 4.113 Characteristics of the model for prealicminimal C3 temperature from minimal
surface temperature and wind speed for all location

Regression Summary for Dependent Variable: C3_min
All locations (Min_all_locations)
C3_min R=.93503753 R2=.87429518 Adjusted R?= .87416559
F(3,2910)=6746.5 p<0.0000 Std.Error of estimaté6P1
b* Std.Err. b Std.Err. | t(2910) p-value
of b* of b
Intercept 13.61043 0.679324 20.0352 0.00000(
C1 min 0.92627Q 0.006599 0.94127 0.00670§ 140.3641 0.00000(
Wind Speed, (m/s)] 0.025235 0.00660Q 0.00458 0.001198 3.8235 0.000134
Latitude -0.102465 0.006574 -0.38255 0.024543 -15.5871 0.00000(

Ymin = 0.94127 * C1,,;,, + 0.00458 « WS — 0.38255 * Lat + 13.61043

Table 4.114 Characteristics of the model for pragcminimal daily C4 temperature from
minimal daily surface temperature and wind speedlidocations.

Regression Summary for Dependent Variable: C4_min
All locations (Min_all_locations)
C4_min R=.92386568 R2=.85352780 Adjusted R?= .85337679
F(3,2910)=5652.4 p<0.0000 Std.Error of estimat@729
b* Std.Err. b Std.Err. | t(2910) p-value
of b* of b
Intercept 14.46748 0.731917 19.7665 0.00000(
Cl min 0.915754 0.007123 0.92883 0.007225 128.5568 0.00000(
Wind Speed, (m/s)| 0.02754§ 0.007125 0.00499 0.001291] 3.8666( 0.000113
Latitude -0.093486 0.0070964 -0.34837 0.026443 -13.1744 0.00000(

Vomin = 0.92883 * C1,;, + 0.00499 x WS — 0.34837 * Lat + 14.46745

Most of the coefficients of the latitude are negatiindicating that as latitude increases,
pavement temperatures decreases. Compared withdtiels including only surface temperature
and latitude, the models including surface tempeeatvind speed and latitude have very similar

adjusted Rand standard error of estimate, indicating sinfitao the data.

4.7.4 Relationship with surface temperature, andumulative solar radiation

For each location the daily cumulative solar radratvas determined as a sum of registered
solar radiations during the day. Examples for tigatdocations on 18 of January and 15of
June are given in Table 4.115.
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Table 4.115 Cumulative solar radiations at eigbatmns, on1% of January and 15of June

Locations Latitude Solar radiation
15" of January | 15" of June

Al Kufrah 24°17'N 15937.3 32060.8
Al Qatrun 24°56'N 19151.9 25845.9
Ghat 24°59'N 19151.3 29097.9
Awbari 26°46'N 19151.3 29097.9
Brach(SEBHA) 27°31'N 13970.8 33031.5
Hun-joufra 29°02'N 16938.5 32293.9
Awijilah 29°08'N 10108.8 30236.8
hudamis 30°11'N 15756.2 25299.2

The next model for predicting maximal (minimal) lggpavement temperatures at different depths
includes maximal (minimal) daily surface temperasuand cumulative solar radiation.

Tables 4.116 to 4.118 give the characteristiah®imodels for daily maximal daily pavement
temperatures for four layers at the Awijilah locatizvhere the model is of the form:

Vmax = A * Clyq + B * Cumgg + C
where
y_max= predicted maximal daily pavement temperaturg;(°C
A = surface temperature coefficient;
C1_max= maximal daily surface temperature (°C);
B = coefficient for the cumulative solar radiation;
Cum_SR = cumulative solar radiation (W/m2); and
C = intercept coefficient.

Table 4.116 Characteristics of the model for pralicmaximal daily C2 temperature from
maximal daily surface temperature and cumulativarsadiation for the Awjilah location.

Regression Summary for Dependent Variable: C2_max
Awijilah (AWJILAH_C1_max)
C2_max |R=.99726217 R?=.99453183 Adjusted R2=.99450145

F(2,360)=32738. p<0.0000 Std.Error of estimate7486

b* Std.Etrr. b Std.Err. t(360) p-value
of b* of b

Intercept -4.83180 0.205349 -23.5297 0.00000(
C1l max 0.9812127 0.005493 1.01524 0.005684 178.6254 0.00000¢
Cum_SR | 0.022592 0.005493 0.00003 0.00000§ 4.1128 0.000048

Ymax = 1.01524 % C1,,4, + 0.00003 * Cumgr — 4.83180
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Table 4.117 Characteristics of the model for praaiicmaximal daily C3 temperature from
maximal daily surface temperature and cumulativarsadiation for the Awijilah location.

Regression Summary for Dependent Variable: C3_max
Awjilah (AWJILAH_C1_max)
C3_max |R=.98250228 R?=.96531072 Adjusted R?=.96511801

F(2,360)=5008.9 p<0.0000 Std.Error of estimate496

b* Std.Err. b Std.Err. | t(360) p-value
of b* of b

Intercept -1.98748 0.461495 -4.30662 0.000021
C1_max 0.94985¢4 0.01383§ 0.87693 0.012773 68.6533(0 0.00000(
Cum_SR | 0.045571 0.01383§ 0.00006§ 0.000019 3.29374 0.001087

Ymax = 0.876934 * C1,,4, + 0.00006 * Cumgg — 1.98748

Table 4.118 Characteristics of the model for pralicmaximal daily C4 temperature from
maximal daily surface temperature and cumulativarsadiation for the Awjilah location.

Regression Summary for Dependent Variable: C4_max
Awjilah (AWJILAH_C1_max)
C4_max |R=.99402629 R?=.98808826 Adjusted R?=.98802208

F(2,360)=14931. p<0.0000 Std.Error of estimate9250

b* Std.Etrr. b Std.Err. t(360) p-value
of b* of b

Intercept -1.39134 0.70166(Q -1.98293 0.048135
C1l max 0.82804(0 0.019217 1.02649 0.023823 43.08783 0.00000(
Cum_SR | 0.19321(0 0.0192174 0.00025 0.000025 10.05389 0.00000d

Vnax = 1.02649  C1,,,, + 0.00025 * Cumgp — 1.39134

Tables 4.119 to 4.121 give the characteristicshef models for daily minimal
temperatures for four layers at the Awijilah locatizvhere the model is of the form:

pavement

Vmin = A * Clyi, + B * Cumgg + C
where
y_min= predicted minimal daily pavement temperature ;(°C)
A = surface temperature coefficient;
C1_min= minimal daily surface temperature (°C);
B = coefficient for the cumulative solar radiation;
Cum_SR = cumulative solar radiation (WA and
C = intercept coefficient.
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Table 4.119 Characteristics of the model for pragcminimal daily C2 temperature from
minimal daily surface temperature and cumulatiars@diation for the Awijilah location.

Regression Summary for Dependent Variable: C2_min
Awijilah (AWJILAH_C1_min)
C2_min |R=.98435714 R2= .96895897 Adjusted R?=.96878652

F(2,360)=5618.8 p<0.0000 Std.Error of estimate6872

b* Std.Err. b Std.Err. t(360) p-value
of b* of b

Intercept 3.202931 0.200377 15.98454 0.00000(
C1 min 0.930087 0.011976 0.905069 0.011654 77.66163 0.00000(
Cum_SR | 0.082631 0.011974 0.00007§4 0.000011 6.89959 0.00000(

Vomin = 0.905069 * C1,,;, + 0.000078 * Cumgy, + 3.202931

Table 4.120 Characteristics of the model for pragcminimal daily C3 temperature from
minimal daily surface temperature and cumulatiMars@diation for the Awijilah location.

Regression Summary for Dependent Variable: C3_min
Awjilah (AWJILAH_C1_min)
C3_min |R=.97031262 R?= .94150658 Adjusted R?=.94118161

F(2,360)=2897.3 p<0.0000 Std.Error of estimate2457

b* Std.Etrr. b Std.Err. t(360) p-value
of b* of b

Intercept 4597323 0.27235§ 16.87973 0.00000d
Cl min 0.9107364 0.01644Q 0.877521 0.01584Q 55.39748 0.00000(
Cum_SR | 0.090330 0.01644(0 0.000084 0.000015 5.49454 0.00000d

Vmin = 0.877521 * C1,;, + 0.000084 x Cumsy + 4.597323

Table 4.121 Characteristics of the model for pralicminimal C4 temperature from minimal
daily surface temperature and cumulative solaratauh for the Awijilah location.

Regression Summary for Dependent Variable: C4_min
Awjilah (AWJILAH_C1_min)
C4_min |R=.97270518 R?= .94615536 Adjusted R?= .94585623

F(2,360)=3163.0 p<0.0000 Std.Error of estimate629%

b* Std.Err. b Std.Err. t(360) p-value
of b* of b

Intercept 4.693005 0.262626 17.86957 0.00000d
Cl min 0.913831 0.015773 0.884934 0.015274 57.93563 0.00000(
Cum_SR | 0.089317 0.015773 0.000084 0.000015 5.66257 0.00000d

Vmin = 0.884934 * C1,,;, + 0.000084 * Cumgg + 4.693005
Appendix M presents the tables of the models fedioting maximal (minimal) daily pavement

temperatures at different depths depending on naximinimal) daily surface temperatures and
cumulative solar radiation for the remaining looas.
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From the tables in Appendix M for the models foedicting maximal (minimal) daily pavement
temperatures at different depths depending on naximinimal)daily) surface temperatures and
the cumulative solar radiation, it can be seen tiratsurface temperature coefficients are lower
compared to the coefficients in the models whidh bt include the cumulative solar radiation.
This means that cumulative solar radiation hasfi@aeteon the temperature of the pavement. Also,
adjusted Rare higher for the models which include the cutigasolar radiation, especially for
maximal daily temperatures . The standard erroth@imodels both for maximal (minimal) daily
temperatures are lower compared to the modelsditahot include the day of the year. This
means that the models with the cumulative solaatiad better explain maximal (minimal) daily
temperatures of the pavement than the modelsdimgwonly surface temperature.

4.7.4.1 Relationship with surface temperature, cumulative solar radiation, and latitude

The next model for predicting maximal (minimal) lggpavement temperatures at different depths
from maximal (minimal) daily surface temperatured aumulative solar radiation was built using
data from all stations and includes the latitafighe locations.

The model for maximal temperatures is of the follayform:

Ymax = A * Clyax + B x Cumgg + C x Lat + D
where
y_max= predicted maximal daily pavement temperaturg;(°C
A = surface temperature coefficient;
C1_max= maximal daily surface temperature (°C);
B = coefficient for cumulative solar radiation;
Cum_SR = cumulative solar radiation (Wi
C =latitude coefficient;
Lat = latitude of the location (degrees); and
D = intercept coefficient.

Table 4.122 Characteristics of the model for prnigcmaximal C2daily temperature from
maximal daily surface temperature and cumulativargadiation for all locations.

Regression Summary for Dependent Variable: C2_max
All (Max_all_locations)
locations |R=.97917824 R2= .95879003 Adjusted R?= .95874736
C2_max |F(3,2897)=22467. p<0.0000 Std.Error of estimat2325

b* Std.Err. b Std.Err. | t(2897) p-value
of b* of b

Intercept -4.3813 0.604246 -7.2509 0.00000(
Cl max 0.97008Q0 0.0046884 0.92584 0.004474 206.9379 0.00000(
Cum_SR 0.021601 0.004640 0.00003 0.000007 4.6551] 0.000003
Latitude 0.026784 0.003819 0.14165 0.020194 7.0145 0.00000q

Vimax = 0.92586 * C14, + 0.00003 * Cumgg + 0.14165 * Lat — 4.38136
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Table 4.123 Characteristics of the model for prmlicmaximal daily C3 temperature from
maximal daily surface temperature and cumulativargadiation for all locations.

Regression Summary for Dependent Variable: C3_max
All (Max_all_locations)
locations |R=.97486237 R2=.95035664 Adjusted R?=.95030522
C3 max |F(3,2896)=18480. p<0.0000 Std.Error of estimatg7@0

b* Std.Etrr. b Std.Err. | t(2896) p-value
of b* of b

Intercept 1.126503 0.63947( 1.7616 0.078239
C1 _max 0.983794 0.005145 0.905406 0.004735 191.215§ 0.00000(
Cum_SR | -0.019844 0.005093 -0.000027 0.000007 -3.8966 0.00010¢
Latitude -0.015651 0.0041934 -0.079794 0.021373 -3.7335 0.000192

Viax = 0.905406 * C1,,5, — 0.000027 % Cumgy, — 0.079796 * Lat + 1.126503

Table 4.124 Characteristics of the model for pralicmaximal daily C4 temperature from
maximal daily surface temperature and cumulativarsadiation for all locations.

Regression Summary for Dependent Variable: C4_max
All (Max_all_locations)
locations |R=.95392536 R?=.90997360 Adjusted R2=.90988037
C4_max |F(3,2897)=9760.8 p<0.0000 Std.Error of estimat@486

b* Std.Err. b Std.Err. | t(2897) p-value
of b* of b

Intercept -3.89181] 0.821454 -4.7377] 0.00000Z
Cl max 0.928923 0.006929 0.81547 0.006082 134.0690 0.00000(
Cum_SR 0.044657 0.006859 0.0000§ 0.000009 6.5111 0.00000(
Latitude 0.011633 0.005644 0.05658 0.027453 2.0609 0.03940%

Vimax = 0.81547 * C1,,4, + 0.00006 * Cumgg, + 0.05658 * Lat — 3.89181

The model for minimal temperatures is of the foilegvform:

Vmin = A * Clyi + B* Cumgg + C * Lat + D
where
y_min= predicted minimal daily pavement temperature ;(°C)
A = surface temperature coefficient;
C1_min= minimal daily surface temperature (°C);
B = coefficient for cumulative solar radiation;
Cum_SR = cumulative solar radiation (Wi
C =latitude coefficient;
Lat = latitude of the location (degrees); and
D = intercept coefficient.
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Table 4.125 Characteristics of the model for pr@aicminimal daily C2 temperature from
minimal daily surface temperature and cumulatiiarsadiation for all locations.

Regression Summary for Dependent Variable: C2_min
All (Min_all_locations)
locations |R=.96069454 R2=.92293400 Adjusted R?=.92285411
C2_min | F(3,2894)=11553. p<0.0000 Std.Error of estimat&1428

b* Std.Err. b Std.Err. | t(2534) | p-value
of b* of b

Intercept 8.698897 0.533304 16.3113 0.00000¢
Cl min 0.93303(0 0.00595Q 0.925894 0.005904 156.8161 0.00000d
Cum_SR 0.046414 0.00595§ 0.000045 0.000006 7.7910 0.00000¢
Latitude -0.078374 0.005169 -0.286328 0.018883 -15.1614 0.00000(C

Vomin = 0.925894 * C1,;, + 0.000045 * Cumgy — 0.286328 * Lat + 8.698897

Table 4.126 Characteristics of the model for pragcminimal daily C3 temperature from
minimal daily surface temperature and cumulatiMars@diation for all locations.

Regression Summary for Dependent Variable: C3_min
All (Min_all_locations)
locations |R=.93606840 R2=.87622405 Adjusted R?= .87609574
C3 min |F(3,2894)=6829.0 p<0.0000 Std.Error of estimaté426
b* Std.Err. b Std.Err. | t(2534) p-value
of b* of b
Intercept 12.55833 0.69159§ 18.1584 0.00000(
C1 min 0.902784 0.00754Q0 0.91673 0.007657 119.727(0 0.00000(
Cum_SR 0.052671 0.007551 0.00005 0.000004 6.9757 0.00000(
Latitude -0.099061 0.006551 -0.37034 0.02449Q -15.1217 0.00000(

Vomin = 0.91673 * C1,y;, + 0.00005 * Cumgg — 0.37034 * Lat + 12.55833

Table 4.127 Characteristics of the model for praigcminimal daily C4 temperature from
minimal daily surface temperature and cumulatiMars@diation for all locations.

Regression Summary for Dependent Variable: C4_min
All (Min_all_locations)
locations |R=.92546182 R2= .85647958 Adjusted R?=.85633080
C4 _min F(3,2894)=5756.8 p<0.0000 Std.Error of estimat@429
b* Std.Err. b Std.Err. | t(2534) p-value
of b* of b
Intercept 13.19311 0.743634 17.7415 0.00000¢
C1l min 0.886363 0.00812Q0 0.89874 0.008233 109.1645 0.00000(
Cum_SR 0.0649924 0.008131 0.00006 0.00000§ 7.9936 0.00000¢
Latitude -0.089561 0.007054 -0.33433 0.026333 -12.6964 0.00000(

Vomin = 0.89874 % C1,;n + 0.00006 * Cumgg — 0.33433 x Lat + 13.19311
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All of the coefficients of the latitude are negativndicating that as latitude increases, pavement
temperatures decreases. Compared with the modeéisding only surface temperature and
latitude, the models including the surface tempeeatcumulative solar radiation and latitude
have very similar adjusted?RRnd standard error of estimate, indicating sinfitao the data.

4.7.5 Relationship with surface temperature, day ahe year, and cumulative solar
radiation

The next model for predicting maximal (minimal) lggaavement temperatures at different depths
includes maximal (minimal) daily surface of the pment temperatures, the day of the year and
the cumulative solar radiation.

The model for maximal daily surface of the pavemtemperatures for different locations is of the
form:

Ymax = A * Clyax + B xDay + C * Day® + D * Cumgg + E * Lat + F
where
Ymax= Predicted maximal daily pavement temperaturg;(°C
A = surface of the pavement temperature coefficient;
C1_max= maximal daily surface of the pavement tempeeat(iC);
B = coefficient of a day of the year;
Day = day of the year;
C = coefficient of the square of the day;
Day? = square of the day of the year;
D = coefficient of cumulative solar radiation;
Cum_SR = cumulative solar radiation (Wfinand
E= coefficient of latitude;
Lat= latitude (degrees); and
F = intercept.

Tables 4.128 to 4.130 give the characteristichk@fhodels for maximal daily pavement
temperatures for four layers.
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Table 4.128 Characteristics of the model for ety maximal daily C2 temperature from
maximal daily surface of the pavement temperatieday of the year, and cumulative solar
radiation and latitude.

Regression Summary for Dependent Variable: C2_max
All locations (Max_all_locations)
C2 max R=,98123973 R?=,96283141 Adjusted R2=,96276722
- F(5,2895)=14999, p<0,0000 Std.Error of estimat&226
b* Std.Err. b Std.Err. | t(2909) p-value
of b* of b
Intercept 1,082944 0,680826 1,5906 0,111802
C1l_max 0,843964 0,008743 0,80550Q 0,008345 96,5257 0,00000(
Day 0,587187 0,034434 0,061233 0,003591 17,0524 0,00000(
Day? -0,583983 0,035517 -0,000162 0,00001(q -16,4424 0,00000q
Cum_SR (W/rf) 0,007267 0,00460Q 0,00001Q¢ 0,00000¢ 1,5798 0,11427¢
Latitude 0,006784 0,003823 0,03587Q 0,020215 1,7744 0,076098

Vimax = 0,805500 % C1,,,, + 0,061233 x Day — 0,000162 * Day? + 0,000010 * Cumgp
+0,035870 * Lat + 1,082944

Table 4.129 Characteristics of the model fodmting maximal daily C3 temperature from
maximal daily surface of the pavement temperatimeday of the year, and cumulative solar
radiation and latitude.

Regression Summary for Dependent Variable: C3_max
All locations (Max_all_locations)
C3 max R=,97596220 R2=,95250221 Adjusted R?=,95242015
- F(5,2894)=11607, p<0,0000 Std.Error of estimatg120
b* Std.Err. b Std.Err. | t(2908) p-value
of b* of b
Intercept 4,75126Q 0,742089 6,4026 0,00000q
C1l_max 0,894834 0,009883 0,823534 0,009096 90,5413 0,00000(
Day 0,416408 0,038933 0,041861 0,003914 10,6956 0,00000(
Day? -0,41004Q 0,0401571 -0,000109 0,000011% -10,211Q 0,00000q
Cum_SR (W/m) -0,02916Q 0,00520Q -0,000039 0,000004 -5,6074 0,00000q
Latitude -0,029731 0,004322 -0,151571 0,022034 -6,8786 0,00000(

Vimax = 0,823534 * C1,q, + 0,041861 x Day — 0,000109 x Day?
—0,151577 * Lat + 4,751260
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Table 4.130 Characteristics of the model fodptng maximal daily C4 temperature from
maximal daily surface of the pavement temperatimeday of the year, and cumulative solar
radiation and latitude.

Regression Summary for Dependent Variable: C4_max
All locations (Max_all_locations)
C4 max R=,95766649 R?=,91712511 Adjusted R2=,91698197
- F(5,2895)=6407,4 p<0,0000 Std.Error of estimat@22]
b* Std.Err. b Std.Err. | t(2909) p-value
of b* of b
Intercept 0,592487 0,935073 0,6336 0,526375
C1l_max 0,79711Q 0,013054 0,699752 0,011461 61,0537 0,00000(
Day 0,631954 0,051418 0,060615 0,004932 12,2904 0,00000(
Day? -0,5927584 0,053034 -0,000151 0,000013 -11,1769 0,00000q
Cum_SR (W/rf) 0,03662¢4 0,006869 0,000047 0,000009 5,3320 0,00000(
Latitude -0,008964 0,005709 -0,043604 0,027764 -1,5706 0,11639¢

VYmax = 0,699752 * Cl,q, + 0,060615 * Day — 0,000151 * Day? + 0,000047 * Cumgg
—0,043606 * Lat + 0,592487

All of the coefficients of the latitude are negativndicating that as latitude increases, pavement
temperature decreases. Compared with the moddigling only maximal daily surface of the
pavement temperature, the day of the year, artddati the models including the maximal daily
surface of the pavement temperature, the day ofydae, the cumulative solar radiation and
latitude have higher adjusted &1d lower standard error of estimate, indicakirgjer fit to the
data.

The next model for predicting minimal daily pavemesmperatures at four different layers, based
on minimal daily surface of the pavement tempeesiuthe day of the year, and cumulative solar
radiation was built using data from all stationsl ancludes the latitude of the locations. The
model is of the form

VYmin = A * Clyyim + B x Day + C * Day? + D * Lat + E x Cum_SR + F
where
Ymin= predicted minimal daily pavement temperatureg;(°C
A = surface of the pavement temperature coefficient;
C1_min = minimal daily surface of the pavement temperat(fiC);
B = coefficient of a day of the year;
Day = day of the year;
C = coefficient okquare of the day of the year;
Day? = square of the day of the year;
D = coefficient of Latitude;
Lat = latitude (degrees);
E = coefficient of cumulative solar radiation;
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Cum_SR = cumulative solar radiation(W#y and
F= intercept.

Tables 4.131 to 4.133 give the characteristich@fhodels for daily minimal pavement
temperatures for three layers.

Table 4.131 Characteristics of the model for mtaty minimal daily C2 temperature from
minimal daily surface of the pavement temperattire day of the year, and cumulative solar
radiation and latitude.

Regression Summary for Dependent Variable: C2_min
All locations (Min_all_locations)

C2 min R=,97136969 R2=,94355907 Adjusted R?=,94346148

- F(5,2892)=9669,5 p<0,0000 Std.Error of estimat®105
b* Std.Err. b Std.Err. | t(2908) p-value

of b* of b

Intercept 8,958163 0,463111 19,3434 0,00000d
Cl_min 0,73844 0,007923 0,732817 0,007864 93,1791 0,00000¢
Day 1,08345 0,033979 0,077997 0,002444 31,8859 0,00000C
Day? -1,06005 0,034464 -0,000202 0,000007 -30,7562 0,00000d
Cum_SR (W/m) -0,01393 0,005701 -0,000014 0,00000§ -2,4436 0,014601
Latitude -0,08357 0,004429 -0,305304 0,016183 -18,8664 0,00000d

Vonin = 0,732817 * Cl,pi + 0,077997 * Day — 0,000202 * Day? — 0,305306 * Lat
—0,000014 * Cum_SR + 8,958163

Table 4.132 Characteristics of the model for p#ag minimal daily C3 temperature from
minimal daily surface of the pavement temperattive day of the year, and cumulative solar
radiation and latitude.

Regression Summary for Dependent Variable: C3_min
All locations (Min_all_locations)

C3 min R=,95500275 R2=,91203025 Adjusted R?=,91187816

- F(5,2892)=5996,6 p<0,0000 Std.Error of estimatg129
b* Std.Err. b Std.Err. | t(2908) p-value

of b* of b

Intercept 13,39739 0,591624 22,6451 0,00000(
C1 _min 0,64278 0,009894 0,65271 0,0100474 64,9658 0,00000(
Day 1,45364 0,042421 0,10708 0,003125 34,2667 0,00000(
Day? -1,45148 0,043029 -0,00028 0,000008 -33,7323 0,00000(
Cum_SR (W/m) -0,03689 0,007117 -0,00004 0,000007 -5,1812 0,00000(
Latitude -0,1065% 0,005530 -0,39819 0,020673 -19,2611 0,00000(

Vomin = 0,65271  C1,y;, + 0,10708 * Day — 0,00028 * Day? — 0,39819 x Lat — 0,00004

* Cumgg + 13,39739
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Table 4.133 Characteristics of the model for pag minimal daily C4 temperature from
minimal daily surface of the pavement temperattive day of the year, and cumulative solar
radiation and latitude.

Regression Summary for Dependent Variable: C4_min
All locations (Min_all_locations)

C4 min R=,94691879 R2=,89665519 Adjusted R?=,89647652

- F(5,2892)=5018,4 p<0,0000 Std.Error of estimate022
b* Std.Err. b Std.Err. | t(2908) p-value

of b* of b

Intercept 13,89021 0,640308 21,6930 0,00000(
C1l min 0,61170 0,010724 0,62024 0,010874 57,0403 0,00000(
Day 1,53333 0,045979 0,11279 0,003382 33,3488 0,00000(
Day? -1,5197§ 0,046638 -0,00030 0,000009 -32,5861 0,00000q
Cum_SR (W/m) -0,02614 0,007714 -0,00003 0,000004 -3,3893 0,00071q
Latitude -0,09723 0,005994 -0,36297 0,022374 -16,2228 0,00000(

Vomin = 0,62024 * C1,y;, + 0,11279 * Day — 0,00030 * Day? — 0,36297 = Lat — 0,00003
« Cum_SR + 13,89021

All of the coefficients of the latitude are negativndicating that as latitude increases, pavement
temperature decreases. Compared with the modéigding only minimal daily surface of the
pavement temperature, the day of the year, andidati the models including the minimal daily
surface of the pavement temperature, the day ofeae cumulative solar radiation and latitude
have very similar adjustedRnd standard error of estimate, indicating sinfitao the data.

4.7.6 Evaluation of the models with surface tempetare

As can be seen from the fit of the models whicHuided only the (maximal/minimal daily
surface of the pavement temperature, those modeldd be improved (especially models for
maximal daily pavement temperatures) by adding wamables, such as day of the year, wind
speed and cumulative solar radiation. However, wapged did not improve the models
significantly, as can be seen from the values iisidd Rand standard errors of estimate. In
table 4.134 values of adjustedaRd standard errors are presented for all consideredels
based on data from all eight locations. The bestesaof adjusted fand standard error of
estimate were obtained when the model included mabminimal daily surface of the pavement
temperature, day of the year, and cumulative saldiation.
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Table 4.134 Adjusted Rand standard errors for different models basethemlata from all

locations.
Models for maximal daily temperatures
The model including latitude and

Surface tem Surface temp, Surface tem = S S
Surface temp . P, cum. solar P | day of the year,

wind speed L day of the year cum. solar

radiation S

radiation

Layer | Ad;. Std.Er Adj. Std.Ern | Ad|. Std.Err| Adj. | Std.Er Adi. R? Std.Er
R? of est. R? of est. R? ofest.| R? of est. ) of est.
C2 05861 | 2.2446| .95860! | 2.245. | .9587¢ | 2.239¢ | .06288| 2.1257| ,9627¢ | 2,127¢
C3 95034 | 2.3717| .9513:¢ | 2.348( | .95030! | 2.370( | .95217 | 2.327¢ | ,9524: | 2,319(
C4 00916 | 3.0601| .91182 3.0152|.90988( | 3.044¢ | .91667| 2.9311| ,9169¢ | 2,922

Models for minimal daily temperatures
The model including latitude and

Surface tem Surface temp, Surface tem S
Surface temp : B cum. solar P. | day of the year,

wind speed . day of the year cum. solar

radiation S

radiation

Layer | Ad|. Std.Er Adj. Std.En | Ad]. Std.Err| Adj. | Std.Er| Adj. | Std.En
R? of est. R? of est. R? of est. R? ofest.| R® of est.

C? 0.9211¢| 2.1363 | .9213¢| 2.132¢| .9228" | 2.114¢ | .9435: | 1.807" | ,9434¢ | 1,810¢
C3 0.87371| 2.7668 8741¢| 2.761. | .8760¢ | 2.742¢ | .9113. | 2.318¢ | ,9118" | 2,312¢
C4 0.85292| 2.9810 .85337 | 2.974¢| .8563! | 2.948¢ | .8963¢ | 2.502: | ,8964 | 2,503:

Therefore, we conclude that the best model foriptiag) the maximal/minimal daily pavement
temperatures is linear regression with maximal/mali daily sirface temperature, day of the
year, and cumulative solar radiation.

The best models for maximal daily pavement tentpega are:

3cm (C2):
;ﬁ%cm = 1,082944 + 0,805500TS’3$}‘ + 0,061233Day — 0,000162Day?
+ 0,000010Cum_SR + 0,035870Lat
8 cm (C3):
;ﬁ%cm = 4,751260 + 0,823534TS’Z$}‘ + 0,041861Day — 0,000109Day?

—0,000039Cum_SR — 0,151577Lat
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15 cm(C4):
e sem = 0,592487 + 0,699752Te¥ + 0,060615Day — 0,000151Day?
+ 0,000047Cum_SR — 0,043606Lat
where
T avs =maximal daily pavement temperature at certain dep);
sury = maximal daily surface of the pavement tempera(Q@),
Day = day of the year;
Day? = square of the day of the year;
Cum_SR = cumulative solar radiation (Vjemd
Lat=latitude of the section, (degrees).

The best models for minimal daily pavement tempeest are:

3cm (C2):
,;gi;gcm = 8,958163 + 0,732817TS’3£’} + 0,077997Day — 0,000202Day?
—0,000014Cum_SR — 0,305306Lat

8 cm (C3):
T em = 13,39739 + 0,65271T% + 0,10708Day — 0,00028Day? — 0,00004Cum_SR
— 0,39819Lat
15 cm(C4):
M sem = 13,89021 + 0,62024TJ7% + 0,11279Day — 0,00030Day? — 0,00003Cum_SR
—0,36297Lat
where

Tﬁi}}* =minimal daily pavement temperature at certain dgp@);
S’{j;’}: minimal daily surface of the pavement temperat(ice);

Day = day of the year;

Day? = square of the day of the year;

Cum_SR = cumulative solar radiation (Vfjemd

Lat=latitude of the section, (degrees).

In the case when data on cumulative solar radiadi@nnot available, the next best model for
predicting the maximal/minimal daily pavement temgperes is linear regression with
maximal/minimal daily surface of the pavement terapee, and day of the year, developed in
section 4.7.2.

Figures 4.51 and 4.56 present actual maximal andinmal daily pavement temperature at the
three layers together with predicted values frtwa model including the surface temperature,
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cumulative solar radiation and the day of the ytdhe Al-Jufroh location. In Appendix N, similar
figures for other locations are given.
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Figure 4.51 Actual maximal daily pavement tempeeatt C2 layer and predictions from the
model including the maximal daily surface tempemateumulative solar radiation and the day
of the year at the Al-Jufroh location.
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Figure 4.52 Actual maximal daily pavement tempeeatt C3 depth versus predictions from the
model including maximal daily surface temperatgrenulative solar radiation and the day of the
year at the Al-Jufroh location.
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Line Plot of multiple variables
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Figure 4.53 Actual maximal daily pavement tempeeatt C4 depth versus predictions from
the model including maximal daily surface tempemateumulative solar radiation and the day
of the year at the Al-Jufroh location.
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Figure 4.54 Actual minimal daily pavement tempearatat C2 depth versus predictions from the
model including minimal daily surface temperatunel $he day of the year at the Al Jufroh
location.
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Figure 4.55 Actual minimal daily pavement temgpere at C3 depth versus predictions from
the model including minimal daily surface temperafcumulative solar radiation and the day of
the year at the Al Jufroh location.
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Figure 4.56 Actual minimal daily pavement temparatat C4 depth versus predictions from the
model including minimal daily surface temperatuanulative solar radiation and the day of the
year at the Al Jufroh location.
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4.8 Pavement temperature prediction models incorpating surface (C1)
temperature and the distance from the surface (depd

4.8.1 Relationship with surface temperature and théistance from the surface
(depth)

The next models describe the relationship between maxmnaal daily pavement
temperatures at three different layers (C2, C3, C4)samthce temperature C1 for different
locations.

The model for maximal daily temperatures of the pavenmeitiding maximal daily surface
temperature of the pavement C1 temperature and disteoroetlie surface is of the following
form:

Ymax = A * Cly4 + B x Depth + C

where

y_max= predicted maximal daily pavement temperature (°C);
A = coefficient of surface temperature C1,;

C1 _max = maximal daily surface temperature (°C);

B = coefficient of the depth;

Depth = distance from the surface (cm); and

C = intercept.

Table 4.135 presents the coefficients for the ling@diction models developed for location
Al-Jufroh. Included with the model coefficients aheit standard errors are the standard errors of
estimate and the adjusted. RThe coefficients statistically different from zeme aenoted in red.
Tables of coefficients for the pavement temperaturgHerremaining stations are presented in
Appendix O.

It can be seen that the coefficients of distance ftben surface (depth)are negative as the
temperature of the pavement layers decreases with.dep

Table 4.135 Characteristics of the model for predictingimalxdaily pavement temperatures
from maximal daily surface temperature and depth flwensurface at the Al Jufroh location.
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Al Jufroh
max

Regression Summary for Dependent Variable: Tempezatax

(Temp_depth_C1_max_Novo)
R=.98840239 R?=.97693929 Adjusted R2=.97689705
F(2,1092)=23131. p<0.0000 Std.Error of estimats938

Include condition: Site=102

b* Std.Err. b Std.Err. | t(1457) p-value

of b* of b
Intercept 3.07998§ 0.224403 13.7251 0.00
Depth -0.153864 0.004595 -0.327664 0.00978§ -33.4821 0.00|
C1l max 0.976353 0.004595 0.857194 0.004034 212.4623 0.00]

Vmax = 0.857194 * C1,,5, — 0.327666 x Depth + 3.079988

The model for minimal temperatures is of the foliogvform

Ymin = A * Clyyin + B x Depth + C
where
y_min= predicted minimum pavement temperature (°C);
A = coefficient of surface temperature C1;
C1_min = minimum surface temperature (°C);
B = coefficient of the depth;
Depth = depth from the surface (cm); and
C = intercept.

Table 4.136 presents the coefficients for the lipgadiction models developed for station Al-
Jufroh. Included with the model coefficients and ttsandard errors are the standard errors of
estimate and the adjusted. RThe coefficients statistically different from zeme aenoted in red.
Tables of coefficients for the pavement temperatarete remaining locations are presented in
Appendix O.

It can be seen that the coefficients of distance ttersurface (depth) are positive as the minimal
temperatures of the pavement layers increase with.depth

Table 4.136 Characteristics of the model for predictimgnmal daily pavement temperatures
from minimal daily surface temperature and depth froensurface at the Al Jufroh location.

178



Al Jufroh
min

Regression Summary for Dependent Variable: Temperamin

(Temp_depth_C1_min_Novo)

R=.97511347 R?= .95084629 Adjusted R2= .95075626

F(2,1092)=10562. p<0.0000 Std.Error of estimat&901
Include condition: Site=102

b* Std.Err. b Std.Err. | t(1457) p-value

of b* of b
Intercept 0.611026 0.151977 4.0205 0.000062
Depth 0.166833 0.006709 0.242782 0.009763 24.8665 0.00000d
Cl min 0.96073§ 0.006709 0.974104 0.006803 143.198(Q 0.00000d

Vmin = 0.974106 * C1,y;,, + 0.242782 + Depth + 0.611026
4.8.1.1 Relationship with surface temperature, depth from the surface, and latitude

The next models describe the relationship betwesth maximal/minimal daily pavement
temperatures and maximal/minimal daily surface terares, depth from the surface, and
latitude.

The model for maximal daily temperatures of the gmaent including maximal daily air
temperature and depth from the surface is of thewong form:

YVmax = A * Clyq + B x Depth + C * Lat + D
where
y_max= predicted maximal daily pavement temperaturg;(°C
A = coefficient of surface temperature C1;
C1 max = maximal daily surface temperature (°C);
B = coefficient of the depth;
Depth = distance from the surface (cm);
C = coefficient of latitude;
Lat = latitude of the location (degrees); and
D = intercept.
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Table 4.137 Characteristics of the model for pragcmaximal daily pavement temperatures
from maximal daily surface temperature and depimfthe surface for all locations.

Regression Summary for Dependent Variable: Temperaimax

All (Temp_depth_C1_max_Novo)
locations |R=.97083688 R?=.94252424 Adjusted R?= .94250451
max F(3,8740)=47775. p<0.0000 Std.Error of estimat@324

b* Std.Err. b Std.Err. | t(8744) p-value

of b* of b

Intercept 2.517653 0.412345 6.1057| 0.000004
C1 min 0.938287 0.002594 0.890634 0.002463 361.6749 0.00000(
Depth -0.2536024 0.002564 -0.56541§ 0.005717 -98.8929 0.00000(
Latitude 0.007834 0.002594 0.041245 0.013658 3.0199 0.002534

Vinax = 0.890634 * C1,,,, — 0.565418 % Depth + 0.041245 * Lat + D2.517653

Maximal daily temperature of pavement at differ&ayters depends mostly on maximal daily
surface temperature temperatures. Maximal dailyepent temperatures decrease with distance
from the surface because its coefficient is.

The model for minimal daily temperatures of thegraent including minimal daily surface
temperature and depth from the surface is of theviong form:

Ymin = A * Clyin + B * Depth + C * Lat + D
where
y_min= predicted minimum pavement temperature (°C);
A = coefficient of surface temperature C1;
C1_min = minimum surface temperature (°C);
B = coefficient of the depth;
Depth = distance from the surface (cm);
C = coefficient of latitude;
Lat = latitude of the location (degrees); and
D = intercept.
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Table 4.138 Characteristics of the model for pralgcminimal daily pavement temperatures
from minimal daily surface temperature and depptimfthe surface for all locations.

Regression Summary for Dependent Variable: Tempezamin

All (Temp_depth_C1_min_Novo)
locations |R=.94066899 R?= .88485815 Adjusted R?= .88481864
min F(3,8744)=22399. p<0.0000 Std.Error of estimate5@5

b* Std.Err. b Std.Err. | t(8743) p-value

of b* of b

Intercept 10.35300 0.380531 27.2067 0.00
C1l _max 0.921401 0.003629 0.94122 0.003707 253.9101 0.00|
Depth 0.162855 0.003629 0.25899 0.005771 44.8787 0.00]
Latitude -0.091563 0.003629 -0.34381] 0.01362§ -25.2320 0.00|

Vmin = 0.94122 % C1,,;, + 0.25899 * Depth — 0.34381 * Lat + 10.35300

Temperature of pavement at different depths dependstly on surface temperatures. It
decreases with depth for maximal daily temperafureseases for minimal daily temperatures.
It increases with latitude for maximal daily tenmgeres, and decreases for minimal daily
temperatures.

4.8.2 Relationship with surface temperature, deptifrom the surface, and day of the
year

The next models describe the relationship betweesximal/minimal daily pavement
temperatures and maximal/minimal daily surface tenajure temperatures, distance from the
surface and the day of the year.

The model for maximal daily temperatures of thegmagnt including the maximal daily surface
temperature temperature, distance from the sudadethe day of the year is of the following
form:

Yinax = A * Cl,, ., + B * Depth + C * Day + D * Day? + E
where
y_max= predicted maximal daily pavement temperaturg;(°C
A = coefficient of surface temperature;
C1 _max= maximal daily surface temperature (°C);
B = coefficient of the depth;
Depth = distance from the surface (cm);
C = coefficient for the day of the year;
Day = day of the year;
D = coefficient for the square of the day of tharye
E = intercept.

181



Tables 4.139 and 4.140 present the coefficientshfedinear prediction models developed for
location Al Jufroh. Included with the model coeffideand their standard errors are the standard
errors of estimate and the adjustéd Rhe coefficients statistically different from zere aenoted

in red. Tables of coefficients for the pavement tempee for the remaining stations are presented
in Appendix O.

Table 4.139 Characteristics of the model for prediatagimal daily pavement temperatures
from maximal daily surface temperature, the day of e yand depth from the surface at the Al
Jufroh location.

Regression Summary for Dependent Variable: Temperahae
Al Jufroh | (Temp_depth_C1_max_Novo)
max R=.98856847 R2= .97726761 Adjusted R?=.97718419

F(4,1090)=11715. p<0.0000 Std.Error of estimate: 1.5839

Include condition: Site=102

b* Std.Err. b Std.Err. | t(1455) p-value
of b* of b
Intercept 3.717944 0.298704 12.4469 0.000000
Depth -0.153864 0.004567 -0.327664 0.009725 -33.6922 0.00000(0
Cl max | 0.937313 0.011054 0.82291§ 0.009705 84.7943 0.00000(
Day 0.17001§ 0.043142 0.01685Q 0.004276 3.9409 0.000086
Day? -0.170647 0.044094 -0.000045 0.000012 -3.8700 0.000115
Ymax = 0.822918 * C1,,4, — 0.327666 * Depth + 0.016850 * Day — 0.000045 = Day?
+ 3.717944

The model for minimal daily temperatures of the pavermahiding the minimal daily surface
temperature, depth from the surface, and day of taeigef the following form:

Ymin = A * Clyy, + B * Depth + C x Day + D x Day? + E
where
y_min= predicted minimum pavement temperature (°C);
A = coefficient of surface temperature;
C1_min= minimum surface temperature (°C);
B = coefficient of the depth;
Depth = distance from the surface (cm);
C = coefficient for the day of the year;
Day = day of the year;
D = coefficient for the square of the day of the year;
E = intercept.
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Table 4.140 Characteristics of the model for praigcminimal daily pavement temperatures
from minimal daily surface temperature, the dayhefyear, and depth from the surface at the Al
Jufroh location.

Al Jufroh
min

Regression Summary for Dependent Variable: Tempezamin
(Temp_depth_C1_min_Novo)
R=.97781001 R?=.95611242 Adjusted R2= .95595136
F(4,1090)=5936.5 p<0.0000 Std.Error of estimat®039

Include condition: Site=102

b* Std.Err. b Std.Err. | t(1451) p-value
of b* of b
Intercept 0.584464 0.159082 3.6740 0.00025(
Depth 0.166833 0.006343 0.242784 0.009234 26.2921f 0.00000(C
Cl _min 0.836221 0.0136174 0.847/858 0.013804 61.4118 0.00000C
Day 0.548897 0.054174 0.037174 0.003669 10.1321 0.00000(
Day? -0.574319 0.05373Q -0.000103 0.00001Q -10.6889 0.00000d
Ymin = 0.8478584 * C1,,;, + 0.242782 * Depth + 0.037174 * Day — 0.000103 = Day?
+ 0.584464

4.8.2.1 Relationship with surface temperature, the depth from the surface, day of the year, and
the latitude

The next models describe the relationship betweesximal/minimal daily pavement
temperatures at three layers and surface tempesathe day of the year, depth from the surface,
and latitude.

The model for maximal daily temperatures is offihllowing form:

VYmax = A * Clypay + B * Depth + C = Lat + D * Day + E * Day?* + F

where

y_max= predicted maximal daily pavement temperaturg;(°C
A = coefficient of surface temperature;

C1 _max= maximal daily surface temperature (°C);
B = coefficient of the depth;

Depth = distance from the surface (cm);

C = coefficient of the latitude;

Lat = latitude (degrees);

D= coefficient of the day of the year;

Day= day of the year;

E= coefficient of the square of the day of the year;
F = intercept.
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Table 4.141 Characteristics of the model for priggcmaximal daily pavement temperatures
from maximal daily surface temperature, depth ftbmsurface, day of the year, and latitude.

All Regression Summary for Dependent Variable: Tempexaimax
locations |(Temp_depth_C1_max_Novo)
max R=.97281528 R?= .94636956 Adjusted R?=.94633888
F(5,8738)=30838. p<0.0000 Std.Error of estimate422
b* Std.Err. b Std.Err. | t(11657) | p-value
of b* of b

Intercept 7.112629 0.466886 15.234f 0.00000(
Depth -0.253604 0.0024771 -0.565419 0.005524 -102.365 0.00000¢
C1l max 0.819524 0.006021 0.777906§ 0.005715 136.111 0.00000(
Day 0.529299 0.02310§ 0.054947 0.002399 22.908 0.00000(¢
Day? -0.514847 0.023732 -0.000142 0.000007 -21.694 0.00000(¢
Latitude | -0.0102827 0.002647 -0.05413(0 0.013908 -3.892| 0.00010d

Vax = 0.777906 * C1,qr — 0.565419 x Depth — 0.054130 * Lat + 0.054947 = Day
—0.000142 * Day? + 7.112629

The model for minimal daily temperatures is of thkowing form:

Ymin = A * Clypn + B x Depth + C * Lat + D x Day + E * Day* + F

where

y_min= predicted minimum pavement temperature (°C);
A = coefficient of surface temperature;

C1_min= minimum surface temperature (°C);

B = coefficient of the depth;

Depth = distance from the surface (cm);

C = coefficient of the latitude;

Lat = latitude (degrees);

D= coefficient of the day of the year;

Day= day of the year;

E= coefficient of the square of the day of the year;
Day?= square of the day of the year; and

F = intercept.
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Table 4.142 Characteristics of the model for praigcminimal daily pavement temperatures
from minimal daily surface temperature, depth fribv@ surface, day of the year, and latitude.

Regression Summary for Dependent Variable: Tempesamin

Al (Temp_depth_C1_min_Novo)
locations |R=.95804407 R?=.91784844 Adjusted R?=.91780145
min F(5,8742)=19534. p<0.0000 Std.Error of estimat2421

b* Std.Err. b Std.Err. | t(11658) | p-value

of b* of b

Intercept 9.336789 0.323623 28.8508 0.00
Depth 0.1628¢6 0.00306§ 0.258991 0.004875 53.1251 0.00
C1 min 0.65378 0.005481 0.667845 0.005599 119.2882 0.00
Day 1.28618 0.021719 0.095249 0.001608 59.2178 0.00
Day? -1.26853 0.021743 -0.000249 0.000004 -58.3406 0.00
Latitude -0.09334 0.003066 -0.350494 0.011511 -30.4477 0.00

Vimin = 0.667845 * C1,;, + 0.258991 x Depth — 0.350496 * Lat + 0.095249 * Day
— 0.000249 * Day? + 9.336789

4.8.3 Relationship with surface temperature, deptifrom the surface and cumulative
solar radiation

The next models describe the relationship betweesximal/minimal daily pavement
temperatures and surface temperatures, depth frersurface and cumulative solar radiation.

The model for maximal daily temperatures of thegmaent including the maximal daily surface
temperature, depth from the surface and cumulatier radiation is of the following form:

Ymax = A * Cly0c + B x Depth + C * Cum_SR + D
where
y_max= predicted maximal daily pavement temperaturg;(°C
A = coefficient of surface temperature;
C1 _max = maximal daily surface temperature (°C);
B = coefficient of the depth;
Depth = depth from the surface (cm);
C = coefficient for the cumulative solar radiation;
Cum_SR = the solar radiation (W/f1 and
D = intercept.

Tables 4.143 and 4.144 present the coefficientshi@idinear prediction models developed for
location Al Jufroh. Included with the model coefficieatsd their standard errors are the standard
errors of estimate and the adjustéd Rhe coefficients statistically different from zere aenoted

in red. Tables of coefficients for the pavement teeoee for the remaining stations are presented
in Appendix O.
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Table 4.143 Characteristics of the model for priagcmaximal daily pavement temperatures
from maximal daily surface temperature, cumulasigtar radiation and depth from the surface at
the Al Jufroh location.

Regression Summary for Dependent Variable: Tempesamax
Al Jufroh [ (Temp_depth_C1_max_Novo)

max R=.98831079 R2= .97675823 Adjusted R?= .97669361
F(3,1079)=15115. p<0.0000 Std.Error of estimate015
Include condition: Site=102

b* Std.Err. b Std.Err. | t(1440) p-value

of b* of b
Intercept 3.093709 0.226606§ 13.6524 0.00000C
Depth -0.153814 0.004641 -0.327692 0.009888 -33.1414 0.00000(
C1l max 0.976495 0.010374 0.85713§ 0.009107 94.1231 0.00000(¢
Cum_SR -0.000253 0.010375 -0.00000¢ 0.000014 -0.0244 0.980529

Ymax = 0.857138 * C1,,4, — 0.327692 * Depth — 0.000000 * Cum_SR + 3.093709
The model for minimal daily temperatures of thegqraent including the minimal daily surface
temperature, depth form the surface, and cumulabler radiation is of the following form:

Ymin = A * Clyin + B x Depth + C * Cum_SR + D
where
y_min= predicted minimum pavement temperature (°C);
A = coefficient of surface temperature;
C1_min = minimum surface temperature (°C);
B = coefficient of the depth;
Depth = depth from the surface (cm);
C = coefficient for solar radiation;
Cum_SR = solar radiation (W/R); and
D = intercept.
Table 4.144 Characteristics of the model for pralgcminimal daily pavement temperatures
from minimal daily surface temperature, cumulaseéar radiation and depth from the surface at
the Al Jufroh location.
Regression Summary for Dependent Variable: Tempezainin
Al Jufroh [ (Temp_depth_C1_min_Novo)
min R=.97687919 R2= .95429296 Adjusted R?=.95416588
F(3,1079)=7509.3 p<0.0000 Std.Error of estimatg331
Include condition: Site=102

b* Std.Err. b Std.Err. | t(1440) p-value

of b* of b
Intercept -0.628669 0.19861§ -3.16527 0.001593
Depth 0.167141 0.006504 0.243078§ 0.009464 25.68049 0.00000(
C1l min 0.87776Q 0.010972 0.889057 0.011113 79.99868 0.00000(
Cum_SR | 0.102823 0.010974 0.00011Q0 0.000012Z 9.37123 0.00000¢

Vomin = 0.889057 * C1,;n + 0.243078 x Depth + 0.000110 * Cum_SR — 0.628669
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4.8.3.1 Relationship with surface temperature, the depth from the surface, cumulative solar
radiation, and latitude

The next models describe the relationship betweesximal/minimal daily pavement
temperatures and maximal/minimal daily surface &mfures, cumulative solar radiation, depth
from the surface, and latitude.

The model for maximal temperatures is of the folluyform:

Vmax = A *Cl,.x + B*xDepth+ C * Lat + D * Cum_SR + E

where

y_max= predicted maximal daily pavement temperaturg;(°C
A = coefficient of surface temperature;

C1_max = maximal daily surface temperature (°C);
B = coefficient of the depth;

Depth = depth from the surface (cm);

C = coefficient of the latitude;

Lat = latitude (degrees);

D= coefficient of the cumulative solar radiation;
Cum_SR= cumulative solar radiation (Wfxand

E= intercept.

Table 4.145 Characteristics of the model for pralicmaximal daily pavement temperatures
from maximal daily surface temperature, depth ftbesurface, cumulative solar radiation, and
latitude.

All Regression Summary for Dependent Variable: Tempegatax
locations |(Temp_depth_C1_max_Novo)
max R=.97074322 R2= .94234240 Adjusted R?= .94231587

F(4,8693)=35519. p<0.0000 Std.Error of estimat@326

b* Std.Err. b Std.Err. | t(11657) | p-value
of b* of b

Intercept 2.522759 0.413393 6.1026 0.00000¢
Depth -0.253984 0.002578 -0.565855 0.00573§ -98.6191 0.00000¢
Cl max 0.929537 0.003204 0.882265 0.003043 289.9655 0.00000d
Cum_SR | 0.014533 0.003174 0.00002(0 0.000004 4.5791 0.000004
Latitude 0.007499 0.002607 0.039447 0.013715 2.8763 0.004034
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The model for minimal daily temperatures is of thkowing form:

Ymin = A * Clyin + B * Depth + C * Lat + D * Cum_SR + E
where
y_min= predicted minimum pavement temperature (°C);
A = coefficient of surface temperature;
C1_min = minimum surface temperature (°C);
B = coefficient of the depth;
Depth = depth from the surface (cm);
C = coefficient of the latitude;
Lat = latitude (degrees);
D= coefficient of the cumulative solar radiation;
Cum_SR= cumulative solar radiation (W/fy and
E= intercept.

Table 4.146 Characteristics of the model for pragcminimal daily pavement temperatures
from minimal daily surface temperature, depth friihv surface, cumulative solar radiation, and
latitude.

Regression Summary for Dependent Variable: Tempegainin

All (Temp_depth_C1_min_Novo)
locations |R=.94196712 R?= .88730205 Adjusted R?= .88725017
min F(4,8689)=17103. p<0.0000 Std.Error of estimaté3@4

b* Std.Err. b Std.Err. | t(11587) | p-value

of b* of b
Intercept 9.237925 0.386171 23.9219 0.00000C
Depth 0.162793 0.003601 0.25909§ 0.005737 45.2025 0.000000
C1l min 0.894934 0.0041527 0.913787 0.00424Q 215.5236 0.000000
Cum_SR 0.054011 0.004158 0.000054 0.000004 12.9897 0.000000
Latitude -0.087874 0.003607 -0.330332 0.013561 -24.3587 0.00000d
Ymin = 0.913787 * C1,,;,, + 0.259098 * Depth — 0.330332 * Lat + 0.000054 * Cum_SR
+9.237925

The maximal daily temperature of pavement at défferdepths depends mostly on maximal
daily surface temperatures. It decreases with dapthlatitude, increases with cumulative solar
radiation and depends on the day of the year.

The minimal daily temperature of pavement at ddferdepths depends mostly on minimal daily
surface temperature and the day of the year.citeases with depth and cumulative solar
radiation and decreases with latitude.

4.8.4 Models including wind speed

The model for predicting maximal/minimal daily pavent temperatures at different depths
including maximal/minimal daily surface temperagjreumulative solar radiation and wind speed
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were made. However, the models have very similarséed B and standard error of estimate
compared to models including only surface tempeeatcumulative solar radiation, and wind
speed, indicating a similar fit to the data. Tlere, we do not present them here.

4.6.5 Relationship with surface temperature, the dtance from the surface, day of
the year and cumulative solar radiation and latituce

The next models describe the relationship betweesximal/minimal daily pavement
temperatures and maximal/minimal daily surface tratures, day of the year cumulative solar
radiation, distance from the surface and latitude.

The model for maximal daily temperatures is offihleowing form:

Ymax = A * Clyayx + B * Depth + C x Day + D = Day® + E * Lat + F x Cum_SR + G

where

Ymax= Predicted maximal daily pavement temperaturg;(°C
A = coefficient of surface temperature;

C1 _max= maximal daily surface temperature (°C);
B = coefficient of the distance from the surface;
Depth = distance from the surface (cm);

C = coefficient of the day of the year;

Day = day of the year;

D = coefficient of square of the day of the year;
Day?= square of the day of the year;

E= coefficient of the latitude;

Lat = latitude (degrees);

F= coefficient of the cumulative solar radiation;
Cum_SR= cumulative solar radiation (Wfy and

G= intercept.
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Table 4.147 Characteristics of the model for priagcmaximal daily pavement temperatures
from maximal daily surface temperature, distanoenfthe surface, day of the year, cumulative
solar radiation and latitude.

Regression Summary for Dependent Variable: Tempegaiax

All (Temp_depth_C1_max_Novo)
locations |R=,97267866 R?=,94610378 Adjusted R?=,94636657
max F(6,8691)=25427, p<0,0000 Std.Error of estimate4@5

b* Std.Err. b Std.Err. | t(11587) | p-value

of b* of b

Intercept 7,059526 0,473429 14,911 0,00000d
Depth -0,254015 0,00249Q -0,565925 0,005548 -102,003 0,00000d
Cl_min 0,8178371 0,00607§ 0,776246 0,005767 134,604 0,00000d
Day 0,526803 0,023947 0,054628 0,002483 21,998 0,00000d
Day? -0,511625 0,024704 -0,000141 0,000007 -20,712 0,00000(
Cum_SR 0,004101 0,003204 0,000006 0,000004 1,280| 0,200748§
Latitude -0,010152 0,0026571 -0,053402 0,013978 -3,820| 0,000134

Vinax = 0,776246 * C14, — 0,565925 * Depth + 0,054628 * Day — 0,000141 * Day?
—0,053402 * Lat + 0,000006 * Cum_SR + 7,059526

The model for minimal daily temperatures is of thkowing form:

Ymin = A * Clyyim + B * Depth + C * Day + D * Day® + E x Lat + F x Cum_SR + G

where

Ymin= Ppredicted minimal daily pavement temperatureg;(°C
A = coefficient of surface temperature;

Air_min = minimal daily surface temperature (°C);
B = coefficient of the depth;

Depth = distance from the surface (cm);

C = coefficient of the day of the year;

Day = day of the year;

D = coefficient of square of the day of the year;
Day?= square of the day of the year;

E= coefficient of the latitude;

Lat = latitude (degrees);

F= coefficient of the cumulative solar radiation;
Cum_SR= cumulative solar radiation (Wfyn and
G= intercept.
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Table 4.148 Characteristics of the model for pralgcminimal daily pavement temperatures
from minimal daily surface temperature, depth friiv surface, day of the year, cumulative
solar radiation and latitude

Regression Summary for Dependent Variable: Tempegainin

All (Temp_depth_C1_min_Novo)
locations | R= 99814254 R?=,91803713 Adjusted R?=,91798052
min F(6,8687)=16217, p<0,0000 Std.Error of estimat2425

b* Std.Err. b Std.Err. | t(11587) | p-value

of b* of b

Intercept 9,836403 0,334020 29,4484 0,00000C
Depth 0,16279 0,003072 0,259098 0,004889 52,9983 0,00000C
C1_min 0,65480 0,00551Q 0,668591 0,005627 118,8281 0,00000C
Day 1,34042 0,023624 0,099289 0,00175Q 56,7354 0,00000(q
Day? -1,32764 0,023965 -0,000261 0,00000§ -55,3999 0,00000(q
Cum_SR -0,02539 0,003964 -0,000025 0,000004 -6,4058 0,00000(q
Latitude -0,09457 0,00308Q -0,35549Q 0,011577 -30,7055 0,00000q

Vomin = 0,668591 * C1,,;, + 0,259098 * Depth + 0,099289 * Day — 0,000261 * Day?
—0,355490 * Lat — 0,000025 * Cum_SR + 9,836403

Daily maximal temperature of pavement at differdapths depends mostly on daily maximal
surface temperatures but decreases with depth gmehds on the day of the year. It decreases
with latitude and increases with cumulative soéatiation.

Daily minimal temperature of pavement at differdepths depends mostly on daily minimal
surface temperature and the day of the year. Itegses with depth and cumulative solar
radiation and decreases with latitude.

4.8.5 Evaluation of the models including surface teperature and depth from the
surface

As can be seen from the models which included théase temperature and depth from the
surface, could be improved (especially models faximal temperatures) by adding new
variables, such as day of the year, wind speedcantulative solar radiation. However, wind
speed did not improve the models significantlycas be seen from the values of adjustéahi
standard errors in table 4.149. Higher valuesamfjusted RBand lower standard errors were
obtained when the model included day of the yeaotar radiation. The best values of adjusted
R?and standard error were obtained when the modeeidad day of the year.
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Table 4.149 Adjusted Rand standard errors for different models whichtased on the data
from all locations.

Models for maximal daily temperatures
The model including latitudadistance from the surfacad
Surface tem Surface tem Surface temp, S
Surface temp : P P, cum. solar | day of the year,
wind speed day of the year . cum. solar
radiation C T
radiation
Adj. Std.Err| Adj. | Std.Err| Ad]. Std.Err| Adj. | Std.Err| Adj. | Std.Err
R? ofest.| R? | ofest R? ofest.| R* | ofest.| R® | ofest.
.9425( | 2.631« | ,94253 | 2,6308 | .9463: | 2,5422 | .9423. | 2.633¢ | ,94636 | 2,5465
Models for minimal daily temperatures
The model including latitudadistance from the surfacad
Surface tem Surface tem Surface temp, S
Surface temp . P P, cum. solar | day of the year,
wind speed day of the year . cum. solar
radiation T
radiation
Adj. Std.Err| Adj. | Std.Err| Ad|. Std.Err| Adj. | Std.Err| Adj. | Std.Err
R? ofest.| R?® | ofest R? ofest.| R®* | ofest.| R® | ofest.
.8848. | 2.656¢ | ,88519 | 2,6510 9178( | 2.2447 | .8872% | 2.630¢ | ,91798 | 2,2435

Therefore, we conclude that the best model for iptiedy pavement temperatures is linear
regression with surface temperature, distance fribvi surface, cumulative solar radiation and

day of the year.

The best model maximal daily pavement temperatanes

max

= 7,059526 + 0,776246T1%*d + 0,054628Day — 0,000141Day?

pav,d surf
+ 0,000006Cum_SR — 0,053402Lat
where
vev.a =Mmaximal daily pavement temperature at distahitem the surface, (°C);
surf = maximal daily surface temperature, (°C);

d= distance from the surface (cm);

Day = day of the year;

Day? = square of the day of the year;
Cum_SR = cumulative solar radiation (Vfjemd
Lat=latitude of the section, (degrees).
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The best model minimal daily pavement temperatares

%’}d = 9,836403 + 0,668591T573£7} +0,259098d + 0,099289Day — 0,000261Day?

—0,000025Cum_SR — 0,355490Lat
where

ﬁi,’fd =minimal daily pavement temperature at distashét®m the surface, (°C);
S’ﬁ;’}: minimal daily surface temperature, (°C);

Day = day of the year;

d= distance from the surface (cm);

Day? = square of the day of the year;

Cum_SR = cumulative solar radiation (Vfjemd

Lat=latitude of the section, (degrees).

In the case when data on cumulative solar radiadi@nnot available, the next best model for
predicting the maximal/minimal daily pavement temgperes is linear regression with
maximal/minimal daily surface temperature, and ofthe year, developed in section 4.8.2.

Figures 4.57 and 4.58 present actual maximal/mingtadly pavement temperature and predicted
values from the model including maximal/minimal Igdasurface temperature, distance from the
surface and the day of the year at the Al-Jufraation. In Appendix P, similar figures for other
locations are given.

Site=Al-Jufroh

Line Plot of multiple v ariables
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40 ‘ '
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—— Temp_max_Predicted

20l 3cm

10

Day og the year
Figure 4.57 Actual maximal daily pavement tempeeatnd predicted values from the model

including maximal daily surface temperature, ddpdim the surface and day of the year at the
Al-Jufroh location.
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Site=Al-Jufroh

Line Plot of multiple variables
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Figure 4.58 Actual minimal daily pavement temper@ and predicted values from the model
including maximal daily surface temperature, ddptim the surface and day of the year at the
Al Jufroh location.

4.9 Comparison of model developed for Libyan Desewith SHRP and LTPP
models

Using the models obtained in section 4.5, includaitgtemperature, day of the year, and daily
cumulative solar radiation, the predicted tempeestiior pavement temperatures for four layers
were calculated, and the comparison with the SHRPLA PP models was made. In figures 4.59
and 4.60, this comparison is presented for dailiimal and minimal surface pavement
temperatures at the Ghat location.

In order to compare our model and SHRP and LTPPéomperature prediction models for
pavement surface temperature, we consider the Shifiel,

i = 0.859 « Ty + 1.7 (4.1)
and LTPP model
T = —1.56 + 0.72 * TJE" — 0.004 * Lat? + 6.26log;(25) (4.2)

whereT is the daily minimum pavement surface temperatamelT 7" is the daily minimum

air temperature in °C arldht is latitude.

194



In order to compare our model and SHRP and LTPR teigperature prediction models for
pavement surface temperature, we consider the ShiirRie|,

TMX = (T — 0.00618 = Lat? + 0.2289 = Lat + 42.4) * 0.9545 — 17.78  (4.3)

surf — air
and LTPP model

max _ 54,32 4 0.78 x T — 0.0025 * Lat? — 15.14log,(25) (4.4)

surf air

where Tg,7f is the daily minimum pavement surface temperatamd T,;"™* is the daily

minimumair temperature in °C andt is latitude

35

30

\-\ Surface min measured
25 [>e_ Surface min predicted R

\_ SHRP °

20

15

Minimal daily surface temperatures

10t

Minimal daily air temperatures

Figure 4.59 Comparison between daily minimal swefpavement temperature prediction model
and SHRP and LTPP models at the Ghat location.

It can be seen that the predicted daily minimafager pavement temperatures using the SHRP
model are lower than both the measured values l@dntnimal surface pavement temperature

predicted by the developed models. SHRP and LTPBRelmounderestimates minimal daily

surface pavement temperatures both for the measatads and for predicted temperatures by

the developed models. Therefore, the developed hmdeore representative of Libya's climatic
conditions. SHRP and LTPP models would be expeiteesult in a different selection of the
PG binder.
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Figure 4.60 Comparison between daily maximal serfsevement temperature prediction model
and SHRP and LTPP models.

It can be seen that the predicted daily maximdbserpavement temperatures by the SHRP and
LTPP models are higher than both the measured vand the maximal surface pavement
temperature predicted by the developed model. SBRRPLTPP model overestimates maximal
daily surface pavement temperatures both for thesomed values and for predicted temperatures
by the developed models. Therefore, the developedemis more representative of Libya's
climatic conditions. SHRP and LTPP models woulcekpected to result in a different selection
of the PG binder.
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Chapter 5 PERFORMANCE GRADE OF BITUMEN ON LIBYAN
DESERT

5.1 Introduction

The current asphalt binder specifications in Lilaya based on the Penetration Grade penetration
test performed at 26. Penetration is an empirical measure of congigteit is used as an
empirical indicator of the rutting and fatigue sestibility of asphalt binder and is not related to
pavement performance. The new mix design methogaliegeloped under the SHRP is called
the Superpave; it is a performance-based approEuod.first step in the implementation of
Superpave methodology is to establish high anddawement temperatures for a location. The
temperatures define the required PG of asphaltbind

5.2 Superpave performance grading (PG system)

From October 1987 through March 1993, the SHRP wcted research to develop new ways to
specify, test, and design asphalt materials. Thleresult of this asphalt research program was the
development of the Superior Performing AspRaltements (Superpave) system. One of the
key aspects of the Superpave is the developrok the performance based binder
specifications termed as Performance Grade (PGpisfince the major objective of the SHRP
program was to relate mechanical properessphalt binder to field performance, the/ne
specification tests were developed to charactexsphalt binders at a broad range of temperatures
and aging conditions. The three aging conditiorecified are original, short term and long term.
Original aging refers to virgin asphalt from theoguction plant; short-term aging refers to
properties at the time of production and placeneéragsphalt mix; and long-term aging refers to
properties of asphalt binder during the service &if pavements. In addition to aging conditions,
Superpave characterizes the asphalt binders aictbal pavement temperatures they are likely
to experience. Behind the short presentation ofsiZ&Bem given in Chapter 2.8 and 2.13 a brief
summary of the binder grading systems for the memd mix design follows:

For example a binder classified as a PG 58-34 maadithe low temperature physical property

requirements down to -34°C. That it will meet theghh temperature physical property
requirements up to a temperature of 58°C

5.3 Binder Specifications

The development of binder testing goes back to 188&n H. C. Bowen invented the Bowen
Penetration Machine (Strategic Highway Researclyi@aro, 1994). After several modifications of
penetration equipment, by 1910 the penetrationpaagmt became the standard for establishing the
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consistency of asphalt at 5 In 1918 the Bureau of Public Road (USA) introgtli the
penetration grading system, and by 1931 the AmeriBasociation of State Highway and
Transportation Officials (AASHTO) published the relard specification to grade asphalt on
penetration.

The next major change in asphalt grading speaificatame with the introduction of the viscosity
grading system in the early 1960s. Both ASTM andSMAO adopted the viscosity grading
system and provided grading specification by méagiihe viscosity at 6.

The penetration grading system, based on penetratioa standard needle under standard
conditions in asphalt binder, is empirical in natufhe test provides the relative consistency of
binder at specific temperatures, which can be w@wsedn indicator of susceptibility of asphalt

binder to rutting or cracking. It has performadite satisfactorily for many decades and has
provided the means for identifying the major asppallement distresses: permanent deformation
and cracking (fatigue and thermal). ASTM D946 spesithe five binder grades based upon

penetration at 2&. The greater the penetration, the softer thedsin

In the case of viscosity grading, viscosity alGQclose to maximum pavement temperature) is
specified. The specifications also require a mimmuiscosity to be measured at 1350 reduce
the potential of tender mix at the time of compatti ASTM D3381 specifies six binder grades
based upon the viscosity measured dC60able 5.1 provides the standard penetratand
viscosity grades. The top row values in TablerBdresent relatively harder binders, whereas the
lower rows represent the softer binder.

Table 5.1 Penetration and viscosity grading system

Penetration grading Viscosity Grading
Grade Penetration in 0.1 mm | Grade Viscosity @ 6C, Poise
Pen 40/50 40-50 AC - 40 4000 + 800
Pen 60/70 60-70 AC - 30 3000 + 600
Pen 85/100 85-100 AC - 20 2000 + 400
Pen 120/150 120-150 AC - 10 1000 + 200
Pen 200/300 200-300 AC-5 500 + 100
AC —-25 250 + 50

Generally, softer binder grades are used in caoidatés to resist cracking potential and harder
binders are used in warmer climates to resistngiftiotential. In Libya, a standard grade of Pen
60/70 is used for construction of flexible pavemerdbwever, the refineries in Libya also produce
Pen 60/70. Viscosity grading is not yet establishddbya.

The viscosity grading system based on fuhdamental property, is considered a step forward
in specifying the binder as compared to penetrajianding. It requires binder to be tested 4060
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and 135C, which corresponds to typical maximum pavememiptrature and temperature at the
time of mix production and placement in thigeld, respectively. Viscosity specification at
60°C helps in minimizing rutting potential, whereascwosity at 13%C minimizes the potential for
tender mixes during paving operation. Despiteehmdded benefits, it fails to characterize the
binder at low temperatures to minimize the poténdfathermal cracking and pavement
performance prediction. Figure 5.1 shows thesgatused for penetration and viscosity grading
systems. Two asphalt binders A and B, which meetpenetration and viscosity specifications,
may behave very differently at other temperatures.
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Figure 1: Graphical Comparision of two binders meeting Penetration and Viscosity Grading Specification

Figure 5.1 Graphical comparison of two binders megbenetration and viscosity grading
specification.

The Superpave system is unique in a sense thablagphder is specified on the basis of the
maximum and minimum pavement temperatures in wthiehbinder is expected to serve. While
the mechanical properties requirement remain timeesahe temperature at which the asphalt
binders achieve the physical properties correspaodbie pavement minimum and maximum
temperature. For example, a high temperaturenegjbinder to have G*/sin to be at least 1.0 kPa
for aged condition (G* is the shear modulus in ERd is the phase angle). The value of 1.0 kPa
remains constant, but the temperature at whichwvlilise has to be achieved depends upon the
maximum pavement temperature. Another importaatufe of Superpave is that mechanical
properties are measured on the asphalt elsncat three conditions: unaged, short-ternd age
and long-term aged. The short and long-term agngimulated in the laboratory using Rolling
Thin Film Oven (RTFO) and Pressure Aging Vessel (PArespectively. The required
mechanical properties at the three aging camditboth for high and low temperatures are
specified in the Superpave specifications (MP1:cBipation for Performance-Graded Asphalt
Binder).
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Table 5.2 Binder grades as specified in Superppgeifications

High temperature Low temperature
Grade, °C Grade, °C

PG 46 34, 40, 46
PG 52 10, 16, 22, 28, 34, 40, 46
PG 58 16, 22, 28, 34, 40
PG 64 10, 16, 22, 28, 34, 40
PG 70 10, 16, 22, 28, 34, 40
PG 76 10, 16, 22, 28, 34
PG 82 10, 16, 22, 28, 34, 40

The temperatures given in Table 5.2 correspondagavement temperature and can be estimated
from the air temperature data collected over tharsieSuperpave defines the high and low
temperatures by seven-day average maximum air-dag minimum air temperature. The seven-
day average maximum temperature is definedhasaverage of highest air temperature for a
period of seven consecutive days within a givem.y@&ae 1-day minimum temperature is defined
as the lowest air temperature recorded in a gieam.yThe data are collected over multiple years,
and the design high and low pavement temperatluewvare then estimated using the average and
standard deviations of the data collected for aelseliability level.

5.4 Pavement Temperature by SHRP

Several studies have been conducted to relate itheeraperature to pavement temperature.
Regression equations along with mathematical hkav theories have been used for the

correlation. Among these, models, based upon mipéeature data, for the prediction of high and
low pavement temperatures were established dthen@HRP. Later SHRP established the LTPP
program to support a broad range of pavement pedioce analysis, leading to improved

engineering tools to design, construct, and marm@gements. The SMP, a task of LTPP,

evaluated the effects of temperature variationpenformance and validated the available models
(Asi IM, 2007), this resulted in a new set of paeattemperature prediction models for the high
and low temperature grade. Given below are thesfsatbveloped under the SHRP and LTPP for
high and low pavement temperature predictions.

5.4.1 High Temperature Models

The SHRP high temperature model was deeel from the results of theoretical heat
transfer modeling (Brown, at al., 2001). Basedrupoe data collected from several sites
throughout the United States, a regression modal developed for prediction of high

pavement temperature as a function of depth. $aperdefines the high pavement design
temperature at a depth of 20 mm below the pamersarface. Equation (1) represents the model
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developed under the SHRP program, whereas Equ@)as the revised LTPP high-temperature
equation.

Tpavn = (Tair —0.00618Lat? + 0.2289Lat + 42.2)(0.9545) — 17.78 + g4 (5.1)
Tpavna = 54.32 + 0.78T,;, — 0.0025Lat? — 15.14logyo(d + 25) — z(9 + 0.6102,)Y/? (5.2)
where
Tpav,n  =high AC pavement temperature at 20 mm from surfacy;
Tpav,n,a =high AC pavement temperature at depth d from seyfac);
T,i» = high 7-day mean air temperature, (°C);
Lat = latitude of the section, degrees;
d = pavement depth, mm;
o4r = Standard deviation of the-7day maximum air terature, (°C); and
z = standard normal distribution value,= 2.055 for 98% reliability, anegl = 0.0 for 50%
reliability.

5.4.2 Low temperature models

SHRP considers the low air temperature as the wlésig pavement temperature (Brown, et al.
2001). The low pavement design temperature gbdrement surface is the same as the one-day
minimum temperature since the air temperature th® same as the pavement surface
temperature. This can be mathematically repteddyy the following relationship.

T,

vavt = Tair + 0.051d — 0.000063d? — 20y, (5.3)

The LTPP low pavement temperature at thesaris presented in Equation (5.4) below.

Tpavy = —1.56 + 0.72T,;, — 0.004 * Lat? + 6.26log,o(d + 25) — z(4.4 + 0.5202;,)'/?
(5.4)
where
Tpav, = low AC pavement temperature,(°C);
T, = low air temperature, (°C);
d = pavement depth,
o4r = fandard deviation of the mean low air temperat(i();
z = standard normal distribution value;

z = 2.055 for 98% reliability; and
z = 0.0 for 50%.
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5.5 Temperature database for Libyan desert

In order to establish the PG for temperature canditin the Libyan desert, temperature zoning for
high and low pavement temperatures was first caeduc Using the above models, pavement
temperature was estimated by making use of theemiperature data collected from the weather
stations. Air temperature data from the eightthwerastations across Libya were accumulated in a
weather database created in Microsoft Excel. Thessher station locations covered almost all

the geographical areas of the Libya desert. Theeaiperature data was collected from two main

sources that included:

1. Libya Metrological Department
2. Roads and Bridges Authority.

The temperatures of the asphalt layers for thet sigitions for the years 2012—2013 were obtained
from the work done by installing temperature semsorthe asphalt road layers in the locations.
The database for the eight stations was expandeghfadditional ten years (2000 to 2009) using
the data from roads and bridges authority.

Table 5.3 summarizes the weather stations usethéodevelopment of pavement temperature
zoning. The table has information on the weathaticst, latitude, and number of years of data

collected and used for the analysis.

Table 5.3 Summary of weather stations

No. Station Latitude (degree) Data availability (years)
(Low/High)
1 Al Kufrah 24.28 5/2012-5/2013
2 Al Qatrun 24.93 5/2012-5/2013
3 Awbari 26.77 4/2012-3/2013
4 Brak 27.52 3/2012-3/2013
5 Awjilah 29.13 5/2012-4/2013
6 Ghat 24.96 4/2012-4/2013
7 Ghadamis 30.18 3/2012-3/2013
8 Al Joufra 29.03 5/2012-5/2013

5.6 Temperature data analysis
For all the locations, temperature data for one yesae collected for air and pavement: at surface

(C1) and depths of 3cm (C2), 8cm (C3), and 15 c#).(Erom these data, maximal and minimal
daily temperatures were extracted for air and pavesnat surface and depths of 3, 8, and 15 cm.
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Then, for maximal temperatures, the seven day geerd maximal daily temperature was
calculated. In Table 5.4 the maximum of these selegnaverages and minimums of minimal daily
air and pavement temperatures for data registenedgdyear 2012—-2013 are given for all the
locations. In Table 5.5 the maximums of maximalydemperatures for registered data for the
year 2012-2013 are given for all the locations.

Table 5.4 Maximum of seven day average of maxiradlydemperatures and minimum of

minimal daily temperatures for different locatiofw, year 2012—2013.

Air_max_ | C1l_max_ | C2_max_ | C3 max_ | C4_max_
aver aver aver aver aver
Max

Al Jufrot 47,46¢ 67,47 61,89 58,06" 55,22¢ | -0.9t | 3.32( | 4.12( | 6.38( | 7.78(
Al Kufrah 45.34¢ 65.03" 59.68: 54.34: 47.89: 0.91 | 4.20C| 7.21(| 10.44( | 12.62
Al Qatrur 48.177 67.16¢ 62.27¢ 59.43( 57.01¢ 0.31 | 4.16(| 6.18( | 4.70C | 4.98(
Awbari 49.29¢ 68.46: 62.94! 61.37" 52.88¢ 0.31 | 4.16(| 5.91(| 7.91(C | 9.96(
Awijilah 49.86¢ 66.12¢ 64.04: 59.23: 56.24: | -0.01 | 3.99( | 4.56( | 6.97C | 6.97(
Brak 47.18¢ 66.07" 62.78¢ 60.60( 55.03: 2.2 10.82 | 6.82( | 7.60C | 9.71(
Ghadami 49.86¢ 66.73: 64.04: 58.85: 53.15( | -1.61 | 2.04( | 3.61( | 4.46(C | 6.12(
Gha 50.34 71.00¢ 65.86¢ 63.12: 58.17. | -0.5z | 3.86( | 4.54(C | 6.27( | 7.10C
Legend:

C1 - surface pavement temperature(°C);

C2 — 3cm pavement temperature(°C);
C3 — 8cm pavement temperature(°C);
C4 — 15cm pavement temperature(°C);

Air_max_aver — seven-day average of maximal daiyemperature(°C);
C1_max_aver — seven-day average of maximal daifase (C1) pavement temperature(°C);
C2_ max_aver — seven-day average of maximal daiy pavement temperature(°C);
C3_ max_aver — seven-day average of maximal daBy pavement temperature(°C);
C4_max_aver — seven-day average of maximal d@dy pavement temperature(°C);

Air_min — minimal daily air temperature(°C);

C1_min — minimal daily surface (C1) pavement terapge(°C);

C2_min — minimal daily (C2) pavement temperaturg(°C
C3_min — minimal daily (C3) pavement temperaturg(ad
C4_min — minimal daily (C4) pavement temperaturg(°C
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Table 5.5 Maximum of maximal daily temperaturesdifferent locations for the year 2012—
2013.

Air_ max C1l_max C2_max C3_max C4_max

Max

Al Jufroh 50,330 70,080 66,880 62,045 57,930
Al Kufrah 49,180 70,120 64,610 56,020 49,530
Al Qatrun 49,960 69,980 64,840 61,810 59,680

Awbari 53,360 70,890 66,010 64,660 55,470
Awjilah 50,930| 66,990 64,800/ 59,840 56,980
Brak 50,100 69,060 65,230 62,720 56,630
Ghadamis 50,930 69,880 64,800/ 59,670 53,680
Ghat 52,580 72,460 66,810 64,020 60,460

Legend:

Air_max — maximal daily air temperature(°C);

C1_max — maximal daily surface (C1) pavement teatpeg(°C);
C2_max — maximal daily (C2) pavement temperaturg(°C
C3_max — maximal daily (C3) pavement temperaturg(°C
C4_max — maximal daily (C4) pavement temperat@e(°

5.6.1 Project pavement temperature models based data collected in 2012-2013

Using regression analysis, models for predictingximal and minimal daily pavement
temperatures at different distance including thdase, from maximal and minimal daily air
temperatures, day of the year, latitude, wind sgeeticumulative solar radiation were made. The
best model appeared to be the model including mabamd minimal daily air temperatures, day of
the year, latitude, and cumulative solar radiation.

Since data on cumulative solar radiation were matl@ble for our research, we used the models
including maximal and minimal daily air temperasyrday of the year, and latitude.

First we give models developed data from all eigbations.

5.6.1.1 The modelsfor the maximal daily pavement temperatures.

The following models based on data from all 8 elgbations, including latitude, for four different
depths from the surface.

Surface:
Tmax = 24.89776 + 0.70665T*** + 0.22056Day — 0.00061Day2 — 0.48402Lat

pav,surf — air
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3cm:
Tﬁ%cm = 15.09352 + 0.74095T,)}** + 0.20191Day — 0.00056Day? — 0.26971Lat

8cm:
;ﬁ%cm = 18.94276 + 0.73521T** + 0.18249Day — 0.00050Day? — 0.46665Lat

15cm:
gﬁﬁﬁwm = 12.66080 + 0.66576T*** + 0.18439Day — 0.00050Day? — 0.30365Lat

where

Thavs =maximal daily pavement temperature at certain gegthy
T7:*= maximal daily air temperature, (°C);

Day =day of the year;

Day? = square of the day of the year; and

Lat=latitude of the section, (degrees).

5.6.1.2 The models for the minimal daily pavement temperatures

The following models are based on data from alhtigcations, including latitude, for four
different depths from the surface.

Surface:
;ﬁ‘;,’fswf = 1.525863 + 0.840662T%™ + 0.037716Day — 0.000105Day? + 0.074524Lat
3cm:
T;%T,’acm = 9.203415 + 0.816427TM™ + 0.055795Day — 0.000147Day? — 0.224462Lat
8cm:
Tﬁﬁ,’_‘m = 13.08012 + 0.74673T1™ + 0.07857Day — 0.00021Day? — 0.31927Lat
15cm:
éﬁifwcm = 13.73368 + 0.72050T™" + 0.08452Day — 0.00022Day? — 0.28861Lat

where

Tgﬁi,’?* =minimal daily pavement temperature at certain dgp@y;
TMmin= minimal daily air temperature, (°C);

Day =day of the year (number);

Day? = square of the day of the year;

Lat=latitude of the section, (degrees).
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5.6.1.3 Modelsincluding depth from the surface

The model to predict maximal daily pavement temjpeeaat any depth from maximal daily air
temperature, the day of the year, and latitude is:

Tpas® = 22.20576 + 0.1973434T;;™ + 0.71214d — 0.00054Day — 0.38103Day?Lat

air
where
ey =maximal daily pavement temperature at defthin (°C);
max= maximal daily air temperature, (°C);
Lat = latitude of the section, (degrees); and
d = pavement depth (cm).

The model to predict minimal daily pavement temperafrom minimal daily air temperature, the
day of the year, and latitude is:

ngi," = 7.723302 + 0.781078T%™ + 0.255764d + 0.064150Day — 0.000172Day?
— 0.189455Lat

where

Ty =minimal daily pavement temperature at depthin (°C);

TM"= minimal daily air temperature, in (°C);

Lat = latitude of the section, (degrees); and

d = pavement depth (cm).

5.6.2 Project pavement temperatures predicted on aiemperature data collected
from year 2000 to year 2009

For each of the eight locations' data on daily mmaxn air sheltered temperature, °C and daily
minimum sheltered air temperature in °C were ctéigddor years from 2000 to 2009.

From these daily maximal (minimal) air temperaturasing regression models obtained in
Chapter 4, predicted values for maximal (minimaygment temperatures for four depths were
calculated.

We used models based on data from Libya, whicheveldped in chapter 4, and which include
air temperature and day of the year, since datesaar radiation were not available. For
calculating PG we used Superpave method as explairnehapter 2.

The seven-day average of maximal daily air and p&ve temperatures was calculated.
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Then:
* Yearly maximum for the seven-day average of maxidaily air and pavement
temperatures was determined for each of the edghtibns.
* Yearly minimum for minimal air and pavement temperes was determined for each of
the eight locations.
* Yearly maximum of maximal daily air and pavememhperatures was determined for
each of the eight locations.

Next, for each location, we give formulas for resgien models. For each of the years 2000—
2009 we give the yearly maximum of the seven-dagragye of maximal daily air and pavement
temperatures, the yearly minimum for minimal aid ggavement temperatures, and the yearly
maximum of maximal daily air and pavement tempeesu

5.6.2.1 Al Jufroh location

Table 5.6 Regression models for maximal pavenamperatures for the Al Jufroh location.

Surface| TR, = 7.124206 + 0.841147T% + 0.210048Day — 0.000577Day?
3cm max m = 5.635261 + 0.787060T % + 0.189318Day — 0.000518Day?
8cm max m = 6.580602 + 0.716630T % + 0.173635Day — 0.000481Day?
15cm max m = 5.599092 + 0.682433T%* + 0.181503Day — 0.000492Day?

Table 5.7 Regression models for minimal pavemanpegatures for the Al Jufroh location.

Surface TN e = 1.618143 + 0.805014T7%" + 0.066989Day — 0.000175Day?
3cm min. m = 1.967646 + 0.827490T7H™ + 0.068178Day — 0.000180Day?
8cm e em = 4.332745 + 0.718193T7%" + 0.088440Day — 0.000240Day>
15cm TN em = 5.851072 + 0.733621T 4" + 0.076956Day — 0.000207Day>
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Table 5.8 Maximum of seven-day average of predicteakimal daily temperatures and
minimum of minimal daily temperatures from year Q@6 year 2009, year 2012/2013, for the
Al Joufroh location.

Al Jufroh Predicted values Predicted values
Year | Air_max_ | C1_max_| C2 _max_| C3_max_| C4 max_

aver aver aver aver aver

Max

2000 41,27 60,84 55,32 51,72 50, 50 2,49 ?,8%,23 6,87
2001 42,17 61,23 55,68 52,05 50,74 -050 2,47 D 584,45 6,14
2002 44,71 63,72 58,02 54,16 52,77 050 2,43 80,205 6,67
2003 44,13 63,3¢ 57,66 53,87 5245 -1j10 2,19 P 2N,26 5,92
2004 42,30 60,91 55,43 51,74 50,62 -0(50 1,68 ».024,58 6,01
2005 42,01 60,32 54,83 51,32 50,00 -0{60 1,95 p 304,91 6,31
2006 42,29 60,64 55,20 51,51 50,30 -2,00 0,34 D,653,33 4,76
2007 44,11 63,34 57,66 53,86 5243 150 3,90 431,486 7,99
2008 40,67 60,44 54,94 51,39 50,09 -0|50 2,65 3,015,69 7,03
2009 42,74 62,17 56,56 52,85 51,60 130 4,44 485,357 8,71
2012 47,469 67,474 61,891 58,067 55,226| -0.95 | 3.320 | 4.120 | 6.380 | 7.780

Table 5.9 Maximum of predicted maximal daily tesrgtures for years 2000—-2009 and 2012

for the Al Joufroh location.

For these data for

Al Jufroh Predicted values
Year Air_ C1_ C2_ C3_ C4_
max max max max max
Max
2000 4420 63,35 57,67 53,8% 52,47
2001 45,00 64,05 58,32 54,4% 53,08
2002 46,50 64,91 59,12 55,19 53,72
2003 45,60 64,59 58,82 54,9% 53,46
2004 4420 62,80 57,14 53,44 51,91
2005 4420 62,20 56,59 52,97 51,38
2006 45,70 63,85 58,18 54,2% 52,90
2007 46,00 64,93 59,14 55,21 53,73
2008 4450 63,42 57,71 53,96 52,44
2009 45,00 64,06 58,32 54,46 53,08
2012 | 50,330/ 70,080 66,880 62,045 57,930

11 years, mean value, standavéhttbn maximum and minimum were

calculated. To determine 50%, 85%, 95%, 98% an89%39evel of reliability, we calculate

intervals Mean + SD, Mean * 1.65*SD, Mean

+

2*Qean + 3*SD. We use values of

standard normal distribution presented in Tabldé 5.1
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Table 5.10 Descriptive statistics for data for £arng at the Al Jufroh location

Al Jufroh Mean | Min | Max| Std.Dey Mean = SD Mean + Mean * 2*SD Mean +
1.65*SD 3*SD
Air_max 45,57 | 44,20 50,33 1,76 | 43,80 47,33| 42,65 48,48 | 42,04 49,10| 40.27 50.86
C1_max_P 64,39 | 62,240 70,08 2,07 | 62,32 66,46| 60,97 67,80 | 60,25 68,53 | 58.18§ 70.59
C2_max_P 58,90 | 56,59 66,88 2,76 | 56,14 61,66| 54,34 63,46 | 53,37 64,43 | 50.61 67.19
C3_max_P 54,98 | 52,971 62,05 2,45 | 52,53 57,42| 50,94 59,01 | 50,04 59,87 | 47.64 62.31
C4_max_p 53,27 | 51,34 57,93 1,71 | 51,56 54,98/ 50,45 56,09 | 49,86 56,69 | 48.15 58.40

Air_max_aver 43,08 | 40,67 47,47 1,91 | 41,17 44,99(39,93| 46,23 | 39,26 46,90 | 37.35 48.81

Cl1_max_P_aver| 62,22 | 60,34 67,47| 2,15 | 60,07] 64,37| 58,67| 65,77 | 57,99 66,52 | 55.71 68.67

C2_max_P_aver| 56,65 | 54,83 61,89 2,10 | 54,5¢ 58,75 53,20 60,11 | 52,44 60,84 | 50.37 62.94

C3_max_P_aver| 52,96 | 51,374 58,07| 2,01 | 50,95 54,96| 49,65| 56,27 | 48,94 56,97 | 46.94 58.98

C4_max_P_aver| 51,50 ( 50,04 55,23 1,60 [ 49,90 53,10( 48,85 54,14 | 48,29 54,70 | 46.69 56.30

Air_min -0,30 | 2,00 1,50 1,03 | -1,34 0,73 -2,00 1,40 -2,87 1,76 -3.4R.79
C1_min_P 253 | 0,34| 4,44 1,10| 1,43| 3,63| 0,71 | 4,35 | 0,33 | 4,74 | -0.77| 5.84
C2_min_P 2,89 | 0,65| 4,85 1,18 1,71 | 4,07| 0,94 | 4,84 [ 052 | 525]| -0.66| 6.44
C3_min_P 526 | 3,33| 7,35 1,15| 4,11 | 6,41| 3,36| 7,16 | 296 | 7,56 | 1.80| 8.72
C4_min_p 6,74 | 4,76| 8,71 1,11| 564 | 7,85 4,91 | 857 | 453 896 | 3.42| 10.07
Legend:

C1 - surface pavement temperature (°C);

C2 — 3 cm pavement temperature (°C);

C3 — 8 cm pavement temperature (°C);

C4 — 15 cm pavement temperature (°C);

Air_max_aver — seven-day average of maximal daiyemperature(°C);
C1_max_aver — seven-day average of maximal daifase (C1) pavement temperature(°C);
C2_max_aver — seven-day average of maximal d@iy pavement temperature(°C);
C3_max_aver — seven-day average of maximal d@By pavement temperature(°C);
C4_max_aver — seven-day average of maximal d@dy pavement temperature(°C);
Air_min — minimal daily air temperature(°C);

C1_min — minimal daily surface (C1) pavement terapge(°C);

C2_min — minimal daily (C2) pavement temperaturg(°C
C3_min — minimal daily (C3) pavement temperaturg(ad
C4_min — minimal daily (C4) pavement temperaturg(°C

C1_max_P — predicted maximal daily surface (C1lep@ent temperature(°C);
C2_max_P — predicted maximal daily (C2) pavemeanperature(°C);
C3_max_P — predicted maximal daily (C3) pavememptrature(°C);
C4_max_P — predicted maximal daily (C4) pavememptrature(°C);
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C1_max_P - seven-day average of predicted maxiailgl surface (C1) pavement
temperature(°C);

C2_max_P - seven-day average of predicted maxiaigl (C2) pavement temperature(°C);
C3_max_P - seven-day average of predicted maxiailgl (C3) pavement temperature(°C);
C4_max_P - seven-day average of predicted maxiailgl (C4) pavement temperature(°C);
C1_min_P — predicted minimal daily surface (Clygraent temperature(°C);

C2_ min _P — predicted minimal daily (C2) paventemperature(°C);

C3_min _P — predicted minimal daily (C3) pavenmtenperature(°C);

C4_min _P — predicted minimal daily (C4) paventemperature(°C).

Table 5.11 Values of standard normal distribution50%, 85%, 95%, 98% and 99.9% level of
reliability.

z - Standard normal distribution value Reliability
0 50%
1 85%
1.65 95%
2 98%
3 99,9%
Table 5.12 Reliability data for PG Al Jufroh
Al 50% reliability 85% reliability 95% reliability 98% reliability 99,9%
Joufroh Mean Mean + SD Mean £ 1.65SD Mean £ 2SD reliability
Mean = 3SD
Min Max Min Max Min Max Min Max Min Max
Ci 2,53 62,22 1,43 64,37 0,71 65,77 0,33 66,52 | -0.77 | 68.67
c2 2,89 56,65 1,71 58,75 0,94 60,11 0,52 60,84 | -0.66 | 62.94
C3 5,26 52,96 4,11 54,96 3,36 56,27 2,96 56,97 | 1.80 | 58.98
C4 6,74 51,50 5,64 53,10 4,91 54,14 4,53 54,70 | 3.42 | 56.30

Table 5.13 PG for different levels of reliabilfiyr the Al Jufroh location.

Al Jufroh
PG 50% PG 85% PG 95% PG 98% PG 99,9%
reliability reliability reliability reliability reliability
YY XX YY YY YY XX YY XX YY XX
C1 64 -10 70 70 70 -10 70 -10 70 -10
Cc2 58 -10 64 64 64 -10 64 -10 64 -10
C3 58 -10 58 58 58 -10 58 -10 64 -10
c4 52 -10 58 58 58 -10 58 -10 58 -10
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5.6.2.2 Al Kufrah location

Table 5.14 Regression models for maximal pavensnpératures for the Al Kufrah location.

Surface Tmax - =13.68505 + 0.72857T % + 0.20804Day — 0.00057Day?
3cm max m = 1239437 + 0.63684T/%% + 0.20451Day — 0.00056Day>
8cm max = 11.25532 + 0.54622T 2% + 0.20098Day — 0.00054Day?
15cm AX em = 9.005746 + 0.454938T% + 0.194789Day — 0.000519Day?

Table 5.15 Regression models for minimal pavenmeamperatures for the Al Kufrah location.

Surface TN e = 1.243982 + 0.808996T A" + 0.049696Day — 0.000127Day?
3cm min m = 3.728357 + 0.752792T7" + 0.064289Day — 0.000166Day?
8cm e em = 6.157240 + 0.724622T7" + 0.077079Day — 0.000199Day?
15cm TN em = 7.485577 + 0.648677T 4™ + 0.093697Day — 0.000235Day>

Table 5.16 Maximum of seven-day average of prediotaximal daily temperatures and
minimum of minimal daily temperatures from year @@6 year 2009 and year 2012-2013, for

the Al Kufrah location.

Al Kufrah Predicted values Predicted values
Year | Air_max_ | C1_max_| C2 max_| C3 _max_| C4_max_

aver aver aver aver aver

Max

2000 40,64 61,79 56,5p 51,81 45, 2 3, 5,34 ,93 ,
2001 40,07 61,76 56,40 51,78 4547 5|00 6,26 3,400,651 11,51
2002 42,69 63,33 57,88 52,96 4644 300 3,82 5,18 568 9,71
2003 40,66 62,21 56,89 52,11 45773 2|00 4,40 7,223,789 10,73
2004 42,50 62,87 57,38 52,30 45771  3[00 4,92 7,30 ,73(9 10,90
2005 40,61 62,15 56,82 51,98 45658 1/80 3,60 5,24 ,85[8 10,35
2006 41,93 62,64 57,2p 52,22 4580 3|00 1§42 3,100,601 11,84
2007 41,66 63,00 57,58 52,67 46,18 3|50 4,17 5,49 858 9,94
2008 44,04 64,44 58,80 53,62 46,00 1j30 3,01 563,218 9,68
2009 40,50 61,84 56,50 51,82 4547 300 3,77 5,11 ,48[8 9,62
2012 | 45.345 65.037 59.682 54.341 47.892 | 0.91 | 4.200| 7.210 | 10.440| 12.62
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Table 5.17 Maximum of predicted maximal daily tesrgiures for years 2000-2009 and 2012
for the Al Kufrah location.

Al Kufrah Predicted values
Year Air_ Cl_ Cc2_ C3_ C4_
max max max max max
Max

2000 42,00 63,24 57,79 52,89 46,3
2001 44,400 63,07 57,42 52,48 46,0
2002 4350 63,99 58,44 53,44 46,8
2003 44,40 64,34 58,67 53,42 46,7
2004 4560 65,09 59,31 53,9% 47,0
2005 4350 64,27 58,68 53,58 46,9
2006 4450 64,15 58,49 53,53 46,8
2007 43200 64,14 58,57 53,53 46,9
2008 45,40 65,51 59,74 54,44 47,6
2009 42,70 63,73 58,21 53,26 46,7
2012 | 49,180 70,120 64,610 56,020 49,530

OO PFPOFPOOWPH OO

For these data for 11 years, mean value, standewvétocbn maximum and minimum were
calculated. To determine 50%, 85%, 95%, 98% an89%39evel of reliability, we calculate
intervals Mean = SD, Mean % 1.65*SD, Mean = 2*SiBean + 3*SD. We use values of
standard normal distribution presented in Tabldé 5.1

Table 5.18 Descriptive statistics for data for £arng at the Al Kufrah location.

Al Kufrah Mean | Min | Max| Std.Dey Mean = SD Mean + Mean * 2*SD Mean +
1.65*SD 3*SD
Air_max 44,40| 42,00 49,18 1,92 | 42,47 46,32| 41,22 47,57 | 40,55 48,25| 38.63 50.17
C1_max_P 64,70 | 63,074 70,12 1,93 | 62,7¢ 66,63| 61,51| 67,88 | 60,83 68,56 | 58.9Q 70.49
C2_max_P 59,08 | 57,43 64,61 1,94 | 57,14 61,02| 55,88 62,28 | 55,20 62,96 | 53.27 64.90
C3_max_P 53,69 | 52,48 56,02 0,92 | 52,7 54,61| 52,16 55,21 | 51,84 55,53 | 50.91 56.46
C4_max_p 47,06 | 46,09 49,53 0,91 | 46,15 47,96| 45,56 48,55 | 45,24 48,87 | 44.34 49.78

Air_max_aver 41,88 | 40,07 45,35 1,66 | 40,22 43,54(39,14| 44,62 | 38,54 45,20 | 36.89 46.86

Cl1_max_P_aver| 62,83 | 61,76 65,04 1,08 | 61,74 63,91| 61,04| 64,62 | 60,64 65,00 | 59.58 66.08

C2_max_P_aver| 57,44 | 56,49 59,68 1,01 | 56,42 58,45(55,77| 59,11 | 55,4) 59,46 | 54.4( 60.48

C3_max_P_aver| 52,51 | 51,784 54,34| 0,83 | 51,68 53,34| 51,14| 53,88 | 50,89 54,17 | 50.04 55.00

C4_max_P_aver| 46,06 | 45,47 47,89| 0,76 | 45,30 46,82| 44,80| 47,31 | 44,54 47,58 | 43.74 48.34

Air_min 259 [ 0,91] 5,00 1,15 1,45 3,74 0,70 4,48 0|30  4/88.84- 6.03
C1_min_P 430 | 3,01| 6,26 0,92| 3,38 5,22| 2,78 582|245 6,15| 1.53| 7.07
C2_min_P 6,84 | 5,63| 8,40 0,88 5,96 | 7,72| 5,39 8,29 | 5,09 | 859 | 4.21| 9.47
C3_min_P 9,37 | 8,21 10,6% 0,90 | 8,47 | 10,27 7,88 | 10,86 7,57 | 11,17| 6.67 | 12.07
C4_min_P 10,66 | 9,62| 12,62 098 | 9,68 | 11,69 9,04 | 12,28| 8,70 | 12,63| 7.72 | 13.6]
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Table 5.19 Reliability data for PG at the Al Kufrialtation

Al 50% reliability 85% reliability 95% reliability 98% reliability | 99,9% reliability
Mean Mean = SD Mean + 1.65SD Mean = 2SD Mean = 3SD
Kufrah
N=1lyear§ Min Max Min Max Min Max Min Max Min Max
C1 4,30 62,83 3,38 63,91 2,78 64,62 2,45 65,00 | 1.53 | 66.08
C2 6,84 57,44 5,96 58,45 5,39 59,11 5,09 59,46 | 4.21 | 60.48
C3 9,37 52,51 8,47 53,34 7,88 53,88 7,57 54,17 | 6.67 | 55.00
C4 10,66 46,06 9,68 46,82 9,04 47,31 8,70 47,58 | 7.72 | 48.34
Table 5.20 PG for different level of reliabilityrfthe Al Jufroh location
Al Kufrah

N=11 PG 50% PG 85% PG 95% PG 98% PG 99,9%
years reliability reliability reliability reliability reliability

YY XX YY YY YY XX YY XX YY XX
Ci1 64 -10 64 -10 70 -10 70 -10 70 -10
Cc2 58 -10 64 -10 64 -10 64 -10 64 -10
C3 58 -10 58 -10 58 -10 58 -10 58 -10
C4 52 -10 52 -10 52 -10 52 -10 52 -10

5.6.2.3 Al Qatrun location

Table 5.21 Regression models for maximal pavensgnperatures for the Al Qatrun location.

Surface max o = 10.48413 + 0.59960T7* + 0.29049Day — 0.00080Day>
3cm max m = 8387011 + 0.644196T % + 0.244188Day — 0.000669Day?
8cm max m = 7.177688 + 0.627300T% + 0.235079Day — 0.000648Day?
15cm AX em = 8403618 + 0.606931T% + 0.209925Day — 0.000573Day?

Table 5.22 Regression models for minimal pavenmeamperatures for the Al Qatrun location.

Surface| ~ Tmin . =2.839816 + 0.799698T%" + 0.046512Day — 0.000124Day>
3cm i em = 3.920201 + 0.819917T72" + 0.047829Day — 0.000127Day?
8cm N em = 2.482546 + 0.703822T74™ + 0.102696Day — 0.000283Day?
15cm T em = 4.691829 + 0.721753T4™ + 0.092263Day — 0.000253Day?
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Table 5.23 Maximum of seven-day average of prediateaximal daily temperatures and
minimum of minimal daily temperatures from year Q@6 year 2009, year 2012—-2013, for the
Al Qatrun location.

Al Qatrun Predicted values Predicted values
Year | Air_max_ | C1_max_| C2 max_| C3_max_| C4 _max_

aver aver aver aver aver

Max

1999 40,64 60,81 56,42 53,57 51,90 2. , B7M647 | 7,714
2000 40,07 61,74 56,36 53,49 51,85 500 7,0 8/97 ,13 6 8,63
2001 42,69 63,33 57,66 54,74 53,17 3,00 5,38 5,52 ,904 7,13
2002 40,66 62,21 56,79 53,93 52,24 2,00 5,65 5,86 ,894 7,28
2003 42,50 62,83 57,10 54,30 52,59 3,00 6,45 .62 ,0416 8,39
2004 40,61 62,17 56,73 53,89 52,18 1,80 5,12 5,26 ,60 5 7,65
2005 41,93 62,65 57,04 54,22 52,50 3,00 4,63 y,87 395 7,82
2006 41,66 63,00 57,49 54,62 52,90 3/50 8,73 5,89 ,15/5 7,40
2007 44,04 64,41 58,64 55,77 54,00 1{30 4,55 5,67 ,87 14 6,96
2008 40,50 61,88 56,50 53,66 51,96 3,00 5,33 5,48 ,80 4 7,04
2012 48,177 67.164 62.278 59.430 57.018 | 0,31 | 4.160 | 6.180 | 4.700 | 4.980

Table 5.24 Maximum of predicted maximal daily temgteres for years 20002009 and 2012
for the Al Qatrun location.

Al Qatrun Predicted values
Year | Air_ Cl_ Cc2_ C3_ C4_
max max max max max
Max
1999 | 42,00 63,24 57,70 54,81 53,10
2000| 44,40, 63,13 57,17 54,29 52,64
2001 | 43,50| 63,99 58,36 5546 53,12
2002 | 44,40 64,34 58,48 55,63 53,87
2003 | 45,60| 65,05 59,05 56,20 54,43
2004 | 43,50| 64,29 58,60 55,72 53,95
2005| 44,50| 64,15 58,24 55,29 53,13
2006 | 43,20| 64,14 58,49 55,60 53,84
2007 | 45,40 65,48 59,61 56,71 54,90
2008 | 42,70 63,71 58,10 55,20 53,49
2012 | 49,96 | 69,98 | 64,84 | 61,81 | 59,68

For these data for 11 years, mean value, standewéhttbn maximum and minimum were
calculated. To determine 50%, 85%, 95%, 98% an@%9evel of reliability we calculate
intervals Mean = SD, Mean % 1.65*SD, Mean = 2*SiBean + 3*SD. We use values of
standard normal distribution presented in Tabldé 5.1
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Table 5.25 Descriptive statistics for data for £ang at the Al Qatrun location.

Al Qatrun Mean| Min | Max | Std.Dg Mean+SD | Mean*1.65*S) Mean+2*S)  Mean * 3*S
Vv
Air_max 4447 42,00 49,96 2,12 42,35 46,59 4097 ,947| 40,23| 48,71 38.10 50.83
Cl_max_P 64,68 63,1B 69,98 1,8p 62|80 64,57 6],577,806| 60,91| 68,46 59.0270.34
C2_max_P 58,91 57,1F 64,84 2,0b 56/92 61,02 55,59,356| 54,87 63,07 52.9265.12
C3_max_P 56,01 54,2p 61,81 2,01 54|06 54,08 5p,799,385| 52,05 60,09 50.04 62.10
C4_max_p 54,30 52,64 59,48 1,88 52)42 54,18 51,207,415| 50,54| 58,07 48.94659.95
Air_max_aver 42,13 40,0 48,18 2,38 39,80 44,47 288, 45,99 37,44 46,80 35.1349.14
Cl_max_P_aver | 62,93| 60,81 67,14 1,69 61,4 64,61| 60,14 65,71 59,55| 66,30 57.84 67.99
C2_max_P_aver | 57,55| 56,36 62,29 1,70 55,4 59,25| 54,73| 60,36 54,14 60,96 52.43 62.66
C3_max_P_aver | 54,69| 53,49 59,43 1,70 52,9 56,40| 51,88 57,50 51,29| 58,10 | 49.59 59.80
C4_max_P_aver | 52,93| 51,85 57,07 1,50 51,4 54,43 | 50,46 55,40 49,94| 55,93 | 48.44 57.42
Air_min 2,54 0,31 5,00 1,24 1,29 3,78 0,49 45p 50/0 5,02 -1.19 6.27
C1_min_P 5,63 | 4,16 7,70 0,99| 4,64 6,62 | 3,99 7,27 3,64 7,62 2.65| 8.61
C2_min_P 6,88 5,67 8,97 0,94| 5,94 7,82| 5,34 8,43 5,01 8,76 4.07 9.69
C3_min_P 5,28 4,70 6,13 0,51| 4,77 5,79 | 4,44 6,12 4,26 6,30 3.75| 6.81
C4_min_P 7,36 | 4,98 8,63 0,95| 6,41 8,32 | 5,79 8,94 5,46 9,27 4.50( 10.22
Table 5.26 Reliability data for PG at the Al Qattapation.
Al 50% reliability 85% reliability 95% reliability 98% reliability 99,9%
Qatrun Mean Mean + SD Mean £ 1.65SD Mean £ 2SD reliability
Mean + 3SD
N=1lyear§ Min Max Min Max Min Max Min Max Min Max
C1 5,63 62,93 4,64 64,61 3,99 65,71 3,64 66,30 2.65| 67.99
C2 6,88 57,55 5,94 59,25 5,34 60,36 5,01 60,96 4.07| 62.66
C3 5,28 54,69 4,77 56,40 4,44 57,50 4,26 58,10 3.75| 59.80
C4 7,36 52,93 6,41 54,43 5,79 55,40 5,46 55,93 450 57.42
Table 5.27 PG for different level of reliabilityrfthe Al Qatrun location.
Al Qatrun

N=1 PG 50% PG 85% PG 95% PG 98% PG 99,9%
lyears reliability reliability reliability reliability reliability

YY XX YY YY YY XX YY XX YY XX
C1 64 -10 70 -10 70 -10 70 -10 70 -10
C2 58 -10 64 -10 64 -10 64 -10 64 -10
C3 58 -10 58 -10 58 -10 64 -10 64 -10
C4 58 -10 58 -10 58 -10 58 -10 58 -10
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5.6.2.4 Awbari location

Table 5.28 Regression

models for maximal pavereenperatures for the Awbari location.

Surface Tex . = 1874127 + 0.59894T/* + 0.20347Day — 0.00061Day?
3cm max = 13.29718 + 0.64555T2% + 0.18942Day — 0.00055Day?
8cm max m = 11.92221 + 0.64533T2% + 0.18555Day — 0.00054Day?
15cm max m = 7.525291 + 0.530981T/%% + 0.194371Day — 0.000539Day?

Table 5.29 Regression

models for minimal pavemamperatures for the Awbari location.

Surface N e = 0.963055 + 0.779732T7" 4 0.075557Day — 0.000193Day?
3cm min m = 3.781358 + 0.836145T" + 0.045412Day — 0.000117Day?
8cm e em = 7451416 + 0.723849T™ + 0.068226Day — 0.000197Day?;
15cm TN em = 8526790 + 0.647124TH" + 0.095734Day — 0.000269Day>

Table 5.30 Maximum of seven-day average of prediotaximal daily temperatures and
minimum of minimal daily temperatures from year @Q6 year 2009, year 2012-2013, for the

Awbari location.

Awbari Predicted values Predicted values
Year | Air_max_ | C1_max_| C2 max_| C3 _max_| C4_max_

aver aver aver aver aver

Max

2000 42,53 60,8¢ 56,6[7 54,92 4722 1150  2,945,52 8,08 9,44
2001 43,96 60,93 56,74 54,99 47,2 -5/00 -0,531,05 5,97 7,57
2002 44,63 62,14 58,26 56,49 48,69 -2/00 Q,473,05 6,99 8,31
2003 44,59 62,21 58,30 56,54 48,71 -3/50 0Q,362,00 3,87 5,77
2004 43,30 60,79 56,601 54,86 4743 -2|00 -0,082,42 5,39 7,02
2005 43,67 60,9¢ 57,00 55,25 4769 -3]30 -0,311,80 6,05 7,81
2006 43,64 60,2¢ 56,62 54,87 4745 -1j130  0Q,252,87 6,78 8,06
2007 43,59 61,69 57,70 55,94 48,19 -1j50 0Q,172,75 6,70 8,03
2008 44,33 62,24 58,16 56,41 48,40 -2/50 0Q,172,39 6,68 8,37
2009 43,53 61,5(¢ 57,5/ 55,81 48,13 1]10  3,395,64 8,70, 10,52
2012 49.294 68.465 62.945 61.377 52.884 | 0.31 | 4.160| 5.910 | 7.910 | 9.960
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Table 5.31 Maximum of predicted maximal daily tesrgiures for years 2000-2009 and 2012
for the Al Joufroh location.

Awbari Predicted values
Year Air_ C1_ C2_ C3_ C4_
max max max max max
Max
2000 4450 62,07 58,03 56,27 48,54
2001 4530 62,36 58,30 56,5% 48,72
2002 4750 63,26 59,49 57,73 49,77
2003 46,90 63,57 59,78 58,02 49,93
2004 4450 62,12 58,06 56,31 48,37
2005 4550 62,24 58,42 56,66 48,96
2006 45700 62,22 58,28 56,52 48,68
2007 45,60 62,86 58,98 57,2% 49,26
2008 46,40 63,49 59,52 57,77 49,54
2009 4510 62,66 58,71 56,9% 48,99
2012 53,36/ 70,89| 66,01] 64,66 55,47

For these data for 11 years, mean value, standewvétcbn maximum and minimum were
calculated. To determine 50%, 85%, 95%, 98% an89%9evel of reliability, we calculate
intervals Mean = SD, Mean % 1.65*SD, Mean = 2*SBean + 3*SD. We use values of
standard normal distribution presented in Tabld 5.1

Table 5.32 Descriptive statistics for data for £ang at the Al Jufroh location.

Mean| Min | Max | Std.Dev| Mean * SD Mean £ Mean + 2*SD Mean £
Awbari 1.65*SD 3*SD
Air_max 46,40( 44,50| 53,36 2,49 | 43,9 48,89| 42,29 50,50 | 41,47 51,37 | 38.93 53.86
Cl _max P 63,43| 62,07| 70,89| 2,53 | 60,9| 65,96| 59,25| 67,61 | 58,36 68,50 | 55.83 71.03
C2_max_P 59,42 58,03| 66,01| 2,27 | 57,1 61,69| 55,67| 63,16 | 54,87 63,96 | 52.6( 66.23
C3_max_P 57,70| 56,27| 64,66| 2,39 | 55,3 60,09| 53,75| 61,64 | 52,92 62,48 | 50.53 64.87
C4_max_p 49,65( 48,37| 55,47 2,00 | 47,6/ 51,64| 46,35 52,94 | 45,6 53,64 | 43.64 55.64

Air_max_aver 44,28( 42,531 49,29 1,77 | 42,5/ 46,05| 41,36 47,20 | 40,74 47,82 | 38.97 49.59

C1_max_P_aver| 62,00( 60,26| 68,47| 2,24 | 59,7| 64,25| 58,30| 65,70 | 57,53 66,49 | 55.24 68.73

C2_max_P_aver| 57,87 56,61| 62,95| 1,81 | 56,0/ 59,68| 54,88| 60,86 | 54,24 61,50 | 52.43 63.31

C3_max_P_aver| 56,13 54,86| 61,38| 1,87 | 54,2/ 58,00| 53,06| 59,21 | 52,40 59,86 | 50.54 61.73

C4_max_P_aver| 48,36( 47,22| 52,88| 1,60 | 46,7|49,96| 45,73| 51,00 | 45,17 51,56 | 43.57 53.16

Air_min -1,65| -5,00| 1,50 2,00 -1034| 495 164 | -564 2,34 -7.644.33
Cl_min_P 1,00 | -0,53| 4,16 1,65| - 265|-1,73| 3,73 |-231| 4,30 | -3.96( 5.96
C2_min_P 3,22 | 1,05| 5,91 1,68(1,54( 4,90 | 0,44 599 (-0,15| 6,58 | -1.83| 8.26
C3_min_P 6,65 | 3,87| 8,70 1,35|5,30| 7,99 | 4,43 8,87 | 3,96 9,34 | 2.61 | 10.68
C4_min_P 8,26 | 5,77| 10,52 1,34 (6,92 9,60| 6,05 | 10,47 558 | 10,94 4.24 | 12.28
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Table 5.33 Reliability data for PG at the Awbagdtion.

Awbari 50% reliability 85% reliability 95% reliability 98% reliability 99,9%
Mean Mean = SD Mean + 1.65SD Mean * 2SD reliability
Mean + 3SD
N=1lyear§ Min Max Min Max Min Max Min Max Min Max
C1 1,00 62,00 | -0,65 64,25 -1,73 65,70 -2,31 66,49 | -3.96 | 68.73
Cc2 3,22 57,87 1,54 59,68 0,44 60,86 -0,15 61,50 | -1.83| 63.31
C3 6,65 56,13 5,30 58,00 4,43 59,21 3,96 59,86 | 2.61 | 61.73
C4 8,26 48,36 6,92 49,96 6,05 51,00 5,58 51,56 | 4.24 | 53.16
Table 5.34 PG for different level of reliabilityrfthe Awbari location.
Awbari
N=11 PG 50% PG 85% PG 95% PG 98% PG 99,9%
years reliability reliability reliability reliability reliability
YY XX YY YY YY XX YY XX YY XX
C1 64 -10 70 -10 70 -10 70 -10 70 -10
Cc2 58 -10 64 -10 64 -10 64 -10 64 -10
C3 58 -10 64 -10 64 -10 64 -10 64 -10
C4 52 -10 52 -10 52 -10 52 -10 58 -10

5.6.2.5 Awjilah location

Table 5.35 Regression models for maximal pavenegnperatures for the Awjilah location.

Surface| T, =9.318178 + 0.835453T1%% + 0.174614Day — 0.000489Day’
3cm max m = 5.047061 + 0.823319T7% + 0.195413Day — 0.000544Day?
8cm max m = 6.223817 + 0.759976T % + 0.160414Day — 0.000452Day?
15cm A m = 4877254 + 0.703914T 2% + 0.170250Day — 0.000459Day?

Table 5.36 Regression models for minimal pavenmemperatures for the Awijilah location.

Surface min ep = 9.440062 + 0.657306T " + 0.032589Day — 0.000133Day?
3cm T em = 3.294963 + 0.794512T7%" + 0.053131Day — 0.000144Day?
8cm i em = 4.284102 + 0.761828T7%" + 0.058534Day — 0.000152Day?
15cm U em = 4356681 + 0.763559T%™ + 0.060234Day — 0.000157Day?
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Table 5.37 Maximum of seven-day average of prediotaximal daily temperatures and
minimum of minimal daily temperatures from year @@6 year 2009, year 2012-2013, for the
Awijilah location.

Awjilah Predicted values Predicted values
Year Air_max_ | C1_max_| C2_max_| C3_max_| C4_max_
aver aver aver aver aver
Max

2000 40.63 58.52 55.73 51.02 49.04 2. 8.08 61.33.35 7.46
2001 40.52 58.68 55.89 51.17 49.17 3.60 3/60 694.24 1 8.77
2002 44.23 60.97 58.08 53.21 51.22 3.0 728 644.35 71 7.44
2003 41.79 59.80 56.99 52.20 50.07 250 6.56 6.84.79 7 7.90
2004 40.44 58.59 55.79 51.08 49.1( 20 539 565.46 1 7.49
2005 41.80 58.90 55.93 51.41 48.92 250 5090 568.57 6 6.65
2006 41.19 58.55 55.70 51.01 49.17 300 6,04 6/20.12 7 7.21
2007 43.30 61.08 58.24 53.36 51.11 300 6,68 6.87.71 7 7.79
2008 42.16 59.97 57.11 52.37 50.06 250 8p28 6.94.90 7 8.01
2009 40.40 58.65 55.84 51.15 49.05 280 787 563.53 6 6.61
2012 49.86 66.12 64.04 59.23 56.24 -0.01| 399 | 456 | 6.97 | 6.97

Table 5.38 Maximum of predicted maximal daily tesrgiures for years 2000-2009 and 2012
for the Al Joufroh location.

Awijilah Predicted values
Year Air_ Cl_ c2_ C3_ C4_
max max max max max
Max
2000 | 43,50 59,95 57,14 52,33 50,2
2001 | 46,00 61,94 59,09 54,13 51,9

2002 48,00 64,04 61,09 56,0( 53,8
2003 45,50 61,85 58,96 54,02 51,9
2004 44,50 61,80 58,96 54,0( 51,8
2005 45,50 62,08 59,07 54,3( 51,6
2006 47,00 63,29 60,36 55,32 53,1
2007 45,60 63,00 60,14 55,11 52,7
2008 45,00 62,30 59,39 54,48 51,9
2009 45,00 62,43 59,57 54,57 52,3
2012 | 50,93 66,99 64,80 59,84 56,98

(O BN (O I S I — N — e S — — 0¥}

For these data for 11 years, mean value, standewchttbn maximum and minimum were
calculated. To determine 50%, 85%, 95%, 98% an89%9evel of reliability, we calculate
intervals Mean = SD, Mean % 1.65*SD, Mean = 2*SiBean + 3*SD. We use values of
standard normal distribution presented in Tabldé 5.1
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Table 5.39 Descriptive statistics for data for £ang at the Al Jufroh location.

Awjilah Mean| Min | Max | Std.Dev| Mean + SD Mean * Mean * 2*SD Mean *
1.65*SD 3*SD
Air_max 46,05| 43,50| 50,93| 2,01 | 44,00 48,06| 42,73 49,37 | 42,03 50,07 | 40.02 52.08
C1_max_P 62,70( 59,95/ 66,99| 1,76 | 60,9 64,46|59,80| 65,60 | 59,14 66,21 | 57.42 67.97
C2_max_P 59,87| 57,14| 64,80 1,92 | 57,9 61,79(56,71| 63,03 | 56,03 63,71 | 54.17 65.62
C3_max_P 54,92| 52,33(59,84| 1,88 | 53,0/ 56,80(51,82| 58,02 | 51,14 58,67 | 49.29 60.55
C4_max_p 52,59| 50,23( 56,98| 1,72 | 50,8/ 54,31 49,76| 55,43 | 49,1 56,03 | 47.43 57.75
Air_max_aver |42,39|40,40| 49,86 2,77 | 39,6| 45,16| 37,83 46,96 | 36,84 47,93 | 34.09 50.69
C1 _max_P_aver| 59,98( 58,52| 66,12| 2,25 | 57,7|62,24| 56,27| 63,70 | 55,44 64,49 | 53.23 66.74
C2_max_P_aver| 57,21 55,70| 64,04| 2,45 | 54,7/ 59,67| 53,16| 61,26 | 52,30 62,12 | 49.85 64.58
C3_max_P_aver| 52,47( 51,01| 59,23| 2,41 | 50,0 54,88| 48,51| 56,44 | 47,64 57,28 | 45.26 59.69
C4_max_P_aver| 50,29( 48,92| 56,24| 2,14 | 48,1] 52,43| 46,75| 53,82 | 46,00 54,57 | 43.84 56.72
Air_min 2,60 | -0,01f 3,600 0,95 1,85355| 1,03 4,27 0,70 4,50 -0.255.45
C1_min_P 6,33 | 3,60| 8,28 156(4,77( 790 | 3,76 | 8,91 | 3,21 | 9,46 | 1.65| 11.02
C2_min_P 6,19 | 4,56| 6,94 0,75(5,44| 6,94 | 4,95 7,43 | 469 | 7,69| 3.94| 8.44
C3_min_P 7,27 | 6,53| 7,90  0,45(6,82| 7,73 | 6,52 8,02 | 6,36 | 8,18 | 591 | 8.63
C4_min_P 748 | 6,61| 8,771 0,63(6,85|8,11| 644 | 853 | 6,22| 8,75 | 558 | 9.38
Table 5.40 Reliability data for PG at the Awjiladchtion.
Awjilah 50% reliability 85% reliability 95% reliability 98% reliability 99,9%
Mean Mean = SD Mean + 1.65SD Mean * 2SD reliability
Mean = 3SD
N=1lyear§ Min Max Min Max Min Max Min Max Min Max
C1 6,33 59,98 4,77 62,24 3,76 63,70 3,21 64,49 | 1.65| 66.74
c2 6,19 57,21 5,44 59,67 4,95 61,26 4,69 62,12 | 3.94 | 64.58
C3 7,27 52,47 6,82 54,88 6,52 56,44 6,36 57,28 | 5.91 | 59.69
C4 7,48 50,29 6,85 52,43 6,44 53,82 6,22 54,57 | 5.58 | 56.72

Table 5.41 PG for different levels of reliabilityrfthe Al Jufroh location.

Awijilah
N=11 PG 50% PG 85% PG 95% PG 98% PG 99,9%
years reliability reliability reliability reliability reliability
YY XX YY YY YY XX YY XX YY XX
C1 64 -10 64 -10 64 -10 70 -10 70 -10
Cc2 58 -10 64 -10 64 -10 64 -10 70 -10
C3 58 -10 58 -10 58 -10 58 -10 64 -10
C4 52 -10 58 -10 58 -10 58 -10 58 -10
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5.6.2.6 Brak location

Table 5.42 Regression models for maximal pavensnpeératures for the Al Jufroh location.

Surface Tex . = 13.40893 + 0.62822T/%* + 0.23666Day — 0.00065Day?
3cm max = 7.188584 + 0.710666T 2% + 0.225349Day — 0.000613Day?
8cm max m = 6.005975 + 0.686538T % + 0.222403Day — 0.000603Day?
15cm max m = 4.639623 + 0.609187T%%* + 0.212552Day — 0.000572Day?

Table 5.43 Regression models for minimal pavenamperatures for the Al Jufroh location.

Surface N e = 9216318 + 0.627141T " 4 0.061208Day — 0.000170Day?
3cm N m = 2.544214 + 0.815841T7U" + 0.068388Day — 0.000179Day?
8cm e em = 3.116924 + 0.803832T7%" + 0.077218Day — 0.000203Day?
15cm TN em = 4682006 + 0.760949T%" + 0.101335Day — 0.000274Day?

Table 5.44 Maximum of seven-day average of prediateaximal daily temperatures and
minimum of minimal daily temperatures from year @Q6 year 2009, year 2012-2013, for the
Brak location.

Brak Predicted values Predicted values
Year | Air_max_ | C1_max_| C2 max_| C3 _max_| C4_max_

aver aver aver aver aver

Max

2000 41,77 60,94 57,37 54,99 4966 1150 10,714,45 5,03 6,60
2001 42,79 60,83 57,20 54,82 49,51 1j00 10,153,70 4,30 5,94
2002 44,81 62,94 59,6 57,17 5160 -1j00 8,952,13 2,77 4,52
2003 44,39 62,83 59,44 56,98 5142 -1|]90 8,152,54 3,22 4,40
2004 42,71 60,74 57,36 54,98 4965 020 9,763,18 3,81 5,53
2005 42,27 61,14 57,56 55,16 49,81 0|60 10,414,14 4,85 6,41
2006 42,80 61,00 57,60 55,21 49,86 0j00 9,462,81 3,42 5,08
2007 43,84 62,44 59,08 56,59 51,08 -2|00 1,782,13 2,77 3,84
2008 44,04 62,3¢ 58,91 56,45 50,00 -3j00 9,402,65 3,35 4,98
2009 42,43 61,58 58,04 55,63 50,23 2,00 12,117,17 7,69 9,07
2012 47.16 66.08 62.79 60.6 55.0 2.2 | 10.82| 6.820 | 7.60 | 9.710
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Table 5.45 Maximum of predicted maximal daily temgteres for years 2000—2009 and 2012
for the Brak location.

Brak Predicted values
Year Air_ C1_ C2_ C3_ C4_
max max max max max
Max
2000 44,00 62,03 58,56 56,14 50,68
2001 4410 62,41 58,99 56,56 51,05
2002 47,00 63,95 60,78 58,29 52,60
2003 44,700 63,03 59,67, 57,20 51,61
2004 44700 62,90 59,51 57,04 51,43
2005 4410 62,34 58,99 56,56 51,06
2006 4520 62,36 59,17 56,74 51,21
2007 46,00 63,80 60,56 58,07 52,39
2008 46,40 63,81 60,56 58,04 52,30
2009 4450 62,85 59,49 57,04 51,48
2012 50,10/ 69,06 65,23] 62,72| 56,63

For these data for 11 years, mean value, standewvétocbn maximum and minimum were
calculated. To determine 50%, 85%, 95%, 98% an89%39evel of reliability, we calculate
intervals Mean = SD, Mean % 1.65*SD, Mean = 2*SiBean + 3*SD. We use values of
standard normal distribution presented in Tabldé 5.1

Table 5.46 Descriptive statistics for data for ang at the Brak location.

Brak Mean| Min [ Max | Std.Dev| Mean = SD Mean + Mean + 2*SD Mean £
1.65*SD 3*SD
Air_max 45,53| 44,00( 50,10| 1,82 | 43,71 47,3|42,53| 48,52 | 41,89 49,16 | 40.08§ 50.98
C1_max_P 63,50| 62,03| 69,06| 1,96 | 61,59 65,4 60,27| 66,73 | 59,59 67,42 | 57.63 69.37
C2_max_P 60,14| 58,56 65,23| 1,84 | 58,30 61,9(57,10| 63,17 | 56,44 63,81 | 54.63 65.65
C3_max_P 57,67| 56,14 62,72| 1,81 | 55,8¢ 59,4 54,68| 60,66 | 54,04 61,30 | 52.23 63.11
C4_max_p 52,04| 50,68 56,63| 1,64 | 50,40 53,6(49,33| 54,75 | 48,7 55,32 | 47.14 56.96

Air_max_aver 43,55\ 41,77\ 47,16 1,53 | 42,01 45,0| 41,01 46,08 | 40,48 46,62 | 38.94 48.15

C1_max_P_aver| 62,08( 60,74| 66,08| 1,56 | 60,52 63,6|59,51| 64,66 | 58,99 65,21 | 57.4( 66.77

C2_max_P_aver| 58,63 57,20| 62,79| 1,64 | 56,99 60,2| 55,92| 61,34 | 55,34 61,91 | 53.7( 63.55

C3_max_P_aver| 56,23 54,82| 60,60| 1,68 | 54,59 57,9|53,46| 59,01 | 52,87 59,60 | 51.14 61.29

C4_max_P_aver| 50,79 49,51| 55,00| 1,59 | 49,20 52,3|48,17| 53,41 | 47,64 53,97 | 46.03 55.56

Air_min -0,04| -3,00( 2,20 1,73| -1,7Y1,70(-2,90| 2,83 | -3,5] 3,43 -5.345.17
Cl_min_P 9,79 | 7,78| 12,11 1,25 | 8,55( 11,0 7,74 | 11,85 7,30 | 12,28| 6.06| 13.53
C2_min_P 3,79 | 2,13| 7,17 1,76| 2,04 | 5,55 0,89 6,69 | 0,28 | 7,31 | -1.48| 9.06
C3_min_P 4,44 | 2,77 7,69 1,75| 2,68 | 6,19| 1,54 7,33 | 0,93 | 7,95| -0.83[ 9.70
C4_min_P 6,01 | 3,84 9,71 1,88| 4,13 | 7,88 2,91 9,10 | 2,25 9,76 | 0.38]| 11.64
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Table 5.47 Reliability data for PG at the Brak lbma

Brak 50% reliability 85% reliability 95% reliability 98% reliability 99,9%
Mean Mean = SD Mean + 1.65SD Mean + 2SD reliability
Mean + 3SD
N=1lyear§ Min Max Min Max Min Max Min Max Min Max
C1 9,79 62,08 8,55 63,65 7,74 64,66 7,30 65,21 | 6.06 | 66.77
Cc2 3,79 58,63 2,04 60,27 0,89 61,34 0,28 61,91 | -1.48| 63.55
C3 4,44 56,23 2,68 57,92 1,54 59,01 0,93 59,60 [ -0.83| 61.29
C4 6,01 50,79 4,13 52,38 2,91 53,41 2,25 53,97 | 0.38 | 55.56
Table 5.48 PG for different levels of reliabilityrfthe Brak location
Brak
N=11 PG 50% PG 85% PG 95% PG 98% PG 99,9%
years reliability reliability reliability reliability reliability
YY XX YY YY YY XX YY XX YY XX
C1 64 -10 64 -10 70 -10 70 -10 70 -10
Cc2 64 -10 64 -10 64 -10 64 -10 64 -10
C3 58 -10 58 -10 64 -10 64 -10 64 -10
C4 52 -10 58 -10 58 -10 58 -10 58 -10

5.6.2.7 Ghadamislocation

Table 5.49 Regression models for maximal pavensnperatures for the Ghadamis location.

Surface max - = 5.705109 + 0.827308T7% + 0.200932Day — 0.000546Day?
3cm max m = 2.785780 + 0.919918T1% + 0.168052Day — 0.000461Day?
8cm max m = 0.130674 + 0.866552T/%% + 0.161649Day — 0.000441Day>
15cm A om = —1.86996 + 0.73224T71%* + 0.18756Day — 0.00051Day?

Table 5.50 Regression models for minimal pavenmemperatures for the Ghadamis location.

Surface|  Tmin . =0.008911 + 0.7511317/%" + 0.079117Day — 0.000204Day>
3cm i em = 1.559759 + 0.823675T7%" + 0.058969Day — 0.000154Day>
8cm i m = 2.254005 + 0.815608T7%" + 0.069928Day — 0.000182Day?
15cm U em = 5453641 + 0.811387T/%™ + 0.056728Day — 0.000132Day?
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Table 5.51 Maximum of seven-day average of prediateaximal daily temperatures and
minimum of minimal daily temperatures from year @@6 year 2009, year 2012-2013, for the
Ghadamis location.

Ghadamis Predicted values Predicted values
Year | Air_max_ | C1_max_| C2 max_| C3_max_| C4 _max_
aver aver aver aver aver
Max

2000 43,01 59,76 57,64 52,20 46,84 00 2/56,283 6,43
2001 45,20 61,49 59,58 54,03 48,34 2|50 0Ja6  1/32,38 5,20
2002 46,47 62,61 60,81 55,19 49,37 -1/60 -0/,89 0/571,28 4,48
2003 46,21 62,42 60,61 54,99 49,21 2|20 o070 133,37 5,40
2004 45,27 60,81 58,98 53,48 47,74 -1l40 0J/63 152,51 5,90
2005 46,50 62,39 60,62 55,01 49,17 2|20 -065 0/671,44 4,57
2006 44,66 60,90 58,93 53,40 47,86 -1/60 -0,73  0/591,36 4,49
2007 45,46 61,78 59,91 54,32 48,64 0[50 0/85  2/373,10 6,25
2008 45,36 61,68 59,78 54,21 48,54 010 227 3]22.,284 7,84
2009 45,53 61,85 59,97 54,39 48,7( 100 1/83 323,084 7,09
2012 | 49.86 66.73 64.04 58.85 53.15 |-1.61| 2.04 | 361 | 446 | 6.12

Table 5.52 Maximum of predicted maximal daily temgteres for years 2000-2009 and 2012
for the Al Joufroh location.

Ghadamis Predicted values
Year Air_ Cl_ c2_ C3_ C4_
max max max max max
Max

2000 45,50 61,80 59,91 54,34 48,6
2001 47,40 63,28 61,58 55,91 49,9
2002 48,00 63,76 62,11 56,41 50,3
2003 47,00 63,07 61,33 55,67 49,7
2004 46,00 61,28 59,54 54,0( 48,1
2005 47,50 63,22 61,54 55,88 49,9
2006 46,30 61,58 59,73 54,1 48,4
2007 46,50 62,65 60,87 55,23 49,4
2008 47,00 63,01 61,26 55,61 49,7
2009 47,00 63,06 61,32 55,66 49,7
2012 | 50,93 69,88 64,80 59,67 53,68

o0 WO NF Ol © O N O

For these data for 11 years, mean value, standewchttbn maximum and minimum were
calculated. To determine 50%, 85%, 95%, 98% an89%9devels of reliability we calculate
intervals Mean = SD, Mean % 1.65*SD, Mean = 2*SiBean + 3*SD. We use values of
standard normal distribution presented in Tabldé 5.1
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Table 5.53 Descriptive statistics for data for £arng at the Ghadamis location

Ghadamis Mean| Min [ Max | Std.De| Mean + SD Mean * Mean £ 2*SD Mean +
v 1.65*SD 3*SD
Air_max 47,19( 45,50 50,93| 1,43 | 45,76 48,62| 44,84 49,55 | 44,33 50,05 | 42.91 51.48
Cl_max_P 63,33| 61,28| 69,88| 2,31 | 61,02 65,64| 59,51| 67,14 | 58,70 67,95| 56.39 70.26
C2_max_P 61,27| 59,54| 64,80| 1,44 | 59,83 62,71| 58,90| 63,65 | 58,39 64,15 | 56.95 65.59
C3_max_P 55,69| 54,00| 59,67| 1,54 | 54,15 57,22| 53,15| 58,22 | 52,61 58,76 | 51.08 60.30
C4_max_p 49,81 48,15| 53,68| 1,46 | 48,35 51,28| 47,40 52,23 | 46,89 52,74 | 45.43 54.20
Air_max_aver 45,78| 43,01| 49,86 1,66 | 44,11 47,44| 43,03 48,52 | 42,45 49,10 40.78 50.77
C1l_max_P_aver| 62,04| 59,76| 66,73 1,76 | 60,27 63,80 59,13| 64,95 | 58,51 65,57 | 56.74 67.33
C2_max_P_aver| 60,08| 57,64| 64,04| 1,60 | 58,48 61,68 57,44 62,72 | 56,84 63,28 | 55.27 64.88
C3_max_P_aver| 54,55| 52,20| 58,85 1,67 | 52,89 56,22 51,80| 57,30 | 51,22 57,88 | 49.55 59.55
C4_max_P_aver| 48,88( 46,85( 53,15 1,60 | 47,28 50,47( 46,24| 51,51 | 45,68 52,07 | 44.08 53.67
Air_min -1,14| -2,50| 1,00 1,12 -2,2¢6 -0,00-2,99| 0,72 | -3,39 1,11 -4.512.23
C1_min_P 0,68 | -0,89( 2,27| 1,10/ -0,42( 1,78( -1,13 250 (-1,52| 2,88 |-2.62( 3.98
C2_min_P 191 o57| 3,61 1,13 0,78 | 3,04| 0,04 | 3,78 |-0,36| 4,18 |-1.49| 5.31
C3_min_P 2,78 | 1,28 4,46 1,17/ 1,61 3,94( 0,85 4,70 | 0,45 | 5,11 |-0.72| 6.27
C4_min_P 580 | 4,48 7,84 1,10 4,70| 6,89| 3,99 | 7,61 | 3,60| 7,99 251 | 9.09
Table 5.54 Reliability data for PG at the Ghadawigstion.
Ghada 50% reliability 85% reliability 95% reliability 98% reliability 99,9%
mis Mean Mean = SD Mean + 1.65SD Mean * 2SD reliability
Mean + 3SD
N=1lyear§ Min Max Min Max Min Max Min Max Min Max
C1 0,68 62,04 -0,42 63,80 -1,13 64,95 -1,52 65,57 | -2.62| 67.33
Cc2 1,91 60,08 0,78 61,68 0,04 62,72 | -0,36 63,28 | -1.49| 64.88
C3 2,78 54,55 1,61 56,22 0,85 57,30 0,45 57,88 [ -0.72| 59.55
C4 5,80 48,88 4,70 50,47 3,99 51,51 3,60 52,07 | 2.51 | 53.67
Table 5.55 PG for different level of reliabilitgifthe Ghadamis location.
Ghadamis
N=11 PG 50% PG 85% PG 95% PG 98% PG 99,9%
years reliability reliability reliability reliability reliability
YY XX YY YY YY XX YY XX YY XX
C1 64 -10 64 -10 70 -10 70 -10 70 -10
C2 64 -10 64 -10 64 -10 64 -10 70 -10
C3 58 -10 58 -10 58 -10 58 -10 64 -10
C4 52 -10 52 -10 52 -10 58 -10 58 -10
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5.6.2.8 Ghat location

Table 5.56 Regression models for maximal pavetegnperatures for the Ghat location.

Surface Tex . = 15.60502 + 0.66044T%* + 0.21938Day — 0.00061Day?
3cm max = 7.277605 + 0.810461T2% + 0.180809Day — 0.000506Day?
8cm max m = 12.42993 + 0.60993T%* + 0.20173Day — 0.00055Day?
15cm max m = 8213704 + 0.572258T%% + 0.213122Day — 0.000583Day?

Table 5.57 Regression models for minimal pavenmemperatures for the Ghat location.

Surface TN e = 3429364 + 0.788663TI" + 0.056234Day — 0.000150Day?
3cm min m = 4117598 + 0.813228T7%" + 0.051351Day — 0.000138Day?
8cm e em = 5:329680 + 0.706210T7%" + 0.089516Day — 0.000235Day>
15cm TN em = 6.236562 + 0.647014T %" + 0.106429Day — 0.000285Day>

Table 5.58 Maximum of seven-day average of prediotaximal daily temperatures and
minimum of minimal daily temperatures from year @Q6 year 2009, year 2012-2013, for the
Ghat location.

Ghat Predicted values Predicted values
Year | Air_max_ | C1_max_| C2 max_| C3 _max_| C4_max_

aver aver aver aver aver

Max

2000 43,14 63,64 58,2 57,17 52P9 0|50 4,214,88 6,30 7,29
2001 42,19 62,74 57,20 56,36 5153 0|50 4,424,93 7,13 7,54
2002 44,21 64,44 59,17 57,85 5204 -8l00 -1,671,28 1,61 3,36
2003 42,79 63,56 58,08 57,02 5217 -4/50 1,572,00 4,85 5,67
2004 41,71 62,24 56,6[7 55,92 51,08 -1/00 3,243,71 5,68 6,56
2005 43,50 63,61 58,28 57,15 524 -1/50 2,363,00 4,45 5,48
2006 42,00 62,64 56,95 56,16 5186 -1/00  3,193,80 5,50 6,63
2007 43,73 64,03 58,7 57,41 5254 -7l00 -1,701,22 1,00 2,44
2008
2009 43,20 63,81 58,39 57,26 52B9 -1/50 3,413,96 6,13 7,47
2012 | 50.344 71.005 65.868 63.121 58.171 | -0.52| 3.860| 4.540 | 6.270 | 7.100
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Table 5.59 Maximum of predicted maximal daily tesrgiures for years 2000-2009 and 2012
for the Ghat location

Ghat Predicted values
Year Air_ Cl_ Cc2_ C3_ C4_
max max max max max
Max
2000 44,700 64,75 59,55 58,14 53,21
2001 44,00 64,20 58,95 57,51 52,62
2002 4580 65,49 60,46 58,82 53,85
2003 44,700 64,81 59,61 58,18 53,26
2004 44,00 63,96 58,62 57,31 52,44
2005 4450 64,30 59,12 57,79 52,94
2006 43,50 63,72 58,27 57,1% 52,30
2007 46,00 65,70 60,70 58,98 54,01

2008
2009 4490 64,98 59,82 58,29 53,37
2012 | 52,580| 72,460| 66,810 64,020] 60,460

For these data for 11 years, mean value, standewvétocbn maximum and minimum were
calculated. To determine 50%, 85%, 95%, 98% an89%39evel of reliability, we calculate
intervals Mean = SD, Mean % 1.65*SD, Mean = 2*SiBean + 3*SD. We use values of
standard normal distribution presented in Tabldé 5.1

Table 5.60 Descriptive statistics for data for hang at the Ghat location

Ghat Mean| Min [ Max | Std.De| Mean + SD Mean + Mean + 2*SD Mean £
v 1.65*SD 3*SD
Air_max 45,471 43,50| 52,58| 2,62 | 42,89 48,08| 41,15 49,78 | 40,24 50,70 | 37.62 53.32
C1_max_P 65,44 63,72| 72,46| 2,55 | 62,89 67,98| 61,23| 69,64 | 60,34 70,53 | 57.79 73.08
C2_max_P 60,19( 58,27| 66,81| 2,45 | 57,74 62,64| 56,15| 64,23 | 55,30 65,08 | 52.89 67.53
C3_max_P 58,62| 57,15( 64,02| 1,99 | 56,63 60,61 55,33| 61,90 | 54,64 62,60 | 52.69 64.59
C4_max_p 53,84| 52,30| 60,46| 2,40 | 51,44 56,23( 49,88| 57,79 | 49,04 58,63 | 46.69 61.02

Air_max_aver 43,68| 41,71| 50,34| 2,47 | 41,21 46,15| 39,60 47,76 | 38,74 48,62 | 36.27 51.10

C1_max_P_aver| 64,19( 62,28| 71,01| 2,49 | 61,70 66,67| 60,08| 68,29 | 59,21 69,16 | 56.73 71.65

C2_max_P_aver| 58,76( 56,67| 65,87| 2,62 | 56,14 61,38| 54,44| 63,09 | 53,57 64,00 | 50.90 66.63

C3_max_P_aver| 57,54 55,92| 63,12| 2,05 | 55,49 59,59| 54,16| 60,92 | 53,44 61,64 | 51.39 63.69

C4_max_P_aver| 52,67 51,08| 58,17| 2,02 | 50,6q 54,69| 49,35| 56,00 | 48,64 56,70 | 46.63 58.72

Air_min -2,40| -8,00( 0,50 3,03| -544 068 -741 26D -8/47 3,7 -6.70
Cl_min_P 2,29 | -1,70| 4,42 2,26| 0,03 | 4,54|-1,43( 6,01 |-222| 6,80 |-4.48| 9.06
C2_min_P 2,83 | -1,28| 4,93 2,32 0,51 5,15|-1,00( 6,66 (-1,81| 7,48 |-4.14| 9.80
C3_min_P 4,89 | 1,00( 7,13 2,04/ 2,85| 6,93 1,52 8,26 | 0,81 8,98 |-1.23|11.02
C4_min_P 595 | 2,44| 7,54 1,77 419 | 7,72| 3,04 8,87 | 242 9,49 | 0.65| 11.2§
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Table 5.61 Reliability data for PG at the Ghat tawa

Ghat 50% reliability 85% reliability 95% reliability 98% reliability 99,9%
Mean Mean = SD Mean + 1.65SD Mean * 2SD reliability
Mean = 3SD
N=1lyear§ Min Max Min Max Min Max Min Max Min Max
C1 2,29 64,19 0,03 66,67 -1,43 68,29 -2,22 69,16 | -4.48| 71.65
Cc2 2,83 58,76 0,51 61,38 -1,00 63,09 -1,81 64,00 | -4.14| 66.63
C3 4,89 57,54 2,85 59,59 1,52 60,92 0,81 61,64 | -1.23| 63.69
c4 5,95 52,67 4,19 54,69 3,04 56,00 2,42 56,70 | 0.65 | 58.72
Table 5.62 PG for different level of reliabilityrfthe Ghat location.
Ghadamis
N=11 PG 50% PG 85% PG 95% PG 98% PG 99,9%
years reliability reliability reliability reliability reliability
YY XX YY YY YY XX YY XX YY XX
C1 70 -10 70 -10 70 -10 70 -10 76 -10
Cc2 64 -10 64 -10 64 -10 70 -10 70 -10
C3 64 -10 64 -10 64 -10 64 -10 64 -10
C4 58 -10 58 -10 58 -10 58 -10 64 -10

5.6.3 Libyan Desert road PG mapping

Table 5.63 PG for pavement temperatures at tharfor eight locations.

C1, surface
PG 98% reliability PG 99,9% reliability

YY XX YY XX
Al Jufroh 70 -10 70 -10
Al Kufrah 70 -10 70 -10
Al Qatrun 70 -10 70 -10
Awbari 70 -10 70 -10
Awijilah 70 -10 70 -10
Brak 70 -10 70 -10
Ghadamis 70 -10 70 -10
Ghat 70 -10 76 -10
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Table 5.64 PG for pavement temperatures at 3cnindepeight locations.

C2, 3cm
PG 98% reliability | PG 99,9% reliability

YY XX YY XX
Al Jufroh 64 -10 64 -10
Al 64 -10 64 -10
Al Qatrun 64 -10 64 -10
Awbari 64 -10 64 -10
Awijilah 64 -10 70 -10
Brak 64 -10 64 -10
Ghadami§y 64 -10 70 -10
Ghat 70 -10 70 -10

Table 5.65 PG for pavement temperatures at 8citihdepeight locations.

C3,8cm

PG 98% reliability | PG 99,9% reliability
YY XX YY XX
Al Jufroh 58 -10 64 -10
Al 58 -10 58 -10
Al Qatrun 64 -10 64 -10
Awbari 64 -10 64 -10
Awjilah 58 -10 64 -10
Brak 64 -10 64 -10
Ghadamig 58 -10 64 -10
Ghat 64 -10 64 -10

Table 5.66 PG for pavement temperatures at 15cith depeight locations.

C4, 15cm

PG 98% reliability | PG 99,9% reliability
YY XX YY XX
Al Jufrofr 58 -10 58 -1C
Al 52 -10 52 -10
Al Qatrun 58 -10 58 -10
Awbari 52 -10 58 -10
Awijilah 58 -10 58 -1C
Brak 58 -10 58 -1C
Ghadami 58 -10 58 -10
Ghat 58 -10 64 -10
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5.7 Determination of the performance grade of Libya bitumen

This section presents the performance grade ofaldiitumen and modified bitumen according to
the modified bitumen that is used on Libya's desmts. Generally, the bitumen, with viscosity
class 60/70 (AC-20), is used in Libyan road speaiion for binder course layer, also rubber
modified bitumen is using for wearing course layeo. find the PG of bitumen and modified

bitumen some tests were carried out.

5.7.1 Tests

For the calculation of the performance grade, #terchination of the following values was carried
out on the unmodified bitumen and rubber modifigdrben:

- determination of complex shear modulus and phagé - Dynamic Shear Rheometer (DSR) -in
accordance with the European Standard EN 14770;

- determination of flexural creep stiffness—BegdBeam Rheometer (BBR) - in accordance with
the European Standard EN 14771.

These tests were carried out in the accrediteddatny Nievelt Labor Praha spol.

5.7.2 Test results

Test results of binders are described below:

- Asphalt binder bitumen 60/70 from Libyan prodanti

- Rubber modified binder can be qualified in acemak with the Superpave method as follows:
- Binder bitumen 60/70: PG 64-22
- Rubber modified binder: PG 76-16.
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Chapter 6 SUMMARY AND CONCLUSIONS

The performance of asphalt pavements is greatlyented by environmental conditions. One of
the most important environmental factors that digamtly affects the mechanical properties of
asphalt mixtures is temperature. Thus, accuratéigiren of the temperature distribution within
the pavement structure is important. This study peagposed regression models to predict
flexible pavement temperature profile and measuweddes for air temperature, wind speed, and
solar radiation at different pavement stations tedat the Libya Desert Accelerated Pavement
Facility. Data were collected for 365 days, air and pavertenperature, wind speed an solar
radiation was recorded every fifteen minutes. Hagight locations, temperature data for one year
were collected for air and pavement at four layatsurface (C1) and depths of 3 cm (C2), 8 cm
(C3), and 15 cm (C4). From these data, maximalramimal daily temperatures were extracted
for air and pavements at surface and depths qf 8815 cm.

Based on maximal and minimal daily temperaturesaforand four layers of pavement, using
regression analysis, models for maximum and minimdaily temperatures were obtained.
Regression was used to develop the maximal andmalndaily pavement models using air
temperature, the day of the year, solar radiati@hveind speed as independent variables. Several
regression models based on daily maximal and nain&im temperatures, day of the year, wind
speed and daily cumulative solar radiation wererd@hed, in order to find the best model.

The best model appeared to be the model includiagatr temperature, daily cumulative solar
radiation and the day of the year.

Regression models based on daily maximal and nain&in temperatures, day of the year, wind
speed, daily cumulative solar radiation and disainom the surface were also determined. The
best model appeared to be the model including theemperature, daily cumulative solar
radiation, distance from the surface and the ddlgef/ear.

After that similar model for predicting maximal (mnal) daily pavement temperature for three
deeper layers (C2, C3, C4) including surface makifminimal) daily pavement temperature
instead of maximal (minimal) daily air temperatuveere determined.

For each of eight locations, data on daily maximaimsheltered temperature °C and daily
minimum air sheltered temperature in °C were cti@dor years from 2000 to 2009.Maximal
values of these sheltered air temperatures in °@ Wwever than maximal air temperatures
measured in 2012-2013 for all eight locations.

From data for maximal (minimal) daily air temperas for years from 2000 to 2009, using
regression models obtained in Chapter 4, prediagdes for maximal (minimal) daily pavement

231



temperatures for four layers were calculated fazhegear, and for each of eight locations.
Although the best model appeared to be the modkldimg the air temperature, daily cumulative
solar radiation and the day of the year, since dat daily cumulative solar radiation were not
available, the model including the air temperatarej the day of the year was used. The seven-
day average of maximal daily air and predicted paasat temperatures was calculated.

Then:

* Yearly maximum for the seven-day average of maximaily air and pavement
temperatures was determined for each of the yeams 2000 to 2009, for each of eight
locations.

* Yearly minimum for minimal air and pavement temperes was determined for each of
the years from 2000 to 2009, for each of eighttiocs.

* Yearly maximum of maximal daily air and pavememnmhperatures was determined for
each of the years from 2000 to 2009, for eachgiftdbcations.

These maximums and minimum were used to determihgfddes for each of eight locations
with 50%, 85%, 95%, 98% and 99.9% reliability.

Data were analyzed using the statistical packagtas8ta 12 (StatSoft Inc., Tulsa, OK, USA),
university license for Novi Sad University.

6.1 Findings -temperature

Based on the extensive field work conducted locdlig following can be stated:

1. Extreme asphalt pavement surface measured tempegatu the study area in Libya
environment ranged between 2.04°C and 72.46°Cdry#ar of the study (2012-2013).
For predicted values these extremes range is floRiC and 65.7°C in the years 2000—
2009.

2. The maximum pavement temperature at a surfacenisrgity higher than the maximum
pavement temperature of other three layers andntbemum air temperature during the
summer months. The same phenomenon is observedesser degree in the winter
months.

3. The minimum pavement temperature at a depth of 1Scgenerally higher than the
minimum pavement temperature of other three lagasthe minimum air temperature
(measured off-site) during the summer months. Emesphenomenon is observed to a
lesser degree in the winter months.

4. The difference between the maximum pavement temyeraat a surface and the
maximum pavement temperature of other three lagamperature is greatest during the
summer months when the solar radiation is at ghést.
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. The maximum (or minimum) temperature in each layeaurs at different times from the
maximum (or minimum) surface temperature with aetitag that increases with
increasing depth from the surface

Mean values of maximal daily temperatures are higbe pavement temperatures than
air temperatures. Mean value of maximal daily stsefeemperature is the highest for four
examined depths. Mean values of maximal daily teatpees for four depths decrease
with distance from the surface. Same is for maximuof maximal daily air and
pavement temperatures. Minimums of maximal daily amid pavement temperatures
decrease with distance from the surface. Standardiibn of maximal air temperature is
the lowest. Standard deviation of maximal surfeaaperature is the highest of four
layers. Standard deviations of maximal daily terapees for four layers decrease with
distance from the surface, indicating less vamairodeeper layers.

Mean values of minimal daily temperatures are higbepavement temperatures than air
temperatures. Mean value of minimal daily surfasmgerature is the lowest for four
depths. Mean values of minimal daily temperatuoeddur depths increase with distance
from the surface. Same is for maximums of minimalilyd air and pavement
temperatures. Minimums of minimal daily air and @aent temperatures increase with
distance from the surface. Standard deviation ofimmal air temperature is the lowest.
Standard deviation of minimal C3 layer temperatigethe highest of four depths.
Standard deviations of minimal daily temperatures @4 layer is the lowest of four
depths, indicating less variation in deeper layers.

. Standard deviations of maximal daily air and pavwantemperatures are higher than
standard deviations of maximal daily air and pavantemperatures indicating less
variation in minimal then maximal temperatures.

. A'linear relationship exists between the maximab(aninimal) daily air temperature and
the maximal (and minimal) daily pavement temperatatr each of layers. Maximal (and
minimal) daily pavement temperatures increase asimah (and minimal) daily air
temperature increase.

10.A linear relationship exists between the daily maxm (and minimum) surface

temperature and the daily maximum (and minimum)epaent temperature of three
deeper layers. Maximal (and minimal) daily pavem&rperatures of three deeper
layers increase as maximal (and minimal) dailyateftemperature increase.

11.Maximal (minimal) daily pavement temperatures dasee with increase of latitude,

decrease with increase of wind speed, and incre@beincrease of daily cumulative
solar radiation.

12.Standard errors of estimate for maximal daily terapge for four depths are higher than

standard errors of estimate for minimal temperatuirgdicating less variation. Standard
errors of estimate for maximal daily temperatue smaller for deeper layers, indicating
less variation. Such pattern does not exist foimmahdaily pavement temperatures.
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13.Adjusted R are higher for minimal temperatures than for milinemperatures,
indicating better fit to the data.

14.The peak daily cumulative solar radiation was fotmsary significantly with the month.
Maximal and minimal daily pavement temperature &enpredicted from local air
temperature, day of the year, and cumulative saldation for any location. In addition,
if the solar radiation measurement is not availalllenay be calculated from local air
temperature and the day of the year.

15.Comparison with the SHRP and LTPP models was m&HRP and LTPP model
overestimates maximal and underestimate minimdy darface pavement temperatures
both for the measured values and for predicted ¢eatpres by the developed models.
Therefore, the developed model is more represeatati Libya's climatic conditions.
SHRP and LTPP models would be expected to resudt different selection of the PG
binder.

6.2 Findings - PG

Based on extensive field work conducted locallg, fillowing can be stated:

1. The use of a 99% level of reliability provides adufial safety margin against high traffic
levels and uncontrolled loadings. No additional purg of grade is needed as is
recommended by AASHTO MP1 specifications since ilt mesult in excessively stiff
binder.

2. PG grading has been achieved on the basis of 588%06, 95%,98% and 99% level of
reliability. But practically 99.9% reliability ishe most suitable to counter uncontrolled
heavy loadings and slow moving vehicles.

3. Libya's desert area for wearing course layer ohalsgoad pavement is divided into two
temperature zones requiring PG 64-10 in zone 1P&hd0-10 in zone 2, (Figure 6.3).

4. Libya's desert area for binder course layer of aspbad pavement is divided into two
temperature zones requiring PG 58-10 in zone 1P&a@4-10 in zone 2, (Figure 6.4.)

6.3 Conclusions — temperature

Using regression analysis, models for predictinglydanaximal and minimal pavement
temperatures at different depths from air tempeeatuday of the year, latitude, wind speed and
cumulative solar radiation were made. Project paardgrtemperature models were based on data
collected in 2012-2013.

1.The best model appeared to be the model incluthegair temperature, cumulative solar
radiation and the day of the year.
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a) The models for the maximal daily pavement tempeestat different depths.

Models are based on data from all eight locatiotsare dependent on latitude and four different
depths from the surface.

Surface e = 24,14976 + 0,70367T1%* + 0,21415Day — 0.00060Day?
+ 0,00004Cum_SR — 0,47821Lat
3em gﬁ%cm = 14,33569 + 0,73859T2%* + 0,19575Day — 0,00054Day*
+ 0,00004Cum_SR — 0,26281Lat
scm pavsem = 19,04707 + 0,73432 max +0,18398Day — 0,00051Day?
—0,00001Cum_SR — 0,46720Lat
150m A cem = 11,37024 + 0,66200T5% + 0,17297Day — 0,00047Day?
+ 0,00007Cum_SR — 0,29282Lat
where
Tlas: =maximal pavement temperature, at certain depth °C;

max—

i = maximal daily air temperature, °C;
Day =day of the year;
Cum_SR= cumulative solar radiation (WA and
Lat=latitude of the section, degrees.

b) The models for the minimal daily pavement tempeegat different depths.

Models are based on data from all eight locationtsae dependent on latitude and four different
depths from the surface.

Surface N s = 1,013228 + 0,840467TTH" + 0,033665Day — 0,000093Day?
+0,000026Cum_SR + 0,079158Lat
3em i em = 8,947653 + 0,818129T7%" + 0,053455Day — 0,000141Day?
+0,000012Cum_SR — 0,221149Lat
sem e em = 13,31895 + 0,74725T7%" + 0,08071Day — 0,00022Day?
—0,00001Cum_SR — 0,32083Lat
15em TN em = 13,77346 + 0,72141T7" + 0,08497Day — 0,00023Day?
—0,00000Cum_SR — 0,28800Lat

where

1;715,’} =minimal pavement temperature, at certain depth(°C);
TMin= minimal daily air temperature, (°C);
Day =day of the year;

Cum_SR= cumulative solar radiation (WA and
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Lat = latitude of the section, degrees.
The models which include depth from the surface.

The model to predict maximal daily pavement temjpeeaat any depth from maximal daily air
temperature, cumulative solar radiation, the daphefyear, and latitude is:

max

pavd = 24,14976 + 0,70972 max — 0,66265d + 0,19170Day — 0,00053Day?
+ 0,00004Cum_SR — 0,37526Lat
where
Thas” =maximal pavement temperature at depthn (°C);
= maximal daily air temperature, (°C);
Lat = latitude of the section, degrees;
Cum_SR = cumulative solar radiation (W/y and
d= distance from the surface (cm).

The model to predict minimal daily pavement temperafrom minimal daily air temperature,
cumulative solar radiation, the day of the year latitude is:

T, = 7,600962 + 0,781816T 5" + 0,255748d + 0,063198Day — 0,000169Day?
+ 0,000005Cum_SR — 0,187706Lat

where

T;ﬁﬁ,” =minimal pavement temperature at degthin (°C);

TMin= minimal daily air temperature, in (°C);

Lat = latitude of the section, degrees;

Cum_SR = cumulative solar radiation (WA and
d = distance from the surface (cm).

2. Comparison with the SHRP and LTPP models wasem&HRP and LTPP model
overestimates maximal and underestimate minimdy dairface pavement temperatures both for
the measured values and for predicted temperabyebe developed models. Therefore, the
developed model is more representative of Libylsatic conditions. SHRP and LTPP models
would be expected to result in a different selectbthe PG binder.
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6.4 Conclusions — PG

Based on the information collected from eight weatlstations, high and low pavement
temperatures were estimated for 98% and 99.9% lefvetliability using prediction models
based on collected data. Figures 6.3 and 6.4pgesB@ grading which was determined in the
analysis.

i S "[

Figure 6.1 PG temperature zoning across Libya'srtasea for wearing course layer

Legend:

PG 99,9% reliability
1 Al Kufrah 64-10
3 Al Jufroh 64-10
6 Brak 64-10 Zonel
7 Awbari 64-10
8 Al Qatrun 64-10
2 Awijilah 70-10
4 Ghadamis 70-10 Zone 2
5 Ghat 70-10
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Figure 6.2 PG temperature zoning across Libya'srtlasea for binder course layer

Legend:

PG 99,9% reliability

1 Al Kufrah 58-10 Zone 1
2 Awjilah 64-10

3 Al Jufroh 64-10

4 Ghadamis 64-10

5 Ghat 64-10 Z£one?2
6 Brak 64-10

7 Awbari 64-10

8 Al Qatrun 64-10

238




Chapter 7 RECOMMENDATIONS

Based on this study's results, the following rec@ndations are made:

The data set used to develop the model covereda@dpef 12 months. Incorporating data from a
longer period of time is suggested to improve ttaieacy of the developed models.

Additional weather stations should be establisheddifferent provinces of Libya for the
collection of more comprehensive temperature datas would result in a more ample
performance grading system. Test sections shouladdmstructed in different zones of the
country using the proposed respective binder fewocheck their performance.

For the hotter zones of the country, asphalt shbaldhodified using polymer to achieve PG 70-
10, and PG 64-10; otherwise, problems of prematuuteng and other pavement failures would

continue by using conventional 60/70 grade binder.

Libya's asphalt refinery industry should adopt Rf&amed in this study.

239



REFERENCES

Ahmed, A.Roffa, O., (2000) “The Evaluation of Pawshin Desert Region in Libya”,"?
Eurasphalt&Eurobitume Congress 2000, (The World dRédasociation, PIARC),Barcelona,
Spain, 500-502.

Ahmed, A.Roffa, O., (2002) “The Evaluation of Pawarnin Desert Region in Libya”, PhD,
thesis, Brno, Czech Republic:90-96.

Ahmed, A.Roffa, O., (2003) “Temperature Variation Asphalt Pavement Layers in Libya”,
Asfaltove Vozovky, (Q-2003), Zilna, Slovak RepubM6-51.

Ahmed, A.Roffa, O., (2005)“Roads Construction itbya”, Asfaltove Vozovky, (Q-2005),Zilna,
Slovak Republic, 53-58.

Al-Abdul Wahhab, H.I. and Balghunaim, F.A., (1994sphalt Pavement Temperature Related
to Arid Saudi Environment,"” J. of Materials in Gi&ngineering, American Society of Civil
Engineers, 6 (1), pp. 1-14.

Al-Abdul Wahhab, H.l., Asi, .M., Al-Dubabe, A. andli, M.F., (1997) "Development
ofPerformance Based Bitumen Specifications for @elf Countries,” Construction and
Building Materials, 11(1), pp.15-22.

Ali, H. and A. Lopez, (1996) “Statistical Analysed Temperature and Moisture Effects on
Pavement  Structural Properties Based oreas@al Monitoring Data”
Transportation Research Record, No. 1540, 48-55.

Asi IM., (2007) "Performance evaluation of SUPERHAYNd Marshall Asphalt mix design to
suit Jordan climatic and traffic conditions" CorBtrild Mater; 21:1732-40.

Andersland, O. B. and D. M. Anderson, (1978gotechnical Engineering for
ColdRegions". McGraw-Hill Co., New York, NY, 566p.

Awadat H., Uzelac Dj., (2012) "Performance EvalaiOf Rubber Modified Asphalt Mixture
In Hot Arid Climates”, ITC2012 (Oct 30- Nov 21, Z)XKuala Lumpur, Malaysia).

Awadat H., Matic D., Uzelac Dj., Matic B., (2014¢mperature Zoning of Libya Desert for
Asphalt Mix Design", Applied Mechanics and Matesiaols. 638-640 (2014), pp. 1414-1426,
Trans Tech Publications, Switzerland doi:10.4028Mmseientific.net/AMM.638-640.1414

Awadat H., Matic D., Uzelac Dj., Lozanov-Crvenkovic Matic B., (2014)"Development of a
Model to Predict Pavement Temperature for Brak &egn Libya", Applied Mechanics and
Materials Vols. 638-640 (2014), pp. 1139-1148, ¥rahech Publications, Switzerland
doi:10.4028/www.scientific.net/ AMM.638-640.1139

Awadat H., Uzelac Dj., Lozanov-Crvenkovic Z., (20IDevelopment of a Model to Predict
Pavement Temperature for Ghat Region in Libya", [&sgpMechanics and Materials Vols. 587-
589 (2014), pp. 1115-1124, Trans Tech Publications Switzerland
doi:10.4028/www.scientific.net/ AMM.587-589.1115

Awadat H., Uzelac Dj., Lozanov-Crvenkovic Z., (20IDevelopment of a model to predict

240



pavement temperature for Al Kufrah region in Libya" 9" Asia Pacific conference on
transportation and environment, Surilanka, 2014.

Brown R, Kandhal P, Zhang J., (2001)"Performanstrtg for hot mix asphalt, National Center
for Asphalt Technology”, Report No-05A, Auburn Univlabama.

Barber, E. S., (1957) “Calculation of Maximum Pavememimperatures from Weather
Reports” Bulletin 168, Highway Research Board, Natiétedearch Council, 1-8.

Birgisson, B., J. Ovik, and D. E. Newcomb, (200@nalytical Predictions of Seasonal
Variations in Flexible Pavements at the MnRoad”Sitansportation ReseardRecord No.
1730, Transportation Research Board, 81-90.

Bosscher, P. J., Bahia, H. U., Thomas, S. and Russell,, (1998) "The Relation Between
Pavement Temperature and Weather Data: A Wisconsin Hetty $o Verify the Superpave
Algorithm,"” Transportation Research Record 1609, TR¥ational Research Council,
Washington, DC, pp. 1-11.

Christison, J. T., K. O. Anderson,(1972)“The Responske Asphalt Pavements to
LowTemperature Climatic Environments”, Proceedingshef 3rd International Conference on
theStructural Design of Asphalt Pavements.

Diefenderfer, B.K., Al-Qadi, I.L., Reubush, S.D. dacdeman, T.E., (2002) "Development and
Validation of A Model to Predict Pavement Temperature Proffeedsented at Transportation
Research Board 82Annual Meeting, Washington DC.

Diefenderfer, B., (2002)"Moisture content determinationl #&mperature profile modeling of
flexible pavement structures”, Doctor Dissertation, FacultheiVirginia Polytechnic Institute
and StateUniversity.

Geiger, R. (1965)"The Climate Near the Ground", HadvUniversity Press, Cambridge,
MA, 611p.

Hermansson, A., (2000) "Mathematical Model for Calcutataf Pavement Temperatures:
Comparisons of Calculated and Measured Temperatuieayisportation Research Record
1699, TRB, National Research Council, Washington, DC1pp-141.

Hermansson, A., (2001) "Mathematical Model for Calcutataf Pavement Temperatures:
Comparisons of Calculated and Measured Temperatuieayisportation Research Record
1764, TRB, National Research Council, Washington, DC1pp-188.

Hsieh, C. K., C. Qin, E. E. Ryder.,(1989)“Developtneh Computer Modeling for Prediction
of Temperature Distribution inside Concrete PavementsglReport to Florida Department of
Transportation, Report Number FL/DOT/SMO/90-374.

Huber, G.A.,(1994)“Weather Database for the Superpawe Design System”, SHRP-A-
648A:139p

Huang, Y. H., (1993) “Pavement Analysis and Desigéntice Hall, Englewood Cliffs,
NJ, 805p

Inge, E.H., Jr., Y.R. Kim.,(1995)"Prediction of Effasi Asphalt Layer Temperature”
Transportation Research Record, 1473: 93-100.

241



Kennedy T. et all., “Superior Performing Asphalv®aents (Superpave): The product of the
SHRP Asphalt Research Program”, National Reseaocim€l, Washington, DC, 1994.

Kreith, F. (1986)"Principles of Heat Transfer4" ed., Harper and Row, New York, NY,
700p.

Liao, C.C., Department of Civil Engineering, Na@biCentral University, Jungli, Taiwan.

Lukanen, E. O., Han, C. and Skok, E. L. Jr., (19%8pbabilistic Method of Asphalt Binder
Selection Based on Pavement Temperature", Tramdmort Research Record 1609, TRB,
National ResearchCouncil, Washington, DC, pp. 12-20

Lytton, R. L., D. E. Pufahl, C. H. Michalak, H. Siahg, and B. J. Dempsey, (1993) “An
Integrated Model of the Climatic Effects on Pavements” FHR&port RD-90-033, Federal
Highway Administration, Washington DC, 304p.

Mahoney, W.P. and W. Myers (2003)“Predicting Weathad &oad Conditions: Integrated
Decisionn Support Tool for Winter Maintenance Operationsh3partation Research Record,
Journal ofthe Transportation Research Board 18248&11.05.

Mati¢ B., Tept J., Sremac S., Radonjanin V., Ma., Jovanou P., (2012) “Development and
evaluation of the model for the surface payment teatpes prediction”, Journal “Metalurgija”,
Croatian Metallurgical Society, Zagreb, Croatia, 51281pp. 329-332, ISSN: 0543-5846.

Mati¢ B., Mati D., Radow N. (2012) “Model for pavement temperature predictio®énbia”,
Building materials and structures No 54, Society for mateaiats structures testing of Serbia,
Belgrade, ISSN: 0543-0798, UDK: 006.77:624.04.00623.841(497.11+1) = 861, pp. 50-61.

Mati¢, B., Awadat H., Matic D., Uzelac Dj., (2012) "Developrmhand validation of a model to
predict pavement temperature for winter maintenanceatipas in Serbia" 8 Asia Pacific
conference on transportation and environment, Thailand.

Mati¢, B., Matk, D., Cosk D., Sremac S., TepiG., Ranitové P., (2013)"A model for the
pavement temperature prediction at specified depth". MEK52(4) 505-508 (2013) UDC —
UDK 62.001.57:536.5:625.144-111.

Mati¢ B., Radowt N., Uzelacb., Mati¢ D., (2013) “Modelling pavement temperature for
optimum winter maintenance operations in Serbia”, Fimggrhational Scientific Professional
Conference, “Modern Road Maintenance” Serbia, Aetovac, November 7-9.

Mati¢ B., Matic D., Sremac S., RadaviN., Vidikant P., (2014): A model for the pavement
temperature prediction at specified depth using neurelworks, Metalurgija, Journal
“Metalurgija”, Croatian Metallurgical Society, ZagreBroatia, 52(2013)4, pp. 505-508, ISSN:
0543-5846.

Marshall, C., Meier, R.W. and Welsh, M., (2001) "Seadol emperature Effects on Flexible
Pavements in Tennessee" Presented at TransportatiearBeBoard 80th Annual Meeting,
Washington, DC.

Mohseni and Han., (1996) “LTPP Seasonal AC Pavemenp&eture Models.” FHWA-LTPP
Division, McLean, VA.

Mohseni, A., (1998) "LTPP Seasonal Asphalt Concrete (R&)ement Temperature Models,"

242



ReportFHWA-RD-97-103, Federal Highway Administratio U.S. Department of
Transportation, p. 71.

Mohseni, A. and Symons, M., (1998a) "Effect of lioygd LTPP AC Pavement Temperature
Models on Superpave Performance Grades," Presahfédnsportation Research Board 77th
Annual Meeting, Washington, D.C.

Mohseni, A. and Symons, M., (1998b) "Improved AC/&aent Temperature Models from
LTPP Seasonal Data,” Presented at TransportaticseaReh Board 77 AnnualMeeting,
Washington, D.C.

Noss, P.M., (1973) “The Relationship Between Maeatbagical Factors and Pavement
Temperature”, Symposium on Frost Action on Roadsf&€ence Paper, pp. 77-87.

Ovik, J. M., B. Birgisson, D. E. Newcomb, (1999) H&acterizing Seasonal Variations in
Flexible Pavement Material Properties”, Transpmtat Research Record No. 1684,
Transportation Research Board, 1-7.

Park, D., N. Buch, K. Chatti,2001)"Development of Effective Layer Temperature
Prediction Model and Temperature Correction Using/DCF Deflections”, Presented at
Transportation Research Board"88nhnual Meeting, Washington, DC, Jan.

Roberston,W.D., (1997) “Determining the Winter RpsiTemperature for Asphalt
Pavements”, Association of Asphalt Paving TechnistsgVol. 66, 312-343.

Roffa, A.A.O., Farhat Perma, link: http://dx.dogét0.1061/9780784412671.0036 ASCE
Subject Headings: Climates, Pavements, Deterioratitbya © 2013 American Society of
Civil Engineers.

Rumney, T. N. and R. A. Jimenez, (1969) “Pavement peratures in the Southwest.”
Highway Research Record No. 361, National Rese2ocimcil, 1-13.

Solaimanian, M., Bolzan, P., (1993) “Analysis of the gméeed Model of Climatic Effects on
Pavements: Sensitivity Avalysis and Pavement Temperatudectoa” SHRP-A-637

Solaimanian, M. Kennedy, T.W., (1993) "Predicting MaximBavement Surface Temperature
Using Maximum Air Temperature and Hourly Solar Radidtiohransportation Research
Record 1417, TRB, National Research Council, Washinda pp. 1-11.

Solaimanian, M., Kennendy, T.W., (1995)“Analysis of timegrated Model of Climatic
Effects on Pavements”, SHRP-A-637: 158pp.

Shao, L., Park, S.W. and Kim, Y.R., (1997) "A Siifiptl Procedure for Prediction of Asphalt
Pavement Subsurface Temperatures Based on Heatf@rdmeories”, Transportation Research
Record 1568, TRB,National Research Council, Washmdd&, pp. 114- 123.

Southgate, Deen, (1969)“An Evaluation of Temperaturstribution Within Asphalt
Pavements and its Relationship to Pavement Deflection”,pl29p

Strategic Highway Research Program, National Research {CaBimcler characterization and
evaluation. Testmethods. SHRP-A- 370, vol. 4, Washimdie; 1994.

Straub, A. L., H.N. Schenck Jr., F.E. Przybycien (398uminous Pavement Temperature
Related to Climate”, Highway Research Record, 256: 53-77.

243



Stoll, T. M. and Evstratov, G.l., (1987) “Building hot climate”, Mir Publishers, Moscow, pp.
9-13.

Thomas, Suwitho (1997) "Investigation of Modifiedsghalt Performance Using SHRP
BinderSpecification”, Master of Science Thesis, iICiand Environmental Engineering,
University of Wisconsin-Madison.

Williamson, R.H.,(1972) Effects of Environment omv@ment Temperatures, International
Conference on Structural Design Proceedings, pp-1568.

James, G., Witten, D., Hastie, T., Tibshirani, 013) "An Introduction to Statistical
Learning with Applications in R", Springer New YoHeidelberg Dordrecht London.

Wolfe, R. K., G. L. Heath, D. C. Colony (1987)“Tirfemperature Model Laboratory and
Field Validation”, The University of Toledo, Repdada The Ohio Department of Transportation.

Yavuzturk C., Ksaibati K., (2002)"Assesment of parature fluctuations in asphalt pavements
due to thermal environmental condition using a toensional transient finite difference
approach”, Department of Civil and Architecturalgifreering, University of Wyoming.

Yuan Xun Zheng et al., (2011), Advanced Materiadsé&arch, pp. 243-249, 506.

StatSoft Inc. STATISTICA (data analysis softwaresteyn), v.12; 2012. Available from:
www.statsoft.com.

244



