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I 

SINTESI ESTESA 

Il miglioramento delle prestazioni di aderenza del manto stradale in 

conglomerato bituminoso rappresenta un percorso tecnico fondamentale per 

garantire la sicurezza del traffico e ridurre lôincidenza degli incidenti stradali. 

Numerosi studi e indagini sullôargomento hanno dimostrato che le principali cause 

degli incidenti stradali possono essere ricondotte principalmente a due categorie: da 

un lato gli errori di manovra dei conducenti, dallôaltro lôinsufficiente capacit¨ di 

aderenza della pavimentazione, questôultima particolarmente critica in condizioni 

ambientali complesse come pioggia, neve, ristagni dôacqua o contaminazioni da 

sostanze oleose. 

Lôessenza delle prestazioni di aderenza di un veicolo risiede nella forza di 

attrito generata durante il contatto dinamico tra pneumatico e pavimentazione, la 

cui entit¨ ¯ influenzata congiuntamente dalle propriet¨ fisiche e meccaniche dei 

materiali, dai parametri strutturali degli pneumatici, dallo stato operativo del 

veicolo (quali velocit¨, carico e inclinazione), nonch® dalle condizioni superficiali 

della strada (quali caratteristiche della tessitura, livello di contaminazione e pulizia). 

Nel contesto urbano caratterizzato da elevata intensit¨ di traffico e da carichi 

ambientali complessi, la pavimentazione in conglomerato bituminoso ̄  soggetta, 

nel lungo periodo di servizio, agli effetti combinati di carichi ciclici e della 

contaminazione da sostanze nocive quali benzina, gasolio, olio motore e liquido dei 

freni. Ci¸ comporta usura della macrostruttura, degrado della microstruttura e 

riduzione dellôadesione interfaciale, con conseguente calo progressivo delle 

prestazioni di aderenza e incremento del rischio per la sicurezza stradale. 

Pertanto, per una valutazione scientifica e un efficace miglioramento delle 

prestazioni di aderenza, ¯ urgente sviluppare un modello analitico integrato che 

comprenda il comportamento di contatto pneumatico-strada, le caratteristiche 

tessiturali multi-scala e gli effetti della contaminazione ambientale, al fine di 

rivelarne le leggi evolutive meccaniche e fornire supporto teorico e strumenti 

tecnici per lôottimizzazione della progettazione stradale e della gestione operativa 

in sicurezza. 

Lo studio si sviluppa in cinque livelli di approfondimento: ñmeccanismo di 
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contatto pneumatico-strada, evoluzione della tessitura, impatto della 

contaminazione, modellazione della valutazione di aderenzaò, sulla base di una 

revisione sistematica delle ricerche nazionali e internazionali. 

Capitolo 1 

Viene presentato lo stato dellôarte sul comportamento di contatto pneumatico-

strada, le caratteristiche tessiturali multi-scala, gli effetti di contaminazioni 

pericolose e la modellazione delle prestazioni di aderenza. Si evidenziano limiti 

nelle tecniche sperimentali, nella comprensione dei meccanismi cooperativi multi-

scala, nella modellazione degli effetti contaminanti e nella costruzione di modelli 

valutativi completi. Viene infine delineato il contenuto complessivo e il quadro 

metodologico della ricerca. 

Capitolo 2 

Basandosi sulla teoria classica della tribologia e approcci multi-scala, viene 

analizzato sistematicamente il meccanismo dôattrito tra pneumatico e 

pavimentazione, dalla scala macroscopica a quella molecolare. Vengono 

approfonditi i fattori chiave che influenzano le prestazioni di aderenza: 

composizione del materiale, tessitura della pavimentazione, struttura e materiali 

degli pneumatici, e condizioni ambientali. Viene analizzata la variazione delle 

componenti di attrito in condizioni asciutte e contaminate, con particolare 

attenzione allôadesione, fornendo supporto teorico per la comprensione delle 

prestazioni di aderenza. 

Capitolo 3 

Attraverso prove in laboratorio e sperimentazioni su scala reale, sono stati 

analizzati il comportamento di contatto ruota-pavimentazione e le sue variazioni in 

diverse condizioni. Per pneumatici di autocarri e veicoli leggeri, sono stati rilevati 

i profili di distribuzione dello stress tramite sensori flessibili ad alta precisione. Ĉ 

stato introdotto il modello di Boltzmann per lôadattamento dei dati di stress e il 

modello di Hertz per la relazione tra carico verticale e area di contatto. I risultati 

hanno mostrato la relazione tra comportamento di contatto e prestazioni di aderenza, 

fornendo base sperimentale per la costruzione di un sistema valutativo. 

Capitolo 4 

Sono state confrontate tecniche di fotogrammetria a corto raggio e tecnologie 

di scansione laser per la rilevazione della tessitura. Sono stati condotti test su scala 
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macro e micro su diversi campioni di pavimentazione per analizzarne lôinfluenza 

sulle prestazioni di aderenza. Utilizzando la prova Hamburg, ¯ stata osservata 

lôevoluzione della tessitura sotto carico ciclico. Si ¯ rivelato che la profondit¨ e la 

struttura tessiturale influenzano lôarea di contatto e il comportamento meccanico, 

contribuendo in modo significativo alle prestazioni di aderenza. 

Capitolo 5 

Combinando prove in situ, test simulativi e simulazioni di dinamica 

molecolare, ¯ stata analizzata lôinfluenza di sostanze contaminanti (benzina, gasolio, 

olio, liquido freni) sulle prestazioni di aderenza. I test hanno dimostrato che lôolio 

motore ha lôeffetto pi½ drastico, riducendo il coefficiente dôattrito fino al 71%. 

Benzina e gasolio dissolvono il conglomerato bituminoso, accelerando il degrado 

tessiturale. Le simulazioni molecolari hanno rivelato che il liquido dei freni forma 

forti legami con gli aggregati minerali, mentre la benzina pu¸ causare dissoluzione 

e volatilizzazione delle componenti bituminose. 

Capitolo 6 

Ĉ stato costruito un modello valutativo e predittivo multi-scala delle 

prestazioni di aderenza, integrando comportamento di contatto, tessitura e effetti 

contaminanti. Introducendo parametri come area pulita, fattori tessiturali macro e 

micro, ¯ stato proposto un metodo semplificato per il calcolo del coefficiente 

dôattrito, adatto allôingegneria pratica. 

Conclusioni principali:  

(1) La forza dôattrito tra pneumatico e pavimentazione ¯ composta 

principalmente da adesione, deformazione elastica della gomma, effetto di micro-

taglio e forze intermolecolari. Tra queste, lôadesione gioca un ruolo dominante in 

condizioni asciutte, rappresentando il fattore chiave che determina le prestazioni di 

aderenza. Tuttavia, in condizioni scivolose o contaminate, i liquidi contaminanti 

indeboliscono la capacit¨ adesiva interfaciale, riducendo significativamente la forza 

dôattrito complessiva e causando un marcato declino delle prestazioni di aderenza. 

(2) Ĉ stato osservato che la morfologia dellôarea di contatto ¯ influenzata dalla 

tessitura della pavimentazione. Sotto condizioni di carico pesante, lôarea di contatto 

assume una forma rettangolare asimmetrica, con unôestensione longitudinale 

crescente al crescere del carico. Le zone di concentrazione dello stress mostrano 

unôelevata discrepanza spaziale, con valori massimi che possono superare di oltre 
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tre volte il valore medio. Un aumento della pressione di gonfiaggio riduce lôarea di 

contatto e aumenta la pressione specifica, mentre unôinclinazione dello pneumatico 

superiore a 3,2Á pu¸ generare rischio di concentrazione eccessiva dello stress. 

Inoltre, la distribuzione dello stress di contatto modellata tramite la funzione di 

Boltzmann ha mostrato che i parametri ottenuti sono linearmente correlati con la 

profondit¨ della macrostruttura. 

(3) Per quanto riguarda la tessitura, i risultati indicano che i le pavimentazioni 

superficiali a grana aperta presentano una maggiore rugosit¨ rispetto a quelli a grana 

chiusa, con migliori prestazioni di aderenza. Tuttavia, lôefficacia tessiturale non 

dipende solo dalla profondit¨, ma anche da uniformit¨, struttura e funzionalit¨ della 

tessitura. A livello microscopico, la tipologia mineralogica degli aggregati e la loro 

microstruttura superficiale determinano direttamente le prestazioni di attrito. Gli 

aggregati con elevata rugosit¨ microstrutturale migliorano lôattrito e, sebbene la 

tessitura si deteriori durante lôesercizio a lungo termine, le prestazioni di aderenza 

tendono a stabilizzarsi dopo un certo grado di usura. 

(4) In merito alla contaminazione da sostanze nocive, ¯ emerso che lôolio 

motore, a causa del suo lungo tempo di permanenza e dellôelevata lubrificazione, 

ha lôeffetto pi½ drastico nel ridurre le prestazioni di aderenza, con una riduzione 

massima del coefficiente dôattrito fino al 71%. Benzina e gasolio possono dissolvere 

il bitume, accelerando il degrado della tessitura. Le simulazioni di dinamica 

molecolare condotte tramite Material Studio hanno rivelato che il liquido dei freni 

mostra una forte adesione con gli aggregati minerali, potenzialmente alterandone le 

propriet¨. Le molecole di benzina, facilmente volatili, possono dissolvere e 

trasportare via i componenti bituminosi. Sono quindi necessarie strategie di pulizia 

e manutenzione mirate in base al tipo di contaminante. 

(5) Sulla base dei risultati ottenuti, ¯ stato costruito un modello di valutazione 

delle prestazioni di aderenza che integra: comportamento di contatto pneumatico-

pavimentazione, caratteristiche tessiturali macro e micro, ed effetti fisico-chimici 

della contaminazione. Validato attraverso dati reali di contatto e prove di attrito, il 

modello ha dimostrato buona adattabilit¨ e precisione predittiva in diverse 

condizioni operative, risultando applicabile alla valutazione ingegneristica delle 

prestazioni di aderenza, nonch® allôanalisi del rischio da contaminazione. 
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RESEARCH ON A COMPREHENSIVE EVALUATION 

METHOD FOR ASPHALT PAVEMENT SKID 

RESISTANCE BASED ON TIREïPAVEMENT CONTACT 

CHARACTERISTICS AND CONTAMINANT INFLUENCE 

ABSTRACT 

Enhancing the skid resistance of asphalt pavements is critical for ensuring road 

traffic safety and preventing traffic accidents. Research indicates that traffic 

accidents are primarily caused by improper driving operations and insufficient 

pavement skid resistance, with the latter being particularly crucial under special 

conditions such as surface contamination. Pavement skid resistance is closely 

related to tireïpavement contact characteristics, pavement texture characteristics, 

and surface cleanliness. Therefore, this study systematically investigates the skid 

resistance problem through experimental research, theoretical analysis, and 

numerical simulation, focusing on tireïpavement interaction, macro- and micro-

texture features, and the short- and long-term effects of hazardous spills on 

pavement surfaces. A comprehensive skid resistance evaluation model is developed 

based on these investigations.  

Firstly, based on classical friction theory, the study systematically analyzes the 

composition of tireïpavement friction, its dominant influencing factors, and the 

impact of contaminants on skid resistance mechanisms. Secondly, using a high-

precision flexible dynamic pressure film system, tireïpavement contact stress 

experiments were carried out to investigate the variations in contact characteristics 

across different pavement types and operating conditions. The relationship between 

contact characteristics and skid resistance was explored, leading to the development 

of a tireïpavement contact stress distribution model. Meanwhile, employing non-

contact testing techniques and microscopic image analysis methods, the study 

examined how macrotexture and microtexture morphology regulate skid resistance, 

revealing the critical role of surface texture in friction generation. The 

contamination simulation system was constructed to investigate the short- and long-

term impacts of typical hazardous spillsðsuch as gasoline, diesel, motor oil, and 

brake fluidðon pavement texture and skid resistance. Molecular dynamics 

simulations were further used to uncover the mechanisms by which contaminants 

deteriorate interfacial adhesion. Based on the above findings, a comprehensive skid 
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resistance evaluation model was proposed and validated, integrating tireïpavement 

contact characteristics, texture characteristics, and the influence of surface 

contaminants. The main contributions and conclusions of this study are as follows: 

(1) Tireïpavement friction consists of adhesion, rubber elastic deformation, 

micro-cutting, and intermolecular forces. Adhesion dominates under dry conditions 

and is the key to maintaining skid resistance. However, in wet or contaminated 

environments, liquid pollutants significantly reduce interfacial adhesion, leading to 

a sharp decline in friction performance. 

(2) A tireïpavement contact stress testing platform was developed using a 

high-precision flexible dynamic pressure film system, and contact stress 

experiments were conducted for various pavement types and tire conditions. The 

study found that the shape of the contact area is influenced by pavement texture. 

Under heavy loads, the contact area appears as an asymmetric rectangle, extending 

longitudinally with increasing load. The stress concentration regions exhibit high 

spatial variability, with peak stress exceeding three times the average. Higher tire 

inflation pressure reduces contact area and increases stress, while a tire camber 

angle greater than 3.2Á induces stress concentration. A Boltzmann distribution 

model was used to fit the contact stress distribution, confirming a significant linear 

relationship between its parameters and macro texture depth. 

(3) In the texture analysis, non-contact 3D laser scanning and close-range 

photogrammetry using smartphone and digital images were employed to acquire 

and analyze macro- and micro-texture characteristics. Results showed that open-

graded asphalt pavements have higher roughness than dense-graded pavements, and 

that larger coarse aggregate sizes and deeper macro textures lead to better skid 

resistance. However, texture effectiveness depends not only on "depth" but also on 

its uniformity, structure, and functionality. At the microscopic level, the mineral 

type and surface microstructure of aggregates directly influence friction 

performance. Aggregates with higher micro-roughness improve skid resistance, 

though texture wear during long-term service leads to performance degradation, 

which eventually stabilizes. 

(4) To address the real-world issue of hazardous spills on pavement surfaces, 

a pollutant simulation test system was established to quantitatively analyze the 

short- and long-term effects of substances such as gasoline, diesel, engine oil, and 
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brake fluid on skid resistance. Results indicate that engine oil, due to its high 

lubrication and long surface retention, significantly reduces skid resistance, with 

the maximum friction coefficient dropping by up to 71%. Gasoline and diesel 

dissolve asphalt, rapidly degrading texture. Molecular dynamics simulations using 

the Material Studio platform revealed the changes in microscopic interfacial forces 

between pollutants and the asphaltïaggregate system. Brake fluid forms strong 

adsorption on mineral aggregates, potentially altering material properties. Gasoline 

molecules, due to their volatility, may carry away asphalt components after 

dissolving them. Targeted cleaning and maintenance strategies should be developed 

based on pollutant characteristics. 

(5) Building on the above findings, a predictive model was developed that 

integrates tireïpavement contact characteristics, macro- and micro-texture features, 

and the physicochemical effects of contaminants. Based on the Greenwoodï

Williamson micro-contact theory, the model considers variables such as actual 

contact area, liquid film thickness, coverage ratio, and driving speed, enabling 

quantitative prediction of friction coefficients under clean and contaminated 

conditions. Validation with empirical contact data and sliding friction tests 

demonstrated good adaptability and predictive accuracy under various conditions, 

making it suitable for practical applications in skid resistance assessment and 

contamination risk analysis. 

Key Words: Asphalt pavement; skid resistance; contact stress; pavement texture; 

contaminant effects 
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Fig.1-1 Overview of road mileage and number of drivers in China 
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Tab.1-1 Direct testing techniques for pavement skid resistance 
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Fig.1-2 Geometric Characterization Indicator 
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Fig.1-3 Tire ground shape distribution 
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Fig.1-4 Schematic diagram of contact stress 
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Tab.1-2 Test method for tire-pavement contact behavior 
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1-5ҩү₲ ᵩ  

Fig.1-5 Schematic of frictionless static contact of two convex bodies 
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Fig.1-6 Schematic of interaction between a cylinder and an elastic half-space 
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Fig.1-7 Modeling of an equal-sized microconvex body in contact with a flat surface 
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Fig.1-8 Schematic diagram of contact between a rough surface and a smooth surface 
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Fig.1-9 Factors influencing tire-pavement contact characteristics 
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̃Ҋ Ȃ ̆ ҉̆ ̆
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ᴆҊ ᵞֽ̆ ҹ11.5%Ȃ ̂ ȁ

̃Ӟᴪ ҹ֟ ȂGerthoffertֲ[111] ԍ ῖ┘

ԅ ̆ ԅῒ ‰ Ȃ

̆ ᴪ ᵞ ̆ ┤ Ȃ 

҉ - ҹ Ȃ ̆ ̆ ̆

ᴪ - Ȃ ῀ ֓ - ҹ

̆Ҍֽ ᴨ ̆ ҹ ֜ ῃ ᶫ

Ȃ ̆ Һ Ҭ ҉Ȃΐ

ᵣ ̆ № ῃץ̆ Ҍ

ҹ Ȃ ̆ ᴆ̂ ȁ ȁ ̃Ҋ

- ҹ ̆ ץ ῀

̆ҹ ҍ ᶫ Ȃ 

1.2.3  

ҕ ᴪ̂PIARC̃ № ̆ ⅞№ҹ

ȁ ȁ ץ ȂῒҬ̆ ҹ

̆ᵖ ₮ ̆⅞№ 1-10Ȃ - ҹ

Һ ԍ [11, 112, 113]Ȃ

῏ ᵬ ̆ ҍ ᵬ

└ ῒ ԅ [16, 114]Ȃ ֓ ҹ ῀

ᶫԅ Ȃ 

 

1-10 ғ ῗ  

Fig. 1-10 Schematic diagram of the relationship between texture and traveling 



ᵝ  

 

15 

 

̆

[115]Ȃ

№ ₀ № ׆̆ ҩ ┴ ԅ

[116]Ȃ қ ֲ[18] ԅ № ҍ

ӊ ῏ ̆ № ҍ ṿ ΐ

῏ ̆ Ȃ ̆ №

ⱴ ⁞ ̆ל ṿ↕ № ₮ᾢ⁞ ⱴ

Ȃ ̆Xiaoֲ [32] ̆ ԅ

Ȃ ̆ ᾣ Ҭ̆ ԍ ̆

̆ ̕ ̆ ѿ ᾣ ̆

ᴪ Ҋ Ȃ ֓ ҹ ῒ

ᶫԅ Ȃ 

Һ Ҍ ↕ ̆ ᵞ

ᴆҊ ץ ҍ ӊ ҹΐ Ȃ ̆

ҍ ◄℗ⱬ ῀Ҭ ῏ ᵬ [117]Ȃ

Royֲ[118] ̂SEM̃ Ἕ ҍ3Dᾣ

ת ̆№ ԅҌ ⱴ ᾣ

̆ ̆ ҍ ℗ ῏ȂSunWang[119]

ԅᴰ ҈ᾣ ᾣ ᵣ ̆ ԍ ̆ ⱳ ԅ

҈ ̆ҹ№ ᶫԅ

ȂSerigosֲ[120] Ҍ ̆

ҍ ת ̆ ̆ ҍ

῏῏ Ȃ 

ҍῒ ℗ ῏Ȃ ԍ ̆ᴰ

ῒ ᵬ Ḃ ԍ ̆p ̆

⌠ֲҹ ̆ғ ҉̆ ῀

̆ Ẓ Ȃ ӊҊ̆ ᾣ ת ҈ Ἕ

ῒ ꜚ ᴨ̆ל ҹ Һ ̆ ‰

Ȃ 

ԍ ̆ ԍῒ ̆ ӎ ̆

ת BPNṿ Ȃ

̆ ȁת ̂SEM̃ № ῀

№ Ҭ̆ ԍ ₀ Ȃ ԅ

ᾣ ̆ Ἕ ᴨ Ἕ Ӟ
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҈ Ἕ̆ ᶏ ⱴ

‰ ῃ Ȃ 1-3 Ȃ 

1-3  

Tab.1-3 Pavement texture test methods 

    

 

 

[27] 

҉ ᵣ

̆

₭€ ѿҩ  

ᵬ ̕

ᵞ̕ ԍ

  

ᾣ
[29] 

≠ ᾣ

 

̆

ת  
 

[121] 

Ἕ ̆

҈  

‗ԍ Ἕ

 
 

[9] 
ⱬ 

ҍ

̆ ѿ

῏  
 

 

ת
[8] ҉ ꜚ ⱬ  

 

ᾣ
[120] 

̆

⌠  
 

 

SEM[118] 
Ṑ №

 

̆

ȁ

  

ת
[122] 

ᾣ

 
 

 

ᵬ ῃΐ Ȃ

̆ ױ ҍ ̆

№ץ ῒ Ȃ ̆ҹḠ Ḥ ‰ ̆

Ḥ Ӟ ῀ ἝḤ [123]ȂWiyaoֲ[124] ₮

ԅѿ ԍ № № ̆ ԍ Ҍ Ҋ

ᾣ Ҭ Ȃ ̆ Ҭ̆

₮ꜚ ȂDengֲ [125] ҈ ̂3D̃

ⱳ № ̆ ̆ ԅ
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̆ ҍ ת ԅῒ‰ Ȃ ̆

ԍⱳ ‰ ̆ ԅ

└Ȃ ╠̆ ᵬ ҍ

Ȃ ҈ № № ̆ ѿ

ԅҌ ꜚ ’Ҋ ᵬ └Ȃ ֓ Ҍֽ ԅ

̆ ҹᴨ ȁ Ḡ ῃ ᶫԅ

Ȃ 

1.2.4  

ᵣ ץ̆ ῏ԍ

Ӟᴪ№ ̆ᵖ Ҭԍ

[102, 126]Ȃ ̂ ȁ ȁ ȁ└ꜚ ̃

֟ ̆ ̆ ӊ

ѿ̆ῒᵬ └ҍᴰ ≢Ȃ ֓ Ҍֽᴪ ֟

̆ ᴪ ̆ № ҉ Ȃ 

Pªrez-FortesGiudici[127, 128] №ҹ ̔ ֟

ȁ ⱷ ֟ ȁ ֟ ץ̆ ᵬ

ҙ֟ Ȃץ Ҭ ̆

ȁ ȁ ̆

[129-131]ȂGerthoffertֲ[111] ԅѿҩ ̆

̆№ ԅ ȁ ȁ — Ҋ Ȃ

̆ - Ȃ ̆ ֓

Ȃ 

Mahmoud[132] ԅ ̆ ̆ ҈ Ȃῒ

ҹ ȁ ̆ Ȃ

̆ ̆ BPNṿҊ ᵞԍ Ȃ

̆ Ȃ ̆ ̆

Ҍ № № Ȃ 

ᵞԅ ⱬ̆ ѿ

Ҋ ҹ ̆ ῒ ᵞ ҹ Ȃ ̆῏ԍ

̆ᵖ ԅ Ҋ

Ȃᶛ ̆Ye ֲ[46] ҩ BPT

└ꜚ ̆ ᶏ ̆ ׅ ᵞ̆ BPT
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ҍ └ꜚ Ҍѿ Ȃ ҍ ԑᵬ

̂ 0.1mm̃ ῤ ᶫ № Ҍ

ץ Ȃ ҉̆ ѿ ⱴ▲ԅ

▲Ҋ ̆ᶏᴰ ᵀ ץ Ȃ 

Ҍֽᴪ ᵌ ̆ ᴪҍ

̆ Ȃ ֓ ᾟ ₭ ̆

ҍ ᴪⱴ ⱷ ׆̆ ҍ

ҹ ȂClaudioֲ[21, 22] ̆ └ꜚ

ᵞԅ ̆ ╝ ԅ Ȃ ̆

῀№ ΐᵣ ̆ ≢ ҍ

- ҹӊ ֜ԑᵬ ץ̆ ׅ

ѿ Ȃ 

̆ ԍ ҍ

ΐ ӈ ᴇṿȂ ῏

Ҭ ᵬ └ №̆ ῒ - ҹ

׆̆ ҹᴨ ᶫ ᶭ Ȃ 

1.3  

̆ ╠ - ҹȁ ҍ

ҹ ̆p ’̆

ꜚ ȁ ȁ └ ׅ

Ҍ Ȃ ΐᵣ Ҋ̔ 

̂1̃ ╠῏ԍ - ҹ ץׅ № ҹҺ̆ ԍ

ᴆҍ ̆ Ҋ Ȃ

ԍ ҍ ↨ ̆ ῃץ Ҭ

ⱬ№ Ȃ ̆ ׅ Ẋ ̆ ҹ

̆ ԅ ̆ ⱬ№ ⱬ

Ȃ ̆֗ ҹ ‰ ץ

- ҹ ᴆҊ ῀ ҍ‰ Ȃ 

̂2̃ ⌠ѿ ̆p ῏

ҹ № ̆ ӎ ҍ ӊ ᵬ └№

῏ № Ȃ ╠ ѿ ҍ ᴇᵣ ̆

ȁ№ ᴆҌ ̆ ̆ ԅ ҍ
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῏ Ȃ ̆ ҍ ꜚ ῏ ׅ

ѿ Ȃ 

̂3̃ ῏ ̆Һ Ҭԍ— ȁ

№ ̆ ̂ ȁ ȁ

└ꜚ ̃ Ȃ Ḃ ῏ ̆Ӟ Ả

̆ ӎ ῒᵬ └ ̆ ῒ ӂ № ҉

ҍ ӊ ⱷ ᵬ ῀ Ȃ ̆

ׅ ӎ ҍ Ȃ 

̂4̃ ╠῏ԍ ᴇ ᶷ ԍ ȁ

ᴆ ѿ ̆ ӎ ҈ ῏ ҍ № Ȃ

№ ̆ᵖ

’ ᴇ ׅ Ȃ ӊ ֜ԑᵬ └

ᾟ№ ̆ ≢ ᴆҊῒ - ҹҍ

ӎ ῀ Ȃ 

1.4 Ӏ Ὺ  

1.4.1 Ӏ Ὺ  

ץ ҹ ̆ -

̆ ’̆ №

Ȃ ȁ № ҍ ṿ ̆

№ ̆ҹᴨ ҍ ֜ ῃ ᶫ ᶭ Ȃ

ῤ Һ Ҋ₃ץ №̔ 

̂1̃ -  

׆ ῖ ₮ ̆ № ̆ ԅ -

Ȃ№ ԅ Һ ̆

ҍ ȁ ץ̆ ᴆ ᵬ Ȃ ѿ

Ҍ ’ ᴆ̆ ԅ ⱬ № ᶛ ̆ ῒ

Ҭ Һ ᵝ ᵬ ԅ № ҍ Ȃ 

̂2̃ - ҹ  

ꜚ ⱬ -

ⱬ Ȃ ᾢ ⱬ №≢ҍⱴ ⱴ ⱬ
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- ⱬ ̆ Ҍ Ҍ ⱬȂ

ⱬ ᴨ ץ̆ ҍ ӊ ⱬ№ Ȃ

№ - ҹ Ȃ - ̆

№ Ҍ ᴆҊ - ⱬԐ ̆ ҍ

̆ - ⱬ№ Ȃ№ Ҍ ’Ҋ

ȁ ⱬ № Ԑ ץ № Ȃ 

̂3̃  

̆ № ԅ ҍ

ӊ ῏ Ȃ ҍ ᴇ ᴰ ҉̆ ѿ

ԅ └Ȃ ̆

ҍ Ἕ№ ̆ ԅ ῀ ̆ ԅ

ⱬ Ҭ ῏ ᵬ Ȃ 

̂4̃  

Ҍֽ ̆ ⌠

ᵬ Ȃץ Һ ԍ ̆

῀ Ȃ ̆ ᴪ ╝ ̆

ғ ₮ ꜚ Ȃ №

̆ ≠ MS ᴆ

ҍ ԑᵬ ̆ ῀╩ ῤ Ȃ 

̂5̃ ’ ԍ - ҹҍ

ᴇ  

ԍ - ҹ ȁ ҍ № ̆

ץ № ꜚⱬ ̆

└Ȃ ҉̆ ₮ѿ ̆ҹ

ᵀҍᴨ ᶫ ᶭ Ȃ 

1.4.2  

҉ Һ ῤ ̆ 1-11 Ȃ 
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ԍ - ҹҍ
ᴇ

̂1̃ -

ᴰ

’

ҍ

- ҹ

-
ҹ

-
ҹ

- ҹ

ⱬ
ẁ

(2) - №

ᾣ ת (CRP)

ᾣ ת

̂ ̃

(4) №

№

(3) №

(5) ԍ - ҍ

’Ҋ ԍ
№

ԍ
№

№

- ҍ ῏

ᴆ

ԍ Ἕ CRP

ҍ
῏

┤

└

ҍ ҍ
№ ꜚⱬ №

 

1-11  

Fig.1-11 Technology flow 
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2 - ⅎ  

ҍ ӊ ‗ ԅ ̆ῒ

ԍ ҍ ӊ ҍ └̆ ₮

Ȃ ҉̆ ҍ ₃ᵥ ⱬ№ ̕

Ҭ ҉̆ ҹ ᵬ Ҋ ̕

№ Ҋ̆↕ ԍ ȁ№ ᵬ ⱬȁ ҍ

Ȃ ̆ ҍ ӊ ̆Ҍֽ ꜛԍ

̆ ҹᴨ ȁ ҍḠ ֜ ῃ ᶫԅ

ᶭ Ȃ 

׆ ῖ ₮ ̆ № ̆ № ׆ ⌠

№ Ȃῃ № ԅ Һ ̆

ҍ ȁ ҍ ȁץ Ȃ ѿ

Ҍ ’ ᴆ̂ ҍ ̃̆ ԅ ⱬ №

ᶛ ̆ ῒ Ҭ Һ ᵝ ᵬ ԅ № ҍ └

̆ҹ ῀ - ᶫԅ Ȃ 

2.1 ῝  

ח 2.1.1  

ץ ⌠ 15ҕ ¥ ¥ ̂Leonardo da 

Vincĩ ≠ז̆ ̂ ȁ ẁ ̃

ᵣ ҉ ꜚ ⱬ Ȃ ԅ ȁ ⱬ ȁ

ᴆ̆№ ⱬ Ȃ ₮ ⱬҍ

ⱬ ̆ ̆ ⱬҍ ῏ ̆ ҹ

Ȃ ̂Guillaume Amontons̃ ב

̂Charles-Augustin de Coulomb̃ ₮ ᵌ ̆ ҹ

ׂ ῖ Ȃῒ ῤ ҹץҊң ̔̂ 1̃ ⱬ

ҍᵬ ⱬ ̆ғҌ ѿҩ ṿȂ̂ 2̃ ꜚ ⱬ

ҍ ⱬ ҍ̆ ꜚ ῏Ȃ ̂2-1̃Ȃ 

fF Nm=                         ̂2-1̃  
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ҬFf ⱬ̕ɛҹ ̕Nҹ ⱬȂ 

ב Һ ԍ ↨ ᵣ ꜚ ̆ ԅ

ȁ ץ № ᵬ ⱬȂ ̆ ҍ ӊ

Ҭ̆ ң ҹҌ ̆ῒ └ ⱴ Ȃ ̆

⌠ ᴆ̂ ȁ ȁ ̃ ̆ ѿ

└ԅ ב Ȃ 

2.1.2  

ҹ ῖ Ҍ ̆ ׆ №

ԅ Ȃ ҹ̆ ⱬ № ҍ◄℗ᵬ

̆ ҹ ᶫԅ ┴ Ȃ ҹ̆

ᴋ ң ᵣ ̆ ԍ№ ⱬ ̆ ҉ᴪ֟

ⱬȂ ֓ ⱬᵬ Ҋ ◄℗ ̆ ⱬᵬ Ҭ№

ȁ ҹᴪ ׆̆ ⱬ ῒ̆ ̂2-2̃Ȃ

ҍ ̆ҹ ҍ

ᶫԅ Ȃ ̆ №׆

⌠ ̆ ȁ ᴆҊ Ӟ Ȃ 

f rF At=                         ̂2-2̃  

ҬFf ⱬ Ű̕ ◄℗ ̂ ᵝ ◄℗ⱬ̃̕ Ar Ȃ 

2.1.3  

׆ ̆ ҹ ⱬ ԍ

Ҭ֟ ̆ ≢ Ҭ Ȃ

̆ ⱬᵬ ̆ ꜚҬ ⱴ ҍ

Ȃ ҩ ῤ ҹ ⱬ ῒ̆ ̂2-3̃ Ȃ

ԍ ᵣ̂ ̃ҍ ӊ ҹ̆

ҹ ᶫԅ № Ȃ ̆ Һ ԍῤ ̆

ῃ Ҭ Ȃ 

fF E´D                     ̂2-3̃  

ҬȹEҹ ⱴ Ҭ Ȃ 
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2.1.4  

Һ ԍ ΐ Ҍ ↕ ᵣӊ

ҹ̆ῒ ῏ ԍ ȁ ↨

ᴰ Ȃ Ҭ ⌠ ῗ̂Hertz̃ ̆Greenwood and 

Williamson̆ № ̆ ῏ ԍңҩ ᵣ

ӊ Ȃ Ҍ ̆ ԍᶭ Ẋ

ҹ ̆ ꜚ ̂ ȁ

̃ ӎᾟ№ Ȃ ̆ ꜚ ȁ№

ⱬ ץ ̆ ῃץ

Ҭ ⱬ ῒ ᵬ Ȃ 

2.1.5 -  

Ҍ ץ ̆ ץ - ᵬ

ҹ ̆№≢ҹ ҍ № ᵬ ⱬ̆ ҍ ᵬ

ⱬ̆ ̆ ҉ €ᵣ ℗╝ᵬ ̆ 2-1

Ȃ 

 

2-1 -  

Fig.2-1 Schematic diagram of tire-pavement friction mechanism 

ⱬ ѿ № ᵬ ⱬ̆ῒ֟ └ ԍ № ҍ

№ Ԑ ԑᵬ Ȃ ᵬ ⱬ ̆

̆ᶛ № Ȃ ⱬ

̆ᵖ ғᾣ ᴆҊ̆ ⱬ ҹ Ȃ

̆ ⱬҍ ҍ ℗ ῏̆ ץ ѿ ҉

ҍ ӊ ⱬ Ȃ ̆ ᴨ ̆

ҍ № ᵬ ⱬ ̆ ץ ΐ ⱬ
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׆̆ Ȃ ̆ ⱬ ҍ / ̆

ҍ ’ ℗ ῏Ȃ 

ⱬҺ ԍ ҍ ӊ № ̆

ᵬ Ȃ ᴆҊ̆ ⱬ ҍ Һ ᵬ ⱬȂ

ҍ ̆ № ῀ ̆ № ᵬ

ⱬ ̆ ҹ№ Ȃ ̆ ᶏῒ ῀

₭€ ̆֟ ᵌľ Ŀ Ȃ ҍ

ꜚ ̆ ֓ ҉֟ ℗ ⱬ̆ ⱬȂ ̆

ҹ ῏ Ȃ ̆ ΐ

ῒ Ȃ ̆ ⱬ

⌠ ȁ Ȃ ≢ ᴆҊ̆

ꜚ ̆ ꜛԍ ̆ᵖ Ҭ̆ ѿᵬ

⁞ ׆̆ ⱬҊ Ȃ 

ⱬ ӊѿȂᵬҹѿ ᵞ

̆ ΐ ᴨ Ȃ ҍ Ҭ̆

ҍ ῍ ⱴԅ Ȃ ⱬᵬ Ҋ̆ ҍ

ᴪ ̆ Ҭ Ȃ

֟ ԅ ⱬ̆ ҹ № Ȃΐᵣ ̆ ҍ

№ Ҭ̆ ҍ Ȃ ̆

ⱬ Ҍ ῃ ῒ̆ ṿ ⱬ ҹ ⱬ ѿ №Ȃ

̆ ׆̆ Ȃ

ѿ └ ΐ ӈȂ 

℗╝ᵬ ҍ ̆ €ᵣ ֟

℗╝ Ȃ ҉ € ⱴ◄℗ⱬ ⱬ̆׆

Ȃ ᵌԍ ᵬ ̆ῒ

€ᵣ№ Ȃ ℗╝ᵬ ҉ ҹ

̆ ⱬ ӊѿ̆ᵖ Ӟ Һ ӊѿȂ

℗╝ᵬ ᴪⱴ▲ ̆ ℗╝ᵬ ↕ ҍ

ӊ ⱬ Ҋ Ȃ ᾣ ҉̆ ԍ €ᵣ ᵬ ⁞ ̆ ℗╝

̆ ץ Ҍ Ȃ 

№҉ץ ῖ ̆ ץ ⱬ ̂2-4̃

Ȃ ⱬ ҹ ⱬ̆ ⱬ̆ ℗╝ⱬ ⱬ Ȃ 

f adh hys cut vdWF F F F F= + + +                    ̂2-4̃  
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Ҭ Fadhҹ ⱬ̕Fhysҹ ⱬ̕Fcutҹ ℗╝ⱬ̕FvdWҹ ⱬȂ 

ⱬҍ ҍ ⱬ ῏̆ ⌠

ȁ ᴆ ̆ ̂2-5̃ Ȃ

ѿ ’Ҋ̆ ̆ ᵝ ⱬ ̆ᵖ ⱬ

ᴪ ⱴ Ȃ ᴨ̆ ⱬ Ȃ 

adh adhF P Am= Ö                        ̂2-5̃  

Ҭɛadhҹ ̕Pҹ ⱬ̕Aҹ Ȃ 

ⱬ̂ ̃ ԍ ҍ

֟ ̆ ץ ̂2-6̃ Ȃ 

hys hysF k E= ÖD                        ̂2-6̃  

Ҭkadhҹҍ ῏ ȹ̕Eҹ Ҭ

Ȃ 

€ᵣ ℗╝ᵬ ̆ ‗ԍ ⱬȂ

̂2-7̃ Ȃ 

cut cut cutF At= Ö                         ̂2-7̃  

ҬŰcutҹҍ ℗╝ⱬ ◄℗ ̕Acut ℗╝ Ȃ 

ⱬ ҍ № ԑᵬ ⱬ֟ ̆

ᾣ ᴆҊ ҹ ̆ ҍ ℗ ῏Ȃῒᵬ └ ̂2-8̃

Ȃ 

vdW vdWF Aa= Ö                      ̂2-8̃  

ҬŬvdWҹ ⱬ ᶛ ̕Aҹ Ȃ 

2.2 -  

̆ ҍ ӊ ⱬ

ȁ ᴆ ῍ Ȃ ̆

ԍ҉ ҈ ᵬ Ȃ҈ Ҭᴋ ѿ ̆

- ׆̆ ῃҍ Ȃ 

₮ ̆ ҈ ҍ ӊ ҹ

ⱬ ̆ ҹ ῏ ℗῀ Ȃ ̆

׆ - ҹ ₮ ̆ ҍ ӊ ῏ Ȃ
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Ὲ ̆↕ ԍ ҍ ᴆ ҍ

Ȃ 

ҹ Ҍֽ ҍ └ ̆ ⌠

ҍ └Ȃ ԍ ̆ҹ

ᵬ └̆ ῏ ѿ ҹץҊ҈ҩ

№ ̔ ҍ № ȁ ץ ᴆȂ №

ꜛԍ׆ ȁ ҍ ꜚ҈ҩ ̆ῃ -

ⱬ └ ῒ Ȃ 

2.2.1 ғ ⅎ  

2.2.1.1  

Һ ῒ ‗ ̆ ֓ ׆

№ ҍ ңҩ № Ȃ № ̆ Ҭ

ԅ ᶛ̆ῒ ΐ ‗ ᵬ Ȃ ץ

ᵬҹ ̆ҍ ̂ ȁ ̃ ѿ ᶛ

̆ Ȃ Ҭ

ҹ85%͘95%̆ ҹ 4%͘ 7%̆ ῒז ⱴ╕ ᶛ ԍ 1%Ȃ 

Ҭ ԅ90% ̆ ѿ ҉‗

ԅ Ȃ ԅ ᵞ └ȂῒҬ

ᾣṿ ̆ ᶏ Ҭ ⱬȂ

֓ Ҥ └̆ Ḡ ᶏ Ҭ ᶫ

ⱬ̆ ῃ Ȃ ԍ ̆ ȇ ȈҬ̆

ԅ ȁ ȁ ṿ ̆ Ḡ Ҭ

ȁ ׆̆ ᶫ Ȃ 

↨ ̆ ῃ ̆ Ҭ
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2-2 ғ  

Fig.2-2 Schematic of new pavement and pavement after long service life 
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2-3 ╦  

Fig.2-3 Surface changes of specimens before and after Hamburg rutting 
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2-4 ╦  

Fig.2-4 Surface changes before and after metal wheel rolling in Hamburg rutting 
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2-5 ╦  

Fig.2-5 Changes in asphalt and aggregate percentage before and after metal wheel 

rolling in Hamburg rutting 

№ Ҍֽ ⱴ ⱴ ̆

ҍ № Ȃ ԅ ̆

ԍᾣ Ҭ̆ᴪ ̆ Ҋ ̆ ₮ ▫

Ȃ ̆ ᵬ ҊӞᴪ ׆̆ ᵣ

Ȃṿ ̆ Ҍ ̆ ѿ

ⱴ № ⱷ ̆ ᶏ Ȃ ̆

̆ ⱴ ȁ

Ȃ 

2.2.1.2  

ȁ ȁ ’ Ȃ

╠ ֜ ̆ 2-6 Ȃ 

 

2-6 ҩ  

Fig.2-6 Two common types of tires 
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2-7  

Fig.2-7 Schematic diagram of the microstructure of tire rubber 
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2-8 ЃaЄ ЖЃbЄ  

Fig.2-8 (a) Macrotexture; (b) Microtexture 
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Tab.2-1 Friction contribution percentage analysis 
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2-9 ғ  

Fig.2-9 Schematic of tire adhesion to pavement surface 
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2-10 ҏ֥  

Fig.2-10 Mechanism of tire adhesion on hard surfaces 
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2-11 ꜠ Ҳ ᵩ ⅎ  

Fig.2-11 Fluid film velocity distribution in a sliding parallel plate 
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3-1  

Fig.3-1 Vehicle Simulator 
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280kNӊ ̆ Ҭ ԅ200kN⌠280kNⱴ Ȃ 

ԅ TacSense Ὲ ᶫ ⱬ№

̆ ҈ № ̔ ⱬ ᴰ ȁ ⱬ№

ᴆȂ ⱬ ᴰ - ̆

꞉̆ ᶫ ȁᵞ /ⱬḤ Ȃ ᴰ

ⱬ̆ᵖ ⱬȂ ⱬ

ᴰ ҍ ӊ

ⱬ̆ 3-2 [137-139]Ȃ ҍ

̂EDL̃̆ ΐ ̂ 10ɛF/cmĮ̃Ȃ

ᵬ Ҋ̆ ̆ - Ȃ

⌠ ⱴ Ȃ ҹ

ȁ ȁᵞ /ⱬḤ Ȃ 

 
3-2 ᴶ  

Fig.3-2 Interfacial capacitive sensing principle 

ᴰ ҹ18.88cmĬ40.96cm̆№ ҹ1.6mmĬ1.6mm̆

ҹ 30208Ȃ - ⱬ№ ҹ 15Hz̆

3-3 ȂҹԅḠ ᴰ ᾧ ᴴ̆ ҉

ԅѿ ҹ1mm Ȃ ΐ ̆ ῒ

- ҹ ᵞȂD └ 1.2mm

ῤȂץ ᴆҊ̆ ᴰ ץ Ҍ

Ȃ ҹ - ҹ ‰ ᶫԅ ⱬ ̆ῒ
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№ ⱬ Ḡԅ ⱬ№ Ȃ 

 

3-3 Ⱶⅎ ᵲ  

Fig.3-3 Workflow of pressure distribution measurement 

≠ NE-ALT ԅ ⱴ Ȃ

ⱬ№ ̆ ԅ Ҍ ᴆҊ̆ ҍ ҈ҩҌ

ᵝ ⱬ№ Ȃ ̆ҹ № ̆ ԅ ҍ ԍ

ᾣ ↨ ӊ ⱬ№ Ȃ ᾣ ↨ ҹ5mmȂ

ҹ ̂SMA-16̃̆ῒ Ὲ ҹ16mm̕

ҹ12.00R20 ̆ ҹ8.2bar̆

ҹ╠ ῤᶷ ̂ 3-4̂ ã Ȃ̃ Ҭ ҹ ̆

ⱬᴰ 8cm̆ ῃ ҩ

- Ȃ ̆ ԅ ⱬ ̂ 3-4̂ b̃

̃̆ ӗ2ץ № Ȃ ԅ

’ ҍ ҹ̆ ῀ - ⱬ№ ᶫԅ

Ȃ 

 

3-4 ЃaЄ ЖЃbЄ Ⱶ  

Fig.3-4 (a) Schematic diagram; (b) Contact stress test area 

3.1.2  
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Ҭ̆└ ԅ ῖ ̆ Ὲ

̂Maximum Nominal Particle SizĕNMPS̃ҹ13.2mm

̂AC-13̃ȁNMPSҹ16mm ̂AC-16̃ȁNMPS

ҹ13.2mm ̂SMA-13̃ץ NMPSҹ13.2mm

̂OGFC-13̃̆ 3-5 Ȃ 

 

3-5  

Fig.3-5 Pavement gradation 

֓ ԅѿ Ҭ ȁѿ └

ȁѿ ץ ң Ҍ └ Ȃ ȇῈ

Ȉ̂JTG E42-2005̆Ҭ ֲ ῍ ֜ 2005̃

̆ ԅ [140]Ȃ 

AC-13 AC-16 Ҭᶏ ԅAH-70 ̆ SMA-13 OGFC-

13 Ҭ↕ᶏ ԅSBS Ȃ ȇῈ

Ȉ̂JTG E20-2011̆Ҭ ֲ ῍ ֜ 2011̃ ̆

ԅ [141]Ȃ ֓ ̂ 3-1̆

3-2̆ 3-3̃ ȇῈ Ȉ̂JTG F40-2004̆Ҭ

ֲ ῍ ֜ 2004̃ [142]Ȃ ȇῈ
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Ȉ̂JTG E20-2011̃Ҭ T0703̆ҹ - ҹ

└ᵬԅ ᴆ̆ ᴆ ҹ300mmĬ300mm̆ ҹ50mmȂ 

3-1  

Tab.3-1 Technical properties of coarse aggregates 

 
 

  
10-20mm 10-15mm 5-10mm 

 2.911 2.906 2.924 T0304 Ó 2.6 

 (%) 1.03 1.19 1.82 T0304 Ò 2.0 

ṿ (%) 14.7 T0316 Ò 26 

 (%) 16.8 18.2 19.4 T0317 Ò 28 

 (%) 
>9.5mm 5.8 6.2 -- 

T0312 
Ò 12 

<9.5mm -- -- 9.7 Ò 18 

3-2  

Tab.3-2 Technical properties of fine aggregates and fillers 

 └     

 (g/cm3) 2.811 2.80 T3028/T0352 Ó 2.5 

 (%) 68 -- T0334 Ó 60 

 (s) 38.4 -- T0345 Ó 30 

 (%) -- 0.33 T0353 Ò 1 

3-3  

Tab.3-3 Basic technical properties of asphalt 

 AH-70 SBS  
 

AH-70 SBS 

῀  (25ÁC; 0.1mm) 64 74 T0604 60-80 60-80 

 (ÁC) 48 77.5 T0606 Ó 46 Ó 55 

 (15ÁC or 5ÁC; cm) >100 (15ÁC) 35 (5ÁC) T0605 Ó 100 Ó 30 

 (25ÁC; %) -- 78.3 T0662 -- Ó 65 

Ḥ ᴆ̂ ̃└ ȇῈ

Ȉ̂ JTG E20-2011̃└ ᴆȂ└ 3-6

Ȃ 
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3-6 ┼  

Fig.3-6 Flow of specimen preparation 

3.1.3 - ҿ  

ⱬ ⱬ№ ҆ Ȃ

ῖ 3-7 Ȃ Ҭ̆ҹ Ḡ ᵬ ῃ ̆

ᶏ Ȃ ԍ ᴆ ̆ҹḠ

ⱬ ᴰ ̆ ᴆ ԅѿ ҹ1mm Ȃ

ҍᴰ └ 1.2mmץῤ̆ץ ⁞ Ȃ

Ҭᶏ ԅѿ ҹ195/65 R15 Ȃ ᾟ№ ԅ

Ḡ ᵬ ῃ ̆ Ḡԅ ‰ ̆ҹ№ -

ҹ ᶫԅ Ȃ 

 
3-7 ғ Ⱶ  

Fig.3-7 Tire-pavement contact stress test 

ԅ ȁ ȁ ẁ ץ

̆ ԅ҈ - Ȃ №≢ ԓ Ҍ

ȁԓ Ҍ ẁ ץ ԓ Ҍ ̆ΐᵣ

3-4Ȃ ̆ ẁ Ҭ ᵝ ̆

ᵝ Ȃ ῃ ԅ -
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ҹ Һ №ץ̆ Ҍ ᴆҊ ⱬ№ Ȃ 

3-4  

Tab.3-4 Design of Experimental Programs 

№   (bar) ⱬ(kN) ẁ (Á) 

1 
AC-13, AC-16, SMA-13, 

OGFC-13,  
2.41 1-4.4 0 

2 AC-16 2.41 1-4.4 
0, 1.9, 3.2, 5.6, 

6.9  

3 AC-16 
2, 2.2, 2.4, 2.6, 

2.8 
1-4.4 0 

3.2 - ҿⅎ  

3.2.1 ⱵԜ  

Ҍ ᴆҊ̆ ԅ ҈ҩ ᵝ ѿҩ↨ ᵝ

ⱬ№ Ȃ -↨ ⱬ№ 3-8 ̆

ᵝ 2 ⱬ№ 3-9 Ȃ 

 
3-8 -− Ⱶⅎ  

Fig.3-8 Tire-rigid plate stress distribution 
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3-9 - Ⱶⅎ  

Fig.3-9 Tire-pavement stress distribution 

ⱬ№ ԍ MATLAB ̆ῒ

3-4 ̆ҹ ҍ ѿ Ȃ ҩ ⱬ ҹ

1.6mmĬ1.6mm̆ ⱬṿ ̆ ץ ₮ Ȃ ₮

ҹ ѿᶷ ⱴ ̆ ӗץ 2̆ ҹ

̆ ԍ № Ȃ ̆ ₮

ⱬȂ ’Ҋ̆ - ⱬ№ Ҍ ̆ ⱬ

ᴴ̆ ⱬṿ № Ȃ 

3.2.2 Ⱶ 

ῇҩ ̆ ҉ ҩ ҹ

1/8Ȃ ̆ ԍ ȁ ץ ’ ̆

№ ᴪ Ҍ ׆̆ Ҍ

Ȃ ̆ Ҍ Ҋ Ȃ
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3-10 Ȃ ⱴ̆ ҍ ӊ

Ӟ ӊ ̆ғԋ ӊ ῏ Ȃ

ԍ 1/8Ȃ Һ ԍ ȁ ץ

ᴆ Ȃ ᾣ̆ ↨ ҉ ԍ 1/8̆

ץ ԍᾣ ↨ ᵬ Ȃ ԍᾣ ↨ ҹ5mm̆

ῒ ̆ ᾣ ↨ ԍ ҈ҩ ᵝ

Ȃ 
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3-10 Ⱶ 

Fig.3-10 Vehicle loads and vertical tire forces 

3.2.3  

ⱬ№ ᵝ Ҍ Ȃ 3-8

3-9 ̆ -↨ ⱬ № Ҭ ̆

̆ ᵣ № ̆ ҍᾢ╠Zhuangֲ Liang

ֲ ѿ [88, 143]Ȃ ̆ - ⱬ № ̆

Һ ԍ Ȃ 

Ҍֽ - ̆ Ȃ

3-11 ̆Ҍ Ҋ - ΐ Ȃ

ץ ₮̆ Ҋ̆ - ԍ -↨

Ȃ Һ ԍ ҍ Ҍ ₮ ҩ ⱬ

׆̆ Ȃ ̆Ҍ

ᵝ ҍ ӊ ῏ Ӟ Ȃ 
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3-11  

Fig.3-11 Contact area 

3.2.4 Ⱶⅎ  

3.2.4.1ⱬ №  

ԅ -↨ ⱬ - ⱬ ᵝ 2

̆№ ῒ ⱬ№ Ȃᵝ 3-8 3-9Ҭ ̆ ң

’Ҋ̆ ҹ5.6cm ץ №≢ҹ11.2cm̂

-↨ ’̃ 14.4cm̂ - ’̃ ԅ ⱬ ̆

ץ ѿ № Ȃ 3-12 ԅң ’ҊҌ ᴆҊ̆

ҹ5.6cm ⱬ№ ̕ 3-13 ԅң ’ҊҌ ᴆ

Ҋ ⱬ№ Ȃ 

 

3-12 Ⱶⅎ  

Fig.3-12 Stress distribution in longitudinal sections 
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3-13 Ⱶⅎ  

Fig.3-13 Stress distribution in lateral sections 

3-12̂ã ̆ -↨ ’Ҋ̆Ҭ ⱬ ꜚ

600kPa⌠1200kPaӊ Ȃ ⱴ Ҭ̆ ⱬ
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̆ ῒ - ’Ҋ ҹ ̆ ῤᶷ ⱬ Ҍ Ȃ

̆ ץ ⌠ ⱬ׆ ῤᶷ ⱴ  Ȃל

҉ ̆ ᵣ ⱬ№ Ҭ̆ ⱴ̆ -

ң ̆ ⱬ Ȃ ֓
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3.2.4.2  
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ԍ - ⱬȂ 
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3-14 Ⱶ 

Fig.3-14 Average contact stress 
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3-15 Ⱶ 

Fig.3-15 Maximum contact stress 
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Fig.3-16 Cumulative frequency curve of contact stress 
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3-17 Ⱶ ғ  

Fig.3-17 Contact stress histogram and cumulative frequency curve fitting 
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ԍ -↨ ’̆ ⱬ ҹ0kPa⌠400kPaҩ

ᶛ Ҋ ̆ל ⱬ 0kPa⌠ 400kPaӊ

20.77%Ȃ╧ ֓ ̆ ⱬ № ̆ ṿ ҹ 800kPa⌠

900kPaȂ ⱬṿ ṿ ̆ ⱬṿ ̆ῒ ᵞȂ

ⱬṿ ⌠1962.68kPăᵖ ⱬṿ 1000kPa ⁞ Ȃ

׆ ̆1000kPa ⱬ ҹ84.02%Ȃ 

ԍ - ’̆ ⱬ ҹ0kPa⌠400kPaҩ ₮

ᾢ ⁞ Ȃל ҩ - ’Ҭ

30%Ȃ╧ ֓ṿ ̆ ⱬ ᵖ № Ȃᵝ 1 ṿ ҹ

800kPa⌠900kPa̕ᵝ 2 ṿ ҹ900kPa⌠1000kPa̕ᵝ 3 ṿ

ҹ800kPa⌠900kPaȂ ֓ ṿ ҍ -↨ ’ ѿ Ȃ

ⱬṿ ṿ ̆ ⱬṿ ̆ῒ ᵞȂ - ’

ⱬṿ ԍ -↨ ’̆ῒҬᵝ 2 ⱬ ⌠

3195.72kPaȂ ̆ ⱬ ԍ1200kPaֽ 13%Ȃ 

3.2.5 ԓHertz ғ ⅎ  

ῗ̂Hertz̃ ₮ ҹ ῖ ⱬ ӊѿ̆

ҹ ᴧ Ȃ ῗ ңҩ ᵣӊ

῏ Ȃ ῒҬѿҩ ᵣ ԍ ̆ ҹ ᵣ

ҍ ᵣӊ ̆ 3-18 Ȃῒ ҍ ⱬ №

≢ Ὲ ̂3-2̃ Ὲ ̂3-3̃ ⌠Ȃ ⌠ - ⱬ№

̆ ҍ ҹ Ȃ ̆ ῗ

ԍ№ - ӊ ҹ Ȃ 

 

3-18 ᵩғ ᵩ ԝᵲ  

Fig.3-18 Interaction of cylinder and elastic half-space 
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̆ ṿҹ2.61MPaȂ 3-19 ԅ ⱬҍ

̆ ₮ԅ Ȃ 

 

3-19 Ⱶғ  

Fig.3-19 Tire vertical force and contact area 
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R2ҹ 0.802̆ Ȃ ̆
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3.2.6 ҿғ  

WXDM-1 ꜚ ̆ת ת

ᶭ ֜ JTG E60-2008ȇῈ Ȉ ASTM 

E-1911-2009ȇᶏ ꜚ ‰ Ȉ ‰ └Ȃ

ת ‰ ҉ ꜚ̆ ⱬ ̆

3-20 Ȃ ̂3-7̃ ꜚ Ȃ 

t

z

F

F
m=                       ̂3-7̃  

ҬFtҹ ⱬFzҹ  

 

3-20  

Fig.3-20 Principle of skid resistance test and coefficient of friction test 
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Fig.3-21 Result of dynamic friction test coefficient 
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3-22 Ґ  

Fig.3-22 Coefficient of friction reduction rate 
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3-23 ⱵԜ Е(a) Plate; (b) AC-13; (c) SMA-13 

Fig.3-23 Contact stress cloud maps: (a) Plate; (b) AC-13; (c) SMA-13 
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3-24 Ғ  

Fig.3-24 Change in contact area for different pavement surfaces 
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3-25 Ғ Ⱶ  

Fig.3-25 Change in contact stress for different pavement surfaces 
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Fig.3-26 Lateral stress distribution 
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3-27 Ⱶⅎ  

Fig.3-27 Longitudinal stress distribution 
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3-28 ɻAC-13 SMA-13 Ⱶ  

Fig.3-28 Histograms and cumulative frequency curves of contact stresses in Plates, AC-

13 and SMA-13 Pavements 
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3-29 ɻAC-13 SMA-13 Ⱶ Boltzmann  

Fig.3-29 Boltzmann model fitting curves for contact stresses in steel plates, AC-13 and 

SMA-13 pavements 
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3-30 Ғ ẇ Ґ ⱵԜ  

Fig.3-30 Contact stress clouds at different tire inclination angles 
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3-31 Ғ ẇ Ґ  

Fig.3-31 Contact area at different tire inclination angles 
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3-32 Ғ ẇ Ґ Ⱶ 

Fig.3-32 Contact stresses at different tire inclination angles 
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3-33 Ғ ẇ Ґ Ⱶⅎ  

Fig.3-33 Distribution of contact forces in transverse and longitudinal directions at 

different tire inclination angles 
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3-34 Ғ ⱵԜ  

Fig.3-34 Contact stress cloud maps for different tire pressures 
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3-35 Ғ ⱵҐ  

Fig.3-35 Contact area for different tire pressures 

3-36 ԅҌ ⱬ ᴆҊ - ⱬ
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3-36 Ғ ⱵҐ Ⱶ 

Fig.3-36 Contact stresses at different tire pressures 
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3-37 Ғ ⱵҐ Ⱶⅎ  

Fig.3-37 Distribution of contact forces in transverse and longitudinal directions at 

different tire pressures 
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3-38 ᴀ  

Fig.3-38 Pendulum Friction Tester test 
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3-39 ᴀ  

Fig.3-39 Results of Pendulum Friction Tester test 
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4-1 ᵲ  

Fig.4-1 Close-range photogrammetry technical workflow 
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ľ Ŀ Ἕ̆ ֓ Ἕ Ḡԅ ῃ ̆ ҹ Ἕ ᶫ

ԅ҉Ҋ Ȃ ׆ ᵞᵝ Ἕ↕ ԍ Ώ

̆ ԅ Ҋ Ȃ ҉̆ Ἕ

№ ̂ ̆Ground Sampling DistancĕGSD̃ ҍ

ᵣӊ ̂d0̃ ̂Ὢ̃ ̆ῒῈ ̂4-1̃  

0  

f

Pixd
GS

S
D

el ize³
=                      ̂4-1̃  

̆ ҍ ᵣ ̆GSDṿ Ȃ GSD

ἝҬ ҩἝ ף ᵣ ҉ ׆̆ ץ Ȃ 

2. ̔ Ҍ Ἕ ץ

3D Ȃ ֓Ҍ ⱴԅ Ἕ ׆̆

ԍ ꜚ ̂Structure-from-Motion̆SfM̃ Ҭ

Ȃ ׆̆ ҩẁ ῃ ἝҬ

Ḥ Ȃ ̆ ∆ Ҭֽ̆ ԅ ԍ Ḳ Ȃ 

 

4-2 ЃaЄ ЖЃbЄ  

Fig.4-2 (a) Parallel axis shot; (b) Schematic of the shooting platform 

50cm ᶫ Ἕ ̆ 30cm ↕ Ḡ

’Ҋ ԅ Ȃ Ҭ̆ ץ Ḡ׆Ҍ

ἝȂ 4-2̂ b̃ Ȃҹԅ ̆ 30cm

ѿ ̆ ԅ ꜚ Ȃ 

CRP ԋ 3D ̆ ‗ԍ ⱬȂ ᶏ

ԅ3DF Zephyr̂v.6.509̃ᵬҹ ᴆ̆ ҹῒSamanthaStasia

Ȃ ⱬ ̆ ᶏ ԅѿ Ȃ

’Ҋ̆ 3D Ԑ ԍ10№ ̆ ԅ Ȃ 

3D ᾢ ԍ ᵝ Ȃ 4-1Ҭ̆

ᵝ ̆Һ № ң ҉̆
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Ȃ Ҋ ̆ ԐȂ ᴆᶏ Samanthă ѿ

ԍ № ̆ № ҩ Ἕ

3D ԐȂ ѿ ᶏ 3DF Stasia Ԑ̆

ᴨ Ȃ ̆ҹ Ḡ ԐҬ ҍ

ѿ ̆ ╠ԍ ҉ ԅңҩ ̆ ңҩ ӊ ҹ5cmȂ

3D ̆ᶏ ᴆ ‰ⱳ ᶛȂ 

̆ ԍ 3D ⌠ Ԑ ԅ № Ȃ ᶏ

MountainsMap̂v. 10.1̃ ᴆ № Ȃ№ Ҭ ԅ ȁ ◄ȁ

ѿ ↓ ᵬ̆ץ № ȁ ץ

3D Ἕ̆ ԋӗ Ȃ ̆≠ ᴆ ᾣ

ת ԅ№ Ȃ 

4.1.2 ԓ ἥ  

ԍ Ӟ ѿ ̂CRP̃ ̆ᵖῒ

Ἕ Ҍ ̆ᶏ ҹᾢ ̆ Ἕ Ȃ

Ҭ̆ ԅѿ ῒ̆ CMOSD ҹ36Ĭ24mm̆

Ἕ№ ҹ 5472Ĭ3648Ἕ ̆Ἕ ҹ 6.54ɛm̆ ᾣ ṿҹ f/8̆

ᴰ ᶃ └ Ȃҹ Ḡ 3D Ἕ ⱴ‰ ᶃ

̆ ᶏ ԅ Ȃ ᴆAgisoft Metashapêv. 2.1.2̃

ԍ Ȃ ῀ᴨ ԅ Ҭ ̆ ԅ Ȃ

4-3 ̆ ╠ Ҭ̆ ᵬҹ ᶛ

ӈ ̆ ᵬҹ Ἕӊ Ȃ ᶏ Ғҙ

ԅ Ἕ ̆ ῀ ѿ ԅ ̆ Ԑ

ץ ⌠0.1-0.2mm Ȃ 

 

4-3 ἥ ᶡ 

Fig.4-3 Example of an image acquired by the reflex camera and containing coded 

targets. 
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4.1.3 ᾩ  

Ҭᶏ ԅѿ ᾣ Structured-Light Scanner̆SLS̃̂ת

̆ Ԑ ҍ̆ ԍ CRP

ԅ Ȃ ᾣ ҹArtec 3DῈת Artec Space Spider̆ῒ

4-1 Ȃ ת ῒ Ԑ №≢ 4-4̂ ã 4-4̂ b̃

Ȃ 

 

4-4 ЃaЄ ᾩ ᴀЖЃbЄ 3D Ԝ  

Fig.4-4 (a) The Structured-light scanner; (b) A 3D point cloud obtained. 

4-1 ᾩ ᴀ  

Tab.4-1 Structured-light scanner technical specs 

ת  3D  3D№  3D   

Artec Space Spider 0.05mm 0.1mm 7.5FPS  

ᾣ ת ‰ ᾣ ᾣ ᵬȂ ֓

ҹѿ ȁ Ȃ ֓ľ ᾣĿ ᵣ ̆ ԍ

̂ ₭ € ̃ ̆ᾣ ᴪ Ȃ ̆ ת

ᾣ Ḥ ̆ ᾣ Ȃ ֓ ̆

ᵣ 3D ̆ 3D Ԑ Ȃ 

Ҭ Ӟ̆ᶏ ԅ 3D ᾣ ת ̂Miaŏ2014̃

Ҭ ԅ ҩ ҈ [144]Ȃῖ

4-5 Ȃ ҈ ת ԍ ᾣ ᾣ

҈ ̆ῒ ҩ №̆ Ӟת ԅ

Ḡץ ‰ Ȃ ת ╠ ᵝ ҍ ᵝ

ᵣ ᵝ Ȃ ̆ ѿҩ ҹ0.5mm

̂ңҩ ̃ Ԑ ̆ Ԑ ⌠ץ 0.1-0.2mm Ȃ

ҩ xȁy z ̆ᵖῒ Ȃ ̆ᶏ ҙ
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ᴆGeomagic Studioԅ ̆ᶏx-y ҍ Ȃ ̆

῀MATLABᴆ ץ̆ CMTDȂ 

 

4-5 ᾩ ᴀ 

Fig.4-5 Composite laser scanner 

4.1.4 ԓ ἥ  

ҹԅ№ ԍ Ἕ ̆ ԍ Ἕ

̂CRP̃ȁ ԍ Ἕ ̆ ᾣ

ԅ ̆№ ҈ Ȃ

҉ ԓҩΐ ף ᵝ ̆№≢ ԍ

Ἕ CRP ȁҒҙ Ἕ CRP ץ ᾣ SLS̃̂ת

ҍ№ ̆ └ῒ Abbottץ Ȃ

4-6 Ȃ 

 
4-6 ֒ үᵣ Ғ Abbott 

Fig.4-6 Abbott curves for results of different methods in five locations 
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4-6 ץ ₮̆ ԅᵝ 4 ̆ῒᵩ ҩᵝ Abbott

Ҍ ӊ ᵣ ѿל ΐ̆ Ȃΐᵣ ̆ ᵝ 4̆

ᾣ ҍҒҙת Abbott ̆ ҍӊ

ҹ Ẓ Ȃ ѿ ̆ ԍ Ἕ CRP └

ᵬḂ ΐ ᴨ̆לῒ ▲ ‰ ׅ ѿ

Ҍ Ȃ ӊҊ ᶏ̆ Ἕ CRP ҉ ҹ

̆ῒ ҍ ת Ȃ 

ѿ Abbott № ̆ 0 0.7mm

ῤ ̆ ᶛ 50%̆ № ⌠80%Ȃ

ᵣ ̆ҍ ҹ ȁ Ҍ 12.5mm

’ Ȃ ᵞ ̆ Abbott Ȃ

̆ ⱴ̆҈ ӊ ֞ ӊ Ȃ ל ѿ

̆Ҍ ΐ ѿ ̆ᵖ ≢

₮ Ȃ ῒ Ἕ ԍ Ἕ№ ᾣ

ᴆ̆ ₭ ҉ Ȃ ̆ ѿ ᴨ ԍ

Ἕ ̆ ῒ Ҋ ‰ Ȃ 

ҹԅ ѿ Ҍ ̆ ҈ Ҍ ᵀ

ԓҩῖ ᵝ ԅ Ȃ№

̂Sãȁ ̂Sq̃ȁ ̂Sz̃ȁẒ ̂Ssk̃ ̂Skũ̆

ץ Ҍ ᴟ ⱬ̆ 4-7 Ȃ 

̂Sq̃ ѿ ̆ ԍ ᵀ

̆ ȂSq Ὲ Ҋ̔ 

21
( , )

A

Sq Z x y dxdy
A

= ññ                    ̂4-2̃  

̂SãӞ ѿ ̆ ѿҩ ӈ ῤ

Z(x, y) ṿȂSa Ὲ Ҋ̔ 

1
( , )

A

Sa Z x y dxdy
A
= ññ                     ̂4-3̃  

Ẓ ̂Ssk̃ ԍ № Ȃ Ssk=0 ↕̆ № ̕

Ssk<0 ↕̆ Ҭ ṿ̆ № Ẓ ԍ Ҋ̕ץ Ssk>0̆

↕ Ҭ ṿ ₭ ̆ № Ẓ ԍ Ȃ҉ץ ṿ̂ Skũ

ԍ ᵀ № ȂSku=3 № ҹ № S̕ku>3

№ S̕ku<3 № ҹ ȂSsk Sku Ὲ №≢
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4-7 Ғ ᵣ  

Fig.4-7 Roughness parameters for different locations 

ץ ₮ ᵝ 4 ̆҈ ῒᵩ ҩᵝ SaȁSq Szṿ

̆ ѿ Ȃ ѿ ѿ ԅ

№ Ҭ ҍ Ȃΐᵣ S̆a ṿ ҹ0.10.4mm̆

Sq 0.10.6mmӊ ̆ Szҹ4mm̆ ᵣ

ᵞғ ̆ ҍ ’ Ȃ ᵝ 4 ̆ ԍ

Ἕ ԍῒזң Ȃ ԍ ᵝ

̆ Ἕ ᾣ Ҍ Ҭ Ḥ ҡ ׆̆ ԅ

҈ ̆ ᵀȂ ӊҊ̆Ғҙ ₡Ṣῒ

CMOSD ᾣ Ἕ ⱬ̆ ᵞ ̆

₮ ‰ ѿ Ȃ 

№ ̆ԓҩᵝ SskSkuṿ ҈ ӊ

Ȃ Ҋ̆Skuṿ ԍ 3̆ № ̆ΐ

№ Ȃ ҍ ₀ Ҭ ѿ Ȃ Ssk

ṿ ԍ 0̆ № ҉Ẓ ̆ € Ȃ ѿ ֞ҍ
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Abbottᵞ Ȃ ҉ ̆

№ ץ ₮ ̔ ȁ№ ̆ ԍ Ἕ

CRP ᶫҍҒҙ ת ̕

̆ῒ‰ ׅ Ȃ 

ҹ ῀ Ἕ ̆ ԓҩᵝ ҈

Ԑ ̆ 4-8Ȃ 

 

4-8 Ғ ᵣ  

Fig.4-8 Roughness parameters for different locations 

ץ ₮̆ᵝ 4 Ԑ ҍῒזᵝ ̆ ̆

ҩ ῒ̆Ҭ № 3.0mm̆ CRP

Ҋ Ȃ Һ ԍңҩ ̔ѿ Ἕ № ᾣ ⱬ

̆ ᵞᾣ Ҭ №ᾟץ ₭ ̕ԋ ҈

Ҭ̆ ԍ ἝḤ ̆ ᴆ ṿ ῃ̆

ᵀȂ 

ӊҊ̆ᵝ 5 ₭ ̆ᵖ ̆ Ԑ

ҍ ת ⱴѿ ̆ CRP ᴟ Ҭ ’Ҋׅΐ

Ȃῒᵩᵝ ̆҈ ҈

Ȃ № ̆ ԍ Ἕ ԍ ᴟ

ȁ₭ Ȃ ԍΐ ̆ ᶏ

̆ ῒז ץ ‰ Ȃ 

̆ ṢꜛCloud Compareᴆ ԓҩ Ԑ ԅ
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Ԑ Ԑ № ̆ ᾣ ᵬҹ ‰̆ ԅ CRP Xȁ

YȁZ҈ ҉ Ȃ№ ̆XȁY ̆ Z

̆ +2.40mmī5.24mm̆ῒҬᵝ 4 ̆

ѿ ԅῒ҈ Ҍ Ȃ ᵝ 1 ̂ī1.49mm+0.88 

mm̃ Ȃῃ 4-2 Ȃ 

4-2 Ғ  

Tab.4-2 Comparison of different texture scanning techniques 

ᵝ  
Zṿ ̂ ṿ- ṿ̃ 

ԍSLS Ԑ  

1 ī1.49(min) + 0.88(max) 

2 ī2.82(min) + 1.52(max) 

3 ī3.05(min) + 1.92(max) 

4 ī5.24(min) + 2.40(max) 

5 ī2.56(min) + 1.01(max) 

ᵝ 4 Ԑ 4-9 ̆ Z ҉ ṿ

Ȃ ╠ ̆ ₭ Ҭ ῤ ң ӊ Zṿ

Ȃ ѿ ԅ CRP ᵀ

ᴇṿ̆ Ӟ ԅῒ Ҭ ̆ҹ ᴨ

ҍ ᶫԅ ᶭ Ȃ 

 

4-9 r 4 Z Ԝ  

Fig.4-9 Z-direction point cloud difference comparison results for position 4 

₃ ̆ 4-3 ̆

ԍ ̆ ȁ ȁ ᵬḂ

Ȃ ԍѿ ̆ ἝCRPѿ

̕ Ҋ̆ ᾣ ΐᴨלȂᵖ

ֽ Ӟ ץ ԍ Ἕ Ȃ ԅ



ᵝ  

 

79 

 

Ȃ 

4-3 Ғ  

Tab.4-3 Comparison of different texture scanning techniques 

   ᵬ   

ἝCRP Ҭ  ᵞ Ҭ   

ἝCRP  Ҭ    

ᾣ    ᵞ  

     

4.2  

4.2.1 ᴍ 

Macro-MPD ᵀ ̆ ̆Macro-

MPD ҍ ӊ ῏Ȃ Ҭ M̆acro-MPD

ᶭ ISO13473-1:2019 ‰ Ȃ MPDӊ╠̆

ץ ‰ Ȃ Ҋץ ̔ ᾢ̆╧

̕ ̆ Ԑ ץ № ̕ ̆

≢ ̕ӊ ̆ ᵞ №

̆ ‰ Ȃ ᴨ ̆

̂Mean Segment Depth, MSD̃̆ 4-10 Ȃ MSD Ҭ̆ץ 100mm

⅞№ҹңҩ M̆SD ӈҹңҩ ṿ ṿȂ ҩ

Macro-MPD MSDṿ ⌠ȂMacro-MPD Matlab

ף  AȂ 

 

4-10 MPD  

Fig.4-10 Schematic diagram of macro-MPD calculations 
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̂MTD̃ ̆ᶭ

ȇῈ Ȉ̂ JTG 3450-2019Ҭ̃ T0964-2008‰Ȃ

ᵣ ‰ ̆ ̆

̆ ≠ Ὲ ̂4-6̃ ₮ ̂MTD̃Ȃΐᵣ

ҹ̔ ᾟ Ҭ̆ ̆ ҍ

ᵣ ӊ ῏ ̆ ₮ Ȃ 

2

4V
MTD

Dp
=                        ̂4-6̃  

Ҭ̆ ᾢ ‰ ‰ ̆ ҉

ΐ ף Ȃ ᵣ ṕ ԍ ̆

ᶏ Ғ ⌂ ⌂ ̆ Ȃ ̆

̆ ҩ ҉ ṿ̆ 4-11 Ȃ

̆ ᵣ ҍ ̆ Ὲ ̂MTD̃̆ץ

ᴇ Ȃ 

 

4-11  

Fig.4-11 Sand patch test 

Ҭ ԅ ҉ץ ̆Ӟ ԅ ̆

̆ⱳ ̂ᵣ ̃ ᴰ Ȃ 

4.2.2 ҿ  

ᾢ ҈ ӊ╠ ᵝ ↨

ԅ ̆ 4-12 Ȃ № 4-4 Ȃ 
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4-12 ἥЕ(a) ᾩ − Ж(b) r 1Ж(c) r 2Ж(d) r 3 

Fig.4-12 Texture image: (a) smooth rigid plate; (b) pavement position 1; (c) pavement 

position 2; (d) pavement position 3 

4-4 Ғ ẅ 

Tab.4-4 Results of texture feature value calculation 

ᵝ  Sa Sq MTD CMTD 

↨  0.058 0.0935 0 0.0577 

ᵝ 1 0.9026 1.1773 1.076 1.0927 

ᵝ 2 0.6254 0.8312 0.89 0.7292 

ᵝ 3 0.6727 0.8657 0.98 0.8119 

׆ 4-4 ץ ₮̆҈ҩҌ ᵝ ȂῒҬ̆

ᵝ 1 Ȃ Ἕ№ ̆ ᵝ Ҭ

̆ ᴟ ̆ ԍῒזᵝ Ȃ ӊҊ̆

ᵝ 2 ҹ Ȃ Ἕ ץ ⌠̆ ᵝ ғ

̆ ᴟ ̆ ᵞȂ ᵝ 3 ԍ╠ң׃ ӊ Ȃ

Ἕ ̆ ᵝ ̆ ᵣ ҹ ̆ᵖ ׅ

̆ ֟ ѿ Ȃ 

└ Ҍ ת ԅ

̆ 4-13 Ȃ № 4-5 Ȃ 
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4-13Ғ Е(a)AC-13; (b) AC-16; (c) SMA-13; (d) OGFC-13 

Fig.4-13 Macro-textures of pavements with different gradations: (a) AC-13; (b) AC-16; 

(c) SMA-13; (d) OGFC-13 

4-5 Ғ  

Tab.4-5 Results of macro texture parameters for different graded pavements 

 Sa Sq MTD CMTD 

AC-13 0.5609 0.7532 1.02 0.7725 

AC-16 0.5805 0.7810 1.00 0.8133 

SMA-13 0.8833 1.2180 1.43 1.3956 

OGFC-13 0.8543 1.1609 1.84 1.2020 

׆ 4-5 ץ ₮̆AC-16 AC-13 ̂MTD̃ṿ

ԍ SMA-13 OGFC-13ȂῒҬ̆OGFC-13 MTDṿ ԍῒז Ȃ

̆ῒ ̂CMTD̃ṿ ԍ MTDṿȂ ѿ

Һ OGFC-13ῤ ̆ ֓ ῃ ҈

ת ̆ᵖ ҹ ῀ ᶫԅ ̆ MTDṿ Ȃ 

׆ ̆SMA-13 Sâ ̃ Sq̂

ṿ̃ Ȃ Ἕ№ S̆MA-13 ̆

Ȃ ̆OGFC-13Ӟΐ ᵌ ̆ῒSa Sqṿֽ

ԍSMA-13̆ ῒ ᴟ Ȃ ӊҊ ĂC-13 AC-16 Sa Sq

ṿ ̆ ң ҹ ̆ ᵞȂ ҉ ̆

MTDȁCMTD № ̆ ץ Ҍ

҉ Ȃ ֓ Һ ῤ

Ȃ 
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4.2.3 ғ ҿῗ  

ҹԅ ᵀ ⱬ№ ̆ ԅ ҍ

Boltzmannӊ ῏ Ȃ ̆ Sa

CMTDҍ Boltzmann A x ῏ Ȃ 4-14

ԅ ̆ ԋ ӊ ΐ ῏ ̆ └ԅ Ȃ

׆ Ҭ ץ ₮̆ Sa CMTD ⱴ Ă x Ҋ Ȃל

d̆xҍ ӊ ₮ ῏ ׅ̆ ѿ Ȃ

҉ ̆ ҍ ⱬ№ ℗ ῏Ȃ ѿ Boltzmann

ץ̆ ‰ - ⱬ№ Ȃ 
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Fig.4-14 Heavy duty stress distribution parameters and macrotexture parameters 
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Fig.4-15 Passenger car stress distribution parameters and macrotexture parameters 
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4.2.4 Ғ  

Ҭ̆ҹ № ̆

ԍ Ҭ ᵬҹ ̆№≢ └ ԅῇ

ΐ ῖ ᴆ̆ ᴆ ҹ ‰ ̆

300mmĬ300mmĬ50mmȂ ᴆ Ҍ ץ̆ Ҭ

̆ ΐ ף Ȃΐᵣ

Ḥ 4-6Ȃ ҹ ̆ῒ

̆ ҍ ҈ Ҭ ѿ ̆ 3-1̆ 3-2

3-3Ȃ 4-7 ̆ ᴆ Ḥ

4-16 Ȃ ҬץľACSĿ ̂ACS-13ȁACS-16ȁACS-

20ȁACS-25̃ҹᶏ ᴆ̆ץ № Ȃ 

4-6 ᴌ Ḫ  

Tab.4-6 Specimen gradation and aggregate information 

  

 AC-13; AC-16; AC-20; AC-25 

 AC-13; AC-16; SMA-13; OGFC-16 

4-7  

Tab.4-7 Technical properties of limestone coarse aggregates 

  ᵝ  

   5-10 10-15 10-20 10-25 10-30 mm 

ṿ 20.2 % Ò28 T0316 

ᵣ  2.691 2.802 2.789 2.796 2.782 -  T0304 

 2.757 2.846 2.844 2.829 2.815 - Ó2.60 T0304 

 0.885 0.560 0.686 0.420 0.411 % Ò2.0 T0304 

 
12.3 - - - - % Ò18 T0312 

- 8.1 6.7 5.9 4.6 % Ò12 T0312 

̖0.075mm

 
0.8 0.7 0.6 0.2 0.4 % Ò1 T0310 
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4-16  

Fig.4-16 Pavement gradation of limestone 
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̆ ᶃ Ȃ 4-17 ̆ῒҬ D

ҹ ₮ ‰ ̆ Ԑ ̆ dҹ

⌠ ‰ Ȃ d2 ̆ ᵣ₃ᵥḱ Ȃ 

 

4-17 ԑӝ  

Fig.4-17 Schematic diagram of the least squares method 

̆ ԍ ᴆ̆ ԍ Ҍ

̆ ҹ ׅ̆ ₮ ̆

ѿ ‰ץ ῒ Ȃ ̆ ѿ ῀ԋ

̆ ҈ Ԑ ̂xi, yi, zĩ ԋӗ

Ȃ ѿ ԋӗ ҉ ԋ ̆

₱ ῒ ̆ Ȃ

̂4-7̃ ̂4-8̃ Ȃ ᶏ

̂4-8̃ Ȃ 

2 2z ax by cxy dx ey f= + + + + +             ̂4-7̃  

2 2 2

1

[ ( )]
n

i i i i i i i

i

z ax by cx y dx ey f
=

- + + + + +ä         ̂4-8̃  

Ԑ 4-18 Ȃ Ԑ ץ ₮Ҍ

Ҍ Ȃ ᵣ ̆ ץ

ҹҺ̆ ȁ№ ̆ғ ̆

ⱴ Ȃל ҬACX-13ҍACX-16ҹᶏ ̆ҍ

̆ ң Ҭ ⱴ Ҭ ̆ └

₀ Ӟ ҹ ̆ ̆ └
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4-18 Ғ Ԝ  

Fig.4-18 Schematic diagram of the least squares method 

OGFC-13ҹ ̆ ̆ ̆ Ҭ

№ ̆ ῒ 3mm 5mm̆

ῒ ̆ Ӟᴪᶏ ΐ

ȂSMA-13ҹ ̆ῒҹ - ̆ ̆

ӊ ԑ ̆ ᶏ ҹ ̆Ԑ Ҭ

ғ ԍ ⱴ ȂSMA-13Ҭ ᶷ ̂ №̃ ҹ

̆ᵖ ᶷ ₮ ̆ № Ҍ ̆ңᶷ

̆ ҍ Ҍѿ ῏̆ ᴪ ᵣ

Ȃ ᵣ ̆ ȁ ҍ ᴪ

Ȃ 

ҹԅ ȁ ҍ ̆

Ԑ ԅ ̆ ̆ᵣ ̆

Ȃ Ҍ Ὲ └

4-8 Ȃ ̆ ̂ACS-13ȁACS-16ȁACS-20ȁACS-

25̃ ᵣ Ȃל ≢ Sâ ̃ Sq̂

ṿ̃ ACS-13⌠ACS-25׆̆ ₮ ҉ ̆

̆ ῒ ACS-25̆Sa ⌠ 0.6484mm̆ҹ Ҭ ȂSkû

ṿ̃ Ҭ ԍ 3̆ ΐ ̆

ᴪ ҹȂSsk̂Ẓ ̃ṿḠ ̆ ץ

ҹҺȂ 
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4-8 ┼ Ғ  

Tab.4-8 Roughness parameters of different gradation types prepared from limestone 

 ᵝ ACS-13 ACS-16 ACS-20 ACS-25 

 

Sq mm 0.7388 0.7981 0.7942 0.8582 

Ssk  -1.047 -1.46 -1.303 -1.477 

Sku  4.484 5.818 5.173 5.757 

Sp mm 1.453 1.468 1.452 1.453 

Sv mm 3.377 3.609 3.378 3.99 

Sz mm 4.83 5.077 4.83 5.443 

Sa mm 0.5712 0.6013 0.6045 0.6484 

ᵣ  

Vm mm3/mm2 0.01804 0.01632 0.01799 0.01505 

Vv mm3/mm2 0.8243 0.8048 0.8253 0.8561 

Vmp mm3/mm2 0.01804 0.01632 0.01799 0.01505 

Vmc mm3/mm2 0.6467 0.6647 0.6739 0.7236 

Vvc mm3/mm2 0.7011 0.6562 0.682 0.695 

Vvv mm3/mm2 0.1233 0.1486 0.1433 0.1611 

 

Spd 1/mm2 0.01447 0.01448 0.0152 0.01432 

Spc 1/mm 1.263 1.045 0.555 0.9828 

Svd 1/mm2 0.02208 0.02186 0.02143 0.0194 

Svc 1/mm -2.482 -2.589 -2.751 -2.744 

ᵣ׆ ̆Vv̂ ᵣ ̃ ₮ ᵌ ̆ל

Ὲ ⱴ̆Vv ṿ ҉ ̆ACS-25 Vvṿҹ 0.8561mmб/mmӑ

⌠ Ȃ ῒ ΐ Ữ ȁ ̆ ≠ԍ⁞

ȁ ⱬ̆ ῃ Ȃ V̆mcVvc

ṿӞ Ὲ ₮ ᵌ ⱴ  Ȃל

̆Spd̂ ̃ Svd̂ ̃Ḡ ̆

Ҍ ̆ ̆Spĉ ̃ ACS-20 Ҭ Ҋ ̆

₮ ҹ ̆ ᵞ̆ Ҍ≠ԍ ҹȂ

ӊҊ̆Svĉ ̃ ACS-25Ҭ ṿ ⱴ̆ ΐ

ⱴ ̆ ᴪ ֟ Ȃ 

ᵣ ̆ Ὲ ̆ ⱳ ᵣ

ĂCS-25 ү ̆ ⱬҍ ᶃ̆

ԍ Ὲ Ȃ 

ԍ └ Ҍ ₀ ̂ACX-13ȁACX-16ȁ
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OGFC-13ȁSMA-13̃ 4-9 Ȃ 

4-9 ┼ Ғ  

Tab.4-9 Roughness parameters of different gradation types prepared from basalt 

 ᵝ ACX-13 ACX-16 OGFC-13 SMA-13 

 

Sq mm 0.7089 0.6367 1.031 1.081 

Ssk  -1.337 -1.462 -1.322 -1.339 

Sku  5.372 6.487 5.024 5.256 

Sp mm 1.247 1.189 1.576 1.974 

Sv mm 3.377 3.377 4.452 4.938 

Sz mm 4.623 4.566 6.028 6.912 

Sa mm 0.5404 0.4729 0.7931 0.8124 

ᵣ  

Vm mm3/mm2 0.01398 0.01393 0.01646 0.02632 

Vv mm3/mm2 0.7374 0.6781 1.067 1.124 

Vmp mm3/mm2 0.01398 0.01393 0.01646 0.02632 

Vmc mm3/mm2 0.6062 0.5115 0.9043 0.8931 

Vvc mm3/mm2 0.6096 0.5624 0.8814 0.9205 

Vvv mm3/mm2 0.1278 0.1157 0.1851 0.2036 

 

Spd 1/mm2 0.01115 0.01329 0.01123 0.007461 

Spc 1/mm 0.8359 0.4204 1.119 0.4269 

Svd 1/mm2 0.01777 0.0188 0.01555 0.0107 

Svc 1/mm -2.877 -1.652 -3.603 -3.29 

ץ ₮ ױ ȁr ҉ Ȃ׆ ̆

OGFC-13 SMA-13 ₮ ̂Sq Saṿ ̃̆

ᵞ ᴟ ̆ΐ ⱬȂ ACX-16↕ ₮

̆ ᵣ ꜚ ̆ └ Ȃ

ᵣ ̆SMA-13 ᵣ ᵣ ̂Vm Vṽ̆

ҹ ̆ ҹ Ȃ ACX-16 ᵣ

ᵣẒᵞ̆ ̆ ⱬ Ȃ Ҭ̆OGFC-13

₮ ̆ ῒ ҹ ̆ ≠ԍ

Ȃ SMA-13 ᵞ̆ᵖ ̆ ῒ ҹ ᵖ

̆ ≠ԍ Ȃ └ Ҍ

̆ ̆ ԍ ῒ ̆№ ҍ

ӊ Ȃ 

҉ץ № Ҭ ̆ ῃ
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ѿҩ Ȃҹԅ ᵀ ̆

̂MTD̆Mean Texture Depth̃̆ץ

₮ ̂MPD̆Mean Profile Depth̃Ȃ ң

Ҭ ԍ ᵀ ҍ Ȃ

Ҭ ȇῈ Ȉ̂JTG 3450-2019Ҭ̃ MTD

ᵬҹ ӊѿȂMTDҺ ԅ Ȃ

MPD↕ ̆ל 4-10 ̆ ҍ

℗ ῏Ȃң ᶏ ᵬҹץ

̆ ᵬҹ ҍ └ ᶭ Ȃῇ Ҍ

MTDṿ MPDṿ 4-10 Ȃ 

4-10 Ғ  

Tab.4-10 Mean texture depth of pavements and mean profile depth of pavements 

  MTD MPD 

 

ACS-13 1.03  0.90  

ACS-16 1.15  0.90  

ACS-20 1.25  0.97  

ACS-25 1.28  0.98  

 

ACX-13 1.02  0.92  

ACX-16 1.00  0.72  

OGFC-13 1.84  1.11  

SMA-13 1.43  1.21  

Ҭ ץ ₮̆ ↓ Ὲ ⱴ̆

ῒMTD MPD ҉ ȂῒҬל ĂCS-25 ⌠ MTDṿ

̂1.28mm̃ MPDṿ̂0.98mm̃̆ ₮ῒ ҹ Ȃ

̆ ꜛԍ ⱴ

ᴟ ׆̆ ҍ ᵬ ̆

Ӟ ᴨ ̆ Ḡ ῃ Ȃ 

MTDȁMPDṿҍ № ̆ ץ

ԋ ΐ ѿ Ȃ ᾢ̆ ᴆҬ ĂCS-25 Saȁ

Sqҍ Sz ⌠ Ҭ ṿ̆ ῒ ᴟ ̆ҍῒ

MTD MPDṿ ѿ Ȃ ᴆҬ ŎGFC-13 SMA-13

MTD̂1.84mm1.43mm̃ҍMPD̂1.11mm1.21mm̃ṿ ԍῒ

ז ̆ғ ̂ Sa Sz̃Ӟ ⌠ ̆ ₮ῒ
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ⱴ ̆ ҹ Ȃ ᵣ ̆Vv VvvACS-25Ҭ

₮̆ OGFC-13 SMA-13Ҭ↕ ѿ ̆ῒҬSMA-13 Vv

⌠1.124mmб/mmаȁVvv⌠0.2036mmб/mmӑ ῒ ΐ ̆

ץ ԍỮ ҍ̆ῒ Ȃ S̆vcṿ

Ὲ ̆ ▲ ̆ ⱴ

̕ OGFC-13 SMA-13 Spcṿ Ӟ̆׆ᶷ ԅῒ

̆ҍῒ MTD MPD ԑ Ȃ 

҉ ₃ᵥ׆ ̆ ׆

̆ Ȃ

ȁ ̂ OGFCSMÃ ₮ ᴨ

ⱳ ̆ Ҭ MTD MPDӞ ₮

Ȃ 

4.2.5 ғ ῗ  
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Fig.4-19 Skid resistance test results of different pavement surfaces 

׆ Ҭ ץ ₮ Ҍ̆ BPNṿץ̂ ̃ Ȃ
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Fig.4-20 Heat map of Pearson correlation coefficient 

Ҭ ԅ ҍ ̂BPNṿ ӊ̃ ῏ ῏ Ȃ
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ᾢ ץ ⌠̆ BPNҍ ̂ SaȁSqȁSzȁSvȁSp̃

῏῏ ῒ̆ҬҍSaȁSz Sq ῏ №≢ ⌠0.71ȁ0.75

0.74̆ ȁ ᴟ ̆ ꜛԍ

Ȃ ѿ ╠ҍל ѿ ̆ ѿ ԅ ᵬҹ

Ȃ 

ᵣ ̆BPNҍVv̂ ᵣ ̃ Vvv̂ ᵣ ̃Ӟ

῏̆ ῏ №≢ҹ0.720.66̆ Ӟ

ΐ ῏ ̆ ≢ Ҋ ⱬȁ⁞ ׆̆

ⱬȂ M̆TDҍMPDӞ ҍBPN ῏̂ ῏ №≢

ҹ0.770.69̃̆ ѿ ΐ

ⱬ̆ ᵬҹ Ḃ ᵀ Ȃ 

Ҭ̆Svd̂ ̃ҍ BPN ῏ -0.94̆

₮ ῏ Ȃ ⱴ̆ Ҋ

ȂSvdף ᵝ ῤ ̆ ṿ Ҭ№

ᵖ ȁ Ȃ ҉ ҹ ̆ᵖ ҉

ԍ Ҍ ȁ № ̆Ҍ≠ԍ ᵬ ׆̆ ᵞԅ└ꜚ

ⱬȂῒ ľ Ŀ̆ ץ

̆ ≢ ’Ҋ Ȃ Ӟ ̆

ҍ ӊ Ȃ Ҭ̆ ԅ

̆ ᾧ ԍ Ḡץ̆ Ȃ ȁᵣ

҈ ץ̆ ‰ ᵀҍ ᴨ Ȃ 

ᵣ ҍ ӊ ῏ ̆ᵖӞ

῏ Ȃ ̆ ̆

⌠ῒז ̆ Ҍֽֽ ‗ԍ Ȃ ̆

ֽᶭ ῃץ ’̆ ѿ

ῒז № Ȃ 

4.3  

4.3.1 ᴍ 

Ἕ№ Ҍ Ȃ

̂ Ò0.5mm̃Һ ҍ ӊ ̆ ᵞ ᴆ
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Ҋ ΐ Ȃ ̆ ╠

̂Micro-MPD̃ ѿ ‰ Ȃ ̆ Ṣ

̆ ԅ ̆ ‰ ‰ ҹ 1mm̆

ҩ ҹ0.5mm̆ץ ‰ ̆

4-21 Ȃҹ ῀№ ᶫԅ

ᶭ ȂMicro-MPD ԍMacro-MPDֽֽ ̆

῏ Matlabף  AȂ 

 
4-21 MPD  

Fig.4-21 Schematic diagram of Micro-MPD calculations 

ҍ ℗ ῏Ȃ

Ҍֽ ᵣ ̆ ῏ ᵬ Ȃ

̆‰ ԍ ῀ ΐ

ӈȂ ̂ZEISS̃ ̂Scanning Electron 

Microscopẽ ῖ ԅ № ̆ 4-22 Ȃ

ת ≠ ԋ Ἕ ̆ ≢ Ἕ№ ׆̆ ҹ

ᶫԅ ⱬ Ȃ 

 

4-22  

Fig.4-22 Field emission scanning electron microscope 
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ԅ҈ № №̆≢ҹ ȁ ̆

ῒ ȁ ̆

ӊ╠ ᾣ ԅῇ Ҍ ̂Micro-

MPD̃ ̆ Cuiֲ SMA Micro-MPD ԅ

̆ῒҬSMA1-13ҹ └ ₀ SMA2-13ҹ └

₀ [145]Ȃ 

4.3.2 ἥ 

Ҍ Micro-MPD 4-23 Ȃ׆ Ҭ ̆ Ҍ

Micro-MPDṿ҉ Ȃ ῇ Ҭ̆OGFC-13

SMA-13 ₮ Micro-MPDṿ̆ ԅῒ ̂MTDȁ

MPD̃ ̂SaȁSzȁVv ̃҉ ᴨלȂ ῒ

ΐ ᴟ ̆ Һ ҹ ҹ ̆

ᶭ Ȃ ӊҊ̆ACS ↓ Micro-MPDṿ

ᵞ̆ ≢ ACS-13 ACS-16̆ ṿ ԍ ᵞ ̆ҍῒ BPN

̆ ҉ ҹ ̆

ᵬ Ȃ Ὲ ̆ ₀ Micro-MPDṿ
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4-23 Micro-MPD  

Fig.4-23 Micro-MPD calculation results 

ңҩ Ҭ̆SMA2-13̂ ₀ ̃

₮ Mirco-MPDṿ̆ ԍῒז ̆ ῒ ᴟ

ῒ Ȃ ԍ Ҍ ↕ȁ № ̆ ԅ

ҍ ׆̆ ҉ Ȃ
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SMA1-13̂ ̃ ԍSMA2-13̆ᵖӞׅ ԍ ̆

Ҭ SMA-13 Mirco-MPDṿ Ҍ Ῥ̆ ԅ

ԍ Ȃ 

҉ ̆ ̆ ῒ

̆ Micro-MPDṿ ̆ Ὲ

Ӟᴪ ֟ ̆ᵖ Ҍ Ȃ ̆

ӄ ̆ ҍ ̆ᴨᾢ

ȁ ΐ ᴨ Ȃ 

҈ Ҍ 4-24 Ȃ׆ ᶭ ҹ

ȁ ȁץ ̆҈ Ἕ№≢ ԍ

Micro-MPDṿ ᵞ Ȃ҈ ҉ΐ

Ȃ ҹ ̆ ӎ ₭€ ̆ҍῒ ᵞ

Micro-MPDṿ ̆ ῒ ᴟ ̆ ⱬ Ȃ

Ҭ ҹ ̆ ₮ ΐ̆ ѿ ᴟ̆

Micro-MPDṿҬ Ẓ ̆ ῒΐ ⱬ̆ ꜛԍ

Ȃ ҹ ̆ ҩ ҍ ̆

ҹ ΐ̆ Micro-MPDṿ̆ Ӟ ץ

₀ Ȃ 

 

4-24  

Fig.4-24 Scanning electron micrograph results 

҉̆ ҍMicro-MPDṿӊ ѿ ῏ ̆ ѿ

ԅ ΐ ‗ Ȃ

Ҭ̆ ᴨᾢ ΐ ץ̆

ᵬ ȁ Ȃ 

4.3.3 ғ ῗ  

ҹԅ№ ҍ ӊ ῏ ̆ ῇ ῖ
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4-25 Micro-MPDғBPNẅ 

Fig.4-25 Micro-MPD and BPN values 

׆ ל ̆ԋ ӊ ΐ ѿ ῏ ̆Rаṿҹ0.78̆

ΐ Ҭ ⱬȂ Һ ҹ

ᵬ ̆Ҍֽ ԍMicro-MPD̆ ⌠

ȁ ȁ № ᵬ Ȃ 

₮ Micro-MPDṿ̆

BPNṿ҉Ӟ Ȃ ԅ ᴟ ꜛԍ ᵬ ̆

Ȃ R̆аṿ ̆҉ץ0.8⌠ ҹ № Ҭ̂ ACS-

25̃̆ ΐ ѿ ̆ᵖ ԍῒז ̆

ȁ ׆̆ BPNṿ ῃҍ Ȃ 

҉ ̆Micro-MPD ΐ ᴇṿ̆ᵖῒ ⱬ

̆ ҍ ̂ MTDȁMPD̃ȁᵣ ̂ VvȁVvṽ

ᶏ ̆ ῃ ȁ‰ ᴇ Ȃ 

4.4  

4.4.1 ┼  

ᶏ ѿ Ὲ ᶫȂ ᴰ

̂50/70ҍ̃ 12.5mm 160ÁC Ҋ └ Ȃ

4-26 Ȃ 
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4-26  

Fig.4-26 Asphalt mixture gradation curve 

ԍ└ Ȃ ₀ 4-11

Ȃ 

4-11  

Tab.4-11 Basic properties of asphalt mixture 

(g¥cmʛ3) 

(%) (%)    

2.651 1.025 2.455 5.73 6.08 

4.4.2  

ᶏ Ҭ Ȃ

ᶏ ԅ ҹ47mm ⱴ ץ̆ ᵬ Ȃ ҹ

705Ñ4.5N̆ Ҭ ҹ 0.305m/sȂ ῤԍ

0 50,000 ̆ ԍ Ἕ

Ȃ 4-27 Ȃ

̆ ᵀ Ȃ 

 

4-27  

Fig.4-27 Schematic diagram of the rutting test equipment and texture test area 
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ᶏ ת̂ British Pendulum Tester̃ ᵀ

̆ 4-28 Ȃ 

 

4-28 ᴀ 

Fig.4-28 UK Pendulum Friction Tester 

ṿ̂Pendulum Test Value, PTṼ ᴇ

Ȃ ‰EN 13036-4̆ ≠

ת ѿ ̆ ṿ̂British Pendulum Number̆BPÑ̆

ṿץ ∆ PTVȂ ̆ ∆ PTV ḱ ̆

⌠ PTV̆ ԍ№ Ȃ 

4.4.3  

ⱴ 4-29 Ȃ ץ ₮ ⱴ

ⱴ̆ ₮  Ȃל

 

4-29 ꜘ  

Fig.4-29 Changes in pavement texture after loading 

Ԑ׆ 1̆,000ⱴ ׅḠ Ԑ̆ Ҭ

₮ ̆ ῒ ΐѿ Ȃ 50,000ⱴ ̆
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№ ҹ ҍ ̆ Ҥ ̆ ᵣ ԍ Ȃ

̆ ╝ ̆ ▫

̆Ҍֽ ῒ ̆Ӟ Ҋ ̆ 

ҹԅ ѿ № ̆ 1,000̆5,00050,000

ԅ ̆ 4-12 Ȃ׆ ̂ Sq

Sã ץ ₮̆ ⱴ ⱴ̆ ᵣ ᵞ

ᴟ ⁞ ̆ ԍ ȂSqṿ0.4188׆mm0.3534mm̆SaṿӞ

Ҋ ̆ל ᵞ̆ Ȃ ̆SpȁSv

Sz ῏ ⁞ ̆ ѿ ԅ Ҋ ̆

̆ ⱴ Ȃ ԍ S̆kuḠ

̆ ׅ ̆ ԍ ▫

Ȃ ᵣ ̆ Ῥ ԅⱴ

⁞ Ȃⱴ ̆ ⱳ ⁞̆ Ȃ 

4-12 ꜘ  

Tab.4-12 Changes in pavement roughness parameters after loading 

 ᵝ 1,000 5,000 50,000 

 

Sq mm 0.4188 0.4025 0.3534 

Ssk  -2.944 -2.894 -2.86 

Sku  19.13 18.72 17.58 

Sp mm 0.6289 0.6679 0.5446 

Sv mm 4.404 3.779 3.702 

Sz mm 5.033 4.447 4.246 

Sa mm 0.2792 0.2644 0.2342 

ᵣ  

Vm mm3/mm2 0.007249 0.008938 0.006526 

Vv mm3/mm2 0.3999 0.3889 0.3148 

Vmp mm3/mm2 0.007249 0.008938 0.006526 

Vmc mm3/mm2 0.2773 0.2615 0.2282 

Vvc mm3/mm2 0.3234 0.3157 0.2432 

Vvv mm3/mm2 0.07651 0.07321 0.07158 

 

Spd 1/mm2 0.003426 0.004624 0.00822 

Spc 1/mm 0.2889 0.2769 0.3494 

Svd 1/mm2 0.01302 0.01274 0.01576 

Svc 1/mm -0.7153 -0.5788 -0.7527 

Ҍ ⱴ Ҋ ̂PTVṿ̃ ל 4-30 Ȃ׆
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Ҭ ץ ₮̆ ⱴ ⱴ̆PTVṿ ᵣ Ҋ ̆ל

ⱴ ⁞ Ȃ∆ Ҋ̂0 ⱴ ̃̆PTVṿ ̆ҹ 89̆

ΐ Ȃ ⱴ ⌠1,0005,000̆ PTV

ṿ№≢Ҋ 87 86̆ ₮ ̆ᵖ ׅ ԍ

Ȃ ѿ ⱴ 20,00050,000P̆TVṿ ѿ Ҋ ̆

Ҋ Ȃᵖ ⱴ ѿ ⱴ̆PTVṿҌῬҊ Ȃ

╠ҍל Ҋ ѿ ̆ ԅ ̆

׆̆ ᵞ ⱬ̆ᵖ ṿҊ ⌠ѿ ᴪḠ

Ȃ 

 

4-30 ꜘ ẅ  

Fig.4-30 Change in pavement skid resistance value after loading 

4.5  
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҉ ̆ ȁ

῍ Ȃ Ҋ Ȃל ҍ

- ̆ ҈ ῏ Ȃ ҍ

̆ᴨ ̆ ῏ Ȃ 
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5  

ⱴ̆֜ Ԋ ̆ ȁ

ȁ └ꜚ ̆ ֓ Ҍֽ ̆

֟ ̆ ῒ Ȃ ̆῏ԍ

Ȃ ̆ ԅ

̆ Ȃ

̆ № ꜚⱬ ̆ № ȁ ȁ

ҍ ̆ ῒᵬ └Ȃ 

5.1  

5.1.1  

Ҥ ֜ Ԋ ᵄ Ȃ ᵣ ᵣ

Ҍ ₃׆̆ ⌠ Ҍ Ȃ ῒ

Ԋ Ҭ̆ ᵣᵣ ̆

Ȃ Ҍֽ ῃ Ҥ ̆Ӟ

֟ Ȃҹ ̆ ₃ ̆

ȁ ȁ └ꜚ ԅ ̆ ԅ ֓ ῏

ῒҍ Ȃ 5-1ҹ ̆ᶛ ȁ

֪ ῒῖ Ȃ 

5-1  

Tab.5-1 The basic properties of hazardous spill substances 

 Һ № 
(gĿcm į) 

֪   

 
(C4-C12)̕

̕  
0.82 - 0.87 ᵞ 

̆ ץ

̆  

 
 (C12-C20)̕

̕  
0.70 - 0.78  ᵞ 

̆ ̆

 

  0.85 - 0.95 ᵞ ̆  

└ꜚ  Әԋ ̕  1.02 - 1.09 Ҭ  
̆ᵖ

 



ԍ ͠ ҍ ᴇ  

 

104 

 

ᶏ ѿ Ὲ ᶫ̆

ԍ Ȃ ԍ└ ץ ѿ

Ȃ № AMA B003̂ת 5-1̃

№ ̆ № Ḥ Ȃ └

ᴆȂ ᴆ └ Ḥ 5-2

̆ ץ ₮ ≠ ANAŜ Ὲ Ὲ ̃└ B

‰Ȃ 

 

5-1 ⅎ ᴀ 

Fig.5-1 Asphalt mixture analyzer 

 

5-2 ⅎ  

Fig.5-2 Results of gradation analysis 

5.1.2  

̆ ≠ᴚ ᵠҍ ¥ ≠ ̂Autodromo Enzo 

& Dino FerrarĩẢ ῤ ԅѿ ҹ20mĬ4m̂ 80m2̃

̆ 5cm ₀ Ȃ ѿ ᵬҹ

̆ҹ ᶫԅ ᴆҊ Ȃ 5-3

Ȃ 
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5-3  

Fig.5-3 Test section pavement 

ҹԅ ӊ ⱬ̆ ᵣ ҍ ӄ ̆

╠ ᾢᶏ ԅ ̆ ȁ

̆ Ḡ ‪ Ȃ ̆ ֲ ֲ ̆

҉ ԅѿ Ӳ ̂ 5-4 ̃̆ ꜛԍ

҉Ȃ 

 

5-4 Ӹ  

Fig.5-4 Pavement cleaning and spraying of emulsified asphalt 

Ӳ ̆ 5-5 Ȃ

ᶭ ԅ ̆ ̔ ȁ

ȁ ץ Ȃ 

  

5-5  

Fig.5-5 Paving process for asphalt pavements 
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ᾢ̆ Ғ Ȃ ̆

ᶏ ꜚ ҉̆ Ḡ ѿ ȁ∆ Ȃ

̆ ̆ Ȃ ̆

ץ̆ ∆ Ȃ 

5.1.3  

ᾢ ԅ ֜ Ԋ Ҭ

Ȃ ᵀ ̆

̂BPT̃ ץ ᵀ Ȃ ̆

ⱴ Ҭ Ȃ 

ԅ֜ Ԋ ᵣĺĺ ȁ ȁ

└ꜚ ̆ᵬҹ№ Ȃ ᵀ

̆ 5-6 Ȃ ᾢ ̆

̆ 30№ ̆ Ȃ ╠̆

ץ ̆ ̆ Ȃ 

 

5-6  

Fig.5-6 Pavement contamination test procedure 

Һ ῏ Ȃ ⅞№ԅң ̆

ԓҩ ⅞̆№ 5-7 Ȃѿ ⌠ Ҍ ̆

ѿ ץ̆ Ҍ Ȃ 

 

5-7 ↔ⅎ  

Fig.5-7 Schematic diagram of test area division 
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ԍ Ȃ ⌠ ̆ 30№ ̆

ZINI ELIOῈ Ԋ ᵬҙȂ ᵬ ѿ ↓

ᵬ̆ ᶏ ῃ ̆ Ḡ֜ ҍ ῃ Ȃΐ

ᵣ 5-8 Ȃ 

 

5-8  

Fig.5-8 Cleaning Process 

ѿ ̆ ҍ ᵣ Ȃ ᾢ TERROIL

̆ ҹ ̆ΐ

ᵣ ⱬ̆ғ ȁ Ȃֲ ᶏ ῒ ԍ ̆ᶏῒᾟ

№ Ȃ Ҍ ԍ3№ ̆ ῀Ҋѿ Ȃ 

ԋ ̆ TERROIL ҍ Ȃ ᶏ TERROIL

῀Ғ Ҭ̆ Ȃҹ ̆

‖ Ȃ 

҈ ̆ᶏ ╕̂ECO87̃ ȂECO87ҹҒ

ԍ Ḡ ╕̆ ֟ ̆

Ȃ № ԍ ̆ Ḡ ᵬ Ҍ ԍ3№ ̆

ᵬҙȂ 

̆ ҍ ᵬҙȂᶏ ᵣ

╕ ‖ ҍ ̆ ᵣ ῀Ғ Ữ Ḃץ̆

Ȃ 

↕ ᵀ Ȃ Ҭ̆

ᾢ Ҭⱴ ̆ ᶏ ת ῒ └ ‰ ̆ ℗◓

Ȃ Ҭ̆ Ҍ

ⱴ⌠ ̆ ῒ ̆ 5-9 Ȃ

5-10 Ȃ 












































































































































