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ABSTRACT 

 

Cold In-place Recycling (CIR) consists of pulverizing and rebinding a portion of the existing 

asphalt concrete layer with asphalt emulsion and chemical additives without heating to produce a 

restored pavement layer. However, a severely damaged asphalt concrete mix presents a challenge 

for the design engineer due to the uncertainty in its performance after construction. This research 

evaluated the rutting and cracking performance of CIR by means of the dynamic modulus master 

curve, Repeated Load Triaxial Test (RLT), Hamburg Wheel Track Test (HWTT), Overlay Tester 

(OT), and the beam fatigue test. Mechanistic evaluations of the CIR mixtures were performed after 

obtaining the rutting and fatigue models of the studied mixtures.  

CIR mix designs for graded RAP from Southern Nevada (District Ӏ) with four different emulsion 

types and at a 4.5% lime slurry level were performed using the Superpave mix design method and 

verified by the Hveem mix design method with few modifications on both methods. The moisture 

susceptibility of the mixtures was evaluated using the Tensile Strength Ratio (TSR) criteria. 

Results showed high stripping and rutting resistance of the evaluated mixture. Even though the 

mixtures had low crack propagation rates indicating a good reflective cracking resistance, the 

required energy to initiate a crack was low as well. In addition, a stiff-brittle behavior was observed 

in the beam fatigue test. The predominant mode of failure of CIR pavements was fatigue cracking 

of the CIR layer with a coefficient of 0.23 for Southern Nevada. Hence, due to the lack of statistical 

difference between the average fatigue performance models for the Northern and Southern CIR 

mixtures., it can be concluded that the source of the RAP materials does not have a significant 

impact on the performance of the CIR pavement. Therefore, it is recommended that an average 

structural layer coefficient for the CIR layer of 0.25 should be used for the design of CIR 

pavements throughout Nevada.       
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1. Chapter 1. Introduction 

The evolution of the road industry has made many achievements, especially in highway 

engineering. Nevertheless, this industry still faces a lot of challenges when it comes to pavement 

sustainability. The early built asphalt concrete (AC) pavements were seriously damaged due to 

unreasonable design methods, lack of good quality materials, low level of technical process, and 

some poor construction practices. This led to different types of distress such as rutting, raveling, 

bleeding, fatigue cracking, etc. Moreover, with the accelerated development of modern industry, 

the gigantic consumption of traditional energy resources, especially crude oil, leads to severe 

energy crisis and environmental problems. In particular, searching for alternative pavement 

materials and initiative construction technologies to maintain an efficient, safe, and cost-effective 

pavement system has become an urgent task for government agencies, academic communities, as 

well as construction industry. 

In recent years, several state Department of Transportation (DOT), local governments and 

construction companies, paid considerable attention to recycling technologies because of their 

multiple advantages. In general, recycling has the value of exhausting less raw materials and fossil 

fuel, which will reduce pollutant emissions, and may enhance the performance of pavements.  

Notably, Cold in-place recycling (CIR) is a pavement rehabilitation method based on the concept 

of using 100% recycled materials. It consists of pulverizing the top 2 to 4 inches of the existing 

AC layer followed by in-place cold mixing with asphalt emulsion and stabilizing agents (i.e., 

Portland cement or hydrated lime), and compacting it using conventional methods. This research 

focuses on assessing the rutting and cracking behavior of CIR mixtures produced with a wide range 

of asphalt emulsions. Table 1.1 shows some advantages and disadvantages of the CIR 

methodology. Some advantages [1, 2, 3]  based on-field performance, includes the huge 
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environmental benefit since no heating nor hauling is required, therefore, the noise level caused 

by heavy vehicles is reduced. This also contributes to lowering greenhouse gas emissions. 

Additionally, the structural capacity of CIR mixtures when used as a base layer makes it better 

than any unbound materials. Several methods have been investigated to determine effective 

alternatives to prevent or delay reflective cracking including metallic grids, different types of 

geosynthetics, asphalt-based interlayers, and fractured-slab approaches. Within those techniques, 

CIR has been proven to be an effective mean of extending the life of pavement rehabilitation 

projects and provide resistance against reflective cracking between two and three times that offered 

by conventional resurfaced control sections. The train system including milling, mixing, paving, 

and compacting is used along one lane during the CIR process which makes it a quick process with 

a very small effect on traffic. Previous research also proved the long-term cost-effectiveness with 

minimal maintenance. However, this treatment requires the application of a wearing course to 

ensure better functional and structural performance  [4,  5, 6, 7]. One other major disadvantage is 

moisture susceptibility of the CIR mix, which requires the addition of lime or Portland cement.  

Table 1.1. Listing of Some Advantages and Disadvantages of CIR. 

Advantages Disadvantages 

Environmentally friendly by conserving 

energy and resources 
Necessity for an overlay as a wearing course 

Better structural capacity as unbound base 

layer 

Construction is limited to the summer season 

(warm climate) 

Reflective cracking mitigation 
Susceptibility to moisture damage without the 

addition of additives 

Relatively quick rehabilitation process In-place density is hard to measure 

Long-term cost-effective treatment and 

maintenance costs reduced 

Shrinkage cracking when mixed with Portland 

cement 
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1.1.  Objective and Scope 

The objective of this research was to evaluate the rutting and cracking characteristics of CIR 

mixtures and their ability to prevent reflective cracking through the new AC overlay.  A single 

source of reclaimed asphalt pavement (RAP) was mixed with four types of asphalt emulsions. 

Graded RAP was used with 4.5% of lime slurry with each emulsion type, leading to the assessment 

of a total of four CIR mixtures. The CIR mix designs were conducted based on the Superpave 

volumetric mix design and the Hveem mix design. The obtained performance characteristics were 

compared with those performed on materials from Northern Nevada. Finally, the performance 

characteristics were used in a Mechanistic-Empirical analysis to recommend a structural layer 

coefficient for CIR layer in a flexible pavement structure in Southern Nevada.  
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2. Chapter 2. Literature Review 

In light of the increasing usage of asphalt pavement recycling methods in recent years, CIR 

emerged among of the most effective treatments used. CIR showed great benefits in reducing the 

cost of construction, conserving resources, preserving existing pavement geometrics, and 

preserving the environment by conserving energy. CIR is performed in-place which allows 

agencies to reduce costs related to materials, transportation, construction, and energy. The growing 

application of CIR treatment as a rehabilitation technique has developed a high interest in the 

design and behavior of such types of mixtures. This chapter includes the review of prior work 

performed by researchers on CIR mixtures in terms of (1) Mix design methods, and (2) 

Performance properties in terms of rutting and fatigue cracking. 

In general, the characteristics of unbound materials, such as the stiffness, are influenced by the 

stress state, and the optimum moisture content should be determined based on the target dry 

density. Compared to bound AC characteristics where the stiffness is influenced by temperature 

and loading rate, and the optimum asphalt binder content is determined based on the target air 

voids content. CIR falls somewhere in between the two materials, where the  uncured asphalt 

emulsion coating RAP materials behaves like unbound materials, whereas with fully cured 

mixtures, the RAP bound by the asphalt emulsion residue behaves like bound AC [8]. Preliminary 

studies on CIR showed that researchers used to treat recycled materials as unbound materials in 

their pavement design. Thomas and May in 2007 [9] questioned treating CIR/FDR as unbound 

materials while assuming a resilient modulus of 30 Ksi (207 MPa). Another study by You in 2012 

[10] used this approach to perform a preliminary study of materials effect of CIR and FDR in the 

Mechanistic-Empirical Pavement Design Guide (MEPDG). 
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2.1. Mix Design Methods and Laboratory Performance of CIR Mixtures 

Several studies have focused on evaluating the impact of CIR mix designs on the performance of 

CIR pavements using different compaction methods. Sebaaly et al. [5] have presented the main 

objectives for the mix design of CIR mixtures, such as decreasing the brittleness of the aged 

existing mixture while using recycling agents, improving the compact-ability of the resulting 

mixture, determining the curing time of the mixture which is related to the time to open the road 

to traffic, and ensuring moisture resistance of the final mix.  The same research team proposed 

supplementary steps to the traditional Hveem mix design procedure; a) assess the available RAP 

materials to address its current properties, b) evaluate Optimum Moisture Content (OMC) to reach 

higher in-place density, c) evaluate the stability of the CIR mixtures at various stages to achieve 

high long-term performance characteristics, and d) evaluate moisture sensitivity of the CIR 

mixture which is decisive to ensure high performance in the pavement structure [5]. The goal was 

to determine the appropriate methods of CIR mix design, and the appropriate elements required to 

develop CIR pavements exhibiting satisfactory performance. Other researchers, including Mallick 

et al. [11], Cross [12] and Kim et al. [13] have used the gyratory compactor for CIR mix designs, 

and results showed that gyratory compacted specimens presented densities similar to those 

obtained in the field. Martinez et al. [14] assessed the influence of gyration angles and vertical 

pressure on CIR samples compaction. The experimental results suggested that CIR samples 

compacted under the standard conditions, i.e., gyration angle of 1.25° and a vertical pressure of 

0.09 kPa (600 kPa), demonstrated density values like those obtained in the field.  

CIR procedures have been adopted by NDOT for more than 20 years. A study was performed by 

Ayala [15], sponsored by NDOT, to analyze the effect of different variables on Hveem mix design 

of CIR mixtures, to evaluate moisture susceptibility using Tensile Strength Ratio (TSR), and to 

determine rutting performance models. Four types of asphalt emulsions were used with two 
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contents of lime slurry of 4.5% and 6.0% and two types of crushed RAP gradation (graded and 

non-graded). Mixtures were designed using the Hveem method with the modifications 

recommended by Sebaaly et al. [5], and the outcomes were compared to another study performed 

at the Western Regional Superpave Center (WRSC) using the same materials with CIR mixtures 

designed following the Superpave Gyratory method. It was also noticed that both the type of 

emulsion and the type of gradation play a significant role in the determination of the Optimum 

Emulsion Content (OEC). Dry and wet tensile strengths of the CIR mixtures demonstrated higher 

resistance to moisture damage when using the Hveem mix design method.  The most critical 

variable for the stiffness of CIR mixtures was the type of emulsion. However, the difference 

between the OEC’s from the two methods was less than 0.5%, and there was no specific trend 

between the two mix design methods. In the same way, no significant difference was found in 

OEC when using graded versus non-graded RAP. 

Lin et al. [16] assessed the dynamic properties of an asphalt emulsion (CRME) and cement. It was 

showed that cement addition contributes to curing and strength build-up of CIR mixtures. 

However, it was to limit cement to 1% in order to gain some early strength without compromising 

the flexibility of the CIR mix. In this study, the dynamic modulus and phase angle were 

investigated at various curing times. Service time was determined at higher temperatures by the 

mean of creep and relaxation tests. Fatigue life evaluation was performed using the four-point 

bending test at 59°F (15°C) at three micro-strain levels (300, 400, and 500). The fatigue life was 

determined as the number of cycles (Nf) at which the initial stiffness of the mixture was reduced 

to 50%. For the same purpose, the fracture interface microstructure was analyzed using a Scanning 

Electron Microscopy (SEM). The result of this research determined the viscoelastic behavior of 

CRME which is evidence for its dependence on time and temperature during its early and fully 
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cured stages. According to the Burgers model, this type of material has exquisite capability in 

permanent deformation resistance at 140°F (60°C), nonetheless, its fatigue was found to be only 

1/5 to 1/10 of normal AC mixture at high strain. 

More research focused on the impact of recycling agent and curing process on the rutting and 

cracking performance of CIR mixtures. Bessa et al. [17] evaluated the impact of curing temperature 

and time on CIR compacted with different compaction methods (Marshall and Superpave gyratory 

compactor). Different content of emulsion (2, 3, and 4%) and cement (0, 1, and 2%) were used 

with different curing processes including four curing temperatures 68, 104, 140, 212°F (25, 40, 

60, and 100°C) and six curing periods (1, 3, 7, 28, 60, and 90 days). The performance of the 

resulting CIR mixtures was evaluated by means of Unconfined Compressive Strength (UCS), 

resilient modulus (Mr), and Indirect Tensile Strength (ITS). The recommended curing process was 

at 140°F (60°C) for a short period to ensure a good performance since CIR samples cured at that 

temperature for one day presented similar ITS results to the mixture cured at 68°F (25°C) for 28 

days. Saidi et al. [18] prepared eight CIR mixtures using two binding agents (CSS-1h emulsion 

and PG64-22 foamed asphalt), two levels of compaction (30 and 70 gyrations), and two curing 

temperatures (50 and 140°F/10 and 60°C) with constant dosages of cement (1%) and water (3%). 

The OEC was obtained using a balanced mix design approach as shown in Figure 2.1. The rutting 

performance was evaluated using the Asphalt Pavement Analyzer (APA) and dynamic complex 

modulus, and the cracking performance was measured using the ITS and Semi-circular bend (SCB) 

tests. Results showed that better rutting resistance was noticed with higher compaction level or/and 

higher curing temperature, and in terms of cracking resistance, emulsified asphalt CIR mixtures 

performed better than foamed asphalt CIR mixtures. The compaction effort of both foamed and 

emulsified CIR mixtures showed a strong effect on the performance, where CIR mixtures 
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compacted at 70 gyrations had lower rutting susceptibility and higher cracking resistance than 

those compacted at 30 gyrations. Moreover, a higher curing temperature resulted in improving the 

tensile strength (cracking resistance) of the balanced CIR mixtures.  

 

Figure 2.1. Example of Using CIR Performance Measures to Select a Balanced Optimum Binder 

Content Range for CIR Mixtures [18]. 

Yan et al. in 2010 [19] conducted an experimental study to determine the fatigue characteristics of 

asphalt emulsion and foam asphalt cold recycled mixes under the Nottingham Asphalt Tester. The 

indirect tensile strength, stiffness modulus at three temperatures and four stress levels, and fatigue 

life at 59°F (15°C) and four stress levels were determined for both types of mixtures. Results 

indicated a plastic fatigue failure for emulsion cold recycled mixes versus a brittle fracture for the 

fatigue failure of foamed asphalt cold recycled mixes. Besides, foamed CIR mixtures had a higher 

fatigue life at low-stress levels, whereas emulsion CIR mixtures exhibited a greater fatigue life at 

high-stress levels. 

Gao et al. [16] investigated the fatigue behavior of cold recycled (CR) mixtures with the 

application of digital image correlation (DIC) technique. The resistance of CR mixtures to cracking 
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was evaluated and compared to HMA mixtures using the SCB and indirect tensile (IDT) fatigue 

tests. The results of this study suggested that the addition of cement to CR mixtures enhance the 

overall fatigue performance and that both SCB and IDT fatigue tests agree with each other in 

evaluating the fatigue resistance of various mixtures. At a low-stress level, the CR mixture had 

greater fatigue life and larger tensile strain at the failure point than the HMA mixture. The cracking 

path alongside the three stages of the fatigue process was demonstrated by contour plots of the 

horizontal tensile strain of CR specimen. In the same way, this research proved that the initial 

stiffness of normal HMA mixtures is about 1.8 times the stiffness of CIR mixtures using the SCB 

test. 

Another study using IDT and resilient modulus tests to evaluate the effect of Portland cement on 

the fatigue life of CIR mixtures was conducted by Kavussi and Modarres [20]. The reduction in 

flexibility and fatigue life of CIR mixtures was found to be due to the crystalline structure of the 

pozzolanic bonds of cemented materials, which makes it brittle. Tests were conducted at a range 

of temperatures between -50 to 77°F (10 to 25°C) and a range of curing times (from 7 to 120 days). 

Results indicated that with a micro-strain level exceeding a value of 300, the addition of cement 

leads to a reduction in fatigue life, however, below that value an opposite trend was noticed. 

2.2. Field Performance of CIR Mixtures 

Besides fatigue cracking and rutting evaluations in the laboratory, field performance was also used 

to assess the resistance of CIR mixture to both fatigue and reflective cracking [5, 21, 22]. Sebaaly 

et al. [5] focused on the long-term performance of several CIR pavements in Nevada constructed 

during 1997-1998 on US-50, US-9, and NV-396. Results confirmed the effectiveness of CIR as a 

rehabilitation technique for roads with low and medium volume traffic levels. The outcome also 

demonstrated that using CIR produced a stable base course with a higher tendency to decrease the 
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development of reflective and thermal cracking, as well as rutting. According to the AASHTO 

1993 Design Guide [23], a structural layer coefficient of 0.26 was recommended for the structural 

pavement design. Charmot and Romero in 2010 [21] evaluated fracture parameters to predict field 

cracking performance of CIR mixtures based on the performance of nine projects, located in three 

states. CIR was constructed under new AC overlay for all the projects. Transverse and longitudinal 

cracking were evaluated, and the fracture energy was found to be an appropriate indicator to 

differentiate between satisfactory and poor performance of CIR pavements. Morian et al. [22] 

assessed the performance of CIR projects in Pennsylvania over a period of 20 years. Compared to 

conventional resurfaced control sections, the evaluated CIR pavements showed up to two- and 

three-times better resistance to reflective cracking. Furthermore, CIR was found to be a stress-

sensitive material, exhibiting higher stiffness in response to higher load which makes it an 

important factor in delaying the development of reflective cracking.  

Sebaaly et al, [24] conducted, a research to develop a mix design method for CIR mixtures and a 

structural design method for flexible pavements with CIR layer. Graded and non-graded RAP were 

used, in addition to two slurries percentages of 4.5% and 6.0% and four asphalt emulsion types. 

Both Superpave and Hveem mix design methods were used, and their engineering characteristics 

and performance properties were analyzed. As for mix design methods, it was concluded that the 

NDOT Hveem mix design can be effectively utilized to design CIR mixtures with few 

modifications in the number of tamps and the leveling stress. OEC is determined for a 13±1% 

optimum air voids. Both the dry tensile strength and the tensile strength ratio were monitored and 

showed good results especially with the increase of lime slurry percentage. Moreover, most of CIR 

mixtures develop dynamic modulus properties that are noticeably comparable to asphalt concrete 

mixtures at every temperature and frequency level. Repeated triaxial load test data generated using 
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non-graded RAP and 6.0% lime slurry resulted in an average rutting model that can be 

recommended with 95% confidence to predict the rutting performance with various asphalt 

emulsion types. The best fatigue resistance was observed for CIR mixture with the rubber-

modified emulsion at 70°F (21.1°C) followed by the latex-modified emulsion, but this conclusion 

may not hold true at 55 and 85°F (12.8 and 29.5°C). For reflective cracking resistance, it was found 

to be sensitive to the type of asphalt emulsion, and some CIR mixtures are less resistant to crack 

initiation but more resistant to crack propagation than others. Figure 2.2 shows the dynamic 

modulus magnitudes for all evaluated mixtures, and based on |E*| property, the CIR mixtures with 

the polymer-modified asphalt emulsion is predicted to deliver the best resistance to rutting and 

fatigue followed by CIR mixtures with the latex and rubber modified asphalt emulsions.  

 

Figure 2.2. Dynamic Modulus Magnitude for CIR Mixtures at 68°F (20°C) and 10 Hz [24]. 

Further investigations were conducted based on the rutting models shown in Figure 2.3 for the 4 

CIR mixtures at the rutting critical temperature at 104°F (40°C). Higher resistance of the CIR to 

rutting and a slower rate of rutting as a function of load cycles are expressed by a lower and flatter 

rutting curve. The rutting models illustrated a consistent observation with the findings based on 

|E*| property, except for CIR with asphalt emulsion B.  
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Figure 2.3. Rutting Models for CIR Mixtures with Non-Graded RAP and 6.0% Lime Slurry 

[24]. 

2.3. Mechanistic- Empirical Design of CIR Mixtures 

The National Cooperative Highway Research Program (NCHRP) Project 09-51 “Material 

Properties of Cold In-Place Recycled and Full-Depth Reclamation Asphalt Concrete for Pavement 

Design” [25]  developed procedures for determining material properties of cold-recycled asphalt 

mixtures for input to structural design and analysis programs, and suggested Level 3 modulus 

values for these materials for use in pavement structural analyses with Pavement ME Design. 

Researchers used the Repeated Load Permanent Deformation (RLPD) and dynamic modulus 

testing to characterize CIR materials in order to obtain a range of structural property values. In 

addition, researchers studied the effect of additives and the predicted CIR performance by 

AASHTOWare Pavement ME design Software. The study also included Full Depth Recycled 

(FDR) projects and Cold Central Plant Recycling. A total of 24 mixtures from 27 locations were 

chosen representing a variation of climates and environmental conditions. Looking at the dynamic 

modulus results, all three recycling processes had similar ranges of dynamic modulus values at 

intermediate and high reduced frequencies. However, FDR showed less temperature dependency 

and higher stiffness at low reduced frequencies (or higher temperatures), given that CIR and CCPR 
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are composed mostly or entirely of RAP, whereas FDR is composed of RAP and material from an 

unbound layer. It was also concluded that the RAP binder may play a role in the temperature-

dependent stiffness properties of CIR. Hence, there is no strong correlations between mixture 

characteristics (e.g., volumetrics, gradation, density) and stiffness. In the same way, repeated load 

permanent deformation testing resulted in similar characteristics for all three recycling techniques. 

However, no clear correlation was found between the slope and intercept values of the power-law 

RLPD curve and density. This result is most likely a consequence of the small number of mixtures 

given the large range of processing types, stabilizing agents, and chemical additives. Also, the 

findings suggest that the acceptable covariance (COV) from AASHTO TP 79 “Standard Method 

of test for determining the dynamic modulus and flow number for asphalt mixtures using Asphalt 

Mixture Performer Tester (AMPT)” [26] does not adequately reflect the typical variation seen in 

recycled materials. The allowable variation needs further study for cold-recycled materials.  

Two baseline pavement scenarios were considered to predict the performance of cold-recycled 

materials: (1) a rehabilitated pavement having a cold-recycled inlay and an asphalt surface wearing 

course and (2) a rehabilitated pavement having a HMA recycled inlay and an asphalt surface 

wearing course. Three wearing course thicknesses with appropriate traffic levels and three climate 

scenarios were evaluated. All performance predictions were performed using AASHTOWare 

Pavement ME Design software (Version 2.0) with Level 1 dynamic modulus and RLPD property 

inputs for the cold-recycled inlay, the HMA inlay, and the asphalt surface wearing course. For an 

HMA layer coefficient of 0.4, a corresponding CIR layer coefficient of 0.32 was obtained 

depending on the rutting failure criteria. This observation can be compared to a similar research 

performed at the University of Nevada, Reno [24], where the fatigue cracking was also 

incorporated alongside the rutting, and a structural layer coefficient of 0.26 was obtained using 
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similar methodology but also based on fatigue performance. Similarly, literature showed that 

coefficients of 0.3-0.4 were recommended by the National Center of Asphalt Technology (NCAT) 

and Virginia DOT. The difference in value proves that the fatigue cracking criteria cannot be 

ignored when assessing recycled materials. Referring to NCHRP 09-51 [25], the predicted rutting 

performance of the cold-recycled sections generally fell within acceptable ranges. Predicted rutting 

for the cold-recycled inlay scenarios decreased as the HMA surface wearing course thickness 

increased, and as the cold-recycled layer is pushed deeper into the pavement structure, the behavior 

approached that of the HMA inlay reference scenario. It was also noted that the temperature 

susceptibility (k2) and traffic (k3) exponents in the MEPDG rutting model have direct and major 

impact on the predicted rutting. These exponents are based on the laboratory measured RLPD 

plastic strain response and on the resilient strains.  
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3. Chapter 3. Material Characterization 

3.1. Reclaimed Asphalt Pavement 

The RAP material was obtained from a single source in Southern Nevada. All RAP materials were 

crushed to a maximum size of 1.0 inches (2.54 cm). In order to successfully compare the outcome 

of this project with previous research conducted at UNR by Carvajal [1], the same process was 

used to prepare RAP materials with some slight modifications since a different source was used, 

to obtain a similar gradation, as follows: 

• Empty a 55-gallon barrel containing RAP sampled from the stockpile. 

• Crush the RAP twice through a 1.0-inch (2.54 cm) opening crusher to obtain approximately 

100% passing 1.0-inch sieve. 

• Split the RAP into smaller representative samples ~55 lbs. (25 kg) using the quartering 

method. 

• Sieve each bucket using #4 sieve size and crush the passing #4 twice with approximately 

0.15 inches (0.381 cm) jaw opening. 

• Dry the RAP at 140°F (60°C) until constant mass. 

• Use the mechanical splitter to obtain representative samples depending on the purpose of 

the CIR specimens, or batch materials if it does not meet the gradation. 

• Conduct sieve analysis to verify gradation (Results were shown in section 3.1.1. Since the 

gradation of the Northern RAP was targeted, this makes the Southern RAP as graded.  

3.1.1. Sieve Analysis of RAP 

Sieve analysis as per AASHTO T27 “Standard Method of Test for Sieve Analysis of Fine and 

Coarse Aggregates” [27] was conducted to verify the actual gradation of the RAP and compare 
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with materials used in previous research efforts [1]. Figure 3.1 shows the average gradation used 

in this research study compared to a research performed on RAP materials from Northern Nevada. 

 

Figure 3.1. Gradation of RAP Materials. 

It is evident that the difference in gradation at each sieve size is not significant and comparison 

between the obtained results can be made. The limits on the difference were as follows; ±5% at 

sieve size larger than #4, ±3% at sieve size larger than #100, and ±2% at #200 sieve size. 

3.1.2. Evaluation of RAP Binder Performance Grading  

The asphalt binder content of the Southern and Northern RAP was determined following AASHTO 

T164 “Standard Method of Test for Quantitative Extraction of Asphalt Binder from Hot Mix 

Asphalt (HMA)” [28]. The size of each sample was determined according to the nominal aggregate 

size (NMAS) after crushing. Normal-Propyl Bromide (NPB) was used as chemical solvent, and 

the sample was placed into a centrifuge bowl soaking in the solvent for sufficient time before 

starting to revolve with gradually increasing speed up to 3,600 revolutions per minute to extract 

the asphalt binder and the solvent through the drain. The same procedure was repeated until the 
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extracted solvent color was not darker than a light straw. The extracted liquid was then subjected 

to super-centrifuging to further separate the fines from the extracted liquid. The aggregate was 

dried to a constant mass at 230°F (110°C) and the weight of the aggregate before and after 

extraction was used to calculate asphalt content. Further testing was conducted on the extracted 

aggregate in accordance with AASHTO T30 “Standard Method of Test for Mechanical Analysis 

of Extracted Aggregate” [29] to determine the gradation after extraction. The recovery of asphalt 

binder was performed per ASTM D5404 “Standard Practice for Recovery of Asphalt from 

Solution using the Rotary Evaporator” [30]. Table 3.1 shows that the asphalt binder content of the 

Northern materials was higher by around 0.8 percent than the Southern materials.  

Table 3.1. Extracted Asphalt Binder Contents of Northern and Southern Nevada RAP Materials. 

Material Source Asphalt Binder Content (% by DWA) 

Northern Nevada 4.58 

Southern Nevada 3.83 

The Superpave Performance Grading (PG) method was used to grade the extracted binder 

following in Table 1 in AASHTO M 320 “Standard Specification for Performance-Graded 

Asphalt Binder” [31]. Table 3.2 and Table 3.3 present results of the PG grading of the extracted 

asphalt binder of the Northern and Southern RAP, respectively. It should be noted that the 

Dynamic Shear Rheometer (DSR) testing on the short-term-aged asphalt binder using the 8-mm 

plate was used to deduce the intermediate temperature by obtaining the associated temperature for 

a G*.sinδ of 5000 kPa. The high grade for materials from Southern Nevada was higher than 

Northern Nevada which was expected due to the higher asphalt binder PG grade used in Southern 

Nevada in typical dense graded asphalt mixtures, and because of the increased temperature in the 

Southern part of Nevada which accelerates the stiffening rate. The difference in the high grade 
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could be an indication to an enhanced rutting performance for the CIR mixtures with Southern 

materials. However, further investigations should be performed, and more factors could affect the 

performance of the resulting CIR mixture. The true PG of the asphalt binder was found to be 

PG86.1-16.6 and PG98.1-10.5 for Northern and Southern RAP materials, respectively, as shown 

in Figure 3.2. Detailed results are shown in Appendix A. 

Forensic and test section experience with ΔTc has generally validated that ΔTc is a reasonable 

indicator of asphalt durability. Several agencies have adopted this parameter in their specification. 

There is an even split between agencies using 20- and 40-hour PAV aging protocols, with a 

minimum limit for ΔTc of -5.0°C [32]. For the Southern Nevada materials, it was anticipated that 

the ΔTc have exceeded the limit, which might be an indication of cracking susceptibility. 

Table 3.2. Properties and PG for Extracted Asphalt Binder Extracted from Northern RAP. 

RAP NORTHERN NV 

SHRP Test Test Method Specification Test Specimens  

DSR of Recovered RAP Binder (25 mm plate)   

DSR Test Temperature (Cͦ) 82 88  

G*/sinδ (kPa) AASHTO T 315 ≥ 1.0 kPa 1.615 0.7985  

Pass/Fail Temperature   86.15  

DSR of RTFO Recovered RAP Binder (25mm plate)  

DSR Test Temperature (Cͦ) 82 88  

G*/sinδ (kPa) AASHTO T 315 ≥ 2.0 kPa 3.970 1.865  

Pass/Fail Temperature   86.7  

DSR of RTFO Recovered RAP Binder (8mm plate)  

DSR Test Temperature (Cͦ) 31 34  

G*.sinδ (kPa) AASHTO T 315 ≤ 5000kPa 6215 4,161  

Pass/Fail Temperature   32.6  

BBR of RTFO Recovered RAP Binder  

BBR Test Temperature (Cͦ) -6 -12  

Stiffness(S),Mpa AASHTO T 313 ≤ 300 MPa 246.5 509  

m-value AASHTO T 313 ≥ 0.300 0.305 0.255  

Pass/Fail Temperature-Stiffness   -7.6  

Pass/Fail Temperature, m-value   -6.60  

ΔTc for RTFO Residue   -1.0  

Pass/Fail Lower Temperature,   -6.6  

True PG grade   PG86.15-16.6  

PG grade AASHTO M320  PG82-16  
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Table 3.3. Properties and PG for Extracted Asphalt Binder Extracted from Southern RAP. 

RAP SOUTHERN NV 

SHRP Test Test Method Specification Test Specimens 

DSR of Recovered RAP Binder 

DSR Test Temperature (Cͦ) 94 100 

G*/sinδ (kPa) AASHTO T 315 ≥ 1.0 kPa 1.55 0.805 

Pass/Fail Temperature   98.05 

DSR of RTFO Recovered RAP Binder (25mmplate) 

DSR Test Temperature (Cͦ) 94 100 

G*/sinδ (kPa) AASHTO T 315 ≥ 2.0 kPa 3.850 1.885 

Pass/Fail Temperature   98.65 

DSR of RTFO Recovered RAP Binder(8mmplate) 

DSR Test Temperature (Cͦ) 34 37 

G*.sinδ (kPa) AASHTO T 315 ≤ 5000kPa 6546 4,688 

Pass/Fail Temperature   36.5 

BBR of RTFO Recovered RAP Binder 

BBR Test Temperature (Cͦ) 0 -6 

Stiffness(S) (MPa) AASHTO T 313 ≤ 300 MPa 75 297 

m-value AASHTO T 313 ≥ 0.300 0.304 0.259 

Pass/Fail Temperature-Stiffness   -6.0 

Pass/Fail Temperature, m-value   -0.47 

ΔTc for RTFO Residue   -5.6 

Pass/Fail Lower Temperature,   -0.5 

True PG grade   PG98.05-10.5 

PG grade AASHTO M320  PG94-10 

 

 

Figure 3.2. True Grade of Extracted Asphalt Binder for Northern and Southern Materials. 
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3.2. Asphalt Emulsion Testing 

The characteristics of the binding agent in CIR mixtures controls the performance of those 

mixtures. In this study, asphalt emulsions were used as the binding agent and the impact of using 

different asphalt emulsion type was assessed. Four types of the most common asphalt emulsions 

type were used. 

3.2.1. Characteristics of Asphalt Emulsions 

Table 3.4 includes the information provided by the respective supplier regarding modifier or 

additives used during the manufacturing of the asphalt emulsion. 

Table 3.4.Asphalt Emulsion Modifier/Additive Information. 

Emulsion Type Modifier/Additive 

A None (Standard) 

B Latex 

C Polymer 

D Rubber 

3.2.2. Percentage Residue of Asphalt Emulsions 

The relative proportion of asphalt binder residue to water in the emulsion was determined 

according to ASTM D7497 “Standard Practice for Recovering Residue from Emulsified Asphalt 

using Low Temperature Evaporative Technique” [33]. This method simulates the conditions that 

the pavement experiences in the field using a low temperature evaporative technique. It requires 

pouring a specific amount of asphalt emulsion in a silicone mat and spread it evenly with a spatula 

targeting a spread rate of 1.5 to 2.0 kg/m2. In this study, circular pans of 2 inches (50 mm) diameter 

normally used in the Pressure Aging Vessel (PAV) procedure as shown in Figure 3.3, were utilized 

to replace silicone mats.  
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Figure 3.3. Asphalt Emulsion Residue. 

The pans were then placed into a 77±3°F (25±2°C) forced draft oven for 24±1 hours. Thereafter, 

they were transferred to a 140 ± 3°F (60 ± 2°C) forced draft oven for 24±1 hours. The percentage 

of residue was then determined once the period of evaporation was completed by calculating the 

difference of weights between the start and finish of the process. It was concluded that the emulsion 

residue percentage ranged between 64.0 and 68.5% as summarized in Table 3.5. The range was 

very narrow and could be due to the variability of the LTE method. This means that the resulting 

CIR mixtures will have almost the same emulsion residue percentage which validates comparing 

testing results.  

Table 3.5. Results of Percentage Residue of the Emulsions Evaluated in this Study. 

Emulsion Type Percentage Residue (%) 

Type A 68.50 

Type B 64.11 

Type C 65.56 

Type D 66.60 

3.2.3. Evaluation of Performance Grade of Asphalt Emulsion Residue 

Determining the Performance Grade (PG) of asphalt binder residue from each asphalt emulsion 

type can better characterize and predict the behavior of CIR mixtures. The extracted asphalt binder 

residue according to ASTM D7497 [33] was graded using the Superpave PG method following 
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Table 1 in AASHTO M320  [31]. Results of each test performed are presented in Table 3.6 for 

Type A emulsion with a resulting PG52-34, Table 3.7 for Type B emulsion with PG64-28, Table 

3.8 for Type C with the same PG64-28 as Type C, and Table 3.9 for Type D emulsion with PG58-

28. 

Table 3.6. Properties and PG for Asphalt Binder Residue of Emulsion Type A. 

Emulsion Type A 

Test Test Method Specification Test Temperature 

Dynamic Shear on Original (°C)  46 52 58 

G*/sinδ (kPa) AASHTO T 315 1.00 Min. 2.81 1.31 0.62 

Pass/Fail Temperature (°C)   54.1 

Dynamic Shear on PAV residue (°C)   16 13 10 

G*.sinδ (kPa) AASHTO T 315 5000 Max. 2727 3,959 5,729 

Pass/Fail Temperature (°C)   11.1 

Bending Beam Rheometer (°C)  -24 -30 

Creep Stiffness(S), MPa AASHTO T 313 300 Max. 144 289 

Creep Stiffness (m-value)  AASHTO T 313 0.300 Min. 0.333 0.294 

Pass/Fail Temperature-Stiffness (°C)   -40.3 

Pass/Fail Temperature, m-value (°C)   -39.01 

ΔTc  Ts - Tm -1.3 

Pass/Fail Lower Temperature (°C)   -39.0 

True PG grade   PG54.1-39.0 

PG grade AASHTO M320  PG52-34 

Table 3.7. Properties and PG for Asphalt Binder Residue of Emulsion Type B. 

Emulsion Type B 

Test Test Method Specification Test Temperature 

Dynamic Shear on Original (°C)   58 64 70 

G*/sinδ (kPa) AASHTO T 315 1.00 Min. 3.18 1.52 0.71 

Pass/Fail Temperature (°C)     66.9 

Dynamic Shear on PAV residue (°C)     22 19 16 

G*.sinδ (kPa) AASHTO T 315 5000 Max. 3382 4,622 6,655 

Pass/Fail Temperature (°C)     18.3 

Bending Beam Rheometer (°C)   -18 -24 

Creep Stiffness(S), MPa AASHTO T 313 300 Max. 244 488 

Creep Stiffness (m-value)  AASHTO T 313 0.300 Min. 0.307 0.247 

Pass/Fail Temperature-Stiffness (°C)     -29.8 

Pass/Fail Temperature, m-value (°C)     -28.65 

ΔTc   Ts - Tm -1.1 

Pass/Fail Lower Temperature (°C)     -29.8 

True PG grade     PG66.9-28.7 

PG grade AASHTO M320   PG64-28 
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Table 3.8. Properties and PG for Asphalt Binder Residue of Emulsion Type C. 

Emulsion Type C 

Test Test Method Specification Test Temperature 

Dynamic Shear on Original (°C)   58 64 70 

G*/sinδ (kPa) AASHTO T 315 1.00 Min. 3.6 1.54 0.65 

Pass/Fail Temperature (°C)     67.0 

Dynamic Shear on PAV residue (°C)     25 22 19 

G*.sinδ (kPa) AASHTO T 315 5000 Max. 2867 3,910 5,472 

Pass/Fail Temperature (°C)     19.8 

Bending Beam Rheometer (°C)   -18 -24 

Creep Stiffness(S), MPa AASHTO T 313 300 Max. 236 457 

Creep Stiffness (m-value)  AASHTO T 313 0.300 Min. 0.304 0.270 

Pass/Fail Temperature-Stiffness (°C)     -30.2 

Pass/Fail Temperature, m-value (°C)     28.6 

ΔTc   Ts-Tm -1.6 

Pass/Fail Lower Temperature (°C)     -28.6 

True PG grade     PG67-28.6 

PG grade AASHTO M320   PG64-28 

 

Table 3.9. Properties and PG for Asphalt Binder Residue of Emulsion Type D. 

Emulsion Type D 

Test Test Method Specification Test Temperature 

Dynamic Shear on Original (°C)   52 58 64 

G*/sinδ (kPa) AASHTO T 315 1.00 Min. 2.18 1.01 0.44 

Pass/Fail Temperature (°C)     58.0 

Dynamic Shear on PAV residue (°C)     16 13 10 

G*.sinδ (kPa) AASHTO T 315 5000 Max. 3063 4,823 7,443 

Pass/Fail Temperature (°C)     12.8 

Bending Beam Rheometer (°C)   -18 -24 

Creep Stiffness(S), MPa AASHTO T 313 300 Max. 125 303 

Creep Stiffness (m-value)  AASHTO T 313 0.300 Min. 0.397 0.317 

Pass/Fail Temperature-Stiffness (°C)     -33.9 

Pass/Fail Temperature, m-value (°C)     -35.3 

ΔTc   Ts-Tm 1.3 

Pass/Fail Lower Temperature (°C)     -33.9 

True PG grade     PG55.0-33.9 

PG grade AASHTO M320   PG58-28 

 

The accumulation of non-recoverable deformation in the CIR mixtures in response to repeated 

load applications at high temperature leads to pavement rutting (permanent deformation). To 
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address this issue, PG specifications requirements are set on the high-temperature stiffness of 

asphalt binder (G*/sin δ) for un-aged binders. The contribution of asphalt binder to rutting is 

minimized when a minimum of G*/sin δ of 1.00 kPa is at the proper grade temperature. To resist 

rutting, an asphalt binder should be stiff enough not to deform too much and elastic enough to be 

able to return to its original shape after loading. Therefore, the complex shear modulus divided by 

sinus of the phase angle (G*/sin δ) should be large; in other words, to guarantee a better resistance 

to rutting, a higher value of G* (stiffer binder) and a lower value of δ (more elastic) are preferable. 

Figure 3.4 shows the ratio of the complex modulus G* and the phase angle δ of the original (un-

aged) asphalt binder residue for each emulsion type used. It can be noticed that emulsion type B 

and C can resist rutting in environments where the pavement temperature goes up to 64°C, while 

emulsion A and D will be adequate for 52 and 58°C environments, respectively. 

 

Figure 3.4. DSR Original Test Results (G*/sin (δ) versus Temperature). 

Despite the Rolling Thin Film Oven (RTFO) test was recommended in AASHTO M320 “Standard 

Specification for Performance-Graded Asphalt Binder” [31] for grading of asphalt binders, this 
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test was not conducted in this research since the idea of this process was to simulate the asphalt 

binder aging during manufacture and construction process of HMA; and CIR will not be exposed 

to these levels of oxidation. The manufacturing and construction process of CIR does not require 

heat. Likewise, the expected flash point was not required since this rehabilitation technique will 

not require high temperatures. 

The Rotational viscometer has been adopted in Superpave for determining the viscosity of asphalt 

binder at high construction temperatures (above 212°F/100°C) to ensure that the binder was 

sufficiently fluid for pumping and mixing. Following the same logic mentioned in the paragraph 

above, this test was not conducted for the asphalt binder residue. 

The Pressure Aging Vessel (PAV) utilized to age asphalt binder residue according to AASHTO 

R28 “Standard Practice for Accelerated Aging of Asphalt Binder Using a Pressurized Aging 

Vessel (PAV)” [34] simulates the long-term, in-service aging. The asphalt binder residue obtained 

from low- temperature evaporation technique was exposed to air at high pressure of around 304 

psi (2.1 MPa) and temperature of 194 to 230°F (90 to 110°C) for 20 hours in the PAV. A mass of 

50 g of the recovered asphalt binder residue was poured into each of the PAV sample pans which 

were then placed in the sample rack. After 20 hours, the sample pans were heated before placing 

them in a vacuum oven at 170 for 30 min at a pressure of 2.1 psi (15 kPa) to remove air bubbles 

from the aged sample. This procedure may simulate longer in-service life for the CIR layer since 

the layer is typically embedded under an AC overlay and may not age as much as a surface layer. 

Due to the accumulation of loads after the pavement has been in-service for some time, cracking 

can occur at lower to moderate pavement temperatures. This test method measures G*.sin δ to 

characterize asphalt binder stiffness after long-term aging. The maximum specification limit to 

minimize the contribution to fatigue cracking is 5,000 kPa. A maximum value was considered in 



26 

 

 

 

PG specification because low values of G*.sin δ indicate low energy dissipation. The testing was 

similar to DSR test on original binder. However, this test should be performed using 8 mm plate 

diameter and 2 mm gap. To resist fatigue cracking, known as alligator cracking, the asphalt binder 

should be flexible and not brittle (a lower G* value was required). It should be able to dissipate 

energy by rebounding and not cracking. It should be sufficiently flexible at lower temperatures 

(i.e., intermediate temperatures) where fatigue cracking is most likely to occur (a lower phase angle 

δ is required). For that purpose, the complex shear modulus viscous portion G*.sin δ should be a 

minimum. Fatigue cracking is mostly common at the late age of the pavement service life, and 

therefore it is performed on long-term aged asphalt emulsion residue. Figure 3.5 shows the critical 

fatigue temperatures for each emulsion type.  

 

Figure 3.5. PAV Test Results (G*sin (δ) versus Temperature). 

Asphalt binders at low temperatures are too stiff and difficult to adhere on the parallel plate or 

tested using the DSR test. Therefore, binder properties at low temperatures were assessed using 

the Bending Beam Remoter (BBR) test according to AASHTO T313 “Standard Method of Test 

for Determining the Flexural Creep Stiffness of Asphalt Binder Using the Bending Beam 
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Rheometer (BBR)” [35]. This procedure was used to on the PAV residue to determine how much 

a binder creeps or deflects under a constant load at a constant temperature. Asphalt binder at low 

temperatures acts more like an elastic solid than a viscous fluid. This test describes how stresses 

are expected to increase in an asphalt binder as the temperature decreases using the BBR data used 

to generate the thermal stress curve. The samples tested were beam shaped with dimensions of 

0.04x0.5x4.9 inches (6.25x12.5x125 mm). The beam theory was used in the BBR procedure to 

calculate the stiffness of the asphalt beam sample under a static load (100 g) applied at the middle 

of the beam. The sample was placed in a controlled temperature bath. The resistance of the asphalt 

binder to creep loading was designated by the creep stiffness, and the change in asphalt stiffness 

(relaxation rate) was designated by m-value. The creep stiffness and m-value were determined 

after 60 sec of loading that simulates 2 hours of loading at 50 °F (10 °C) cooler temperature.  

A general rule of thumbs indicates that the Creep Stiffness (S) almost doubles for every 6 degrees 

decrease in temperature. This behavior was observed for all emulsion types. The flatter the curve 

of temperature versus S(t), the fewer thermal stresses are developed with decrease in temperature. 

Almost all emulsion types have similar slopes as shown in Figure 3.6. 

The slopes of the stiffness versus temperature curve or “m-value” are presented in Figure 3.7. A 

minimum threshold for m-value is specified by Superpave specifications as the slope of the asphalt 

binder stiffness curve flattens, the ability of the asphalt pavement to relieve thermal stresses by 

flow decreases. The observation in Figure 3.6 is validated in Figure 3.7, where all emulsion types 

have almost a similar slope. ΔTc was calculated from failure temperatures for the stiffness and m-

value. The value of this parameter was below the criteria for all asphalt emulsion residue. 
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Figure 3.6. BBR Test Results (Creep Stiffness versus Temperature). 

 

Figure 3.7. BBR Test Results (m-value versus Temperature). 

The obtained values of ∆Tc for all four asphalt emulsion residues suggest that none of the 

emulsions presents high susceptibility to low-temperature cracking. Figure 3.8 shows a summary 

of the true grade of each emulsion residue with emulsions Type B and C have very close resistance 

to rutting and fatigue cracking with almost the same high and intermediate temperature grade, and 
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emulsion Type A have the highest resistance to thermal cracking with the lowest low temperature 

grade, as compared to other emulsion types.  

 

Figure 3.8. True Grade of Asphalt Emulsion Residue. 

3.3. Additives (Hydrated Lime) 

Moisture sensitivity of CIR mixtures has been approached from different perspectives. Several 

studies showed that CIR mixtures are very susceptible to moisture damage. However, with the 

addition of lime slurry, reports [4 ,16] showed that this susceptibility is significantly reduced.  

Cross [36] research in the late '90s assessed the effect of hydrated lime slurry on the moisture 

sensitivity of CIR mixtures with different asphalt emulsions in Kansas through the tensile strength 

and resilient modulus ratio. TSR increased with the addition of lime as Figure 3.9 shows for both 

graded and non-graded RAP gradations and with different emulsion types.   
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Figure 3.9. Tensile Strength Ratio (TSR) of CIR Mixtures with and without Lime. 

 

In this research, one level of 4.5% lime slurry was considered. It consists of adding 1.5% of 

hydrated lime with 3% water. Based on the findings of previous studies performed at UNR [1], it 

was found that 6.0% lime slurry will result in similar performance of CIR mixtures using 4.5% 

lime slurry.  
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4. Chapter 4. Experimental Plan 

An extensive laboratory-based experimental plan was established to evaluate a wide range of 

critical parameters to better predict the performance of CIR mixtures. Figure 4.1 includes the major 

steps followed in this study, and Table 4.1 sums up the selected parameters and their levels that 

were integrated into the experimental plan. 

 

Figure 4.1. The Methodology Used in This Research. 
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All elements of the CIR mixture were added to the mixture as percent by dry weight of the RAP 

material in the mix. For instance, an asphalt emulsion content of 3.5% in CIR mixtures means that 

the weight of asphalt emulsion added is 3.5% of the dry weight of RAP material in the mix.  

Table 4.1. Parameters Integrated into CIR Mix Design Experimental Plan. 

Parameters Levels Type 

Asphalt Emulsion 4 

A: Standard CMS-2S 

B: Latex-Modified 

C: Polymer-Modified 

D: Rubber-Modified 

RAP Gradation 1 Graded 

Lime Slurry 1 4.5%: 1.5%Lime+3% water 

 

4.1. CIR Mix Design 

CIR mix design guidelines were established by previous research conducted at the University of 

Nevada Reno (UNR) [2, 3, 8]. Main guidelines are summarized in this section: 

4.1.1. Mixing Time 

RAP was oven-dried to a constant weight at 140°F, then mixed with water for 1 minute. Lime 

slurry was then added and mixed for 2 minutes. Thereafter, a 1-minute mixing with asphalt 

emulsion should provide a visible satisfactory coating at the end of the complete mixing process 

as per Piratheepan [16] recommendation. Figure 4.2 shows a schematic representation of the CIR 

mixing process. 



33 

 

 

 

 

Figure 4.2. CIR Mixing Process. 

4.1.2. Theoretical Maximum Specific Gravity (Gmm) determination 

Conditions of the test for Gmm determination include preparing the sample at one asphalt emulsion 

content with a minimum sample size of 2500g as per AASHTO T209 “Standard Method of Test 

for Theoretical Maximum Specific Gravity (Gmm) and Density of Asphalt Mixtures” [37]. Two 

replicates were mixed and conditioned in the oven for 24 hours at 140 °F (60 °C) to cure. The 

particles were then separated by hand taking care to avoid fracturing the aggregate to reach a 

sample similar to that shown in Figure 4.3. The curing of the sample was important to ensure the 

computation of realistic values for asphalt absorbed by the aggregate and void properties of the 

mix. Gmm was calculated based on Equation 4.1.Values were influenced by the composition of the 

mixture in terms of types and amounts of aggregates, lime, and emulsion materials.  

𝑮𝒎𝒎 =
𝐀

𝐀 − 𝐂
 

Equation 4.1   



34 

 

 

 

Where: 

 

A: Mass of the oven-dry sample in the air (g) 

C: Mass of the sample in the water at 77 °F (25 °C) 

 

 

Figure 4.3. Theoretical Maximum Specific Gravity Determination of CIR Mixtures.   

The Gmm was measured at one asphalt emulsion content and back-calculated at other emulsion 

content. This was done by assuming a constant effective specific gravity of the aggregates (Gse) 

determined using Equation 4.2 and then Equation 4.3. Gse remains constant up to an asphalt 

emulsion content of 4.0% as per prior research at UNR. 

                                         𝑮𝒔𝒆 =
𝟏𝟎𝟎 − 𝑷𝒔

𝟏𝟎𝟎
𝑮𝒎𝒎

−
𝑷𝒃

𝑮𝒃

                                                     
Equation 4.2   

Where: 

Ps: Percent of RAP in the CIR mixture 

Gb: Specific gravity of asphalt residue 

Pb: Percent of asphalt residue from the emulsion 

𝑮𝒎𝒎 =
𝑷𝒎𝒎

𝑷𝒔

𝑮𝒔𝒆
−

𝑷𝒃

𝑮𝒃

 
Equation 4.3   

4.1.3. Superpave Mix Design  

Superpave mix design consists of compacting loose CIR mixtures using the Superpave gyratory 

compactor (SGC) using a perforated mold. The final compacted sample has a diameter of 6.0 
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inches (150 mm) and a height of 4.5±0.2 inch (115±5 mm) as shown in Figure 4.4 with Ndesign of 

75 gyrations for graded RAP. Initially, the RAP was treated as non- graded, however, since the 

gradation previously used in earlier studies at the UNR was targeted, the mix design procedure 

was adopted for graded RAP. Then the compacted samples were cured in an oven at 140°F (60°C) 

for 24±1 hours before determining their bulk specific gravity (Gmb). ASTM D1188 “Standard Test 

Method for Bulk Specific Gravity and Density of Compacted Bituminous Mixtures Using Coated 

Samples” [38] was used to measure Gmb of each sample. In this research, a total of 4 CIR mixtures 

were prepared at 4 asphalt emulsion contents as shown in Table 4.2. Air void was calculated based 

on Equation 4.4, and the optimum asphalt emulsion was determined for a target air void of 13±1%. 

𝑨𝑽(%) = 𝟏𝟎𝟎 × [𝟏 −
𝑮𝒎𝒃

𝑮𝒎𝒎
]                           Equation 4.4   

Table 4.2. Characteristics of the 4 CIR Mixtures. 

Asphalt Emulsion Lime Slurry (%) RAP 
Asphalt Emulsion 

Content (%) 

A: Standard CMS-2S 

4.5 Graded 2.5, 3.0, 3.5, and 4.0 
B: Latex-Modified 

C: Polymer-Modified 

D: Rubber-Modified 

 

 

Figure 4.4. CIR Mixture Compacted Using SGC with Type A Emulsion at Different Emulsion 

Content. 
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4.1.4. Hveem Mix Design 

NDOT has been using the Hveem mix design method for a long period of time, and as discussed 

in the literature, some modifications were suggested. After performing the Superpave mix design 

method, the outcome was then verified using the Hveem mix design method for the same 4 

mixtures presented in Table 4.2. The California Kneading Compactor was used to compact loose 

CIR mixtures. For graded RAP, the kneading compaction procedure consisted of 25 tamps at 250 

psi, followed by 100 tamps at 500 psi, and a leveling stress of 300 psi to prepare a 4-inch (100 

mm) sample as shown in Figure 4.5. The height of the sample should be 2.5±0.1 inches (63±3 

mm). Then Gmb was determined in the same way as described in section 4.1.3, and the air voids 

were checked to be within 13±1%.  

 

Figure 4.5. CIR Sample Compacted Using the California Kneading Compactor. 

4.2. Cohesion Strength 

The cohesion test was performed as per ASTM D3910 “Standard Practice for Design, Testing, 

and Construction of Slurry Seal” [39] to identify the time required to allow traffic application on 

the compacted CIR layer based on the cohesion development of the CIR mixture. It was defined 
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as the time at which a sample with a 6-inch (150 mm) diameter and a 2.75±0.2 inches (70±5 mm) 

height at OEC compacted at the design number of gyrations, reach a torque of 20 kg-cm using the 

cohesion testing device, as shown in Figure 4.6. 

 

Figure 4.6. Cohesion Testing Device with CIR Sample. 

4.3. Raveling Resistance 

The raveling resistance of CIR mixtures was measured by simulating the abrasion of the early open 

traffic, on a CIR sample by using the raveling device, as shown in Figure 4.7.  It was evaluated as 

per ASTM D7196 “Standard Test Method for Raveling Test of Cold-Mixed Emulsified Asphalt 

Samples” [40] . The percentage of raveling was calculated from the mass loss of the specimen 

after the abrasion period of 15 minutes. A mass loss less than 2.0% is a commonly used maximum 

limit for assuring a good raveling resistance for a CIR mixture. The test was conducted on sample 

with a 6-inch (150 mm) diameter and a 2.75±0.2 inches (70±5 mm) height at OEC compacted at 

the design number of gyrations, and at the curing time determined from the cohesion test.  
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Figure 4.7. Raveling Testing Device with CIR Sample. 

4.4. Moisture Sensitivity Assessment 

The final step of a Superpave mix design method was to assess the moisture susceptibility of the 

CIR mixtures per AASHTO T283 “Standard Method of Test for Resistance of Compacted Asphalt 

Mixtures to Moisture Induced Damage” [41] in terms of tensile strength ratio (TSR).  A sample 

of approximately 1200 g was prepared to obtain a compacted sample with a height of 2.5±0.1-inch 

(63±3 mm), 4-inch (100 mm) diameter and 13±1% air voids. Six samples were prepared, with 

curing for 24 hours at 140 °F (60 °C) to simulate production and site conditions, and at OEC for 

each mixture. Three of those samples were tested directly for a dry condition at 77°F(25°C) and 

the other three were subjected to one freeze-thaw cycle consisting of saturating the sample to 70-

80 % with water and then place it at -0.4°F (-18°C) for 16 hours, at 140°F (60°C) for 24 hours, 

and lastly at 77 °F (25 °C) for 2 hours before testing it, as shown in Figure 4.8. TSR is the ratio of 

the tensile strength (TS) of the conditioned sample over the un-conditioned TS of CIR samples.  
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Figure 4.8. TSR Testing Apparatus. 

The average TS of the moisture-conditioned set was referred to as “Wet TS” and the average TS 

of the unconditioned set was referred to as “Dry TS”. The vertical compressive load was at the rate 

of 2.0 inches/minute which generates maximum tensile stresses at the center of the sample. The 

maximum force applied was recorded, and the respective TS was calculated using Equation 4.5. 

𝐒t =
𝟐 𝑷

𝝅 𝒕 𝑫
 

Equation 4.5   

Where: 

St: Tensile Strength (psi) 

P: Maximum Load, lbf 

T: Specimen Thickness (in) 

D: Specimen Diameter (in) 

 

4.5. Engineering property determination:  

NDOT Mechanistic-Empirical Design Guide for flexible pavements [42] adopt the dynamic 

modulus (E*) master curve to assess the structural response of the asphalt bound layers under 

various combinations of traffic loads, speed, and environmental conditions.  
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4.5.1. Dynamic modulus Test 

Asphalt mixture performance tester (AMPT) was used to determine the E* on 4.0-inch diameter 

by 6.0-inch cylindrical specimens cored from the center of samples compacted in SGC. The target 

air voids level was 13±1%. Samples were tested as shown in Figure 4.9 under various ranges of 

frequency (10, 1, 0.1, and 0.01 Hz) and temperature of 40, 68, and 113°F (4, 20, 45°C). Then the 

master curve was plotted based on CIR mixture viscoelastic properties. The appropriate E* was 

determined for any combination of pavement temperature and traffic speed per AASHTO R84 

“Standard Practice for Developing Dynamic Modulus Master Curves for Asphalt Mixtures Using 

the Asphalt Mixture Performance Tester (AMPT)” [43]. CIR mixtures and conditions used in this 

research are shown in Table 4.3.  

Table 4.3. CIR mixtures and conditions used in dynamic modulus test. 

Emulsion RAP 
Lime 

Slurry (%) 

Frequency  

(Hz) 

Temperature 

(°F) 

A: Standard CMS-2S 

Graded 4.5 
10, 1, 0.1, and 

0.01 
40, 68, and 113 

B: Latex-Modified 

C: Polymer-Modified 

D: Rubber-Modified 

 

After collecting the data from the AMPT machine, using Microsoft Excel, the data were analyzed 

and plotted. An E*master curve was developed using Solver to fit a non-symmetrical model as in 

Equation 4.6. It should be noted that since the volumetric properties of CIR mixtures are not well 

established as those for HMA mixtures, the maximum dynamic modulus cannot be calculated and 

used in the fitting process. Therefore, the fitting parameter alfa (α) replaced the term Log of the 

limiting maximum modulus minus the fitting parameter delta (𝛿). 

𝒍𝒐𝒈|𝑬 ∗| =  𝜹 +
(𝑴𝒂𝒙 − 𝜹)

𝟏 + 𝒆𝜷+𝜸𝐥𝐨 𝐠(𝒇𝒓)
 

Equation 4.6   
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Where: 

E*: Dynamic Modulus 

𝛿, 𝛽, and 𝛾: Fitting parameters 

Max: Log of the limiting maximum modulus  

Fr: Reduced frequency (Hz) 

After fitting the shift factor and calculating the reduced frequency, the final form of the model is 

as shown Equation 4.7. 

𝒍𝒐𝒈|𝑬 ∗| =  𝜹 +
𝜶

𝟏 +  𝒆
𝜷+𝜸{𝒍𝒐𝒈𝒇 + 

∆𝑬𝒂
𝟏𝟗.𝟏𝟒𝟕𝟏𝟒

[(
𝟏
𝑻

)−(
𝟏

𝑻𝒓
)]}

 
Equation 4.7   

  

 

Figure 4.9. Dynamic Modulus Determination Apparatus. 

4.6. Resistance to Rutting Assessment:  

Rutting resistance was evaluated in terms of a rutting model predicted using the Repeated Load 

Triaxial test (RLT) and the Hamburg Wheel Track test (HWTT). The accumulation of permanent 

deformation or consolidation in an asphalt pavement surface over time will lead to rutting. This 

normally happens in the wheel path and during summer months. As for CIR mixtures, the high 

amount of RAP in the mixture will make it stiffer and more resistant to permanent deformation. 

To fully characterize the rutting performance, RLT and HWTT were used as follows [24]. 
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4.6.1. Repeated Load Triaxial Test  

CIR samples were cored from the center of a 4.0-inch (100 mm) diameter by 6.0-inch (150 mm) 

cylindrical samples. Samples were compacted in the SGC to an air void of 13±1% at OEC and 

were subjected to dynamic deviatoric stress of 40 psi and static confining stress of 25 psi which 

represents the stress conditions within the CIR layer under an AC overlay. Pulse load mode was 

used with a loading period of 0.1 sec and a rest period of 0.9 sec. Figure 4.10 shows a typical 

relationship between the permanent axial strain and the number of load repetitions. 

 

Figure 4.10. Typical Performance of CIR Mixtures in the RLT Test. 

 

Four CIR mixtures were evaluated as in Table 4.3 at different temperatures as suggested by method 

A in NCHRP 09-30A of 68°F, 104°F, and 140°F (20, 40, 60°C). The rutting model was deduced 

from the secondary stage in the relationship between permanent strain and the number of load 

cycles based on Equation 4.8. 

𝛆p

𝛆r 
= 𝟏𝟎𝐊r1 (𝑻)𝐊r2 (𝑵)𝐊r3                                           Equation 4.8   
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Where: 

εp: Permanent Axial Strain (in/in) 

εr: Resilient Axial Strain (in/in) 
Kr1, Kr2, Kr3: Laboratory determined Coefficients 

T: Temperature of the CIR Mixture (°F) 

N: Number of Repetitions 

4.6.2. Hamburg Wheel Track Test 

The Hamburg Wheel Track test (HWTT) was selected to evaluate the rutting performance of the 

mixtures in this research study. Few studies [44] have used this test to evaluate CIR rutting 

performance, however, it is widely used across the United States and many other parts of the world 

to assess the rutting performance of AC mixtures. Ten states currently use the test to evaluate both 

rutting and moisture susceptibility of AC mixtures. Equipment used consist of a wheel track 

machine originated from Europe, which contains a conditioning bath and steel wheels as shown in 

Figure 4.11. The aim of using this test was to compare the behavior of CIR mixtures between 

materials from Northern and Southern Nevada, therefore, the testing temperature was chosen to be 

122°F (50°C) which is used in the Reno area. Thresholds developed for this test are normally 

related to the historical performance of asphalt mixtures in certain areas. Therefore, no specific 

criteria were developed to be used for CIR mixtures. The test was performed according to 

AASHTO T324 “Standard Method of Test for Hamburg Wheel-Track Testing of Compacted 

Asphalt Mixtures” [45]. Samples with a 150 mm diameter and 60±2 mm height were prepared 

with a target air voids of 13±1%. The wheel makes 52±2 passes across the specimen per minute. 

In the absence of data relating the HWTT criteria to CIR field performance, the test was performed 

for 20,000 cycles. California, Illinois, Oklahoma, and Texas specify a maximum rut depth of 

12.5mm [46] after 20,000 repetitions for AC mixtures. This criterion will be used as a baseline to 

compare the relative performance of CIR mixtures to typical AC mixtures.  
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Figure 4.11. HWTT apparatus. 

4.7. Fatigue Cracking Characterization:  

The flexural beam fatigue test was used to evaluate the resistance of CIR mixtures to fatigue 

cracking as per ASTM D7460 “Standard Test Method for Determining Fatigue Failure of 

Compacted Asphalt Concrete Subjected to Repeated Flexural Bending” [47]. Under repeated 

traffic loading, the HMA surface will fail due to the initiation of cracks from the bottom HMA 

layer where the tensile stress is the highest and exceeds the tensile strength. CIR pavements consist 

of pulverizing the top 2-3 inches of the old AC layer, then lay it down and apply 2-3 inches of AC 

overlay, which makes the CIR and the new AC layer act as two asphalt bound layers.   

4.7.1. Flexural Beam Fatigue Test 

This test can either be operated in the stress-controlled or strain-controlled mode of loading. In 

load or stress control mode, the stress is constant during the test and the strain is monitored. The 

strain level will increase with increasing load cycles. However, in strain or displacement control 

mode, the machine is asked to figure out what load level is needed to maintain the same 

displacement level throughout the test when the material becomes weaker during testing, the stress 

required to reach the same displacement is less. Out of these two test modes, the flexural stiffness 
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can be calculated, which will decrease in both tests, because the material is becoming weaker with 

more cycles. Typically, with thick pavement (>8 in) stress-controlled mode is used, whereas for 

thin pavement (<2 in) controlled-strain mode is used. In this research, the flexural beam fatigue 

test was conducted in strain-controlled mode since CIR pavements are generally 2-3 inches thick 

[46]. Table 4.4 shows the different conditions to run the flexural beam fatigue test at three 

temperatures of 55, 70, and 85°F (12.8, 21.1, 29.4°C) and three strain levels (250, 400, 550 micro-

strain). Three beams for each combination of temperature and strain level were tested to verify the 

repeatability of the test. Specimens are subjected to a 4-point bending with free rotation and 

horizontal translation at all load and reaction points as shown in Figure 4.12. A constant bending 

moment was produced over the center portion of the specimens. Besides, it was significantly 

important to verify the tensile strain for each test specimen. The applied strain level by the machine 

should match the required tensile strain before the first 50 cycles. This was possible by changing 

the Proportional-Integral-Derivative (PID) controllers of the machine. Based on proportional, 

integral, and derivative terms (denoted P, I, and D respectively), PID controller regularly calculates 

the error between the Setpoint (SP), which is the desired level of micro-strain, and a measured 

tensile strain level in terms of a Process Variable (PV) and applies an appropriate correction. 

 

Figure 4.12. Flexural bending fatigue test on pneumatic machine. 
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Table 4.4. Temperature and Micro-strain Levels Used in this Research. 

Temperature Micro-strain Level 

55°F (12.8°C) 

250 

400 

550 

70°F (21.1°C) 

250 

400 

550 

85°F (29.4°C) 

250 

400 

550 

 

This test is used to predict the fatigue model of CIR mixtures based on Equation 4.9 [49]. The 

equation of the model is inversely proportional to the tensile strain at the critical location in the 

pavement layer, and to the modulus of the HMA layer.   

𝑵𝒇 = 𝑲𝟏 × (
𝟏

𝜺𝒕
) 𝑲𝟐 × (

𝟏

𝑬
) 𝑲𝟑 Equation 4.9   

Where: 

Nf: Number of Cycles to Failure due to Fatigue Cracking 

K1, K2, K3: Regression Constants obtained from Laboratory Testing 

εt: Tensile Strain at the Critical Location in Pavement Layer 

E: Material Stiffness 

ASTM D7460 [47] indicated that the failure point occurs at the maximum value of Normalized 

Modulus x cycles when plotted versus the Number of Cycles. The raw data for the calculated 

Normalized Modulus can be fitted in a polynomial curve. The failure point can also be extrapolated 

when the peak value of the Normalized Modulus x Cycles when plotted versus Number of Cycles 

exceeds the duration of the test, and this procedure, per Tsai, Harvey, and Monismith [47], adopt 

Equation 4.10. This equation was solved for the value of N with 50% initial beam stiffness. 

𝑳𝒏(−𝑳𝒏(𝑺𝑹)) = 𝜸 × 𝑳𝒏(𝑵) + 𝑳𝒏(𝝀)                           Equation 4.10   
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Where: 

Ln (-Ln (SR)):  Natural Logarithm of the Negative of the Natural Logarithm of SR 

SR: Flexural Beam Stiffness ratio 

N: Number of Cycles 

γ: Slope of the linear regression of the Ln (-Ln (SR)) versus Ln(N) 

Ln(λ): Intercept of the linear regression of Ln (-Ln (SR)) versus Ln(N) 

4.8. Reflective Cracking Evaluation 

One of the major challenges associated with pavement rehabilitation is reflective cracking. It 

contributes to premature failure of the surface layer and allows water infiltration through the 

cracks, leading to moisture damage and eventually deterioration in all pavement layers. In this 

research, reflective cracking was evaluated using the overlay tester device (OT). In this test, the 

number of cycles to failure of samples was measured by simulating the extension and contraction 

of cracks caused by temperature gradient and tensile strains induced by traffic loads underneath 

the CIR layer. Texas Department of Transportation (TxDOT) endorsed a procedure to determine 

the resistance of bituminous mixtures to reflective cracking as per the Tex-248-F standard method 

[50]. This method has been widely used and accepted to evaluate cracking mechanisms of AC 

mixtures; however, the repeatability of the test has been a major concern. Therefore, the University 

of Texas, El Paso, and TxDOT incorporated crack initiation (Critical Fracture Energy) and crack 

propagation (Crack Progression Rate) to better evaluate and characterize the cracking potential of 

mixes [51].  

4.8.1. Texas Overlay Test  

CIR specimens were compacted in the SGC per AASHTO R83 “Standard Practice for 

Preparation of Cylindrical Performance Test Specimens Using the Superpave Gyratory 

Compactor (SGC)” [52]. The compacted sample size was 6.0 inches (150 mm) in diameter and 

6.0 inches (150 mm) in height with an air void of 13±1%. Samples were conditioned for 48±1 



48 

 

 

 

hours at 140°F. Final sample dimensions after cutting were 6.0 inches (150 mm) long by 3.0 inch 

(76 mm) wide and 1.5 inches (38 mm) thick as shown in Figure 4.13. It should be noted that the 

top and bottom parts of the sample were discarded. The Gmb of the final OT samples was measured 

per ASTM D1188 [38], and the setup of the machine is shown in Figure 4.14. 

                  

Figure 4.13. Texas Overlay Test Trimmed Sample. 

 

 

Figure 4.14. Texas Overlay Tester Display. 

The sample was conditioned for 1 hour at least before testing at 77±1°F (25±0.5°C). OT was 

conducted in a controlled displacement mode until the failure occurred at loading and 5 seconds 

of unloading. The standard method as per Tex-248-F refers to a maximum opening displacement 

of 0.025 in (0.635 mm) to perform OT [50]. In the same way, Zhou and Scullion [53] 

recommended Equation 4.11 to calculate the maximum opening displacement (MOD) in OT. 

                                     𝜟𝑳 =  𝜶 ∗ 𝐋eff ∗ 𝜟𝑻 ∗ 𝜷                                     Equation 4.11   
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 Where: 

ΔL: Horizontal movement of the slab due to temperature change (m) 

α: Coefficient of linear thermal expansion (10-6 /m/°C) 

Leff: Effective PCC joint spacing 

ΔT: Maximum 24-hours temperature difference (°C) 

β: PCC/ Base friction factor 

However, an effort by Ma [54] to evaluate cracking resistance of asphalt mixtures as more recycled 

materials were used in the mixes using TX-248-F suggested to modified opening displacement. A 

value of 0.025 inches (0.635 mm) was too large for testing stiff asphalt mixtures which is the case 

with CIR mixtures with high RAP content placed in different climate conditions.  

Considering the pulverization of 2-3 inches of the old AC in CIR pavements, and the addition of 

a 2-3 inches AC overlay on top of it as a wearing course, the opening displacement was assumed 

to be 0.010 inches (0.254 mm) simulating field condition at the bottom of the CIR layer.  

4.9. Mechanistic Analysis of CIR Pavements  

4.9.1. Introduction 

Laboratory experiments measured performance parameters of CIR mixtures in terms of dynamic 

modulus, fatigue model, rutting model, fracture energy, crack propagation, and crack initiation 

resistance. However, these parameters should be incorporated into mechanistic modeling of 

flexible pavement responses to traffic loading, to better evaluate the performance life of CIR 

pavements. Sebaaly et al. [24] recommended that the new CIR layer be characterized as an asphalt 

bound layer, with mixture volumetrics and mechanical properties. The same methodology was 

adopted to conduct a full M-E design. And the following pavement structures were selected for 

the study based on the research performed by Carvajal [1] : 

- Old flexible pavement subjected to rehabilitation with CIR by milling the top 3.0 inches of 

the old AC layer followed by a 2.0 inches of new AC overlay (Figure 4.15). 
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- Old flexible pavement subjected to milling of the top 3.0 inches of the old AC layer 

followed by a new 2.0 inches AC overlay over a new AC layer at a thickness to be 

determined based on equal performance (Figure 4.16). 

 

Figure 4.15. Flexible Pavement Rehabilitated Using CIR. 

 

 

Figure 4.16. Flexible Pavement Rehabilitated Using New AC Overlay. 
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The flexible pavement with the CIR layer under 2.0 inch AC overlay was used as control section, 

and the thickness of the new AC layer for the pavement structure without the CIR layer was 

determined based on achieving equal fatigue/rutting performance of the two pavements as per the 

method of equivalent thickness (MET) shown in Figure 4.17 [42]. 

 

Figure 4.17. Equivalent Thickness Transformation Using MET [42]. 

 

4.9.2. Dynamic Modulus selection 

The dynamic modulus depends on the temperature and the loading frequency since AC and CIR 

materials are viscoelastic. The approach used to determine the representative E* for each layer is 

described in the following sections. 

4.9.2.1. Load Magnitude 

In order to represent the traffic loading, A static single axle load of 18 kips on dual tires with 

inflation pressure of 120 psi was selected. A speed of 1 mph was estimated to identify the 

appropriate loading frequency and determine E*. 

4.9.2.2. Loading Frequency 

Loading frequency calculation was achieved following the approach recommended in the MEPG 

Section 3.3.3.4 [55]. Additional assumptions were included for better characterization of CIR 
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layer, and a stress distribution of 45° was used for the subgrade layer. MET was used to convert 

AC and CIR layers into equivalent thickness of the subgrade in order to calculate the frequency at 

each effective depth using Equation 4.12. Figure 4.18 represents a graphical representation on the 

application of the MET.  

𝒁𝒆𝒇𝒇 = ∑ (𝒉𝒊 √
𝑬𝒊

𝑬𝑺𝑮

3
) + (𝒉𝒏 √

𝑬𝒏

𝑬𝑺𝑮

3
)

𝒏−𝟏

𝒊=𝟏

 
Equation 4.12   

 Where:  

Zeff: Effective depth 

hn: Thickness of the layer of interest 

ESG: Resilient modulus of subgrade layer 

En: Modulus of elasticity of the layer of interest 

 

Figure 4.18. Method of Equivalent Thickness Scheme.  

The effective length is then calculated using Equation 4.13. Similarly, the loading time can be 

calculated from kinematics using Equation 4.14 since the effective length and the speed of the load 

are known. The frequency (in Hertz) was then obtained from the inverse of the pulse time.  

𝐋eff = 𝟐 ∗  𝐚𝐜 + 𝟐 ∗  𝐳eff Equation 4.13   

 𝑷𝒖𝒍𝒔𝒆 𝑻𝒊𝒎𝒆 =  
𝐋eff

 𝛖
 Equation 4.14   

 The loading frequency at the center of each sublayer as shown in Figure 4.19 and Figure 4.20.  
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Figure 4.19. Sublayer Distribution of the Structure Rehabilitated with CIR. 

 

 

Figure 4.20. Sublayer Distribution for Structure Rehabilitation with New AC. 

4.9.2.3. Pavement Temperature 

To assign the appropriate E* property, the temperature distribution throughout the AC and CIR 

layers should be determined. Equation 4.15 and Equation 4.16 [42] were used to obtain the 

temperature of the sublayers’ structures. The approach adopted according to Basyouny et al. [42] 

was meant for calculating the corresponding fatigue and rutting effective temperature in the top 
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two inches of the AC layer. Therefore, the effective temperature was assumed constant for AC and 

CIR sublayers deeper than two inches below the surface.  

𝐓eff =  −𝟏𝟑. 𝟗𝟗𝟓 − 𝟐. 𝟑𝟑𝟐 𝒇𝟎.𝟓𝟎 + 𝟏. 𝟎𝟎𝟔 (𝑴𝑨𝑨𝑻) + 𝟎. 𝟖𝟕𝟔 (𝛔
MMAT

) 

− 1.186 W + 0.549 S +0.071 R 

Equation 4.15   

𝐓eff =  𝟏𝟒. 𝟔𝟐 − 𝟑. 𝟑𝟔 𝑳𝒏(𝒇) − 𝟏𝟎. 𝟗𝟒𝟎 (𝒛) + 𝟏. 𝟏𝟐𝟏(𝐌𝐀𝐀𝐓) 

+ 1.718 (𝛔
MMAT

) - 0.431 W +0.33 S +0.08 R  

Equation 4.16   

 Where: 

f: Effective load frequency at point of interest (Hz) 

z: Depth of interest point (in) 

MAAT: Mean annual air temperature, °F [56]. 

σMMAT: Deviation of the mean monthly air temperature, °F [56]. 

W: Mean annual wind speed, mph [57]. 

S: Mean annual percent sunshine (%) [57]. 

R: Annual cumulative rainfall depth (in) [56]. 

The master curve of the corresponding material was thereafter used to obtain the representative 

dynamic modulus of each sublayer after estimating the temperature at various depths. An iterative 

process is used until convergence of numbers since the frequency depends on the modulus of each 

sublayer and the temperature calculation depends on the loading frequency. In order to represent 

the dynamic modulus of the old AC layer in place, a similar procedure was performed at 

corresponding frequency and temperature. However, a reduction in the stiffness was included 

using Equation 4.17 due to the damage from milling.  

𝑬∗
dam =  𝟏𝟎𝜹 +  

𝑬∗
Undam−𝟏𝟎𝜹

𝟏 +  𝒆−𝟎.𝟑 + 𝟓∗𝒍𝒐𝒈𝒅AC
 Equation 4.17   

Where: 

 

δ = minimum dynamic modulus obtained from fitting the master curve (psi) 

E*Undam= undamaged dynamic modulus (psi) 

dAC = damage value 
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5. Chapter 5. Results  

5.1. Mix design 

The optimum emulsion content (OEC) was obtained using the Superpave mix design method and 

verified using the Hveem mix design method. Detailed results about the mix design are shown in 

Appendix B. 

5.1.1. Optimum Emulsion Content 

CIR samples were mixed using the SGC at the four selected emulsion contents (2.5%, 3.0%, 3.5% 

and 4.0%) and compacted at 75 gyrations. After curing the samples, the heights were measured, 

and the air voids were calculated using the Gmm and Gmb of each sample. Figure 5.1 shows the air 

voids of for a typical CIR mixture with emulsion Type D. Two samples at each emulsion content 

were tested and a straight line was fitted where 3.3% of asphalt emulsion corresponds to 13.0% air 

voids. It was noticed that for 14.0% air voids, the emulsion content needed is around 2.8%, where 

it is around 3.8% for 12.0% air voids. This indicates that for every 2.0% change in air voids, CIR 

mixtures require around 1.0% asphalt emulsion content. A similar trend was noticed for all other 

emulsion types with the emulsion content difference ranging between 0.8% to 1.2%.  

 

Figure 5.1. Determination of the OEC for Asphalt Emulsion Type D. 
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Figure 5.2 validates the height of each samples tested at each emulsion content. A trial sample 

with a weight ranging between 4600 to 4800 g is compacted and the weight is adjusted accordingly. 

The height of the sample should range between 4.5±0.2 inches (115±5 mm) and the samples used 

in analysis were within the allowable range. It was noticed that with a constant weight, the height 

of the sample decreases as the emulsion content increases. The addition of emulsion will 

incorporate more water into the mix, and with the same compaction effort, the compaction process 

will be easier.  

 

Figure 5.2. Height of Samples Prepared Using the SGC for Asphalt Emulsion Type D. 

 

Table 5.1 presents a summary of the mix design results with 4.5% lime slurry and 1.0% water. The 

Gmm values ranged between 2.501 and 2.519 with a standard deviation of 0.007 which suggests 

that the asphalt emulsion type will have minimal effect on the Gmm of CIR Mixtures. Figure 5.3 

suggests that the OEC was the highest for CIR mixtures using asphalt emulsion Type C with 3.4%, 

followed by 3.3% for Type D, 3.0% for Type B, and 2.8% for Type A. Two samples were 

compacted using the Hveem compaction method at the obtained OEC for each asphalt emulsion 

type for verification. The resulting air voids were very close to the one obtained with the Superpave 
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mix design method which verifies that either mix design methods will lead to similar OEC, and 

this was further validated in earlier research projects at UNR. Detailed results can be found in 

Appendix B.1. 

Table 5.1. Summary of Mix Design Results. 

Emulsion Type A B C D 

Number of 

Gyrations 
75 

Additional 

Water (%) 
1.0 

Lime Slurry (%) 4.5 

Gmm at OEC 2.516 2.501 2.519 2.512 

Air Voids (%) 12.5 13.0 13.0 13.0 

Emulsion 

Content (%) 
2.8 3.0 3.4 3.3 

Hveem 

Verification, Air 

Voids (%) 

13.0 12.7 13.3 12.9 

 

 

Figure 5.3. Optimum Emulsion Content for CIR Mixtures Used. 
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5.1.2. Cohesion Strength and Raveling Resistance 

The cohesion test was performed to determine the time required in the field for the CIR mixture to 

cure before allowing traffic. Two CIR samples were mixed at the OEC and the torque was 

measured at three locations on the surface of the CIR sample every 30 minutes, until a torque value 

of 20 kg-cm was reached. Figure 5.4 shows torque measurements versus time for Type A emulsion, 

using 4.5% Lime slurry and graded RAP. Table 5.3 indicates that the curing time ranged between 

6.5 and 8.5 hours depending on the emulsion type used, with Type D needing the least time to 

open to traffic.  

 

Figure 5.4. Torque Measurements versus Time for CIR Mixture Using Type A Emulsion. 

 

The raveling test was performed to determine the resistance of the CIR mixture to raveling under 

traffic. Two CIR samples were mixed at OEC and left to cure for the curing time determined from 

the cohesion test. The cured samples were subjected to abrasion for 15 minutes in the raveling 

device. Table 5.2 displays the mass loss for CIR mixture using Type A emulsion, 4.5% Lime Slurry 

and graded RAP. Table 5.3 indicates that all CIR mixtures have good raveling resistance, with the 
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CIR mixture using Type A emulsion type having the highest mass loss percentage which can be 

attributed with the absence of any modifier.  

Table 5.2. Mass Loss Results for CIR Mixture with Asphalt Emulsion Type A. 

Sample ID Sample 1 Sample 2 

Mass Before Abrasion (g) 2637.6 2678.5 

Dry Mass Abraded (g) 2610.3 2644.8 

Mass Loss (%) 1.04 1.26 

Average Mass Loss (%) 1.15 

Table 5.3. Summary of Cohesion Strength and Raveling Resistance Results. 

Emulsion 
Lime Slurry 

(%) 
OEC (%) 

Cohesion Raveling 

Time, Hours 
Average Mass 

Loss (%)  

Type A 

4.5 

2.8 7.0 1.15 

Type B 3.0 7.5 0.46 

Type C 3.4 8.5 0.22 

Type D 3.3 6.5 0.27 

 

5.1.3. Moisture Sensitivity 

Moisture-induced damage of the CIR mix design was assessed using the tensile strength ratio. Six 

CIR samples were mixed and compacted using the OEC obtained. Three samples were conditioned 

by subjecting them to a freeze-thaw cycle, as denoted in section 4.4. Table 5.4 contains details 

about each sample prepared for CIR mixture using asphalt emulsion type A. The conditioned 

samples were saturated to around 73% with an average wet TS of 36 psi as compared to the dry 

TS of 50 psi, and the appropriate TSR value was equal to 71.99%. NDOT recommends a minimum 

dry TS at 77°F (25°C) of 50 psi and a minimum TSR of 70%.  In this context,  
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Table 5.5 summarizes TSR values for each asphalt emulsion type. It can be seen that all CIR 

mixtures meet the NDOT criteria for dry TS and TSR. Figure 5.5 demonstrates that CIR mixtures 

using emulsion Type A have the least resistance to moisture damage, which is more likely since it 

does not contain any polymers or rubber. Asphalt emulsion Type D, which contains rubber, had 

the highest dry TS. However, the variation of TS and TSR values were not very significant with 

around 10 and 2% COV, respectively. Detailed results can be found in Appendix B.2. 

Table 5.4.TSR Test Results for Asphalt Emulsion Type A. 

Sample Condition   Conditioned Samples Dry Samples 

Sample Identification    1 2 3 4 5 6 

Diameter (in)   3.96 3.99 3.98 4.00 4.00 3.98 

Diameter (mm) D 100.71 101.27 101.17 101.50 101.68 101.08 

Thickness (in)   2.57 2.60 2.62 2.64 2.63 2.63 

Thickness (mm) t 65.31 66.05 66.46 66.95 66.91 66.85 

Dry mass in air (g) A 1179.4 1177.0 1170.9 1160.9 1174.4 1178.0 

Dry + Parafilm (g)   1182.7 1180.3 1174.3 1164.4 1176.1 1181.6 

Under water weight (Parafilm) (g)   645.6 641.3 633.6 626.3 632.5 635.6 

Volume of Specimen (cm3) E 533.8 535.7 537.3 534.6 541.9 542.4 

Bulk Specific Gravity Gmb 2.211 2.198 2.180 2.173 2.168 2.173 

Maximum Specific Gravity Gmm 2.516 2.516 2.516 2.516 2.516 2.516 

% Air voids [100(Gmm-Gmb)/Gmm] Pa 12.14 12.63 13.34 13.64 13.84 13.63 

Volume of air voids (PaE/100) (cm3) Va 64.8 67.7 71.7 72.9 75.0 73.9 

    Saturated  

Thickness (mm) t' 65.31 66.05 66.46 

 
SSD mass (g) B' 1227 1226 1223 

Volume of absorbed water (B'-A') (cm3) J' 47.6 49.0 52.1 

% saturation (100J'/Va) S' 73.5 72.4 72.7 

Load, lbf @77F P 624.4 546.8 578.9 798.6 856.6 821.6 

Dry Tensile Strength (psi) @ 77°F S1 
 48 52 50 

Wet Tensile Strength (psi) @ 77°F S2 39 34 35  

Visual Moisture Damage (0-5)   2 2 2 1 1 1 

Cracked broken agg.?   yes yes yes yes yes Yes 

TSR (S2/S1), % @ 77°F   72 
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Table 5.5. Summary of TSR Results with All Emulsion Types. 

Emulsion 
Lime 

Slurry (%) 
OEC (%) 

Average 

Dry TS 

(psi) 

Average 

Wet TS 

(psi) 

TSR 

(%) 

Average 

AV (%) 

Type A 

4.5 

2.8 50 36 72 13.2 

Type B 3.0 60 44 74 13.3 

Type C 3.4 52 38 74 13.6 

Type D 3.3 61 43 72 12.9 

COV (%) 9.7 9.6 1.7 2.2 

 

 
 

Figure 5.5. Dry and Wet Tensile Strength, and TSR for CIR Mixtures. 

 

5.2. Engineering Properties of CIR Mixtures (E*- Master Curves) 

The dynamic modulus (E*) gives an indication of the stiffness of CIR mixtures, in addition, the 

Nevada DOT M-E Design Guide for flexible pavements uses the dynamic modulus (E*) master 

curve to assess the structural response of the asphalt bound layers under various combinations of 

traffic loads, speed, and environmental conditions. Asphalt mixture performance tester (AMPT) 

was used to determine the E* on 4.0-inch (100 mm) diameter by 6.0-inch (150 mm) cylindrical 

specimens cored from the center of samples compacted in SGC. Samples were tested under various 
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ranges of frequency (10, 1, 0.1, and 0.01 Hz) and temperature of 40, 68, and 113°F (4, 20, 45°C). 

Before starting with data analysis and solving for the shifting factors to draw master curves, the 

raw data were checked for variation. Data quality statistics requirements were first done when the 

testing was finished on the AMPT machine, where the deformation drift should be in direction of 

applied load, the load standard error and the deformation standard error should both be less than 

10%, and the deformation uniformity should be less than 30%. The sample is discarded if any of 

those limits are exceeded. These limitations were set for HMA mixtures; however, they were also 

attainable with CIR mixtures. Table 5.6 shows the fitting parameters for the four CIR mixture 

types. It should be noted that the lowest activation energy denoted as ΔEA, was for Type D 

emulsion and the highest for Type C, reflecting the lowest and highest stiffness, respectively. 

Figure 5.6 compares E* master curve of the four CIR mixtures. At low frequencies, it was evident 

that, similar to HMA mixtures, the gradation will govern the behavior of the dynamic modulus 

master curve. CIR mixture with Type C emulsion resulted with relatively the highest stiffness. No 

significant difference was found between the E* obtained for the four CIR mixtures tested. 

Detailed results can be found in Appendix C. 

Table 5.6. Fitting Parameters for Dynamic Modulus Master Curve at 68°F. 

Parameters  α δ β γ ΔEA 

Type A 1.671 1.418 -0.901 -0.488 186725 

Type B 1.747 1.329 -0.845 -0.451 191075 

Type C 1.467 1.641 -0.831 -0.581 199565 

Type D 1.389 1.627 -0.441 -0.544 161695 
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Figure 5.6. Master Curves for CIR Mixtures Using All Asphalt Emulsion Types at 68°F. 

The loading frequency of 10 Hz was selected as a representative of highway traffic speed and the 

critical temperatures for fatigue cracking and rutting performance were selected as 68°F and 

122°F, respectively. Figure 5.7 and Figure 5.8 compare the E* properties of the various CIR 

mixtures at the selected loading frequency and critical temperatures. The E* values of the CIR 

mixtures at 68°F (20°C) and 10 Hz range from 430 to 670 ksi, while the E* of the CIR mixtures 

at 122°F (50°C) and 10 Hz range from 140 to 170 ksi. The highest E* properties were exhibited 

by CIR mixtures with type C, followed by types B, A, and D, respectively.  
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Figure 5.7. Dynamic Modulus at 68°F and 10 Hz. 

 

Figure 5.8. Dynamic Modulus at 122°F and 10 Hz. 
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the rut depth for pavement layers. In order to develop those models, the RLT test was performed. 

Both the axial deformation and the axial resilient strain (ԑr) were measured after each pulse. A 

typical cumulative permanent strain (ԑp) was plotted with respect to the number of loading cycles 

as shown in Figure 5.9.  

The permanent deformation behavior under repeated axial loading is composed by three phases; 

an incremental asymptotic initial behavior (first stage) followed by a linear increment (secondary 

stage shown in Figure 5.10 to check the goodness of the fit), and finally an exponential incremental 

curve (tertiary stage). The flow number was defined as the cycle in which the curve of permanent 

strain versus cycles changes the curvature or the secondary stage has ended. 

 

Figure 5.9. Comparison of Measured and Predicted Permanent Strain of Type A Mixture at 

104°F. 
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Figure 5.10. Secondary Stage Fitting Model for CIR Mixture with Type D Emulsion at 104°F. 

 

The Francken model, expressed in Equation 5.1, was used to numerically model the permanent 

strain-loading cycle relationship. The resilient strain (εr) is shown in Figure 5.11 for sample 2 at 

68°F (20°C) for CIR mixture with Type B mixture. The average of all the values is calculated to 

obtain a representative εr. A multilinear regression is performed using the ratio of permanent strain 

over resilient (εp/εr) at different cycles and temperatures to determine the fitting coefficients for 

the rutting prediction model shown in Equation 4.8. 

 

ԑ𝑝 (𝑁) = 𝐴 x 𝑁 𝐵 + 𝐶 x (𝑒 𝐷∗𝑁 − 1) 
Equation 5.1 

Where: 

ԑ𝑝: Permanent Strain (in)/in 

A, B, C, and D: Fitting Parameters 

N: Number of Cycles  
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Figure 5.11. Resilient Strain per LVDT measurements for Sample 2 at 68°F for CIR Mixture 

with Type B Emulsion. 

Table 5.7 which summarizes the laboratory-developed rutting models for the 4 CIR mixtures. 

Figure 5.12 compare the permanent to resilient strain ratio (εp/εr) at 122°F (50°C) as a function of 

the number of cycles for CIR mixtures with the four types of asphalt emulsions. The higher the 

rutting model, the more susceptible the CIR mixture to rutting. The permanent deformation was 

lower for CIR mixtures with types B and C emulsions. This behavior could be related to the 

relatively higher stiffness exhibited by those two mixtures over CIR mixtures with types A and D.  

Hence, statistical analysis using the t-test and the Bonferroni correction were performed to assess 

the difference between the models developed. No significant difference was found at different 

temperatures and cycles, and all models could be attributed to a single average model presented in 

Table 5.7 and Figure 5.12. Even though, the rutting models can give a wide scope of the rutting 

performance of each CIR mixture, it is not possible to make conclusions regarding rutting 

performance of the CIR pavement with this information due to the impact of the dynamic modulus 

on the calculation of rut depth. A better representation of the results would be by coupling the 

models with mechanistic analysis. Detailed results can be found in Appendix E. 

0.000

0.002

0.004

0.006

0.008

0.010

0.012

0 5000 10000 15000 20000

R
es

il
ie

n
t 

S
tr

ai
n
 (

in
)/

in

Number of Cycles
Res stra LVDT1 Res stra LVDT2 Res str LVDT 1 & 2



68 

 

 

 

Table 5.7. Rutting Models for CIR Mixtures. 

Emulsion Type Rutting Model 

Type A 
εp  

εr
= 10−14.0748(𝑁)0.4815(𝑇)6.7461 

Type B 
εp  

εr
= 10−6.3891(𝑁)0.3326(𝑇)3.2047 

Type C 
εp  

εr
= 10−6.2108(𝑁)0.4288(𝑇)2.9909 

Type D 
εp  

εr
= 10−11.1289(𝑁)0.3852(𝑇)5.6162 

Average Model 
εp  

εr
= 10−9.4279(𝑁)0.4070(𝑇)4.6394 

 

 

 

Figure 5.12. Comparison of Rutting Models for the evaluated CIR Mixtures. 

 

5.3.2. Resistance to Rutting using the Hamburg Wheel Track Test  

Stability verification is a critical step while evaluating mixture performance in terms of rutting 
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stiffness, aggregate skeleton, and test specimen air void level. Previous research by Dong et al. 

evaluated the stability of CIR slabs by means of the HWTT performed at 140°F (60°C). Test results 

showed that the rutting resistance of CIR mixtures were lower than the maximum criteria set for 

AC mixtures [44].  

In this research, for every CIR mixture, four samples were mixed at OEC, cured for 48 hours at 

140°F (60°C), compacted to 60 mm height then cut at the edge within 13±1% air voids. The test 

was run after submerging the specimens in water at the set test temperature of 122°F (50°C) for 

20,000 cycles as shown in Figure 5.13. The rut depth is recorded as a function of wheel passes to 

determine the Stripping Inflection Point (SIP) representing a stripping failure, whereas the 

maximum rut depth after 20,000 cycles was recorded as criteria compared to 12.5 mm rut depth 

which is the typical criteria for HMA mixtures. Results can be found in Appendix F. 

 

Figure 5.13. Samples in the HWTT Fixture. 

 

Test results are summarized in Table 5.8 including the rut depth at certain number of cycles and 

SIP indication. It was concluded that none of the CIR mixtures was susceptible to rutting or 

stripping failure when adopting HMA failure criteria of 12.5mm maximum rut depth after 20,000 

cycles at 122°F (50°C). The highest rut depth of 12.5mm was observed for the CIR mixture with 
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type A emulsion, followed by types D, B, and C, respectively. This coincides well with the trends 

concluded from the RLT test and the dynamic modulus at 122°F (50°C). While evaluating the rut 

depth at each number of cycles of interest, it was evident that CIR mixtures with type A and C had 

the lowest values, however, this could be misleading due to the impact of air voids on results. CIR 

mixture with type A had a lower rut depth up than types B and D up until 5000 cycles, and this 

could be related to the low average air voids of the tested samples. When the test exceeded this 

number of passes, samples deteriorated rapidly. Whereas, for the CIR mixture with Type C 

emulsion, the rut depth did not increase at the same rate. These observations are better represented 

in Figure 5.14 with the 95% confidence interval bars. Results also indicated the efficiency of 

modifiers which improved the rutting resistance of CIR mixtures.  

Regarding the SIP determination, no inflection point was observed when plotting the output 

produced by the HWTT for all CIR mixtures. A typical output of results is shown in Figure 5.15. 

Table 5.8. Summary of HWTT Results. 

 Emulsion Type Type A Type B Type C Type D 

Average Air Voids (%) 12.1 13.6 12.2 13.5 

Rut Depth (mm) 

at Number of Cycles 

1000 2.3 2.9 1.7 2.7 

5000 4.4 4.7 3.0 4.5 

10000 7.1 6.0 4.0 6.0 

15000 9.4 6.9 4.8 7.6 

20000 12.5 8.2 5.9 9.1 

Stripping Inflection Point N/A N/A N/A N/A 
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Figure 5.14. HWTT Maximum Rut Depth. 

 

Figure 5.15. HWTT Output for CIR mixture with Type C Emulsion. 

 

5.3.3. Resistance to Fatigue Cracking 

The number of cycles to fatigue failure was determined as per ASTM D7460 “Standard Test 

Method for Determining Fatigue Failure of Compacted Asphalt Concrete Subjected to Repeated 

Flexural Bending” [47], which defines the failure point as the number of cycles at which the 
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stiffness ratio (SR) is equal to 0.50. The stiffness ratio is defined as the ratio of the stiffness at any 

number of cycles over the initial stiffness measured at 50 cycles. The maximum deflection (δ) in 

each cycle was used to calculate the resulting maximum tensile strain (εt) as shown Equation 5.6. 

The maximum tensile stress (σt) was determined using Equation 5.3, and the flexural stiffness (S) 

is calculated using Equation 5.4. 

𝛆t =
𝟏𝟐𝜹𝒉

(𝟑𝐋2– 𝟒𝐚2)
 Equation 5.2 

Where: 

ԑt: Maximum Tensile Strain (mm)/mm 

δ: Maximum Deflection at Center of the Beam, m 

a: Space Between inside Clamps, m  

L: Length of Beam Between Outside Clamps, m 

σt =
𝟑𝒂𝒑

𝒃𝐡2 
 Equation 5.3 

Where: 

σt: Maximum Tensile Stress, Pa 

a: Center to Center spacing Between Clamps, 0.1190 m 

P: Load Applied by Actuator, N 

b: Average Specimen Width, m 

h: Average Specimen Height, m 

𝑺 =
σt

𝛆t  
 Equation 5.4 

Figure 5.16 illustrates an example of the linear regression of the natural logarithm of the negative 

of the natural logarithm of SR “Ln (-Ln (SR))” versus the natural logarithm of the number of cycles 

“Ln(N)” for CIR mixture with type C emulsion tested at 85°F and 250 microns. The corresponding 

calculations are presented as follows: 

𝐿𝑛(−𝐿𝑛(𝑆𝑅)) = 𝛾 × 𝐿𝑛(𝑁) + 𝐿𝑛(𝜆) 

𝐿𝑛(−𝐿𝑛(0.5)) = 0.3103 × 𝐿𝑛(𝑁)  −  4.3423 
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−0.367 = 0.3103 × 𝐿𝑛(𝑁) −  4.3423 

𝑁 =  𝑒
−0.367+4.3423

0.3103  

𝑁 =  366,279 𝑐𝑦𝑐𝑙𝑒𝑠 

In this case, the corresponding number of cycles where the SR is equal to 0.5, corresponds to 

366,279 cycles. 

 

Figure 5.16. Example of Linear Regression- CIR Mixture with Type C Emulsion at 85°F and 

250 microns. 

 

Figure 5.17 to Figure 5.20 present the fatigue relationship for the CIR mixtures with different 

emulsion types tested at three temperatures of 55, 70, and 85°F (12.8, 21.1, and 29.4°C). Details 

of the test results can be found in Appendix D. 
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Figure 5.17. Fatigue Relationships of CIR mixture Type A.

 

Figure 5.17. Fatigue Relationships of CIR mixture Type A. 

 

 

Figure 5.18. Fatigue Relationships of CIR mixture Type B. 
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Figure 5.19. Fatigue Relationships of CIR mixture Type C. 

 

 

Figure 5.20. Fatigue Relationships of CIR mixture Type D. 

Multilinear regression analysis was performed to obtain the fatigue models for all four CIR 

mixtures, summarized in Table 5.9. Figure 5.21 compares the fatigue relationships of CIR mixtures 
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fatigue cracking, it can be concluded that the CIR mixture with asphalt emulsion Type C (PG64-

28 Polymer modified) exhibits the highest fatigue resistance followed by Type D (PG58-28 Rubber 

modified) and Type B (PG64-28 Latex modified) which exhibited similar fatigue behavior. The 

lowest fatigue resistance was exhibited by CIR mixtures with asphalt emulsion Type A (PG52-34 

Standard). These findings were consistent with the observations based on the dynamic modulus 

properties coupled with the significant impact of the percent of residue of the emulsified asphalt. 

It was noticed that the higher the percent residue, the better resistance to fatigue cracking. In 

addition, several studies have demonstrated the positive impact of polymers, rubber, and latex [58] 

in extending the fatigue life of asphalt mixtures. The results shown in Figure 5.21 confirms the 

benefits of these modifiers as reflected by higher fatigue resistance of the CIR mixtures with 

modified asphalt emulsions.  

Statistical analysis using the t-test and the Bonferroni correction were performed to assess the 

differences among the models developed. No significant difference was found at different 

temperatures and strain levels, and all models could be represented by a single average model. 

Table 5.9. Fatigue Performance Models for CIR Mixtures. 

Asphalt Emulsion Fatigue Model 

A: Standard CMS-2S 𝑁𝑓 = 3.85 × 101 × (
1

𝜀𝑡
)

4.371

× (
1

𝐸
)

2.100

 

B: Latex-Modified 𝑁𝑓 = 7.70 × 1013 × (
1

𝜀𝑡
)

4.009

× (
1

𝐸
)

4.046

 

C: Polymer-Modified 𝑁𝑓 = 1.93 × 102 × (
1

𝜀𝑡
)

3.392

× (
1

𝐸
)

1.573

 

D: Rubber-Modified 𝑁𝑓 = 7.04 × 103 × (
1

𝜀𝑡
)

4.031

× (
1

𝐸
)

2.307
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Figure 5.21. Fatigue relationships of CIR mixtures and PG76-22NV binder typically used in 

Southern Nevada at 68°F. 

5.3.4. Resistance to Reflective Cracking 

In the latest procedures established in TxDOT test standard Tex-248-F [50], the resistance of 

asphalt mixture to reflective cracking was evaluated by means of the number of cycles to failure, 

crack initiation, and crack propagation.  

The number of cycles to failure was obtained by a drop of 93% of the maximum load measured on 

the first cycle. The machine was set to run to a maximum of 5000 cycles in case the critical drop 

in the applied load is not reached. In Figure 5.23, the normalized load was plotted versus the 

number of cycles for a typical tested sample. The maximum load reduction reached after 5000 

cycles was around 89%. This was similar for all CIR mixtures with the four-emulsion type.  

The resistance of the mixture to crack initiation was defined as the dissipated energy required to 

initiate a crack. The area under the hysteresis loop of the first cycle obtained from the OT test was 

used to determine the critical fracture energy given by Equation 5.5. 

𝑮 = 𝐖/𝐀 Equation 5.5   
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Where: 

 

G: Energy (lbs.-in/in2) 

W: Fracture area 

A: Area of the cracked section (Thickness multiplied by the width of the specimen: 1.5 in x 3.0 

in) 

Figure 5.22 shows a typical hysteresis loop of one CIR specimen, mixed and compacted with 

asphalt emulsion type C with 4.5% lime slurry. The calculations of the fracture energy were 

conducted as follows: 

Obtain the maximum load of 129 lbs. with a displacement at maximum load of 0.0055 inches. 

Fourth grade polynomial fitted to the hysteresis curve and it is Equation 5.6. 

y = -5E-05x4 + 0.0058x3 - 0.2451x2 + 6.2174x + 11.284 Equation 5.6   

The resulting fracture area (W) is obtained by integrating Equation 5.6 between 0 and the 

displacement at maximum load, as follows: 

𝑊 = ∫ 5E − 05x4 +  0.0058x3 −  0.2451x2 +  6.2174x +  11.284 dx =  0.90 lb. in
0.0055

0

 

 The calculated Critical Fracture Energy is obtained as per Equation 5.5. 

𝐺 =
𝑊

𝐴
=

1.37

1.5 × 3.0
= 0.20 𝑙𝑏. 𝑖𝑛/𝑖𝑛2  
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Figure 5.22. Hysteresis loop for CIR mixture under the first OT cycles for Type C. 

 

The crack propagation rate provides an indication on the ability of the mix to attenuate 

the crack after it has been initiated. This property was quantified by fitting a power equation 

to the load reduction curve from the OT test. The crack propagation rate was defined as the 

coefficient in the power model; 𝑦 = x-b. Figure 5.23 shows the power model for the same CIR 

sample used to determine the critical fracture energy. In this case, the fitted power equation was 𝑦 

= 𝑥-0.25, and therefore the crack progression rate was defined as 0.25.  
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Figure 5.23. Typical Plot of the Normalized Load versus Number of Cycles (Type D). 

It should be noted that a CIR mixture having high number of cycles to failure with high resistance 

to crack initiation and low rate of crack propagation is expected to exhibit excellent resistance to 

reflective cracking. The OT results are summarized in Table 5.10 and more detailed analysis are 

found in Appendix G.  

Table 5.10. Summary of Reflective Cracking Characteristics of G – 4.5% LS CIR. 

Emulsion 

Type 

No. of Cycles to 

Failure 
Critical Fracture Energy Crack Propagation Rate 

Average Average 
Std. 

Dev. 
COV (%) Average Std. Dev. COV (%) 

Type A >5000 0.13 0.0146 11 0.30 0.0086 4 

Type B >5000 0.24 0.0329 13 0.31 0.0324 11 

Type C >5000 0.18 0.0290 17 0.26 0.0380 13 

Type D >5000 0.14 0.0317 22 0.26 0.0065 3 
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Looking at the number of cycles to failure, the maximum load reduction after 5000 cycles was 

between 86% and 88% for all CIR mixtures. This indicates that CIR mixtures have high resistance 

to reflective cracking with all asphalt emulsion types used in this study. 

Figure 5.24 compares the critical fracture energy of the four CIR mixture types with 4.5% lime 

slurry. The whiskers over the bars represent the 95% confidence interval for each CIR mix. The 

highest critical fracture energy was observed for type B emulsion followed by type C, D, and A, 

respectively. This could be related to the properties of each emulsion type, where type A has no 

polymers or additives to resist the initiation of the crack, whereas the latex modified exhibited the 

highest resistance to fracture due to its synthetic composition. Nonetheless, the energy required to 

initiate a crack was relatively low for all types (0.13 to 0.24 in-lbs./in2) in comparison with the 

typical values achieved by conventional AC mixtures.  

 
 

Figure 5.24. Critical Fracture Energy Comparison of the four CIR mixture types. 

 

Figure 5.25 compares the crack propagation rate of the four CIR mixture types with 4.5% lime 

slurry. The whiskers over the bars represent the 95% confidence interval for each CIR mix. This 
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property reflects the ability of the CIR mixture to retard the crack after it is initiated. Hence, a 

lower value is desired, which will indicate that the mixture has good relaxation properties and the 

propagation of the crack to the overlaying layer can be delayed. CIR mixtures with type A and B 

were not able to slow down the crack propagation as good as type C and D. 

 

Figure 5.25. Crack Propagation Rate Comparison of the four CIR mixture types. 

 

5.4. Mechanistic- Empirical Analysis 

5.4.1. Selection of Dynamic Modulus Average Master Curve 

Figure 5.26 presents the dynamic modulus (E*) master curves for the CIR mixtures assessed in 

this research, for graded RAP and 4.5% LS. The master curves can be combined into a single 

average model where the 95% confidence interval will cover the full range of results. This suggests 

that the E* master curve of the four CIR mixtures can be represented by the respective average 

model with parameters summarized in Table 5.11 with 95% confidence. 
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Figure 5.26. Dynamic Modulus Master Curve with Confidence Interval at 70°F. 

 

Table 5.11. Parameters of Average Dynamic Modulus Model for the evaluated CIR mixtures. 

Parameter Value 

Alpha (α) 1.7197 

Delta (δ) 1.3991 

Beta (β) -0.7598 

Gamma (γ) -0.4258 

ΔEa 198186 

Tr (°C) 20 

 

5.4.2. Selection of Rutting Average Model 

A presentation of the average rutting model for the CIR mixtures with 95% confidence was 

provided in Figure 5.27. The models could be combined to a single average model as per Equation 

5.7. As mentioned in previous section, statistical analysis has proven that the models are not 

significantly different. This validates the use of a single average model as well.  

 
𝛆p  

𝛆r
= 𝟏𝟎−𝟗.𝟒𝟐𝟕𝟗(𝑵)𝟎.𝟒𝟎𝟕𝟎(𝑻)𝟒.𝟔𝟑𝟗𝟒 Equation 5.7   
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Figure 5.27. Average Rutting Models and 95% Confidence Intervals at 122°F. 

5.4.3. Selection of Fatigue Average Model 

The observation from Figure 5.28 indicates that the fatigue models can be replaced by an average 

model. The fatigue models were represented with the 95% confidence interval which covers the 

full range of results. This indicates, that statistically, the fatigue models of the 4 CIR mixtures can 

be represented by Equation 5.8. 

𝑵𝒇 = 𝟐. 𝟓𝟏 × 𝟏𝟎𝟓 × (
𝟏

𝜺𝒕
)

𝟑.𝟗𝟓𝟏

× (
𝟏

𝑬
)

𝟐.𝟓𝟎𝟔

 

 

Equation 5.8   

 

Figure 5.28. Average Fatigue Models and 95% Confidence Intervals at 70°F. 
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5.4.4. Calculation of Pavement Responses 

The pavement responses due to the applied load were calculated using the 3D-MoveTM pavement 

analysis software. The analytical model (3D-Move) evaluates pavement response using a 

continuum-based finite-layer approach. The 3D-Move model can account for important pavement 

response factors such as the moving traffic-induced complex 3D contact stress distributions 

(normal and shear) of any shape, vehicle speed, and viscoelastic material characterization for the 

pavement layers. The finite-layer approach treats each pavement layer as a continuum and uses the 

Fourier transform technique; therefore, it can handle complex surface loadings such as multiple 

loads, non-uniform tire pavement contacts stress distributions, and any shaped tire imprints, 

including those generated by wide-base tires. Since 3D-Move has the capability of modeling 

moving loads and the resulting dynamic pavement responses, it is ideally suited to evaluate and 

compare pavement responses measured using load-response devices that move at high-speeds. 

In this analysis, the pavement structure was represented by sublayers with corresponding moduli 

and subjected to dual tires spaced 14 inches (axis to axis) with uniform circular load of 4500 lbs. 

each. The response points were selected under the center of the tire load, edge of the load, and 

center of the dual tires; at the middle (for rutting) and at the bottom (fatigue) of each asphalt bound 

layer (i.e., CIR and AC) [24].  

5.4.5. Estimation of Equivalent Pavement Structures 

The approach used to calculate equivalent pavement structures for fatigue performance was based 

on using the fatigue performance models and the tensile strain at the critical locations (bottom of 

AC or CIR layer). For rutting performance, the approach was based upon using the rutting 

performance models and a fixed number of cycles to reach an equivalent rut depth in both 
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pavement structures. NDOT specifies 0.15 inches as the maximum allowed rut depth in the AC 

layers. In both cases, the following assumptions were made [24]: 

• Temperature of CIR was assumed constant and equal to the AC layer temperature at 2 

inches below the pavement surface. 

• For the pavement structure rehabilitated with new AC layer and AC overlay, the 

temperature at 1 inch was selected for the top 2 inches of the AC layer, and the temperature 

at 2 inches was selected for the remaining depth of the AC layer. 

• Loading frequencies were calculated for a speed of 1 mph. 

• Performance models of AC layer were obtained from NDOT’s M-E-Design database [59]. 

• Dynamic modulus of the existing AC layer was calculated using the same master curve 

assumed for the new AC overlay at corresponding frequency and temperature with a 

damage value of dac= 0.6 (Equation 4.17). 

With the properties of each sublayer, the tensile strains were calculated at the bottom of the CIR 

layer. The number of cycles to fatigue failure was calculated with the average performance model 

presented in section 5.4.3 The tensile strain required to reach that number of cycles was determined 

with the respective performance fatigue models for typical mixtures in Southern Nevada. The final 

step was determining the required thickness of the new AC layer to get the same or lower strain 

value. 

In the case of the rutting analysis, the resilient strains at the middle of each sublayer were 

calculated. Using the resilient strain, maximum rut depth, thickness, analysis temperature, and the 

performance model of each sublayer; the numbers of cycles (N) to reach the selected rut depth of 

0.15 inch were calculated for the CIR pavement. Finally, the required thickness of the new AC 
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layer to achieve the same rut depth (i.e., 0.15 inch) under the same number of load cycles was 

determined. 

5.4.6. Fatigue Endurance Limit 

The relationship between strain at the bottom of the AC layer and the number of cycles to fatigue 

seems to undergo a significant slope change at lower strain levels [60]. This level of stress or strain 

below which no fatigue damage originating from the bottom of the AC layer occurs is denominated 

as the: “endurance limit”. The Strategic Highway Research Program (SHRP) suggested that any 

strain value which results in a laboratory fatigue life of 50 million loading cycles can be considered 

as the fatigue endurance limit. Testing a beam for 50 million cycles in the laboratory would take 

an impractical amount of time. Therefore, extrapolation techniques have been accepted to predict 

the fatigue life under low strains. In this research, the average fatigue model developed for the CIR 

mixtures was used to estimate the tensile strain using Equation 5.9 at which 50 million cycles is 

reached, at a given temperature and loading frequency.  

𝜺𝒕−𝟓𝟎 𝒎𝒊𝒍𝒍𝒊𝒐𝒏 𝒄𝒚𝒄𝒍𝒆𝒔 = 𝟏𝟎
(−

𝟏
𝒌𝟐

)×𝒍𝒐𝒈[(
𝟓𝟎×𝟏𝟎𝟔

𝒌𝟏
)×(

𝟏
𝑬𝑪𝑰𝑹

)
𝒌𝟑

]
 

 

Equation 5.9   

The endurance limit for the CIR pavement structures was calculated to be 131.9 microstrain. This 

value was compared with the obtained microstrain at the bottom of the CIR layer determined from 

the 3D Move analysis. If the mechanistic analysis determined a strain lower than 𝜀𝑡−𝐸𝐿, it means 

that the pavement section will not experience fatigue failure under the evaluated loading magnitude 

and configuration. In this case, 𝜀𝑡−𝐸𝐿 is considered in the analysis to determine an AC section with 

similar fatigue performance life of the CIR pavement structure. 



88 

 

 

 

5.4.7. Calculation of the CIR Structural Layer Coefficient based on Rutting and Fatigue 

Performance 

The final step of the process was to determine the structural layer coefficient for the CIR layer for 

both cases of fatigue and rutting. The lower coefficient will be the dominant. Based on the 

equivalent structure methodology described earlier, it was assumed that the pavement rehabilitated 

with CIR and the reconstructed pavement have the same structural number (SN). The coefficient 

of the CIR layer was calculated by equating the SN’s of the two pavement structures along with 

the known coefficients of all other layers in the pavement. Equation 5.10 can be used to determine 

the structural number of the entire pavement structure 

𝑆𝑁 = ∑ 𝐷𝑖

𝑛−1

𝑖

× 𝑎𝑖 
Equation 5.10   

Where: 

Di: Thickness of interest layer (in) 

Ai: Layer Coefficient of interest layer 

n: Number of Layers including the SG 

 

5.4.8. Fatigue Mechanistic Analysis Results 

The mechanistic analysis indicated that the tensile strain at the bottom of the CIR layer structure 

with an overlay of 2 inches of dense graded asphalt mixture using a PG76-22NV was equal to 167 

microns. This level of microstrain leads to 1,121,989 cycles to failure when used in the obtained 

CIR fatigue model. The tensile strain required to reach the same number of cycles to failure for a 

typical dense graded asphalt mixture with a PG76-22NV binder was found to be 315 microns. 

Consequently, the required thickness of the new AC layer to reach the same strain level was found 

to be 2 inches. In Figure 5.29, the tensile strain at the bottom of the overall layer (overlay of inches 

in addition to the added layer) was plotted to verify the results.   
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Figure 5.29. Tensile Strain at the Bottom of AC Layer as a function of AC Layer Thickness. 

 

Therefore, the equivalent thickness to replace 3.0 inches of CIR was found to be equal to 2.0 

inches. In Table 5.12, the calculation process of the CIR structural layer coefficient in Southern 

Nevada is summarized. The analysis resulted in a fatigue-based layer coefficient of 0.23. 

 

Table 5.12. Structural Layer Coefficient of Assumed Pavement Structures in Southern Nevada. 

CIR structure  AC structure  

Type Thickness (in) a Type Thickness (in) a 

AC 2 0.35 AC 2 0.35 

CIR 3 0.23 AC 2 0.35 

OLD AC 3 0.29 OLD AC 3 0.29 

CAB 10 0.1 CAB 10 0.1 

SN 3.270 SN 3.270 

 

5.4.9. Rutting Mechanistic Analysis Results 

Based on the RLT test results and the average rutting models presented in section 5.3.1, 

mechanistic analysis was performed for the CIR mixtures. The approach used was explained in 

the previous section. An equivalent pavement structure was determined for rutting performance 
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based on the models and a fixed number of cycles to reach an equivalent rut depth in both pavement 

structures. NDOT specifies 0.15 inches as the maximum allowed rut depth in the AC layers.  

Table 5.13 and Table 5.14 summarize the rutting results of each pavement sublayer for the 

structure rehabilitated with CIR and the structure rehabilitated with new AC layer and overlay, 

respectively. The analysis indicated that 3.0 inches of CIR layer are equivalent to 5.75 inches of a 

typical dense graded asphalt mixtures with PG76-22 asphalt binder. Table 5.15 summarized the 

data used in the calculation process of the structural layer coefficient of the CIR layer in Southern 

Nevada. The analysis resulted in a rutting-based layer coefficient of 0.67.  

Table 5.13. Rut Depth of Each Sublayer in the CIR Structure in Southern Nevada. 

Type ID sublayer Thickness (in) Temperature, °F Z rutting (in) Rutting (in) 

AC h sublayer 1 0.5 105 0.25 0.00673 

AC h sublayer 2 0.5 100 0.75 0.04013 

AC h sublayer 3 1 93 1.5 0.07985 

CIR h sublayer 4 1 88 2.5 0.01364 

CIR h sublayer 5 1 88 3.5 0.00673 

CIR h sublayer 6 1 88 4.5 0.00292 

Number of Cycles for a rut depth of 0.15 in 3,214,192 0.15 

 

Table 5.14. Rut Depth of Each Sublayer in the AC Structure in Southern Nevada. 

Type ID sublayer Thickness (in) Temperature, °F Z rutting (in) Rutting (in) 

AC h sublayer 1 0.5 105 0.25 0.00933 

AC h sublayer 2 0.5 100 0.75 0.02132 

AC h sublayer 3 1 93 1.5 0.05928 

AC h sublayer 4 1 88 2.5 0.03492 

AC h sublayer 5 1 88 3.5 0.01671 

AC h sublayer 6 3.75 88 5.875 0.00580 

Number of Cycles for a rut depth of 0.15 in 3,214,192 0.15 
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Table 5.15. Layer Coefficients of Assumed Pavement Structures in Southern Nevada. 

Based on Rutting Performance 

CIR structure [RD=0.15’’] AC structure [RD=0.15’’] 

Type Thickness (in) a Type Thickness (in) a 

AC 2 0.35 AC 2 0.35 

CIR 3 0.67 AC 5.75 0.35 

OLD AC 3 0.29 OLD AC 3 0.29 

CAB 10 0.1 CAB 10 0.1 

SN 4.583 SN 4.583 
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6. Chapter 6. Comparing Results between Southern and Northern Nevada 

Materials 

This research focused on evaluating the rutting and fatigue performance of CIR mixtures using 

four types of emulsion for materials from Southern Nevada (District Ӏ). Previous project have 

assessed the same performance criteria on materials from Northern Nevada (District ӀӀ) [24] [61] 

[1]. In this chapter, the characteristics of CIR mixtures using types A, B, C, and D emulsions for 

non-graded RAP from both Southern and Northern NV with 4.5% LS are compared.  

6.1. Aggregate Properties 

6.1.1. Gradation After Extraction 

Aggregate gradation is a key factor in the rutting performance of CIR mixtures. A perfect packing 

of aggregate particles provide resistance against permanent deformation of pavements in general, 

and it would be the same case for CIR layers. In order to properly compare the performance results 

between the two materials sources, the gradation of RAP was matched as seen in Figure 6.1. 

However, looking closely at the extracted aggregates gradation, it is noticed that the Southern 

materials are finer. Referring to AASHTO M323 “Standard Specification for Superpave 

Volumetric Mix Design” [62], the combined aggregate gradation shall be classified as coarse-

graded when it passes below the Primary Control Sieve (PCS) control point. The NMAS of the 

materials at hand, after extraction, is ½’’ (12.5 mm). The respective PCS control point was sieve 

#8 (2.36 mm) with a percent passing of 39%. Both gradations seemed to be classified as fine as 

seen in Table 6.1. Hence, Southern materials were finer with a difference of 5.1% and 1.4% for 

materials passing sieve #8 and sieve #200.  



93 

 

 

 

 

Figure 6.1. Gradation Comparison Before and After Extraction for Southern and Northern NV 

Materials. 

Table 6.1. Gradation of Extracted Aggregates at Critical Sieves. 

 Southern NV (S) Northern NV (N) Difference (S – N), % 

Finer than #8 (%) 46.3 41.2 + 5.1 

Passing #200 (%) 7.6 6.2 + 1.4 

6.1.2. Specific Gravity 

The volumetric properties are considered as the basis of a typical Superpave asphalt mixture design 

since they can have an impact on the performance of HMA pavements. However, these properties 

were disregarded, normally, in the case of CIR mixtures. In this research, the specific gravity of 

aggregates was reported for informative purpose only. Thus, the specific gravity for both coarse 

and fine aggregate was relatively higher for Southern NV materials, whereas the absorption was 

lower than Northern NV aggregates as shown in Table 6.2. 
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Table 6.2. Summary of Specific Gravity of Southern NV Aggregates. 

Materials Source Southern NV 

Specific Gravity of Parafilm 0.923 

Coarse Aggregates 

Bulk Specific Gravity 2.715 

Apparent Specific Gravity 2.771 

Absorption (%) 0.73 

Fine Aggregates 

Bulk Specific Gravity 2.559 

Apparent Specific Gravity 2.721 

Absorption (%) 2.323 

Blend Specific Gravity, Gsb 2.646 

Blend Apparent Specific Gravity, Gsa 2.749 

 

6.2. Characteristics of RAP Binder & Asphalt Emulsions 

The binder grade could affect the engineering properties of CIR mixtures, nevertheless, the 

influence of the RAP binder PG on the performance of those mixtures was overlooked by 

researchers. Southern NV RAP had a lower binder content (0.75% less) and a greater high PG 

grade (PG94 for S versus PG82 for N) compared to Northern NV RAP which might translate to 

an enhanced rutting resistance. Moreover, results enclosed in Table 6.3 indicate that the emulsion 

residue used with CIR mixtures for both material sources had the same PG.  

Table 6.3. Performance Grading of Emulsion used and RAP Binder. 

Residue 
Southern Nevada Materials Northern Nevada Materials 

True Grade PG Grade True Grade PG Grade 

Type A - CMS-2S 54.0-39.0 52-34 55.2-34.6 52-34 

Type B - Latex 66.9-29.8 64-28 68.1-28.5 64-28 

Type C - Polymer 67-28.6 64-28 68.3-28.9 64-28 

Type D - Rubber 58-33.9 58-28 59.4-31.1 58-28 

Extracted RAP Binder 98.05-10.5 94-10 86.15-16.6 82-16 

RAP Binder Content (%) 3.8% 4.6% 
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6.3. CIR Mixtures Properties 

The properties of CIR mixture design for both sources are summarized in Table 6.4. Overall, the 

OEC’s are higher (around 0.4% on average) for the Northern NV mixtures reflecting an increased 

percent residue except for CIR mixture with Type C emulsion which exhibited an opposite trend. 

As mentioned earlier in this research, the percent residue influences the performance of the 

resulting mixtures, that might suggest a better performance for these mixtures. The difference in 

Gmm could be related to the specific gravity of aggregates at hand, which explains higher values 

for Southern NV mixtures.  

Table 6.4. Summary of CIR Mixtures Properties. 

Emulsion  

Type 

Southern Nevada Materials Northern Nevada Materials 

Optimum 

Emulsion Content 

(%) 

Gmm 

Percent 

Residue 

(%) 

Optimum 

Emulsion Content 

(%) 

Gmm 

Percent 

Residue 

(%) 

Type A 2.8 2.516 1.92 3.4 2.364 2.38 

Type B 3.0 2.501 1.93 3.8 2.347 2.66 

Type C 3.4 2.519 2.21 3.1 2.373 2.17 

Type D 3.3 2.512 2.20 3.6 2.345 2.52 

 

6.4. Dynamic Modulus Properties 

The E* property provides an indication on the overall quality of the CIR mixture. The magnitude 

of the E* depends on several properties of the mixture including aggregate properties, gradation, 

RAP binder grade, and emulsion residue grade. Figure 6.2 show the E* average master curves for 

Southern and Northern NV CIR mixtures represented at a reference temperature of 68°F (20°C). 

In addition, the values of E* were also compared at critical temperatures for fatigue (68°F (20°C)) 

and rutting (122°F (50°C)) at a loading frequency of 10 Hz. A review of the presented data reveals 

that dynamic modulus master curve is lower for Southern mixtures at all loading frequency levels. 

Moreover, E* values were 24% and 16% lower for Northern mixtures at fatigue and rutting critical 
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temperature, respectively. The stiffer behavior of the Northern CIR mixtures can be translated to 

lower susceptibility to rutting and higher susceptibility to cracking.   

 

Figure 6.2. Dynamic Modulus Comparison of CIR Mixtures between Southern and Northern NV 

Materials. 

 

Figure 6.3. E* Values for 68°F and 122°F at 10 Hz. 
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6.5. Cracking Resistance Characteristics 

The average fatigue relationships of CIR mixtures with Southern and Northern NV RAP at 68°F 

are represented in Figure 6.4. In addition, the plot includes typical Dense Graded Mixtures (DGM) 

with PG76-22NV and PG64-28NV used in District Ӏ and ӀӀ, respectively. A higher and flatter 

fatigue curve indicates a better resistance to fatigue cracking. In this case, Southern materials 

showed a slightly better resistance to fatigue cracking over Northern materials which can be 

attributed to the softer behavior deduced from the dynamic modulus values. Hence, looking at the 

CI, it can be concluded that the two models are not significantly different. Nonetheless, both 

models demonstrated that CIR mixtures are more susceptible to fatigue cracking than HMA 

mixtures typically used in Nevada.  

 

 

Figure 6.4. Fatigue models Comparison between CIR mixture from Southern and Northern NV 

materials with NV Typical Binders. 
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6.6. Rutting Resistance Performance 

The average rutting relationships of the evaluated mixtures were plotted in Figure 6.5 at 122°F. A 

lower relationship indicates lower accumulated permanent strains with loading, thus predicting a 

better resistance to rutting. Furthermore, a flatter curve signified a lower susceptibility of the 

asphalt mixture to repeated loading. The rutting model associated with Northern mixtures 

exhibited a lower and flatter curve verifying the stiffer behavior revealed by the dynamic modulus 

values. Nevertheless, the same behavior was observed when plotting HWTT results as shown in 

Figure 6.6 where the rut depth is lower for all the evaluated CIR mixtures with Northern NV RAP. 

Material source had a significant impact on the rutting behavior of the four CIR mixtures evaluated. 

The difference in rut depth ranged from 30 to 50% when evaluating HWTT results for each 

emulsion type after 20,000 cycles. Detailed results of the HWTT for Northern mixtures is 

presented in Appendix F. 

 

Figure 6.5. Rutting Models Comparison of CIR Mixtures between Southern and Northern NV 

Materials. 
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Figure 6.6. HWTT Results Comparison of CIR Mixtures between Southern and Northern NV 

Materials. 

 

6.7. Reflective Cracking Resistance 

The crack initiation was represented and evaluated using the critical fracture energy, and the 

resistance to cracking during the propagation of the crack was evaluated using the crack 

propagation rate. Figure 6.7 indicates that the critical energy for Southern mixtures was lower 

leading to an early crack initiation, however, the crack propagation rate was also lower leading to 

a longer reflective cracking time, as shown in Figure 6.8. This behavior could be attributed to the 

high stiffness of Northern materials compared to Southern materials.  
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Figure 6.7. Critical Fracture Comparison between Southern and Northern NV materials. 

 

 

 

Figure 6.8. Crack Propagation Rate Comparison between Southern and Northern NV materials. 

 

6.8. Summary of Analysis 

A summary of the comparison of Southern NV mixture results to the Northern NV results is shown 

in Table 6.5. Southern NV mixtures had lower OEC, percent residue, and RAP binder content, 
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while they had higher aggregates specific gravity, RAP binder high PG, and presence of fine 

materials. Performance results revealed that the Southern CIR mixtures have lower dynamic 

modulus and rutting resistance versus a relatively higher fatigue and reflective cracking resistance 

as compared to the Northern mixtures.  

At first glance, a higher PG grade of the RAP binder could be interpreted to having a stiffer CIR 

mixture, revealed normally by a higher dynamic modulus master curve. However, this was not the 

case in this research where an opposite trend was observed. This behavior could be attributed to 

the presence of finer materials in the mixture, stacked together in the form of mastics. The fine 

gradation could not be distinguished until the extraction process was performed on the RAP. 

Table 6.5. Summary of Comparison of Southern NV Mixtures to Northern NV mixtures. 

 Southern NV 

Mixture 

Properties 

OEC (%) ↓ 
Pb (%) ↓ 
Aggregates Specific Gravity ↑ 
RAP Binder Content ↓ 
RAP Binder High PG ↑ 
Emulsion Residue PG ↔ 
Presence of Mastics (Finer Gradation after 

extraction) ↑ 

Performance 

Characteristics 

Dynamic Modulus ↓ 
Fatigue Cracking Resistance* ↔ 
Rutting Resistance ↓ 
Reflective Cracking Resistance ↑ 

*Statistically similar 
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7. Chapter 7. Findings, Conclusions and Recommendations 

7.1. Findings and Conclusions  

The overall objective of this research effort was to perform the mix design and to evaluate the 

engineering and performance properties of Cold In-Place Recycling mixtures. For this purpose, 

four different combinations of CIR mixtures were assessed, including four types of emulsions with 

4.5% lime slurry. Full Performance Grading (PG) of the asphalt emulsion residue and the RAP 

binder were conducted. CIR mix designs using the Superpave mix design method, developed at 

UNR, were performed, and verified by the modified Hveem mix design method. The measured 

engineering and performance properties consisted of the dynamic modulus, rutting and cracking 

resistance. The obtained properties were used in the mechanistic analysis to estimate the rutting 

and fatigue performance of typical AC pavements with and without a CIR layer. A comparison 

with results from previous projects was conducted to better characterize the behavior of CIR 

mixtures. Based on the analysis of the data generated from this extensive evaluation, the following 

findings and recommendations can be made: 

• The optimum emulsion contents of the CIR mixtures evaluated in this study and previous 

studies range between 2.5 and 3.5% by dry weight of RAP materials. 

• Both Superpave and Hveem mix design methods will lead to similar OEC’s with minimal 

differences.  

• Using 4.5% LS in CIR mixtures was sufficient to enhance the stripping resistance of CIR 

mixtures, which was verified by the TSR and HWTT results.  
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• Based on the conclusions of this study, and the conclusions presented in previous studies 

conducted at UNR, it can be concluded that the RAP binder properties did not have a direct 

impact on the performance characteristics of CIR mixtures.  

• Based on the raveling resistance test results, it can be deduced that CIR mixtures designed 

using the Superpave method were resistant to raveling, regardless of emulsion type used.  

• Dynamic modulus values of CIR at 68°F (20°C) and 10 Hz range from 430 to 670 ksi, 

while the E* of the CIR mixtures at 122°F (50°C) and 10 Hz range from 140 to 170 ksi. 

CIR mixture with Type C emulsion showed higher E*. 

• CIR mixtures with emulsion Type B and C exhibited better resistance to rutting. This 

behavior aligned with the outcome of the dynamic modulus.  

• The percent of emulsion residue plays an important role in both rutting and fatigue behavior 

of CIR mixtures. The mixtures with higher percentage residue exhibited better rutting and 

fatigue resistance.  

• The HWTT showed good results compared to HMA mixtures criteria. It can emerge as a 

potential test to be used to assess the rutting behavior and potentially the moisture 

susceptibility of CIR mixtures. 

• The data generated from the fatigue evaluation indicated that the fatigue behavior at 68°F 

(20°C) of the CIR mixture with the polymer-modified emulsion Type C presented the best 

resistance to fatigue cracking followed by the CIR mixture made with tire-rubber emulsion 

Type D. An average fatigue model can be recommended with 95% confidence to estimate 

the fatigue performance of CIR mixtures manufactured with different asphalt emulsion 

types. 
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• The data generated from the overlay tester showed that the resistance of the CIR mixtures 

to reflective cracking is sensitive to the type of asphalt emulsion. As previous studies in 

Nevada showed, CIR mixtures offered good resistance to reflective cracking. The analysis 

of the reflective cracking data by means of number of cycles, crack initiation, and crack 

propagation rate, have indicated that some CIR mixtures are less resistant to crack initiation 

but more resistant to crack propagation than others.  

• Even though, the energy required to initiate a fracture was observed to be relatively low, 

the crack propagation rate of all CIR mixtures was sufficiently low leading to an increased 

number of cycles to reach 93% reduction of maximum load. This indicated that the material 

will initially crack but will resist crack propagation for all mixtures. 

• Based on the fatigue-based mechanistic analysis conducted, a structural layer coefficient 

for CIR of 0.23 is recommended. This value is within the range of values recommended in 

previous projects at UNR.  

• Based on the rutting-based mechanistic analysis, a structural layer coefficient for CIR 0.67 

is recommended. This value is lower than the value of 0.99 that was previously reported 

for CIR mixtures with Northern NV materials. This makes sense since those mixtures 

showed a better rutting resistance, and this also confirms the superiority of CIR mixtures 

over HMA mixtures in terms of permanent deformation resistance.  

• The mechanistic analysis showed that the controlling distress of CIR pavement is fatigue 

cracking in the CIR layer. CIR is manufactured with 100% recycled materials that are not 

as flexible as new virgin materials, but at the same time, its high stiffness levels provide 

high rutting resistance. 
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• Based on the conclusion that the predominant mode of failure of CIR pavements is fatigue 

cracking of the CIR layer coupled with the lack of statistical difference between the average 

fatigue performance models for the Northern and Southern CIR mixtures, it can be 

concluded that the source of the RAP materials does not have a significant impact on the 

performance of the CIR pavement. Therefore, it is recommended that an average structural 

layer coefficient for the CIR layer of 0.25 should be used for the design of CIR pavements 

throughout Nevada.      

7.2. Recommendations 

• The rutting and fatigue models proposed in this study are laboratory-based. In order to be 

used in the AASHTOWare Pavement ME software, a calibration of the laboratory-to-field 

coefficients should be conducted.  

• The rutting behavior of CIR mixtures was evaluated using RLT and HWTT. However, the 

correlation of HWTT test results to the field are not established yet. Further testing is 

needed for different CIR mixtures with a variety of additive (lime slurry, cement, …) to 

develop a criterion for this test to be used in the evaluation process of CIR mixtures, 

especially in the design and production phases.  

• The cracking behavior of CIR mixtures should be further evaluated with other testing 

methods such as the Ideal Cracking Test (Ideal CT) which is gaining popularity in 

characterizing the cracking resistance of HMA mixtures due to the simplicity and 

repeatability of the test. Other tests such as the Semi-Circular Bend (SCB) test and the 

Illinois Flexibility Index Test(I-FIT) can be introduced as well. 
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• The low-temperature cracking behavior of CIR mixtures can be potentially assessed with 

the Uniaxial Thermal Stress and Strain Test (UTSST) for applications where the CIR layer 

is placed under a surface treatment, which makes it vulnerable to thermal cracking. 

• This research evaluated the rutting and cracking behavior of CIR mixtures treated with 

hydrated lime. Since some CIR practices include the addition of Portland cement during 

the construction process to gain early strength. Further research should focus on evaluating 

the performance of those mixtures. 

• The field density is a key factor in the overall performance of CIR pavements, therefore, 

monitoring density and emulsion content during the construction phase is extremely 

important.  
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Appendix A. Performance Grading (PG) test results 

 

A.1. Southern Nevada RAP Binder 

Table A.1. Southern Extracted RAP Binder: Dynamic Shear Rheometer Original. 

Test 
Temperature 

(°C) 
S1 S2 Average 1s% Spec d2s% Spec 

Original 

Binder:                 

G*/sin δ 

(kPa) 

94 1.54 1.56 1.55 0.91 

2.30 

1.29 

6.40 
100 0.80 0.81 0.805 0.88 1.24 

 

Table A.2. Southern Extracted RAP Binder: Dynamic Shear Rheometer (RTFO Residue). 

Test 
Temperature 

(°C) 
S1 S2 Average 1s% Spec d2s% Spec 

G*.sin δ, 

PAV (kPa) 

34 6,602 6489 6546 1.22 
4.90 

1.73 
13.80 

37 4,777 4598 4688 2.70 3.82 

 

Table A.3. Southern Extracted RAP Binder: Bending Beam Rheometer (BBR). 

Criteria Sample 1 Sample 2 Average 1s% Spec  d2s% Spec  

Creep Stiffness (MPa) @ 0 °C 76 74 75 1.89 
2.5 

2.67 
7.2 

Creep Stiffness (MPa) @ -6 °C 298 296 297 0.48 0.67 

Slope (m-value) @ 0 °C 0.305 0.302 0.3035 0.49 
1.0 

0.99 
2.9 

Slope (m-value) @ -6 °C 0.26 0.257 0.2585 0.58 1.16 

 

A.2. Northern RAP Binder 

Table A.4. Northern Extracted RAP Binder: Dynamic Shear Rheometer Original. 

Test 
Temperature 

(°C) 
S1 S2 Average 1s% Spec  d2s% Spec  

Original 

Binder:                 

G*/sin δ 

(kPa) 

82 1.61 1.62 1.62 0.44 

2.30 

0.62 

6.40 

88 0.80 0.80 0.799 0.44 0.63 
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Table A.5. Northern Extracted RAP Binder: Dynamic Shear Rheometer (RTFO Residue). 

Test 
Temperature 

(°C) 
S1 S2 Average 1s% Spec  d2s% Spec  

G*.sin δ, 

PAV (kPa) 

31 6280 6150 6215 1.48 
2.30 

2.09 
6.40 

34 4202 4120 4161 1.39 1.97 

 

Table A.6. Northern Extracted RAP Binder: Bending Beam Rheometer (BBR). 

Criteria S1 S2 Average 1s 1s% Spec d2s% Spec 

Creep Stiffness (MPa) @ -6 °C 244 249 246.5 3.536 1.43 
2.5 

2.03 
7.2 

Creep Stiffness (MPa) @ -12 °C 510 507 508.5 2.121 0.42 0.59 

Slope (m-value) @ -6 °C 0.306 0.304 0.305 0.001 0.33 
1.0 

0.66 
2.9 

Slope (m-value) @ -12 °C 0.253 0.257 0.255 0.002 0.78 1.57 

 

A.3. Emulsion Type A 

Table A.7. Emulsion A Residue: Dynamic Shear Rheometer Original. 

Test 
Temperature 

(°C) 
S1 S2 Average 1s% Spec d2s% Spec 

Original 

Binder:                 

G*/sin δ 

(kPa) 

46 2.85 2.77 2.81 1.42 

2.30 

2.85 

6.40 52 1.33 1.28 1.305 1.92 3.83 

58 0.63 0.60 0.615 2.28 4.88 

 

Table A.8. Emulsion A Residue: Dynamic Shear Rheometer (PAV Residue). 

Test Temperature (°C) S1 S2 Average 1s% Spec  d2s% Spec  

G*.sin δ 

(kPa) 

16 2720 2735 2727.5 0.27 

4.90 

0.55 

13.80 13 3922 3995 3958.5 0.92 1.84 

10 5722 5736 5729 0.12 0.24 

 

Table A.9. Emulsion A Residue: Bending Beam Rheometer (BBR). 

Condition S1 S2 Average 1s% Spec d2s% Spec 

Creep Stiffness (MPa) @ -24 °C 143 144 143.5 0.35 
2.5 

0.70 
7.2 

Creep Stiffness (MPa) @ -30 °C 288 290 289 0.35 0.69 

Slope (m-value) @ -24°C 0.336 0.33 0.333 0.90 
1.0 

1.80 
2.9 

Slope (m-value) @ -30 °C 0.292 0.295 0.2935 0.51 1.02 

 



117 

 

 

 

A.4. Emulsion Type B 

Table A.10. Emulsion B Residue: Dynamic Shear Rheometer Original. 

Test 
Temperature 

(°C) 
S1 S2 Average 1s% Spec d2s% Spec 

Original 

Binder:                 

G*/sin δ 

(kPa) 

58 3.25 3.10 3.18 2.36 

2.30 

4.72 

6.40 64 1.54 1.50 1.520 1.32 2.63 

70 0.72 0.70 0.712 1.48 2.95 

Table A.11. Emulsion B Residue: Dynamic Shear Rheometer (PAV Residue). 

Test 
Temperature 

(°C) 
S1 S2 Average 1s% Spec  d2s% Spec  

G*.sin δ 

(kPa) 

22 3365 3398 3381.5 0.49 

4.90 

0.98 

13.80 19 4620 4623 4621.5 0.03 0.06 

16 6650 6659 6654.5 0.07 0.14 

Table A.12. Emulsion B Residue: Bending Beam Rheometer (BBR). 

Condition S1 S2 Average 1s% Spec  d2s% Spec  

Creep Stiffness (MPa) @ -18 °C 247 241 244 1.23 
2.5 

2.46 
7.2 

Creep Stiffness (MPa) @ -24 °C 480 496 488 1.64 3.28 

Slope (m-value) @ -18°C 0.308 0.305 0.3065 0.49 
1.0 

0.98 
2.9 

Slope (m-value) @ -24 °C 0.245 0.248 0.2465 0.61 1.22 

 

A.5. Emulsion Type C 

Table A.13. Emulsion C Residue: Dynamic Shear Rheometer Original. 

Test 
Temperature 

(°C) 
S1 S2 Average 1s% Spec d2s% Spec 

Original 

Binder:                 

G*/sin δ 

(kPa) 

58 3.59 3.64 3.62 0.68 

2.30 

1.38 

6.40 64 1.53 1.55 1.540 0.65 1.30 

70 0.64 0.66 0.650 1.54 3.08 

Table A.14. Emulsion C Residue: Dynamic Shear Rheometer (PAV Residue). 

Test 
Temperature 

(°C) 
S1 S2 Average 1s% Spec  d2s% Spec  

G*.sin δ 

(kPa) 

22 3920 3900 3910 0.26 
4.90 

0.51 
13.80 

19 5473 5470 5471.5 0.03 0.05 
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Table A.15. Emulsion C Residue: Bending Beam Rheometer (BBR). 

Condition S1 S2 Average 1s% Spec d2s% Spec 

Creep Stiffness (MPa) @ -12 °C 123 118 120.5 2.07 
2.5 

4.15 
7.2 

Creep Stiffness (MPa) @ -24 °C 460 455 457.5 0.55 1.09 

Slope (m-value) @ -12°C 0.334 0.339 0.3365 0.74 
1.0 

1.49 
2.9 

Slope (m-value) @ -24 °C 0.271 0.269 0.27 0.37 0.74 

 

A.6. Emulsion Type D 

Table A.16. Emulsion D Residue: Dynamic Shear Rheometer Original. 

Test 
Temperature 

(°C) 
S1 S2 Average 1s% Spec 

d2s

% 
Spec 

Original 

Binder:                 

G*/sin δ 

(kPa) 

52 2.2 2.16 2.18 0.92 

2.30 

1.83 

6.40 58 1.02 1.01 1.02 0.49 0.99 

64 0.45 0.43 0.44 2.27 4.55 

Table A.17. Emulsion D Residue: Dynamic Shear Rheometer (PAV Residue). 

Test Temperature (°C) S1 S2 Average 1s% Spec  d2s% Spec  

G*.sin δ 

(kPa) 

16 3060 3065 3062 0.08 

4.90 

0.16 

13.80 13 4820 4826 4823 0.06 0.12 

10 7440 7446 7443 0.04 0.08 

Table A.18. Emulsion D Residue: Bending Beam Rheometer (BBR). 

Condition S1 S2 Average 1s% Spec d2s% Spec 

Creep Stiffness (MPa) @ -18 °C 124 126 125 0.80 
2.5 

1.60 
7.2 

Creep Stiffness (MPa) @ -24 °C 304 301 302.5 0.50 0.99 

Slope (m-value) @ -18°C 0.397 0.396 0.396 0.13 
1.0 

0.25 
2.9 

Slope (m-value) @ -24 °C 0.32 0.314 0.317 0.95 1.89 
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Appendix B. Mix Design Results 

 

B.1. Superpave Mix Design 

 

B.1.1. CIR Mixture with Emulsion Type A 

Table B.19. Volumetric Properties of CIR Mixture with Emulsion Type A. 

OEC (%) 2.8 

Gmm 2.516 

Gb 1.021 

Pb (%) 1.918 

Gse 2.537 

 

Table B.20. Mix Design Results of CIR mixture with Emulsion type A- Southern Materials. 

Emulsion content (%) 2 2 2.5 2.5 3 3 3.5 3.5 

Mass of dry specimen in air (g)  4496.9 4497.6 4494.3 4487.3 4480.8 4461.4 4482.7 4473.4 

Mass of dry, coated specimen (g) 4504.3 4509.1 4503.9 4495.5 4490.7 4469.9 4491.4 4481.5 

Mass of coated specimen under water (g)  2428.5 2434.2 2462.8 2447 2445.0 2440.1 2469.0 2451.0 

Specific gravity of coating determined at 25°C (77°F) 0.923 0.923 0.923 0.923 0.923 0.923 0.923 0.923 

Gmb 2.175 2.181 2.213 2.200 2.202 2.208 2.227 2.213 

Standard deviation (1s) 0.003 0.007 0.003 0.007 

Difference (d2s) 0.006 0.013 0.006 0.014 

Criteria (1s < 0.028 and d2s < 0.079) Correct Correct Correct Correct 

Percent of Water Absorbed (%) 99.8 99.7 99.8 99.8 99.8 99.8 99.8 99.8 

Air Voids (%) 
14.3 14.0 12.3 12.8 12.3 12.1 10.9 11.4 

14.2 12.6 12.2 11.2 

Height of the Sample (mm) 117.9 117.6 115.8 116.4 115.8 114.8 114.2 114.8 
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Figure B.1. Air Voids versus Emulsion Content of CIR Mixture with Emulsion Type A. 

B.1.2. CIR Mixture with Emulsion Type B 

Table B.21. Volumetric Properties of CIR Mixture with Emulsion Type B. 

OEC (%) 3.0 

Gmm 2.501 

Gb 1.021 

Pb (%) 1.923 

Gse 2.573 
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Table B.22. Mix Design Results of CIR mixture with Emulsion type B- Southern Materials. 

Emulsion content (%) 2.5 2.5 3.0 3.0 3.5 3.5 4.0 4.0 

Mass of dry specimen in air (g)  4480.4 4490.5 4516.4 4483 4479.8 4478.7 4468.1 4463.4 

Mass of dry, coated specimen (g) 4489.4 4498.9 4526.5 4490.5 4487.4 4486.1 4475.3 4470.9 

Mass of coated specimen under water (g)  2416.6 2428.5 2445.1 2411.5 2441 2444.6 2430.9 2434.8 

Specific gravity of coating determined at 25°C (77°F) 0.923 0.923 0.923 0.923 0.923 0.923 0.923 0.923 

Gmb 2.172 2.178 2.181 2.165 2.198 2.202 2.194 2.201 

Standard deviation (1s) 0.003 0.008 0.002 0.004 

Difference (d2s) 0.007 0.017 0.005 0.007 

Criteria (1s < 0.028 and d2s < 0.079) CORRECT CORRECT CORRECT CORRECT 

Percent of Water Absorbed (%) 99.8 99.8 99.8 99.8 99.8 99.8 99.8 99.8 

Air Voids (%) 
13.6 13.3 12.8 13.5 11.7 11.5 11.5 11.2 

13.4 13.1 11.6 11.3 

Height of the Sample (mm) 
117.3 117.1 116.9 116.8 115.9 115.1 114.1 114.6 

117.2 116.9 115.5 114.4 

 

 

Figure B.2. Air Voids versus Emulsion Content of CIR Mixture with Emulsion Type B. 

0.0

2.0

4.0

6.0

8.0

10.0

12.0

14.0

16.0

2 2.5 3 3.5 4 4.5 5

A
ir

 V
o
id

s 
(%

)

Asphalt Emulsion Content (%) 



122 

 

 

 

 

B.1.3. CIR Mixture with Emulsion Type C 

TableB.23. Volumetric Properties of CIR Mixture with Emulsion Type C. 

OEC (%) 3.4 

Gmm 2.519 

Gb 1.021 

Pb (%) 2.21 

Gse 2.605 

 

Table B.24. Mix Design Results of CIR mixture with Emulsion type C- Southern Materials. 

Emulsion content (%) 2.5 2.5 3.0 3.0 3.5 3.5 4.0 4.0 

Mass of dry specimen in air (g) 

 
4486.6 4474.7 4475.4 4475.3 4467 4467.5 4471.8 4471.6 

Mass of dry, coated specimen (g) 4494.9 4483.3 4484.3 4484.7 4475.1 4475.6 4480.3 4478.9 

Mass of coated specimen under water (g) 2425.8 2422.2 2422.2 2431.5 2463.4 2460.1 2469.8 2467.6 

Specific gravity of coating determined at 25°C (77°F) 0.923 0.923 0.923 0.923 0.923 0.923 0.923 0.923 

Gmb 2.178 2.181 2.181 2.191 2.230 2.226 2.234 2.232 

Standard deviation (1s) 0.002 0.005 0.002 0.001 

Difference (d2s) 0.003 0.010 0.004 0.002 

Criteria (1s < 0.028 and d2s < 0.079) CORRECT CORRECT CORRECT CORRECT 

Percent of Water Absorbed (%) 99.8 99.8 99.8 99.8 99.8 99.8 99.8 99.8 

Air Voids (%) 
14.3 14.2 13.8 13.4 11.4 11.6 10.8 10.9 

14.3 13.6 11.5 10.8 

Height of the Sample (mm) 
118 117.1 117.5 116.8 115.7 115.1 114.4 114.1 

117.6 117.2 115.4 114.3 
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Figure B.3. Air Voids versus Emulsion Content of CIR Mixture with Emulsion Type C. 

 

B.1.4. CIR Mixture with Emulsion Type D 

Table B.25. Volumetric Properties of CIR Mixture with Emulsion Type C. 

OEC (%) 3.3 

Gmm 2.512 

Gb 1.021 

Pb (%) 2.19 

Gse 2.596 
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Table B.26.Mix Design Results of CIR mixture with Emulsion type D- Southern Materials. 

Emulsion content (%) 2.5 2.5 3.0 3.0 3.5 3.5 4.0 4.0  
Mass of dry specimen in air (g) 

 
4482 4507 4476.1 4465.2 4469 4461.9 4471.6 4463.5 

Mass of dry, coated specimen (g) 4489.3 4515.1 4483.5 4471.2 4476.2 4469.2 4475.6 4470.9 

Mass of coated specimen under water (g) 2432.1 2439.1 2424.8 2421.9 2421.9 2421.5 2426.9 2420.6 

Specific gravity of coating determined at 25°C (77°F) 0.923 0.923 0.923 0.923 0.923 0.923 0.923 0.923 

Gmb 2.187 2.180 2.183 2.186 2.184 2.187 2.187 2.186 

Standard deviation (1s) 0.003 0.002 0.002 0.001 

Difference (d2s) 0.007 0.003 0.004 0.002 

Criteria (1s < 0.028 and d2s < 0.079) CORRECT CORRECT CORRECT CORRECT 

Percent of Water Absorbed (%) 

 
99.8 99.8 99.8 99.9 99.8 99.8 99.9 99.8 

Air Voids (%) 
14.4 14.6 13.3 13.2 12.5 12.4 11.8 11.7 

14.5 13.3 12.5 11.8 

Height of the Sample (mm) 
117.5 117.6 116.5 116.4 114.6 115 113.9 114.2 

117.6 116.5 114.8 114.1 

 

 

Figure B.4. Air Voids versus Emulsion Content of CIR Mixture with Emulsion Type D.
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B.2. Moisture Sensitivity 

Table B.27. TSR Test Results for Asphalt Emulsion Type A. 

Lime Slurry- 4.5% 
One Freeze-Thaw Cycle 

Compaction method HVEEM 

Date tested 8/13/2020 Unconditioned Conditioned 

Samples ID C-1 C-2 C-3 C-4 C-5 C-6 

Diameter (in) D 4.00 4.00 3.98 3.96 3.99 3.98 

Diameter (mm) D 101.50 101.68 101.08 100.71 101.27 101.17 

Thickness (in) t 2.64 2.63 2.63 2.57 2.60 2.62 

Thickness (mm) t 66.95 66.91 66.85 65.31 66.05 66.46 

Dry mass in air (g) A 1160.9 1174.4 1178 1179.4 1177 1170.9 

Dry + Parafilm (g) B 1164.4 1176.1 1181.6 1182.7 1180.3 1174.3 

Under Water Weight (g) C 626.3 632.5 635.6 645.6 641.3 633.6 

Specific gravity of coating    0.923 0.923 0.923 0.923 0.923 0.923 

Volume (B-C)  (cm3) E 534.6 541.9 542.4 533.8 535.7 537.3 

Bulk specific gravity (A/E) Gmb 2.173 2.168 2.173 2.211 2.198 2.180 

Maximum specific gravity Gmm 2.516 2.516 2.516 2.516 2.516 2.516 

% air voids Pa 13.64 13.84 13.63 12.14 12.63 13.34 

Average air voids subset Pa 13.71 12.70 

Volume of air voids (cm3) Va 72.9 75.0 73.9 64.8 67.7 71.7 

Load, lbf @ 77F P 798.6 856.6 821.6       

Load, N (N) P 3552 3810 3655       

          Saturation  

Thickness (mm)  t'       65.31 66.05 66.46 

SSD mass (g) B'       1227 1226 1223 

Volume of absorbed water 

(B'-A) (cm3) 
J'       47.6 49 52.1 

% saturation S'       73.5 72.4 72.7 

Load, lbf @77F P'       624.46 546.81 578.9 

Load (N) P'       2778 2432 2575 

Dry strength (2P/ptD), 

psi@77F 
S1 48 52 50       

Average dry strength (psi) 

@77F 
  50       

CV (%)   2.8       

Wet Strength psi, (2P/ptD) 

@ 77F 
S2       39 34 35 

Average wet strength (psi) 

@77F 
        36 

CV (%)         6.3 

Stripping (0 to 5)   1 1 1 2 2 2 

Cracked/broken aggregate?   Y Y Y Y Y Y 

TSR (S2/S1) (%) @77F   71.99 
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Table B.28. TSR Test Results for Asphalt Emulsion Type B. 

Lime Slurry- 4.5% 
One Freeze-Thaw Cycle 

Compaction method HVEEM 

Date tested 9/25/2020 Unconditioned Conditioned 

Samples ID E-1 E-2 E-3 E-4 E-5 E-6 

Diameter (in) D 3.99 3.99 4.00 3.99 3.98 3.99 

Diameter (mm) D 101.47 101.44 101.50 101.45 101.13 101.43 

Thickness (in) t 2.63 2.63 2.63 2.62 2.62 2.63 

Thickness (mm) t 66.82 66.72 66.85 66.57 66.44 66.93 

Dry mass in air (g) A 1183.2 1192.3 1190.7 1190.9 1191.2 1191.8 

Dry + Parafilm (g) B 1187.8 1195.8 1194.6 1192.2 1195.4 1194.3 

Under Water Weight (g) C 636.6 641.8 640.5 637.2 646.9 643.4 

Specific gravity of coating    0.923 0.923 0.923 0.923 0.923 0.923 

Volume (B-C) (cm3) E 546.6 550.5 550.2 553.7 544.3 548.4 

Bulk specific gravity (A/E) Gmb 2.166 2.167 2.165 2.151 2.190 2.174 

Maximum specific gravity Gmm 2.501 2.501 2.501 2.501 2.501 2.501 

% air voids Pa 13.39 13.35 13.42 13.99 12.44 13.07 

Average air voids subset Pa 13.39 13.17 

Volume of air voids (cm3) Va 73.2 73.5 73.8 77.4 67.7 71.7 

Load, lbf @ 77F P 926.2 1099.0 943.2       

Load, N (N) P 4120 4889 4196       

          Saturation  

Thickness (mm)  t'       66.57 66.44 66.93 

SSD mass (g) B'       1247 1241 1243 

Volume of absorbed water 

(B'-A) (cm3) 
J'       56.1 49.8 51.2 

% saturation S'       72.4 73.6 71.4 

Load, lbf @77F P'       706.5 769.5 711.5 

Load (N) P'       3143 3423 3165 

Dry strength (2P/ptD), 

psi@77F 
S1 56 67 57       

Average dry strength (psi) 

@77F 
  60       

CV (%)   8.0       

Wet Strength psi, (2P/ptD) 

@ 77F 
S2       43 47 43 

Average wet strength (psi) 

@77F 
        44 

CV (%)         4.3 

Stripping (0 to 5)   1 1 1 2 2 2 

Cracked/broken aggregate?   Y Y Y Y Y Y 

TSR (S2/S1) (%) @77F   73.96 
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Table B.29. TSR Test Results for Asphalt Emulsion Type C. 

Lime Slurry 4.5% 
One Freeze-Thaw Cycle 

Compaction method HVEEM 

Date tested 8/13/2020 Unconditioned Conditioned 

Samples ID P-1 P-2 P-3 P-4 P-5 P-6 

Diameter (in) D 3.98 3.98 3.99 3.99 3.99 3.99 

Diameter (mm) D 101.12 101.06 101.35 101.37 101.25 101.32 

Thickness (in) t 2.63 2.63 2.63 2.53 2.63 2.64 

Thickness (mm) t 66.90 66.85 66.81 64.30 66.81 66.97 

Dry mass in air (g) A 1174.8 1176.6 1171.7 1119.1 1173.5 1189.5 

Dry + Parafilm (g) B 1177.4 1180 1175.2 1122.2 1176.9 1192.9 

Under Water Weight (g) C 633.6 634.9 631.6 605.9 634 645.1 

Specific gravity of coating    0.923 0.923 0.923 0.923 0.923 0.923 

Volume (B-C) (cm3) E 541.2 541.7 540.1 513.2 539.5 544.4 

Bulk specific gravity (A/E) Gmb 2.172 2.173 2.171 2.182 2.176 2.186 

Maximum specific gravity Gmm 2.519 2.519 2.519 2.519 2.519 2.519 

% air voids Pa 13.79 13.73 13.83 13.39 13.60 13.22 

Average air voids subset Pa 13.78 13.40 

Volume of air voids  Va 74.6 74.4 74.7 68.7 73.4 71.9 

Load, lbf @ 77F P 864.6 823.8 884.8       

Load, N (N) P 3846 3664 3936       

          Saturation  

Thickness (mm) t'       64.30 66.81 66.97 

SSD mass (g) B'       1169 1227 1242 

Volume of absorbed water 

(B'-A) (cm3) 
J'       49.9 53.5 52.5 

% saturation S'       72.6 72.9 73.0 

Load, lbf @77F P'       584.9 664.2 627.4 

Load (N) P'       2602 2955 2791 

Dry strength (2P/ptD), 

psi@77F 
S1 52 50 54       

Average dry strength (psi) 

@77F 
  52       

CV (%)   2.9       

Wet Strength psi, (2P/ptD) 

@ 77F 
S2       37 40 38 

Average wet strength (psi) 

@77F 
        38 

CV (%)         3.8 

Stripping (0 to 5)   1 1 1 2 2 2 

Cracked/broken 

aggregate? 
  Y Y Y Y Y Y 

TSR (S2/S1) (%) @77F   73.71 
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Table B.30. TSR Test Results for Asphalt Emulsion Type D. 

Lime Slurry- 4.5% 
One Freeze-Thaw Cycle 

Compaction method HVEEM 

Date tested 9/25/2020 Unconditioned Conditioned 

Samples ID T-1 T-2 T-3 T-4 T-5 T-6 

Diameter (in) D 3.99 4.00 4.00 4.00 3.99 3.99 

Diameter (mm) D 101.33 101.54 101.58 101.59 101.46 101.34 

Thickness (in) t 2.63 2.60 2.63 2.58 2.62 2.61 

Thickness (mm) t 66.85 66.00 66.70 65.55 66.50 66.38 

Dry mass in air (g) A 1187.5 1181.4 1181.3 1185.1 1175.4 1182.6 

Dry + Parafilm (g) B 1189.3 1184.2 1184.7 1188 1177.6 1186.2 

Under Water Weight (g) C 639.5 645.6 641.2 648.1 638.8 635.6 

Specific gravity of coating    0.923 0.923 0.923 0.923 0.923 0.923 

Volume (B-C) (cm3) E 548 535.8 540.1 537 536.6 547 

Bulk specific gravity (A/E) Gmb 2.168 2.206 2.188 2.208 2.191 2.163 

Maximum specific gravity Gmm 2.512 2.512 2.512 2.512 2.512 2.512 

% air voids Pa 13.71 12.19 12.88 12.11 12.77 13.89 

Average air voids subset Pa 12.93 12.92 

Volume of air voids (cm3) Va 75.1 65.3 69.6 65.0 68.5 76.0 

Load, lbf @ 77F P 808.3 1165.8 1023.0       

Load, N (N) P 3595 5186 4551       

          Saturation  

Thickness (mm)  t'       65.55 66.50 66.38 

SSD mass (g) B'       1232 1225 1238 

Volume of absorbed water 

(B'-A) (cm3) 
J'       46.9 49.6 55.4 

% saturation S'       72.1 72.4 72.9 

Load, lbf @77F P'       749.5 643.5 735.9 

Load (N) P'       3334 2862 3273 

Dry strength (2P/ptD), 

psi@77F 
S1 49 71 62       

Average dry strength (psi) 

@77F 
  61       

CV (%)   15.1       

Wet Strength psi, (2P/ptD) 

@ 77F 
S2       46 39 45 

Average wet strength (psi) 

@77F 
        43 

CV (%)         7.1 

Stripping (0 to 5)   1 1 1 2 2 2 

Cracked/broken aggregate?   Y Y Y Y Y Y 

TSR (S2/S1) (%) @77F   71.42 

 

 



129 

 

 

 

Appendix C. Dynamic Modulus 

Table C.31. Dynamic Modulus Test Results for CIR Mixtures with Type A Emulsion- Southern. 

Dynamic modulus (psi) 

Temp (°F) Temp (°C) 
Frequency (Hz) 

0.1 1 10 25 

10 -12.2 898297.7 1008099.2 1086149.2 1109720.8 

40 4.4 547716.1 716640.2 866476.3 917519.1 

77 25.0 205603.2 322740.5 476499.4 543740.0 

100 37.8 110549.6 174976.9 277779.7 330252.5 

130 54.4 59989.8 86015.4 132625.0 159511.2 

Table C.32. Dynamic Modulus Test Results for CIR Mixtures with Type B Emulsion- Southern. 

Dynamic modulus (psi) 

Temp (°F) Temp (°C) 
Frequency (Hz) 

0.1 1 10 25 

10 -12.2 825437.9 936440.5 1019464.6 1045468.9 

40 4.4 489069.4 643681.7 787319.3 838125.0 

77 25.0 182968.1 283620.1 417247.0 476872.0 

100 37.8 98878.2 154323.2 241669.0 286339.3 

130 54.4 53303.9 76202.1 116084.8 138756.4 

Table C.33. Dynamic Modulus Test Results for CIR Mixtures with Type C Emulsion- Southern. 

Dynamic modulus (psi) 

Temp (°F) Temp (°C) 
Frequency (Hz) 

0.1 1 10 25 

10 -12.2 1058122.2 1149006.7 1205428.5 1220939.9 

40 4.4 660758.6 854970.4 1009873.0 1058184.8 

77 25.0 218281.2 354026.6 540246.8 621731.8 

100 37.8 113575.9 176685.8 287717.2 347793.1 

130 54.4 67269.0 88055.3 128287.7 153036.9 

 

Table C.34. Dynamic Modulus Test Results for CIR Mixtures with Type D Emulsion- Southern. 

Dynamic modulus (psi) 

Temp (°F) Temp (°C) 
Frequency (Hz) 

0.1 1 10 25 

10 -12.2 668796.4 792390.8 883040.9 910429.5 

40 4.4 379074.9 529531.5 676725.4 728989.0 

77 25.0 157164.5 242047.3 365416.5 423039.5 

100 37.8 100268.1 146785.4 225476.2 267641.7 

130 54.4 68033.5 88551.9 125879.5 147795.8 

 



130 

 

 

 

Appendix D. Flexural Beam Fatigue Test Results 

 

 

Table D.35. CIR Beam Fatigue Test Results for Type A. 

Type A / CMS2S / 52 -34 / Standard / NG / 4.5%LS 

Temperature  

(°F) 
Sample ID 

Air Voids 

(%) 

Dynamic Modulus 

E* (psi) 

Initial Stiffness 

(psi) 

Flexural Strain, 

(microstrain) 

Cycles to Failure 

50% SR 

55 

1 13.2 712377 345404.5 245.9 97,551 

2 13.5 712377 409378.5 381.7 17,618 

3 13.2 712377 325336.5 389.1 19,408 

4 13.3 712377 268525.5 402.9 32,020 

5 13.6 712377 193241.5 568.5 6,102 

6 13.1 712377 247428 583.4 6,553 

70 

7 12.9 549797 345433.5 241.8 190,952 

8 13.2 549797 375550 408.1 67,480 

9 13.1 549797 314055.5 383.6 43,013 

10 13.6 549797 297424 569.9 38,906 

11 13.4 549797 149944.5 569.5 19,373 

85 

12 12.8 399779 181250 252.4 185,521 

13 12.6 399779 240352 244.2 215,405 

14 13.0 399779 140809.5 397.9 150,578 

15 12.5 399779 163574.5 395.5 127,426 

16 12.9 399779 149553 553.6 31,264 

17 13.5 399779 161515.5 553.5 34,424 
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Table D.36. CIR Beam Fatigue Test Results for Type B. 

Type B / 64 -28 / Latex / NG / 4.5% LS 

Temperature  

(°F) 
Sample ID 

Air Voids 

(%) 

Dynamic Modulus 

E* (psi) 

Initial Stiffness 

(psi) 

Flexural Strain, 

microstrain 

Cycles to Failure 

50% SR 

55 

1 12.4 636048 473570 239 115,670 

2 12.3 636048 437233 393.6 41,363 

3 12.6 636048 514199 414.8 7,030 

4 12.8 636048 310750 598.6 352 

5 12.2 636048 367010 589.6 788 

70 

6 12.4 483834 334530 231.3 253,199 

7 12.6 483834 323307 400.9 101,827 

8 12.1 483834 282127 396.4 30,669 

9 12.5 483834 328425 569.5 34,726 

10 13.0 483834 448297 574.6 4,644 

85 

11 12.4 348697 100166 240.5 299,121 

12 12.6 348697 179293 398.2 98,573 

13 13.1 348697 261102 396 127,039 

14 12.4 348697 150539 545.1 12,097 

15 12.6 348697 124251 567.2 24,210 
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Table D.37. CIR Beam Fatigue Test Results for Type C. 

Type C / 64 -28 / Polymer / NG / 4.5%LS 

Temperature  

(°F) 
Sample ID 

Air Voids 

(%) 

Dynamic Modulus 

E* (psi) 

Initial Stiffness 

(psi) 

Flexural Strain, 

microstrain 

Cycles to Failure 

50% SR 

55 

1 13.6 837578 456083 245.1 131,709 

2 13.7 837578 476267 386.9 45,400 

3 13.8 837578 553276.5 397.3 18,883 

4 13.9 837578 582175.0 549.0 11,526 

5 13.6 837578 284519 562.4 10,885 

70 

6 13.6 635165 417817.5 247.7 208,248 

7 13.8 635165 345042 402.1 81,062 

8 13.9 635165 276196 394.6 57,349 

9 13.9 635165 175421 551.4 11,870 

10 13.5 635165 192560 563 24,471 

85 

11 13.7 440750 168113 259.6 366,597 

12 13.4 440750 188166.5 250.4 118,312 

13 13.9 440750 149698 403.2 185,903 

14 13.8 440750 180046.5 396.8 67,865 

15 13.7 440750 148480 609.9 30,082 

16 13.6 440750 143753 591.9 20,869 
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Table D.38. CIR Beam Fatigue Test Results for Type D. 

Type D / 58 -28 / Rubber / NG / 4.5%LS 

Temperature  

(°F) 
Sample ID 

Air Voids 

(%) 

Dynamic Modulus 

E* (psi) 

Initial Stiffness 

(psi) 

Flexural Strain, 

microstrain 

Cycles to Failure 

50% SR 

55 

1 12.6 546598 259.9 2514.6 124,666 

2 12.7 546598 399.5 1746.6 36,460 

3 12.5 546598 398.1 3246 33,894 

4 12.4 546598 555.9 2075.7 2,532 

5 12.5 546598 542.6 3151.7 3,357 

70 

6 12.9 419670 241.4 1784.1 184,723 

7 12.5 419670 399.4 2497.8 78,478 

8 12.7 419670 401.8 2415.1 62,112 

9 12.8 419670 569.8 1253.2 17,459 

10 12.6 419670 563.2 1328.7 3,490 

85 

11 13.2 310312 243.4 1102.3 280,456 

12 13.4 310312 400.4 780.5 129,969 

13 12.8 310312 398.9 587.5 50,543 

14 12.4 310312 556.1 807.9 18,080 

15 12.9 310312 561.6 1282.6 6,606 

 

 

 

 

 

 



134 

 

 

 

Appendix E. Repeated Load Triaxial Test Results 

 

 

Figure E.5. Permanent to Resilient Strain Ratio at Different Temperatures for CIR Mixture with 

Type A Emulsion. 

 

Figure E.6. Permanent to Resilient Strain Ratio at Different Temperatures for CIR Mixture with 

Type B Emulsion. 
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Figure E.7. Permanent to Resilient Strain Ratio at Different Temperatures for CIR Mixture with 

Type C Emulsion. 

 

Figure E.8. Permanent to Resilient Strain Ratio at Different Temperatures for CIR Mixture with 

Type D Emulsion. 
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Appendix F. Hamburg Wheel Track Test Results 

 

 

Figure F.9. HWTT Output for CIR mixture with Type A Emulsion - Southern Nevada. 

 

 

Figure F.10. HWTT Output for CIR mixture with Type B Emulsion - Southern Nevada. 
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Figure F.11. HWTT Output for CIR mixture with Type C Emulsion - Southern Nevada. 

 

 

Figure F.12. HWTT Output for CIR mixture with Type D Emulsion - Southern Nevada. 
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Figure F.13. HWTT Output for CIR mixture with Type A Emulsion - Northern Nevada. 

 

 

Figure F.14. HWTT Output for CIR mixture with Type B Emulsion - Northern Nevada. 
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Figure F.15. HWTT Output for CIR mixture with Type C Emulsion - Northern Nevada. 

 

 

Figure F.16. HWTT Output for CIR mixture with Type C Emulsion - Northern Nevada. 
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Appendix G. Reflective Cracking Test Results 

Table G.39. Overlay Test Results for CIR Mixture with Type A Emulsion. 

Sample 

ID 
AV % 

Critical Fracture 

energy (lb-

in/in2) 

Crack 

Resistance 

Index β 

Cycles until 93% 

Reduction 

Crack 

Propagation 

Rate 

S1 13.9 0.12 92.79 5000 0.30 

S2 13.7 0.15 94.95 5000 0.29 

S3 12.4 0.13 92.33 5000 0.31 

Average 0.13 93.36 5000 0.30 

COV % 11.06 1.22 0.00 2.85 

Table G.40. Overlay Test Results for CIR Mixture with Type B Emulsion. 

Sample 

ID 
AV % 

Critical Fracture 

energy (lb-

in/in2) 

Crack 

Resistance 

Index β 

Cycles until 93% 

Reduction 

Crack 

Propagation 

Rate 

S1 13.8 0.19 96.69 5000 0.27 

S2 13.6 0.28 99.59 5000 0.25 

S3 13.9 0.25 90.01 5000 0.32 

S4 13.7 0.24 89.49 5000 0.33 

Average  0.24 95.43 5000 0.30 

COV %  13.50 4.53 0.00 10.98 

Table G.41. Overlay Test Results for CIR Mixture with Type C Emulsion. 

Sample AV % 

Critical Fracture 

energy (lb-

in/in2) 

Crack 

Resistance 

Index β 

Cycles until 

93% Reduction 

Crack 

Propagation 

Rate 

S1 12.6 0.20 98.27 5000 0.26 

S2 13.9 0.20 99.37 5000 0.25 

S3 13.9 0.14 106.45 5000 0.20 

S4 13.5 0.21 92.16 5000 0.31 

Average  0.18 101.36 5000 0.26 

COV %  17.09 3.57 0.00 10.57 

Table G.42. Overlay Test Results for CIR Mixture with Type D Emulsion. 

Sample AV % 

Critical 

Fracture energy 

(lb-in/in2) 

Crack 

Resistance 

Index β 

Cycles until 

93% Reduction 

Crack 

Propagation 

Rate 

S1 13.9 0.16 98.17 5000 0.26 

S2 13.8 0.13 99.99 5000 0.25 

S3 13.3 0.21 98.16 5000 0.26 

Average  0.14 99.08 5000 0.26 

COV %  21.97 0.87 0.00 2.52 

 


