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NS-646 - Improving and Developing Pavement Design Inputs and Performance 
Functions for Cold Recycled Pavement Layers in Minnesota: Literature Search 
Tuesday, July 6, 2021 

Prepared for: Marcus Belele 

Prepared by: Jim Byerly, Information Scientist 

Resources searched: ASCE Library, Transport Database, Library Catalog, TRID, Pooledfund.org, Web 

Summary: Results are compiled from the databases named above.  Links are provided for full-text, if applicable, or to 
the full record citation.  I completed my searches using the following terminology: cold recycled pavement, cold in place 
recycling, stabilized full depth reclamation, pavement design.  Results are categorized as most and least relevant below. 

Most Relevant Results 
 
Deng, Changqing; Jiang, Yingjun; Lin, Hongwei; Chen, Zhejiang; Ji, Xiaoping. Influence of gradations on performance of 
emulsified asphalt cold recycled mixture produced using vertical vibration compaction method. Road Materials and 
Pavement Design, Volume 22, Issue 5, 2021, pp 983-1003 
https://trid.trb.org/view/1848320 
Abstract: In this study, the effects of virgin aggregate content, such as mineral filler, machine-made sand, and coarse 
aggregate, on the performance of emulsified asphalt cold recycled mixtures (ECRMs) produced using the vertical 
vibration compaction method (VVCM) are evaluated. The optimum virgin aggregate contents are proposed based on the 
results. The results show that with increasing mineral filler content (mass fraction <5%), the mechanical strength, rutting 
resistance and crack resistance of the ECRMs gradually increase, whereas the moisture sensitivity increases initially but 
gradually decreases, and 3% mineral filler demonstrates the optimum moisture sensitivity compared to reclaimed 
asphalt mixtures. Further, as machine-made sand content increases, the mechanical strength, rutting resistance, crack 
resistance and moisture sensitivity of the ECRMs increase initially and decrease gradually, and the aforementioned 
performance of the ECRMs reaches the peak values when 20% machine-made sand is added, compared to mixtures 
without the machine-made sand. The mechanical strength, rutting resistance, crack resistance and moisture sensitivity 
of the ECRMs initially increase and then gradually decrease with the addition of the coarse aggregate. When the coarse 
aggregate content is 10%–30%, the ECRMs show a good performance, compared to mixtures without the coarse 
aggregate. To effectively improve the engineering properties of the ECRMs, the proposed optimum content of the 
mineral filler, machine-made sand and coarse aggregate are 3%, 20% and 10–30%, respectively. 
 
 
Martinez-Rodriguez, Danny S; Vargas-Nordcbeck, Adriana. Structural Assessment of Cold in Place Recycling Sections 
Used for Pavement Preservation. Transportation Research Board 100th Annual Meeting, Transportation Research Board, 
2021, 16p 
https://trid.trb.org/view/1759239 
Abstract: Cold recycling of asphalt pavements is a widely practiced technique used to prolong pavement life as a low-
cost preservation method. Research in recycled materials has become necessary to further evaluate the material 
properties and performance of this sustainable technology. The National Center for Asphalt Technology (NCAT) has 
constructed several test sections as part of its Pavement Preservation Group (PG) Study along Highway US-280 near 
Opelika, Alabama. The preservation sections were built in the summer of 2015, and part of the experiment included two 
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different sections using cold in-place recycling (CIR) with asphalt emulsion and foamed asphalt as recycling agents. A 
one-inch thin dense-graded asphalt overlay was placed as the wearing surface. Field data collection has been in progress 
since September 2015. The data collected included roughness, rutting, cracking, and deflections. Field performance 
measurements showed that the use of cold recycled materials influenced rut depths, falling into the fair threshold of the 
MAP-21 rating system during the first four and a half years of service. Cracking levels have been low, with under 1.5 
percent of the total area. Roughness in the CIR-foamed section was steady over time, while the CIR emulsion section had 
a mild increasing trend. The backcalculated pavement modulus showed the cold recycled sections have temperature-
dependent behavior, with more temperature susceptibility in the CIR-emulsion section. The obtained results were used 
to calculate the structural contribution of the recycling technologies from a pavement design perspective. The structural 
layer coefficients of the recycled materials ranged between 0.31 and 0.35. 
 
 
Abbasnejad, Seyed Yousof; Modarres, Amir. Effect of setting accelerator additive on short- and long-term properties of 
cold recycled mixture containing bitumen emulsion–cement composites. Road Materials and Pavement Design, Volume 
21, Issue 7, 2020, pp 1932-1954 
https://trid.trb.org/view/1741291 
Abstract: Cold recycled layers have low early stiffness and are prone to rutting at initial days of curing. In this research, it 
was tried to resolve these issues by concurrent use of cement and chloride-free sodium carbonate-based accelerator. 
The cement content was fixed to 2% by weight of dry reclaimed asphalt pavement. The accelerator contents varied from 
0% to 15% of the cement weight at 5% intervals. Experimental study was conducted on recycled mixes and emulsion–
cement pastes. The partial and full curing protocols have been used to simulate the short- and long-term field curing 
processes, respectively. Marshall stability, indirect tensile strength and resilient modulus tests were accomplished on 
recycled mixes after both curing protocols and indirect tensile fatigue test was performed after the full curing process. 
Micro-structural analysis including the X-ray diffraction and scanning electron microscopy were conducted on cured 
pastes. Furthermore, the hydration heat release was measured by isothermal calorimetric procedure. It was concluded 
that the existence of emulsion in cement paste to some extent hindered the cement–water reactions. The addition of 
accelerator evidently increased the rate of cement hydration at initial days of curing and compensated the retarding 
effects of emulsion. For partially cured specimens, the strength and stiffness of recycled mixes containing accelerator 
was higher than the conventional mixture. However, a significant decrease in stiffness occurred after finishing the curing 
process for accelerator containing mixes. The retardation in portlandite development and growth of calcium carbonate 
crystals were the main reasons for stiffness decrease in these mixes after the full curing process. 
 
 
Gaillard, Laura; Quezada, Juan Carlos ; Chazallon, Cyrille; Hornych, Pierre. Resilient Modulus Prediction of RAP Using the 
Contact Dynamics Method. Transportation Geotechnics, Volume 24, Issue 0, 2020 
https://trid.trb.org/view/1707404 
Abstract: The Optimal Recycling of Reclaimed Asphalts in low-traffic Pavements (ORRAP) project concerns a cold 
recycling of 100% Reclaimed Asphalt Pavement (RAP) without binder addition, in base and subbase layers of low-traffic 
pavements. The mastic coating of aggregates induces a viscoelastic behavior and changes the resilient modulus with 
frequency and temperature. This modulus is obtained with repeated load triaxial tests and is a key element for 
pavement design. In this context, this paper presents a numerical alternative to predict this influence with a discrete 
approach. Contact Dynamics (CD) simulations are used to reproduce the resilient modulus test on a set of rigid spherical 
particles with a viscoelastic contact, based on the Burgers’ model. The tests were carried out with cylindrical samples at 
several frequencies for two temperatures (20 °C and 40 °C). The proposed model is calibrated in a given range of 
temperatures and frequencies regarding the experimental data, and then used to predict resilient modulus values at 
unreachable frequencies in the laboratory, with one set of parameters for each temperature. Finally, using the Williams-
Landel-Ferry (WLF) equation, a master curve of resilient modulus at 20 °C as a function of the frequency was established. 
The Time-Temperature Superposition Principle (TTSP) reveals that the values at high frequencies and 40 °C correspond 
to the data at low frequencies and 20 °C. 
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Ayers, Leigh E W; Howard, Isaac L. Strength and Modulus Implications of Incorporating Steel Slag Aggregates into 
Cement Stabilized Cold-in-Place Recycling. Geo-Congress 2020, 2020, pp 549-558 
https://trid.trb.org/view/1688489 
Abstract: The primary objective of this paper was to measure elastic modulus to compressive strength improvements 
within in-placed recycled materials that incorporated steel slag. Laboratory mixtures containing cement, steel slag, and 
in-place recycled pavement were evaluated. Test specimens were prepared with an emerging tool referred to as the PM 
device. Raw materials were taken from an in-place recycling project in Mississippi and blended with varying cement and 
steel slag dosages. Use of 15 to 30% steel slag allowed removal of 1% cement while improving elastic modulus roughly 
15 to 20%. Higher modulus at lower cement dosages, all other factors remaining constant, reduces plastic shrinkage 
cracking while also reducing pavement deflections, both of which increase pavement life. Additional, but manageable, 
compactive effort should be expected for mixtures containing steel slag. Pavement designers are encouraged to 
consider non-expansive steel slag for in-place recycling projects where the existing material is mostly reclaimed asphalt 
pavement. 
 
 
Pinto, Irvin; Buss, Ashley. Layer coefficients of cold in-place recycled layers from performance data. International Journal 
of Pavement Engineering, Volume 21, Issue 3, 2020, pp 304-310 
https://trid.trb.org/view/1685068 
Abstract: With cold in-place recycled (CIR) pavements becoming an increasingly popular treatment for pavement life 
extension, it is important for local agencies to have data that justifies the design parameters that influence the 
effectiveness of such treatments. Studies have shown that the effectiveness of CIR depends on its milling depth, and in 
order for agencies to better decide the pavement design depth of CIR to be milled and placed, the authors have 
developed a procedure to back-calculate the structural layer coefficient of CIR layers based on performance data, in 
order to evaluate their structural capacity. This paper attempts to establish a relation between the structural capacity of 
the CIR layer and the international roughness index (IRI) of the pavement over time, using the results of previous 
research determining a definite differential between the IRI of pavements with different CIR thicknesses. 
 
 
Kuchiishi, André Kazuo; Antão, Camila Christine dos Santos; Vasconcelos, Kamilla; Bernucci, Liedi Legi Bariani. Influence 
of viscoelastic properties of cold recycled asphalt mixtures on pavement response by means of temperature 
instrumentation. Road Materials and Pavement Design, Volume 20, Issue sup2, 2019, pp S710-S724 
https://trid.trb.org/view/1652567 
Abstract: Cold recycled asphalt mixtures (CRAMs) have been widely used in pavement construction and rehabilitation of 
base courses. Some studies describe it as granular materials, without stiffness dependency regarding temperature or 
frequency variation, while other researches state that it resembles a viscoelastic material. This indicates that the CRAMs 
mechanical behaviour is not fully understood. In the present study, dynamic modulus tests were conducted with CRAMs 
samples and the master curves suggested a viscoelastic behaviour for this type of mixture. The dynamic modulus results 
were used as input data in 3D-Move Analysis software and the pavement structure was simulated at different 
temperature conditions based on temperature instrumentation data collected from the field. It was found that the 
temperature dependency of CRAMs’ stiffness influences pavement mechanical behaviour. Besides, the relative stiffness 
between CRAMs and AC layers plays a major role in pavement response for varying temperatures. Therefore, CRAM's 
viscoelastic properties cannot be neglected. 
 
 
Raschia, Simone; Mignini, Chiara; Graziani, Andrea; Carter, Alan; Perraton, Daniel; Vaillancourt, Michel. Effect of 
gradation on volumetric and mechanical properties of cold recycled mixtures (CRM). Road Materials and Pavement 
Design, Volume 20, Issue sup2, 2019, pp S740-S754 
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https://trid.trb.org/view/1652565 
Abstract: In recent times, recycling using cold bituminous mixtures has become one of the most interesting techniques 
in pavement engineering from sustainability aspect. This study focuses on the clarification of the steps concerned with 
the cold mixture mix design to determine the initial aggregate gradation of the mixture. The study has been developed 
involving procedures followed in Canada and Italy. In both the cases, three different gradations, normally employed in 
the production of traditional bituminous mixtures, were compared. The effect conferred by the gradation type has been 
studied in terms of workability, compactability and mechanical properties. Results show that in both the procedures the 
gradation influenced the workability and the compaction behaviour of the mixtures studied. At the same time, in terms 
of mechanical properties, the gradation influenced the strength of the final mixture in only one of the procedures 
applied. 
 
 
Galotti, Victor; Torres-Machi, Cristina. Local Calibration of Stiffness Modulus for Full-Depth Reclamation Design. 
International Airfield and Highway Pavements Conference 2019, American Society of Civil Engineers, 2019, pp 255-262 
https://trid.trb.org/view/1638905 
Abstract: Incorporating cold-recycling technologies such as full-depth reclamation (FDR) in pavement rehabilitation 
strategies reduce environmental impacts, construction costs, and time. FDR construction methods involve pulverizing 
and reusing materials from the same distressed pavement structures, ultimately reducing the use of new resources and 
measurably increasing project value. Some state transportation agencies (STAs) have actively sought to implement these 
technologies, but realizing the full benefits of these asphalt mixtures requires that local state data on material properties 
be available, in order to optimize these pavement designs. A key challenge is that local and reliable data is limited, 
leading STAs to use non-representative design values and coefficient modulus that yield overly conservative designs. As 
STAs across the U.S. have adopted the mechanistic-empirical (M-E) pavement design, their main focus has been on 
calibrating default M-E coefficients to local design parameters and pavement characteristics. The literature review, 
however, indicates that STAs have mainly prioritized on optimizing pavement designs other than those constructed with 
FDR. This study aims to bridge this existing gap by analyzing stiffness modulus values of various FDR materials. To 
accomplish this, falling weight deflectometer (FWD) measures were taken at 11 FDR project sites throughout Colorado. 
This study analyzes the stiffness modulus backcalculated from FWD measures and compares the values obtained from 
different FDR stabilization technologies, namely non-stabilized and emulsion-stabilized FDR. Since using reliable and 
accurate design input is paramount to a cost-effective design, the findings offered herein are expected to assist STAs in 
designing FDR pavements utilizing M-E pavement design. 
 
 
Raschia, Simone; Graziani, Andrea; Carter, Alan; Perraton, Daniel. Laboratory mechanical characterisation of cold 
recycled mixtures produced with different RAP sources. Road Materials and Pavement Design, Volume 20, Issue sup1, 
2019, pp S233-S246 
https://trid.trb.org/view/1607359 
Abstract: Cold Recycled Mixtures (CRM) are composed of high amounts of Reclaimed Asphalt Pavement (RAP) together 
with bitumen emulsion. As additional binder, some ordinary cement is normally employed. Since RAP aggregates 
represents almost the entire solid structure, it is important to fully characterise Cement-Bitumen Treated Materials 
(CBTM) produced with different RAP materials. This work focuses the characterisation at small strain level, investigating 
the stiffness modulus at three testing temperatures; at the failure point, measuring the Indirect Tensile Strength; and 
studying the fracture behaviour, in Semi-Circular Bending Test configuration. From the results, it is possible to confirm 
the influence of different RAP materials, also characterised by different aggregates Nominal Maximum Size. As a 
consequence, a reliable RAP classification can allow a better prediction of the final CBTM mechanical properties. 
 
 



 
 

 
5 

Gaillard, Laura; Chazallon, Cyrille; Hornych, Pierre; Quezada, Juan Carlos; Raab, Christiane. Thermo-hydro-mechanical 
behaviour of cold reclaimed asphalt aggregates without binder addition. Road Materials and Pavement Design, Volume 
20, Issue sup1, 2019, pp S49-S63 
https://trid.trb.org/view/1607345 
Abstract: This paper details a cold recycling evaluation of 100% reclaimed asphalt aggregates without any binder 
addition. In this context, a series of triaxial laboratory tests was performed. Monotonic triaxial tests were conducted to 
determine failure resistance at 20°C, 50°C and with a specimen preheated at 50°C then tested at 20°C. Repeated Load 
Triaxial (RLT) tests were performed to analyse the permanent and resilient strains at 20°C, at three frequencies and with 
two water contents. It is found that increasing temperature causes a drop of failure resistance while cohesion is 
increased. RLT tests reveal that higher water content implies higher strains, as well that water content presents a higher 
impact on resilient behaviour than low frequencies. Finally, the non-linear elastic Boyce model was used to describe the 
resilient strains. Total stress and effective stress calibrations were performed with a measurement of the initial suction. 
Eventually, these effective stress calibrations were performed with one set of parameters. 
 
 
Wu, Yiching; Tsai, Yichang. Georgia Long-Term Pavement Performance (GALTPP) Program and Identifying the Potential 
For Using MEPDG For Characterization Of Non-Standard Materials and Methods, Phase 2.  Georgia Institute of 
Technology; Georgia Department of Transportation; U.S. Department of Transportation; Federal Highway 
Administration, 2019, 128p 
https://trid.trb.org/view/1606101 
Abstract: The Georgia Department of Transportation (GDOT) has initiated a Georgia long-term pavement performance 
(GALTPP) program to provide data for the calibration of the Mechanistic-Empirical Pavement Design Guide (MEPDG) 
and to monitor sites for evaluating the effect of various materials and treatment methods on pavement performance. 
Phase 2 of the project has 1) expanded the GALTPP database with concrete pavement sites used in the local calibration 
of the MEPDG, 2) identified and managed special test sites of GDOT’s interest, 3) documented and analyzed the data 
collected from the cold in-place recycling (CIR) and open-graded interlayer (OGI) test sites on State Route 16, and 4) 
conduct the soil cement pavement performance analysis by comparing the observed pavement performance and the 
predicted pavement performance. First, the tables and fields for concrete pavement were designed and populated in 
the GALTPP database. Concrete pavement data collected by ARA from the Georgia calibration (GaCal) sites were 
acquired, processed, and populated into the corresponding tables designed in the GALTPP database. Second,eighty-
seven special test sites, including selected soil cement sites, cold in-place recycling (CIR), open-graded interlayer (OGI), 
micromilling and thin overlay, etc.,were identified, georeferenced,and entered into the GALTPP database. Third, the CIR 
and OGI test sites on State Route 16 were documented,and the performance prior to the treatment was analyzed using 
historical COPACE. Finally, the soil cement pavement performance was analyzed using historical COPACES data and 
compared to the predicted pavement performance predicted by the using the MEPDG. The results show fair correlation 
between the predicted and measured fatigue cracking (R2 = 0.92). The MEPDG mostly overpredicts transverse cracking 
when the observed cracking is less than 1500 ft per mile and underpredicts when the observed cracking is greater than 
1500 ft per mile. The latter case occurs because the MEPDG predicts the maximum transverse cracking at about 1500 ft 
per mile. 
 
 
Im, Soohyok; Sebesta, Stephen; Rew, Younho. Methods of Rehabilitating Pavements with Moisture Damaged Asphalt 
Layers: Technical Report.  Texas A&M Transportation Institute; Texas Department of Transportation; Federal Highway 
Administration, 2018, 94p 
https://trid.trb.org/view/1569682 
Abstract: Moisture damage to old hot mix asphalt layers can result in surface cracking and greatly reduce the life of any 
new asphalt overlay. Buried moisture damage, generally called stripping, in asphalt layers can often go undetected, 
resulting in new overlays not reaching their design life. Conventional wisdom is to mill down to solid HMA and then 
place full depth new HMA. This strategy is costly and means that several inches of good materials will be sent to 
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reclaimed asphalt pavement stockpiles. Recent developments for cold in-place recycling (CIR) and cold central-plant 
recycling (CCPR) technologies can be considered for addressing moisture-damaged asphalt layers by recycling the 
existing material in place to create a structurally sound asphalt treated base layer. Through a thorough literature review, 
field sampling and testing, a comprehensive lab study, and evaluation of pavement design alternatives, this project 
identified lab methods to determine treatment options, documented binder type and temperature influences on 
material properties, used lab properties to predict pavement performance, and recommended special specification 
updates for use on future CIR or CCPR projects. These methods and specification updates should be considered to 
explore developing recycling options for identified moisture-damaged pavement sections. 
 
 
Arimilli, Sravani; Nagabhushana, M N; Jain, P K. Comparative mechanistic-empirical analysis for design of alternative cold 
recycled asphalt technologies with conventional pavement. Road Materials and Pavement Design, Volume 19, Issue 7, 
2018, pp 1595-1616 
https://trid.trb.org/view/1532016 
Abstract: It is essential to carry out a detailed study on the mechanical behaviour of materials so as to evaluate the 
distress parameters of flexible pavements. This study can be performed through finite element simulations like ANSYS, 
KENPAVE, IITPAVE, etc. However, this study was mainly carried out using the pavement designing tool ANSYS to study 
and compare the mechanical behaviour of a typical conventional pavement with hot bituminous surfacing, with cold 
recycled emulsified and foamed base pavements with fresh overlay. Further, the results obtained from this ANSYS were 
compared with other simulations like KENPAVE and IITPAVE. Optimum design thickness of the pavement was 
determined based upon the predicted tensile and compressive strain from laboratory resilient modulus values. The 
analytical results showed that, linear elastic analysis in both KENPAVE and IITPAVE match well, but a slight lesser tensile 
strain and vertical displacement values are observed in ANSYS. Also, the study was extended towards the comparative 
cost benefit analysis of both recycled and conventional mixes. Through this study, it was observed that recycled mix is 
economical when compared to conventional mixes. 
 
 
Guatimosim, Frederico V; Vasconcelos, Kamilla L; Bernucci, Liedi L B; Jenkins, Kim J. Laboratory and field evaluation of 
cold recycling mixture with foamed asphalt. Road Materials and Pavement Design, Volume 19, Issue 2, 2018, pp 385-399 
https://trid.trb.org/view/1491214 
Abstract: Cold recycling with foamed asphalt stabilisation has been gaining acceptance and growing steadily. This study 
evaluates the performance of cold recycled mixes stabilised with foamed asphalt, with respect to the effects of 
confining stresses, and material moisture content. An experimental test section with a foamed stabilised recycled 
material used as the base course was monitored through quality control and quality assurance and falling weight 
deflectometer (FWD) tests. In laboratory, indirect tensile strength, triaxial resilient modulus, and permanent 
deformation tests were performed. Based on the results obtained, one can conclude that the curing is a critical 
consideration in terms of timing and its influence on pavement performance. Triaxial tests showed the stress 
dependency of this bitumen-stabilised material, while permanent deformation results indicated some potential for 
damage in early stages after construction. On the field evaluation, FWD data indicated the decrease in deflection with 
time, as a result of the increase in the layers stiffness. 
 
 
Cox, Ben C; Howard, Isaac L. Evaluation of Marshall Stability Design Principles: Applied to Cold In-Place Recycling. 
Transportation Research Record: Journal of the Transportation Research Board, Volume 2672, Issue 28, 2018, pp 211-
222 
https://trid.trb.org/view/1495794 
Abstract: The objective of this paper is to document limitations and robustness issues with Marshall stability (MS) testing 
for cold in-place recycling (CIR) mix designs. This paper focuses efforts on MS because many departments of 
transportation are using this test for CIR design, and the data presented in this paper supports abandonment for any 
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type of CIR mix design. Unconfined compressive strength (UCS) and indirect tensile strength data is used throughout the 
paper for benchmarking, as both tests are used in various capacities for in-place recycling designs. Portland cement and 
asphalt emulsion binders were assessed in this paper. In comparison with UCS design curves with cement, MS results for 
emulsion were not as rational and often did not respond to emulsion content changes in a logical manner. MS 
repeatability was poor for the materials evaluated in this paper. Replicate design curves ranged from all points below a 
design threshold (i.e., all emulsion dosage levels failed to meet the design criteria) to all points above a design threshold 
(i.e., all emulsion dosage levels successfully met the design criteria). The typical minimum MS criteria (5.56 kN) was 
exceeded without any emulsion for specimens oven conditioned for 2 h at 40°C. A notable limitation of the data 
presented in this paper was that retained MS (i.e., assessment of moisture conditioning effects) was not performed 
comprehensively throughout the work. 
 
 
Wegman, Daniel E; Sabouri, Mohammadreza; Korzilius, Joe; Kuehl, Renae. Base Stabilization Guidance and Additive 
Selection for Pavement Design and Rehabilitation.  Braun Intertec Corporation; SRF Consulting Group, Incorporated; 
Minnesota Department of Transportation; Local Road Research Board, 2017, 36p 
https://trid.trb.org/view/1492806 
Abstract: Significant improvements have been made in base stabilization practice that include design specifications and 
methodology, experience with the selection of stabilizing additives, and equipment for distribution and uniform 
blending of additives. For the rehabilitation of existing pavements the stabilization of base material has delivered 
performance as good as or better than reconstruction at a reduced cost. Many additive products exist to stabilize base 
materials for roadway construction, but it is not always clear which additive is the right one to use. This guidebook 
intends to focus on stabilization for new construction and Stabilized Full Depth Reclamation (SFDR) and to help with the 
selection of suitable nonproprietary stabilization additives for individual specific project(s). 
 
 
Gandi, Apparao; Carter, Alan; Singh, Dharamveer. Rheological behavior of cold recycled asphalt materials with different 
contents of recycled asphalt pavements. Innovative Infrastructure Solutions, Volume 2, Issue 1, 2017, 9p 
https://trid.trb.org/view/1474997 
Abstract: In Québec, for more than 20 years, cold in-place recycling (CIR) and full-depth reclamation (FDR) have been 
reliable rehabilitation techniques; restoring pavement condition at an affordable cost with a lower footprint on the 
environment. Experience reveals that CIR and FDR interventions effectively address the issues of reflective cracking and 
respect Québec’s Ministry of transportation rutting threshold values. However, despite their commendable performance 
in the field, the cold recycled emulsified asphalt materials (CRM) has yet to be adequately characterized with respect to 
their rheological properties. This study was undertaken to evaluate the rheological behavior of the CRM with four 
different combinations of RAP (50, 75, 85, and 100%). The scope of work for this study consisted of preparing the 
laboratory compacted CRM specimens, determining the complex modulus (E*) of compacted specimens at various 
testing temperatures and loading frequencies, analyzing the experimental data with the help of 2S2P1D (2S: two springs, 
2P: two parabolic elements, 1D: one dashpot) model and finally, validating the results with pavement design. It was 
concluded that 100% RAP mixture exhibits extremely high stiffness value at high frequency and low temperature. The 
results revealed that all four mixtures respect the time–temperature superposition principle with respect to the complex 
modulus. From a pavement design perspective, the moduli measured in this study do have a big impact. However, since 
different pavement structure are achieved with those different materials, the stiffest material, the CIR, ended up giving 
the least performant structure. 
 
 
Teshale, Eyoab Zegeye; Rettner, David; Hartleib, Allen; Kriesel, Daniel. Application of laboratory asphalt cracking tests to 
cold in-place recycled mixtures. Road Materials and Pavement Design, Volume 18, Issue sup4, 2017, pp 79-97 
https://trid.trb.org/view/1493419 
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Abstract: Cold in-place recycling (CIR) is an asphalt pavement rehabilitation technology which is rapidly gaining 
popularity. This technique consists in milling the top 75–100 mm of an existing asphalt pavement, mixing the crushed 
material with a recycling agent, and reusing it to repave the roadway. Hence, there is a need to identify laboratory tests 
for developing CIR mixtures with improved resistance to cracking. This study investigates the applicability of semi-
circular bend (SCB) and disk-shaped compact tension (DCT) tests to CIR mixtures. Tests were performed on five similar 
laboratory and field prepared mixtures. Since the CIR mixtures were relatively softer and more brittle than typical hot 
mix asphalt, minor modifications to the testing parameters and data analysis approach were found necessary. Fracture 
energies computed from SCB and DCT data resulted in being statistically similar and detected considerable differences 
among the five mixtures. Overall, both fracture tests showed good repeatability and potential applications in mix design 
engineering and optimisation of CIR mixtures, quality control and field validation usages. 
 
 
Ma, Wangyu; West, Randy; Tran, Nam; Moore, Nathan. Optimising water content in cold recycled foamed asphalt 
mixtures. Road Materials and Pavement Design, Volume 18, Issue sup4, 2017, pp 58-78 
https://trid.trb.org/view/1493418 
Abstract: During cold recycling, water is added to facilitate the dispersion of foamed asphalt in the mixture and to 
achieve uniform mixing and help compaction by providing sufficient lubrication. Too little water may cause difficulty in 
workability and compaction of the mixture, but too much water may extend the curing time and reduce density and 
strength. Therefore, the optimum water content (OWC) was considered as one of the most important factors in mix 
design procedures for cold recycling. Currently, mix design procedures for cold recycled foamed asphalt mixtures 
suggest adding water to the mixture at an optimum content to facilitate mixing and compaction. However, there is no 
standard method for determining the optimum total water content (OTWC) for cold recycling mixtures. Several 
empirical relationships were developed to determine the OTWC based on modified Proctor test results for Reclaimed 
Asphalt Pavement (RAP)/aggregate. However, the compaction effort in the modified Proctor test for RAP/aggregate may 
not match that for mixtures, which is compacted using the Superpave Gyratory Compactor (SGC) or Marshall hammer. A 
study is underway to improve the design method for cold recycled foamed asphalt mixtures with 100% reclaimed 
asphalt pavement (RAP). The purpose of this paper is to optimise the design procedure by developing a new method to 
determine OTWC. SGC was used to compact RAP instead of the modified Proctor test to match the compaction effort 
recommended for foamed asphalt mixtures. A regression model was developed to calculate the OTWC for a mixture 
based on the determined OWC of the RAP, foamed asphalt content, and binder type as factors. The method for 
determining OTWC for a mixture was validated using six different mixtures and was found to correlate well with the 
measured OTWC, even though two of six mixtures had underestimated OTWC due to different binder source. Further 
comparisons with other two OTWC determining methods showed the mixtures at the proposed OTWC had 
improvement in indirect tensile strength. 
 
 
Meocci, Monica; Grilli, Andrea; La Torre, Francesca; Bocci, Maurizio. Evaluation of mechanical performance of cement–
bitumen-treated materials through laboratory and in-situ testing. Road Materials and Pavement Design, Volume 18, 
Issue 2, 2017, pp 376-389 
https://trid.trb.org/view/1442133 
Abstract: Nowadays, cold recycling is considered as a common road construction/maintenance technique and no longer 
as an alternative technique to the traditional ones. The difficulties in simulating the production and construction 
processes in laboratory have led researchers to practise full-scale testing of mixtures. This paper presents a 
comprehensive evaluation of the mechanical performance of a cement–bitumen-treated materials (CBTMs) containing 
80% of reclaimed asphalt. After a preliminary mix design, the mixture was produced in a mix plant and laid down on two 
trial sections with different layer thicknesses (15 and 20 cm) over a homogeneous subgrade. The mixture was sampled 
before laying, compacted and characterised through indirect tensile test and indirect tensile stiffness modulus test. The 
same tests were carried out on cores taken from the trial sections. Light weight deflectometer and falling weight 
deflectometer surveys were performed on the trial sections to evaluate the performances of the CBTMs. 
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Betti, Giacomo; Airey, Gordon; Jenkins, Kim; Marradi, Alessandro; Tebaldi, Gabriele. Active fillers’ effect on in situ 
performances of foam bitumen recycled mixtures. Road Materials and Pavement Design, Volume 18, Issue 2, 2017, pp 
281-296 
https://trid.trb.org/view/1442131 
Abstract: Cold recycling is one of the most employed rehabilitation techniques for asphalt pavements and it is becoming 
more and more important as reducing emissions becomes a priority in the reduction of the greenhouse effect. The main 
advantages of asphalt cold recycling techniques are the use of reclaimed materials and the fact that there is no need of 
aggregate heating to make the mixtures. This paper describes the evolution with time of in-situ performances of 
different foam bitumen-stabilised mixtures made with different active fillers (cement and lime), monitored during the 
first year from construction. Results are part of a more extensive research programme aimed to investigate the effects 
of using lime as an active filler in cold-recycled mixtures. Mixtures have been laid down on a specifically designed trial 
section in Italy, close to Florence. Short-term bearing capacity, immediately after construction, has been evaluated using 
a light weight deflectometer while to evaluate the mid-term performances falling weight deflectometer (FWD) tests 
have been performed after 24 hours, 14 days, 28 days and 9 months from construction. During these 9 months the test 
road was not opened to traffic, so the mixtures experienced almost no traffic (only construction traffic loads). This fact 
allowed to have the curing process without any influences other than the temperature: it means same curing conditions 
for all mixtures. Subsequent FWD tests are still ongoing to evaluate the evolution over time of pavement bearing 
capacity due to traffic. Results obtained positively support the use of lime as an active filler in the foam bitumen-
stabilised material and allow to underline the effect of different active fillers in the material behaviour, even if all the 
mixtures underline excellent performances under traffic loading. FWD tests are scheduled to be repeated every 6 
months in order to monitor the stiffness evolution of the mixtures and evaluate the nature of traffic damage. 
 
 
Godenzoni, Carlotta; Graziani, Andrea; Perraton, Daniel. Complex modulus characterisation of cold-recycled mixtures 
with foamed bitumen and different contents of reclaimed asphalt. Road Materials and Pavement Design, Volume 18, 
Issue 1, 2017, pp 130-150 
https://trid.trb.org/view/1435170 
Abstract: Cold-in place recycling with foamed bitumen (FB) is currently employed for the rehabilitation of road 
pavements, from local roads to heavy-duty motorways. The mechanical properties of FB mixtures may vary from that of 
an improved granular material to that of an asphalt concrete, depending on their composition. The objective of the 
present study was to characterise the linear viscoelastic (LVE) response of FB mixtures with different contents of 
reclaimed asphalt (50%, 70% and 0%). This objective was tackled by measuring the complex Young's modulus by means 
of uniaxial cyclic compression tests, in a range of temperatures (from −20°C to 55°C) and frequencies (from 0.03 to 10 
Hz). The thermo-rheological behaviour was modelled using the Huet–Sayegh model, commonly used for bituminous 
mixtures. In order to focus on the influence of reclaimed asphalt content, the same grading and FB content were used 
for all the mixtures. In addition, an effort was made to produce mixtures with similar volumetric properties. Considering 
all the tested mixtures, the stiffness modulus ranged between 171 and 4075 MPa, whereas the phase angle ranged 
between 4° and 18°. Though these values are well below those normally measured on asphalt mixtures, the frequency 
and temperature variations clearly highlight a typical asphalt-like behaviour. In addition, the time–temperature 
superposition principle can be considered valid, regardless of the reclaimed asphalt content. Overall the experimental 
results showed that it is possible to characterise the LVE response of cold-recycled FB mixtures using the same 
experimental and analytical approach adopted for asphalt mixtures. 
 
 
Moore, T; Farashah, MK; ESENWA, M; VARAMINI, S; KUCHAREK, AS. 12-Year Performance Review of Bloomington Road 
(York Region Road 40) Rehabilitation Rehabilitation using Cold In-Place Recycling and a 6.7 mm Fine Stone Mastic 



 
 

 
10 

Asphalt. Proceedings of the Sixth-Second Annual Conference of the Canadian Technical Asphalt Association (CTAA): 
Halifax, Nova Scotia, Canadian Technical Asphalt Association, 2017, pp. 239-265. 
https://trid.trb.org/view/1511417 
Abstract: Bloomington Road, Regional Highway 40 in the Regional Municipality of York, serves as a major artery for 
vehicles accessing Highway 404.  The section under review between Kennedy Road and Highway 48 was built in 1969 
and rehabilitated with an innovative pavement design in 2005.  Prior to rehabilitation, the asphalt surface was severely 
oxidized with extensive thermal cracking, however, the longitudinal and transverse profiles of the roadway were in 
relatively good condition and there was no sign of major structural failures.  Rehabilitation of the roadway consisted of 
Cold In-Place Recycling (CIR), a Heavy-Duty Asphalt Binder Course (HDBC) Hot Mix Asphalt (HMA), and a 6.7 mm rut-
resistant fine-graded Stone Mastic Asphalt (SMA).  This paper provides a review of the design and construction details 
for the pavement lifts, as well as material and process selection details.  Special consideration is given to the curing of 
the CIR and the rut resistance of the SMA lift.  This paper also presents a long-term field performance evaluation of the 
rehabilitated pavement section with quantified in-situ performance by means of field observations, laboratory 
evaluations of retrieved pavement specimens, and semi-automated pavement performance data survey collected by 
York Region over twelve years of in-service pavement life. 
 
 
Schwartz, Charles W; Diefenderfer, Brian K; Bowers, Benjamin  F. Material Properties of Cold In-Place Recycled and Full-
Depth Reclamation Asphalt Concrete. NCHRP Research Report, Issue 863, 2017, 83p 
https://trid.trb.org/view/1498437 
Abstract: Recent improvements in asphalt emulsion chemistry that enable better aggregate coating, shorter curing 
times, and the elimination of solvents have substantially increased the applicability of mixtures produced by cold in-
place recycling (CIR), cold central-plant recycling (CCPR), and full-depth reclamation (FDR).  The objective of this 
research was to determine relevant properties of CIR, CCPR, and FDR materials with emulsified or foamed asphalt 
recycling/stabilizing agents for input into pavement structural design programs. The project developed a small-scale 
testing procedure that permits the measurement of the dynamic modulus and repeated load permanent deformation 
characteristics of field-produced and cured asphalt-stabilized, cold-recycled mixtures. These properties were determined 
for cold-recycled materials sampled from field projects across the United States. Suggested Level 3 modulus inputs were 
developed by the research team for use in structural design and analysis programs. Finally, structural analyses were 
conducted with these inputs in Pavement ME Design that demonstrated the sensitivity of the test data to the different 
stabilizing agents used in the various field projects. 
 
 
Gandi, Apparao; Carter, Alan; Singh, Dharamveer. Linear Viscoelastic Behavior of Cold Recycled Asphalt Materials with 
Various Percentages of Recycled Asphalt. Transportation Research Board 96th Annual Meeting, Transportation Research 
Board, 2017, 14p 
https://trid.trb.org/view/1437122 
Abstract: Full Depth Reclamation (FDR) and Cold In-Place Recycling (CIR) are rehabilitation techniques in which the 
existing pavement materials are reused in place without application of heat during the recycling process. These are 
environmentally friendly methods. However, even if many successful projects were completed with these techniques, 
some problems are still not addressed by the researchers on the subject. One of the areas where much work is needed is 
in the linear viscoelastic (LVE) behaviour of those materials. This study was undertaken to evaluate the rheological 
behavior of the cold recycled emulsified asphalt materials (CRM) with four different combinations of reclaimed asphalt 
pavement (RAP) (50%, 75%, 85%, and 100%). The scope of work for this study consisted of preparing the laboratory 
compacted CRM specimens, determining the complex modulus (E*) of compacted specimens at various testing 
temperatures and loading frequencies, analyzing the experimental data with the help of 2S2P1D (2S: two springs, 2P: 
two parabolic elements, 1D: one dashpot) model and finally, validating the results with Pavement design. It was 
concluded that MR7, 100% RAP mixture exhibits extremely high stiffness value at high frequency and low temperature. 
The results revealed that all four mixtures respect the time-temperature superposition principle with respect to the 
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complex modulus. From a pavement design perspective, the moduli measured in this study do have a big impact. 
However, since different pavement structures are achieved with those different materials, the stiffest material, the CIR, 
ended up giving the least performant structure. 
 

Least Relevant Results 
 
Design Method of Asphalt Pavement Mixture Based on Performance Balance Approach 
Journal of Transportation Engineering, Part B: PavementsJune 2021 Volume 147, Issue 2Online publication date: 
February 17, 2021 
Abstract 
In China, a large number of on-site investigations on the service conditions of asphalt pavements show that cracking has 
gradually become one of the most serious problems besides rutting. Part of the reason is that, in the past, most of the 
attention has been on the problem of preventing asphalt pavement rutting at the design stage, and the technical 
requirements for cracking resistance and rutting resistance of asphalt pavement materials contradict each other, 
resulting in the imbalanced performance of the designed pavement mixture. To solve this problem, this research 
proposes a new method for designing asphalt pavement surface material based on the order relation method and the 
performance balance approach. By testing the dynamic stability, flexural strain, splitting strength ratio under freeze-
thawing cycles, and the fatigue properties of asphalt mixture under different mixing ratios, a reasonable range of 
asphalt-aggregate ratio is determined. Combined with the weight coefficients of the road performance indices 
corresponding to the specific pavement distress, the optimal asphalt-aggregate ratio of each index is investigated, and 
the optimal asphalt-aggregate ratio is obtained through comparison. The results show that, compared with the 
traditional Marshall design method, the high-temperature stability of the asphalt mixture using the new mix design 
method is slightly reduced, but the low-temperature performance, water stability, and fatigue life have been 
significantly improved, indicating the advantages of the performance balance approach in the design of the asphalt 
pavement material mixture. 
  
  
Evaluating Cracking Tests for Performance-Based Design Concept for Cold Recycled Mixtures 
Airfield and Highway Pavements 2019: Design, Construction, Condition Evaluation, and Management of Pavements (220 
- 229) 
ABSTRACT 
The concept of performance-based mixture design is gaining popularity among the asphalt pavement community. The 
popularity of this concept stems from the fact that the performance characteristics of new and innovative materials can 
be readily included, helping to assure the long-term service life of the pavement network. As a result of successful 
research studies, several agencies in the U.S. have already developed performance-based design procedures for hot 
asphalt mixtures. Integrating a performance-based design concept into cold recycling mix design process would also 
provide similar benefits. One of the important components of employing a performance-based mixture design concept 
for cold recycled mixtures is the availability of a test method(s) to characterize mixture performance. Through this 
study, the versatility of several cracking-related performance tests and analysis methods was explored. Cold recycled 
mixtures were prepared in the laboratory with different emulsion types and a range of cement contents and were 
subjected to the selected tests. The test results were analyzed in terms of the test methods’ ability to rank the expected 
trends of performance as well as their capability in providing a range of performance discerning potential. The test 
results confirmed the feasibility of a performance-based design concept for cold recycling mixtures. Based on test 
results, further research should be conducted to establish a performance evaluation framework for cold recycling 
mixtures. 
  
  
Structural Coefficients of Cold Central-Plant Recycled Asphalt Mixtures 

https://ascelibrary.org/doi/abs/10.1061/JPEODX.0000256
https://ascelibrary.org/journal/jpeodx
https://ascelibrary.org/doi/abs/10.1061/9780784482452.022
https://ascelibrary.org/doi/book/10.1061/9780784482452
https://ascelibrary.org/doi/abs/10.1061/JTEPBS.0000005
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Journal of Transportation Engineering, Part A: SystemsJune 2017 Volume 143, Issue 6Online publication date: February 
24, 2017 
Abstract 
Two full-scale pavement sections built in 2012 at the National Center for Asphalt Technology (NCAT) Test Track were 
used to assess the structural contribution of cold central-plant recycling (CCPR) with 100% reclaimed asphalt pavement 
(RAP) and foamed asphalt as a recycling agent (CCPR-foam). The two test sections performed effectively, presenting no 
evidence of pavement damage during a two-year period of accelerated traffic loading in which 10 million equivalent 
single-axle loads (ESALs) were applied. Furthermore, ride quality was not significantly affected with the application of 
traffic. Frequent deflection testing over the duration of the study revealed that CCPR-foam exhibited a similar response 
to temperature as that observed for conventional asphalt concrete (AC). A procedure based on backcalculated modulus 
data was followed to determine the structural layer coefficients for the CCPR-foam layers. The layer coefficients were 
found to vary from 0.14 to 0.15cm−1 (0.36–0.39in.−1). Quantifying the structural coefficient allows this material to be 
effectively used in the AASHTO empirical method of pavement thickness design currently employed by many U.S. states. 
  
Rational Mix-Design Procedure for Cold In-Place Recycling Asphalt Mixtures and Performance Prediction 
Journal of Materials in Civil EngineeringJune 2016 Volume 28, Issue 6Online publication date: January 05, 2016 
Abstract 
A new volumetric mix-design procedure utilizing the Superpave gyratory compactor (SGC) was developed for cold in-
place recycling (CIR) asphalt mixtures with assistance from the Federal Highway Administration (FHWA). It was 
developed for partial-depth CIR using asphalt emulsions as the recycling additive. This procedure was calibrated using 
materials from five geographically varied locations in North America: Connecticut, Kansas, Ontario, Arizona, and New 
Mexico. It required that specimens be prepared at densities similar to those found in the field. The performance of CIR 
mixtures prepared in accordance with the new mix-design procedure was evaluated in the laboratory with mechanistic-
empirical pavement design guide (MEPDG) models as well as in the field. Creep compliance and strength of the mixtures 
were determined at 0, −10, and −20°C using the Superpave indirect tensile tester (IDT) with satisfactory results. A field 
test section also had been established with CIR mixtures in Arizona using this procedure and has been performing well 
with no significant visible cracking or distresses. 
 
  
Economic and Environmental Cost Analysis of Cold In-Place Recycling 
Journal of Materials in Civil EngineeringMarch 2021 Volume 33, Issue 3Online publication date: December 29, 2020 
Abstract 
The purpose of this study is to evaluate and quantify the construction costs, energy costs, and environmental benefits of 
using cold in-place recycling (CIR) as a pavement rehabilitation technique. For this study, the costs of using CIR mixes 
prepared using either asphalt emulsion (CIR-E) or foamed asphalt (CIR-F) were compared with conventional 5.1-cm (2-
in.) hot-mix asphalt (HMA) mill and overlays. Three different costs were considered for the production of each pavement 
rehabilitation technique: (1) construction, (2) energy, and (3) environmental costs. To facilitate the cost comparisons, an 
equivalent pavement structural analysis was conducted between each pavement rehabilitation technique using a 
standard design method. The results of the study showed that initial construction costs of using CIR are less than the 
conventional HMA mill and overlay. The energy and environmental costs were also found to be much lower for CIR 
mixtures compared with the HMA mill and overlay, with energy savings of up to 63%. Overall, when considering all costs, 
the use of CIR has lower costs compared with traditional HMA overlays. Cost savings of approximately $34,000–$39,000 
were observed when using CIR with HMA overlays, with a total cost savings between 41% and 47% over traditional HMA 
mill and overlays. This study gives an overall procedure for assessing the economic and environmental costs of different 
pavement rehabilitation techniques and provides further evidence of the cost benefits associated with CIR to 
practitioners. 
  
  
Optimization of Recycled Asphalt Pavement in Cold Emulsified Mixtures by Mechanistic Characterization 

https://ascelibrary.org/journal/jtepbs
https://ascelibrary.org/doi/abs/10.1061/%28ASCE%29MT.1943-5533.0001492
https://ascelibrary.org/journal/jmcee7
https://ascelibrary.org/doi/abs/10.1061/%28ASCE%29MT.1943-5533.0003610
https://ascelibrary.org/journal/jmcee7
https://ascelibrary.org/doi/abs/10.1061/%28ASCE%29MT.1943-5533.0001412
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Journal of Materials in Civil EngineeringFebruary 2016 Volume 28, Issue 2Online publication date: August 20, 2015 
Abstract 
As road infrastructure development has witnessed a steep increase across the globe, it is adversely affecting the 
environment attributable to unabated extraction and use of stone aggregates, a fast depleting natural resource. This 
situation has led to a serious ecological problem and requires alternative techniques for obtaining a sustainable 
pavement such as use of cold mix recycled asphalt pavement (RAP) technology with bitumen emulsion. Techniques like 
this have proved that they make a positive impact on both economic and environmental conditions. The main objective 
of this study is to evaluate emulsified mixtures incorporating RAP, which is a typical task attributable to the complexity 
by heterogeneity of materials. The study recommendations are on the basis of comparison of laboratory performance of 
emulsified mixtures: without RAP, as a control mixture; and with RAP, containing 30–80%. The study involved 
understanding the physical characterization of materials, followed by developing mix designs for both conventional cold 
mix and mixes with varying percentages of RAP content. Indirect tensile strength (ITS) is used as an indicative measure 
for cold recycled emulsified mixtures (CREMs) during mix design. Laboratory tests, including tensile strength ratio (TSR), 
moisture induced susceptibility test (MIST), resilient modulus, rutting, creep, and fatigue tests, were conducted for the 
performance evaluation of the mixtures with and without RAP. The obtained results indicated that the CREMs are 
superior to conventional cold mixtures in mechanical performance. Among the varying RAP proportions, mixes with 60% 
RAP showed optimal results indicating that it is possible to design high-quality bituminous mixes incorporating 
considerable amount of RAP that meets the desired volumetric and performance criteria. 
 
  
Base stabilization guidance and additive selection for pavement design and rehabilitation  
Wegman, Daniel E.; Sabouri, Mohammadreza.; Korzilius, Joe.; Kuehl, Renae.; Braun Intertec.; Minnesota. Department of 
Transportation. Research Services Section.; Minnesota Local Road Research Board.; SRF Consulting Group. 
2017 
Main Collection - MNDOT TE212 .W44 2017 
 

https://ascelibrary.org/journal/jmcee7
https://mnpals-mdt.primo.exlibrisgroup.com/discovery/fulldisplay?docid=alma990089234540104293&context=L&vid=01MNPALS_MDT:MDT&lang=en&search_scope=MyInstitution&adaptor=Local%20Search%20Engine&tab=LibraryCatalog&query=any%2Ccontains%2C%22pavement%20design%22%20AND%20(%20%22cold%20recycled%22%20OR%20%22full%20depth%20reclamation%22%20OR%20%22cold%20in%20place%20recycling%22)&offset=0
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