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Introduction
 AET is a multi-disciplinary consulting firm with considerable experience 

in cold recycling (CR) rehabilitation and maintenance methods 

☆ Evaluation & Recommendation of proper rehabilitation method  

☆ Material Testing & Mix Design Optimization

☆ Quality Control (QC) and Quality Acceptance  (QA) 

☆ Optimization of emulsion products

Construction seasons 

2015 and 2016



Overview
 Cold In-Place Recycling (CIR): rehabilitation technology for HMA 

surfaced pavements
☆ Savings in material and energy consumption

☆ Reduction of green house gas emissions

☆ Reduction of construction and landfill filling costs

☆ Reduction of disruptions to local traffic

☆ Structural improvements

o Removal of existing distress patterns and surface defects

o Rejuvenation of aged binders

(ARRA, 2005)



Overview
 The structural benefits make CIR an ideal candidate for rehabilitation of 

pavements with thermal and fatigue cracking
☆ Rejuvenation of the oxidized old binder (depending on recycling agent used)

☆ Removal or interruption of crack propagations

(Cross et al., 2015; Jahren, Yu and Williams, 2016)

CIR Layer

Recycled PavementOld Pavement

Thin HMA Overlay



Overview
 The primary components of CIR are:

o Emulsified asphalt binder

o Foamed asphalt binder

☆ Reclaimed Asphalt Pavement (RAP)

☆ Recycling agent

☆ Stabilizing additives (if required)

o Cement, lime, virgin aggregate etc.,

 Factors affecting the quality of CIR materials include:

☆ Quality of RAP material (uniformity and consistency) 

☆ Compatibility of the CIR components

☆ Weather (temperature, humidity, precipitation, wind, etc.,)

☆ Conditions of the underlying pavement (strength, temperature, moisture, etc.,)

☆ Length of curing period



Overview
 Due to the complexity of CIR mixtures:

☆ There are no universally accepted specifications for CIR products

☆ Lack of performance-based test methods for validating JMF and for QA/QC

 Several states have developed their own specifications:

☆ MnDOT

☆ Caltran



Overview
 MnDOT Grading & Base Manual

☆ Procedure for sampling and processing RAP material in the laboratory

☆ Procedure for establishing JMF parameters

o Strength and stability

o Moisture susceptibility

o Resistance to raveling

☆ Verification for thermal cracking 

o Critical cracking temperature 𝑇𝐶𝑅



Overview
 Critical cracking temperature

☆ Indirect Tensile (IDT) strength and creep compliance tests (AASHTO T322-07)

o Test temperatures:  -20ºC, -30ºC, and -40ºC

o Number of test replicates: at least two specimens for test temperature

☆ Complex data analyses

o Linear Viscoelasticity & Time-Temperature Superposition principles



Motivations
 IDT Critical cracking temperature analysis (Pros)

☆ Provides low-temperature viscoelastic & strength properties of CIR

☆ Predicts the temperature threshold below which thermal cracking is expected 

to occur (single-event thermal cracking)  

 IDT Critical cracking temperature analysis (Cons)

☆ Doesn’t describe the mixtures resistance to cracking & crack propagation

☆ Doesn’t describe reflective cracking (bottom-up fracture mechanism)

☆ Expensive, complex and laborious testing and analysis method

o Impractical for rapid JMF validation and product control applications



Objective
 Objective of the study conducted at AET

☆ Evaluate the applicability of fracture mechanics based test and analysis 

methods to laboratory and field prepared CIR mixtures

o Semi-Circular Bend (SCB) test - AASHTO TP-105

o Disk-Shaped Compact Tension (DCT) test – ASTM D7313-07

 Reasons for selecting these test methods

☆ Multiple studies have shown fracture mechanics based laboratory tests and 

analysis approaches are more appropriate (i.e., MN/RC 2012-23)

☆ NCHRP 09-57 Evaluation of Laboratory Cracking Tests for routine Mix Design

o SCB TP-105 and DCT good for thermal and reflective (bottom-up) 

cracking☆ Availability of test methods

o The SCB testing frame built according to TP-105 to be run in Brovold



Experimental Plan
 CIR material and mix designs 

☆ Five mix designs that met the MnDOT requirements 
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Table 2. List of CIR rehabilitation projects involved in this study 2 

Project location Roadway Type of CIR Milling depth 

Brown County, MN CSAH 17 100% RAP 100 mm (4 in.) 

Brown County, MN CSAH 18 92% RAP + 8% Aggregate 100 mm (4 in.) 

Brown County, MN CSAH 24 100% RAP 100 mm (4 in.) 

Blue Earth, MN CSAH 1 86% RAP + 14% Aggregate 100 mm (4 in.) 

St. Louis County, MN CSAH 14 100% RAP 100 mm (4 in.) 

 3 

A list of the projects involved in this study is given in Table 2. Three projects used 4 

100% RAP collected from the existing pavement, while the other two used a 5 

combination of RAP and aggregates collected from the pavement shoulders on 6 

projects where the paved roadway was being widened. 7 

The sampled pavement cores were crushed in the laboratory, separated by sieve 8 

size and recombined to produce a manufactured gradation that best simulates the 9 

pulverization and milling operations that occur in the field. The gradations of the five 10 

CIR mixtures are illustrated in Figure 2.   11 

 12 

 13 

Figure 2. Gradation curves of the CIR manufactured gradations  14 

Although not required by the MnDOT guideline, the asphalt binder content of the 15 

RAP material was also determined by solvent extraction method and reported. The 16 

RAP material was then mixed with a PG XX-28 engineered emulsion. Table 3 17 

provides a summary of the mix design data. It can be noted that, although the mixtures 18 

had all similar gradations, contents of extracted asphalt, and contents and type of 19 

added asphalt emulsion, they exhibited fairly different bulk, strength and moisture 20 

o Three made of 100% RAP

o Two made of a combination of RAP and shoulder aggregates



Experimental Plan
 Laboratory produced mixtures

☆ Crashing of pavement cores 

☆ Sieving and manufacturing of a 

medium gradation

☆ Determination of asphalt content of 

RAP material by solvent extraction

☆ Compacted and tested in laboratory
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Although not required by the MnDOT guideline, the asphalt binder content of the 15 

RAP material was also determined by solvent extraction method and reported. The 16 

RAP material was then mixed with a PG XX-28 engineered emulsion. Table 3 17 

provides a summary of the mix design data. It can be noted that, although the mixtures 18 

had all similar gradations, contents of extracted asphalt, and contents and type of 19 

added asphalt emulsion, they exhibited fairly different bulk, strength and moisture 20 

 Field produced mixtures

☆ Collected from field immediately after 

the mixing operation

☆ Compacted and tested in laboratory in 

similarly to above



Experimental Plan
 Summary of Mix Design Data

☆ Despite very similar 

gradation, binder content, 

emulsion content and void 

contents, the mixes 

exhibited considerably 

different stability and 

moisture susceptibility 

characteristics 

☆ Provides similar mixes for 

the evaluation of SCB and 

DCT test methods

☆ Underscores the 

importance of proper 

sampling plan and mix 

design testing



Experimental Plan
 IDT thermal cracking analysis

☆ Creep Stiffness master curves at 𝑇𝑅𝐸𝐹 = 40ºC

☆ Mixes covered a wide 

range of of stiffness

☆ All the mixes, except 

Brown-CSAH 17, 

exhibited similar sensitivity  

to loading time and 

temperature 



Experimental Plan
 IDT thermal cracking analysis

☆ Average tensile strengths

☆ The mixes composed of 

100% RAP had the largest 

strength values (CSAH 24 

and 14)

☆ CSAH 1, 17 and 18: 

strength directly 

proportional to stiffness of 

these mixes



Experimental Plan
 IDT thermal cracking analysis

☆ Critical cracking temperature

☆ According to the IDT 

thermal cracking test 

approach, all the mixes, 

except CSAH 18, had 

similar potential to 

cracking

☆ This suggests that the 

discrimination capabilities 

of the test method are not 

robust enough to capture 

the differences between 

the CIR mixtures



Test Results & Discussions
 Sample preparation

☆ SGC (150 mm diameter x 115 mm thickness)

☆ 30 gyrations at 1.25ºC & 600 kPa ram pressure

☆ Cutting and random assignment of  test 

o Reduce specimen to specimen variability

o Reduce the effect of density variations along the compaction line
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Figure 6. Specimen cutting scheme  2 

3. Semi-Circular Bend (SCB) test on CIR  3 

The SCB test was performed according to AASHTO TP 105-13 on semi-circular 4 

specimens, 150 mm wide and 30 mm thick with a 15 mm long and 2 mm wide notch 5 

in the middle, subjected to a three-point bending load configuration. A compressive 6 

load was applied at the top of the specimen in such a manner as to produce a constant 7 

Crack Mouth Opening Displacement (CMOD) rate of 0.0005 mm/sec for the entire 8 

duration of the test. The CMOD was measured by an Epsilon clip gage with a 5 mm 9 

gage length and a +6.35 and -1 mm measuring range mounted at the bottom of the 10 

specimens. The Load Line Displacement (LLD) used for the computation of the work 11 

of fracture was measured using an Epsilon extensometer with 70 mm gage length and 12 

1 mm range mounted to button permanently fixed to the testing frame at one end, and 13 

to a button glued to the test specimen at the other end. The test was conducted in stand-14 

alone “Brovold” hydraulic testing machine equipped with an environmental chamber.  15 

2.1 Preliminary SCB testing 16 

Given the limited literature on applications of SCB-TP105 to CIR mixtures and noting 17 

that the test protocol was originally developed for HMA mixtures, 30 preliminary tests 18 

were conducted to verify and establish test parameters suitable for the CIR mixtures. 19 

Figure 7 shows a comparison between the SCB test result, in the form of load versus 20 

LLD curve, of a traditional HMA mixture and one typical CIR mixture tested at the 21 

same test conditions. It can be noted that the CIR mixture is much softer and has lower 22 

strength than the HMA mixture: it required less than half of the amount of load and 23 

time required to reach, respectively, the peak load and the end of the test, and about 24 

the same range of LLD measured range. 25 

 26 

☆ Curing period: 14 days

☆ Number of test replicates (from preliminary tests)

☆ Test temperatures (from preliminary test)



 SCB testing
☆ AASHTO TP 105-13

☆ Specimen size: 150 mm x 30 mm x 15 mm

☆ Three point-loading configuration

☆ Loading rate: CMOD 0.0005 mm/sec  

Epsilon clip gage 5 mm (+6.55 to -1)

☆ Measured the Load Line Displacement 

(LLD) – Epsilon extensometer

☆ Stand-alone Brovold Hydraulic testing 

machine with an environmental chamber

☆ Fracture energy computed from the Load 

vs. LLD curve

Test Results & Discussions
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 SCB preliminary test (30 replicates)XXX, YYY, ZZZ, VVV 
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Figure 7. Comparison of HMA and CIR mixture tested in the SCB –TP105 2 

Therefore, it was necessary to make few changes to the SCB test parameters in 3 

order to efficiently run the test on CIR mixtures (see Table 4). It was also observed 4 

that lower temperatures improved the repeatability of the test and reduced the LLD 5 

measured range considerably. At -28⁰C, four test replicates were found sufficient to 6 

yield reasonably good repeatability corresponding to coefficient of variations below 7 

30%.  8 

 9 
Table 4. Proposed modification to SCB-TP105 test parameters 10 

AASHTO TP-105 SCB test procedure for HMA CIR 

Conditioning 
In temperature controlled chamber at a specified 

low test temperature, hours 
2 ± 0.5 2 ± 0.5 

Pre-Test 
Contact Load, kN (stroke control 0.05 mm/s) 0.3 ± 0.02 0.15 ± 0.02 

Seating load, kN (stroke control 0.005 mm/s) 0.6± 0.02 0.2 ± 0.02 

Test 
Initial loading, kN (stroke Control (0.0001 mm/s) 1± 0.1 0.3 ± 0.1 

Test loading (CMOD control 0.0005 mm/s) N/A N/A 

Test 

Completion 

CMOD gauge limit reached, mm 1 1 

Load drops below, mm 0.5 0.4 ± 0.02 

 11 

Compared to HMA mixtures, the CIR mixtures exhibited very steep post-peak 12 

softening curves indicating a relatively more brittle behavior. A simple power law, 13 

shown in equation 1, was found to fit better the experimental softening curves of CIR 14 

mixtures: 15 

𝑃 = 𝑎 𝑢𝑏                                       [1] 16 

☆ Comparison HMA vs. CIR mixtures tested at the same test conditions

☆ CIR mixtures much softer 

than HMA ones

☆ CIR mixtures reached LLD 

measurements similar to 

those of HMA for less than 

half of the load and time

☆ The rate of success of the 

SCB tests on CIR 

improved at lower 

temperatures

☆ At -28ºC, 4 replicates 

needed to maintain CoV < 

30%

Test Results & Discussions



 SCB preliminary test (30 replicates)
☆ Proposed test parameters for SCB testing of CIR mixture
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 SCB preliminary test (30 replicates)
☆ Fitting of post-peak tail (below 60% of Peak Load) 
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☆ HMA and CIR post-peak 

behaviors very different 

(CIR exhibited very steep 

softening-curve)

☆ The TP-105 equation not 

valid for CIR: failed to 

provide good fit to data 

and to extrapolate the tail

☆ The proposed equation 

fitted better the data and 

produced fracture 

energies similar to those 

obtained from DCT 

Test Results & Discussions



 DCT testing
☆ ASTM D7313-07

☆ Specimen size: 145 mm x 50 mm x 82.5 mm

☆ Tensile loading configuration

☆ Loading rate: CMOD 0.017 mm/sec  Epsilon 

clip gage 5 mm (+6.55 to -1)

☆ Stand-alone Brovold Hydraulic testing 

machine with an environmental chamber

☆ The DCT tests can be performed faster than 

SCB, but required a more involved sample 

preparation phase

☆ No adjustment was needed

Test Results & Discussions



 Final SCB and DCT Testing
☆ Peak Load at Test temperature: -28ºC

☆ Both SCB and DCT 

yielded similar peak loads 

for the CIR mixtures

☆ Trend similar to IDT 

strength data. However, it 

is important to note the 

two tests had different 

loading configurations, 

different geometries and 

the DCT was performed at 

a rate 34 times faster than 

SCB

Test Results & Discussions



 Final SCB and DCT Testing
☆ Fracture Energy at Test temperature =  -28ºC ☆ Fracture energies 

computed from both test 

methods were very similar 

☆ Fracture energy is a 

fundamental material 

property (independent of 

size, geometry and 

loading time)

☆ The fracture energy 

values were significantly 

lower than those of HMA

☆ Unlike the IDT thermal 

cracking, SCB and DCT 

detected considerable 

differences in resistance 

to cracking among the 

CIR mixtures

Test Results & Discussions



 Final SCB and DCT Testing
☆ Repeatability at Test temperature =  -28ºC

☆ The DCT exhibited low 

single-digit CoV values, 

while the SCB were 

approx. twice as high

Test Results & Discussions



 Final SCB and DCT Testing
☆ Potential relationship to CIR volumetric properties 

☆ Several relationships were 

examined (binder content, 

emulsion content, 

densities, etc.,)

☆ The only clear 

relationships were those 

between the fracture 

properties and sample 

void content

XXX, YYY, ZZZ, VVV 
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mixture properties). One technique we have found to have positive impact on 1 

coatibility, compatibility and reduction of air void contents in CIR mixtures is the 2 

asphalt foaming process.  3 

 4 

  
Figure 12. Correlation of fracture peak load and fracture energy to sample air-void 5 

(Note one DCT and one SCB GF data points were not considered) 6 

The other measured CIR characteristics, binder content, IDT creep stiffness and 7 

strength, Marshall stability and emulsion content, didn’t show interesting 8 

relationships to the fracture properties. This is understandable given the different 9 

historical background of the RAP used for the CIR mixtures (original binder type and 10 

grade, binder aging history, aggregate type and source etc.).  11 

5.1 Statistical Analysis 12 

The ability of the SCB and DCT fracture energies to discriminate between CIR 13 

mixtures was assessed using the analysis of variance (ANOVA) with a Tukey’s HSD 14 

post-hoc test. A two-way ANOVA test was performed to check whether there were 15 

statistically significant differences in mean fracture energies between the CIR 16 

mixtures and between the two fracture test methods at a level of significance of 5% 17 

(α=0.05). The data consisted of two test factors: test method (2 levels) and mixture 18 

type (5 levels), with 4 test replicates for each factor/level combination. The total 19 

number of test replicates was 40, of which two observations (from two different sets) 20 

were considered outliers and removed. To account for the resulting unbalanced data, 21 

the ANOVA model was adjusted to type III sum of squares. The model (excluding the 22 

outliers) satisfied the assumption of normality and constant variance. The statistical 23 

analyses were performed using the MacANOVA statistical software package. 24 

 25 

Test Results & Discussions



 Final SCB and DCT Testing
☆ Statistical analysis and ranking of the CIR mixtures

o Two-way Analysis of Variance (ANOVA) with a Tukey’s HSD post-hoc test 

o Significance level of 5% (𝞪 = 0.05)

o Treatment factors: Test Method (CIR or SCB), mixture type (5 CIR 

mixtures and 4 test replicates for each factor/level combination

o Normality and constant variance assumptions verified  

Test Results & Discussions



 Final SCB and DCT Testing
☆ Statistical analysis and ranking of the CIR mixtures

☆ SCB and DCT produced 

statistically similar mean 

fracture energies

☆ The five CIR mixtures 

were found to be statically 

different

☆ The multiple comparison  

and ranking of the 

mixtures resulted in three  

statistically different 

categories of CIR

☆ Similar to IDT thermal 

cracking, CSAH 18 had 

the least resistance to 

cracking

Test Results & Discussions



☆ The fracture energy results indicated good agreement between the laboratory and field produced 

mixtures

☆ SCB and DCT are good candidates for QC and field validation applications

☆ Limitation: curing period 

XXX, YYY, ZZZ, VVV 
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6.1 Field validation 1 

CIR mixtures from two of the above Brown County projects, prepared according to 2 

the JMF in the field (through CIR train) were collected and transported to the 3 

laboratory. The mixtures were compacted in the SGC for 30 gyrations and cured for 4 

14 days (same as the laboratory prepared ones). Test specimens obtained from the 5 

SGC samples were then subjected to SCB and DCT testing at -28⁰C. As it can be 6 

observed in Figure 13, the fracture energy results indicated good agreement between 7 

the laboratory and field produced CIR mixtures. Although further investigations are 8 

required, the above finding makes the two test methods good candidates for Quality 9 

Control (QC) and field validation applications. Further investigation focused on 10 

understanding and possibly shortening the curing period is currently being carried out.  11 

 12 

  
Figure 13. Comparison of fracture energies of laboratory and field prepared CIR 13 

mixtures: Brown County – CSAH 17 (left) and Brown County – CSAH 18 (right) 14 

7. Conclusions  15 

This study sought to investigate the applicability of standard asphalt fracture tests to 16 

CIR mixtures. Five laboratory-prepared CIR mixtures having similar residual asphalt 17 

content, gradation and blended with the same type of engineered emulsion were tested 18 

in SCB and DCT at -28⁰C. The mixtures were produced at their optimal emulsion 19 

content levels determined by the MnDOT mix design procedure. Additional limited 20 

testing were also performed using both laboratory and field-prepared CIR mixtures to 21 

explore potential applications of the fracture tests considered in this study. Based on 22 

the testing and analysis of the test data, the following observations were made: 23 

 The DCT test was successfully applied to the CIR mixtures according to 24 

ASTM D7313-07. The repeatability of this test method was measured by 25 

low single-digit 𝐶𝑜𝑉 values.  26 

 27 

 The SCB test was also effectively applied to the CIR mixtures according to 28 

AASHTO TP-105. Small modifications to the testing parameters and test 29 

analysis approach were recommended. The 𝐶𝑜𝑉  values of SCB fracture 30 

energies were generally in the order of 15% - 35%.  31 

Test Results & Discussions
 Comparison of laboratory produced vs. field produced mixtures

☆ Limited tests (CSAH 17 and CSAH 18 mixtures)



Conclusions
 The DCT test was successfully applied to five mixtures according to ASTM D7313-

07. The repeatability of this test method was measured by low single-digit CoV

value

 The SCB test was also effectively applied to the CIR mixtures according to 

AASHTO TP-105. Small adjustments to the testing parameters and test analysis 

approach were proposed. The CoV values of the SCB fracture energies were in the 

order of 15-35%

 The two test methods yielded statistically similar fracture energies and ranked the 

mixtures in two three statistically different categories. 

 Good agreement was found between SCB and DCT fracture energies of laboratory 

and field produced CIR mixtures. 

 SCB and DCT provide excellent mixtures characterization capabilities and are good 

candidates for QC and field validation purposes



Future Work
 Efforts to develop a laboratory accelerated curing device that can be used to 

accelerate the curing period from days to few hours without compromising the 

integrity of the CIR mixtures

 Proposal for NCHRP 09-62: Rapid Tests and Specifications for cold recycled 

pavements

☆ Proposed research team composed of testing & consulting firms, 

contractors, emulsion producers, equipment manufacturers, UMN and with 

the support of several highway agencies
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