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Abstract 

The main goal of this study was to improve the performance of cold in-
place recycling (CIR) mixtures by using a balanced mix design (BMD) ap-
proach. This study involved preparing and testing CIR mixtures in the lab 
at varying contents of bituminous additives and constant content of 1% ce-
ment and 3% water. Eight combinations of CIR mixtures were produced 
for this study using two binders (emulsion and foamed asphalt), compac-
tion efforts (30 and 70 gyrations), and curing processes (72 hours at 140°F 
and 50°F). Results showed that asphalt pavement analyzer, semicircular 
bend, and indirect tensile strength tests presented the highest correlation 
with the change of binder contents. The study successfully used the devel-
oped BMD for designing CIR mixtures and selecting their optimum binder 
contents. It then used three balanced CIR mixtures to construct full-scale 
pavement sections to validate the BMD approach in the field. A heavy ve-
hicle simulator was used to apply different accelerated loadings on each 
section. Results showed that the CIR section with 2% binder presented the 
best rutting performance under truck loading and the highest rutting sus-
ceptibility under aircraft loading. Conversely, the CIR section with 3% 
binder presented the highest cracking resistance under both truck and air-
craft loading.  

 

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. 
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products. 
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to 
be construed as an official Department of the Army position unless so designated by other authorized documents. 
 
DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR. 
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Executive Summary 

This study aimed to develop a performance-based laboratory design ap-
proach for cold in-place recycling (CIR) asphalt mixtures. In addition, the 
study involved validating the laboratory mix design approach through full-
scale accelerated pavement testing. In particular, eight CIR mixtures were 
prepared using two bituminous additives (foamed and emulsified as-
phalts), cured for three days at two temperatures (either hot curing at 
140°F [60°C] or cold curing at 50°F [10°C]), and compacted at two gyra-
tion levels (30 or 70 gyrations). The CIR mixtures were prepared at a con-
stant water and cement content of 3% and 1%, respectively. A balanced 
CIR mix design approach was developed and used successfully to design 
eight CIR mixtures and to select the optimum binder content for each mix. 
Experimental and statistical evaluation was also conducted on CIR mix-
tures prepared at optimum binder contents.  

Furthermore, three full-scale CIR sections were constructed at the Center 
for Research and Education in Advanced Transportation Engineering Sys-
tems (CREATEs) through reclaiming and recycling the existing asphalt 
pavement structure. All CIR sections were prepared using 3% water (by to-
tal weight), 0% cement, and neat PG64-22 foamed asphalt at 2% 
(CIR2%FAC section), 3% (CIR3%FAC section), and 4% (CIR4%FAC sec-
tion) bituminous additives’ contents. Each of the sections was instru-
mented with four asphalt strain gauges and two pressure cells placed at 
the bottom of the CIR layer. Heavy weight deflectometer (HWD) testing 
and rutting (through measuring transverse depth profiles) were conducted 
before and after the placement of the hot mix asphalt layer. A heavy vehi-
cle simulator was also used to apply full-scale accelerated loading on the 
balanced CIR sections for (1) 150,000 cycles using a truck tire to simulate 
low to medium traffic level and (2) 50,000 passes using an aircraft tire to 
simulate airfield loading conditions.  

The laboratory and full-scale accelerated testing results and the subse-
quent analyses conducted resulted in the following conclusions: 

• The BMD approach was used successfully in designing eight CIR mix-
tures. This was evidenced with performance-testing results that high-
lighted the importance of rutting measures, which generally previous 
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mix design methods for CIR mixtures did not consider, and the de-
pendence of rutting measures on the binder content of emulsified and 
foamed asphalt binder content. 

• Emulsified and foamed asphalt CIR mixtures presented similar rutting 
performance at different compaction efforts and curing processes. With 
regard to cracking, emulsified asphalt CIR mixtures exhibited higher 
fracture energy than that of foamed asphalt CIR mixtures, indicating 
better cracking resistance than foamed asphalt CIR mixtures.  

• In general, the HWD backcalculated moduli values indicated that the 
CIR4%FAC section had the highest structural responses before and af-
ter accelerated loading. This is because the moduli values for the CIR 
layer of this section were higher than those for the other two sections 
before and after the application of loading.  

• The recorded transverse pavement profiles showed that the three CIR 
sections had similar rut-depth values (i.e., within 0.1 in. [3 mm] rut 
depth) after the application of truck loading (i.e., 9,000 lb [40 kN] and 
115 psi [0.8 MPa]). 

• Under aircraft loading (i.e., 22,500 lb [100 kN] and 196 psi [1.35 MPa]) 
applied immediately after the truck loading, the recorded rut-depth 
values increased meaningfully for all three sections, exceeding the rut-
ting failure criteria of 1 in. (25 mm) within 11,000 loading passes. The 
rate of failure was fastest for the CIR2%FAC section, when compared to 
the other two CIR sections, indicating that the increase in loading and 
tire pressure caused higher shear strain movements, which increased 
the susceptibility of this section to rutting. Under aircraft loading, the 
CIR layer behaved more like an unbound granular layer as opposed to a 
bound pavement layer. This may explain why the CIR2%FAC section 
(i.e., one with lowest CIR binder) was the most susceptible to rutting 
under aircraft loading.  

 

 



 

This page intentionally left blank. 
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1 Introduction 

1.1 Background 

Cold in-place recycling (CIR) is a rehabilitation technique that involves 
processing and treating deteriorated asphalt pavements by using either bi-
tuminous or cementitious stabilization agents or both. As the name implies, 
CIR does not require heat when restoring a damaged pavement layer 
(AASHTO [American Association of State Highway and Transportation Of-
ficials] 1998) because the CIR mix is produced at ambient site tempera-
tures. CIR has successfully rehabilitated all kinds of pavements, such as city 
and county roads and highways with different traffic volumes (Lewis and 
Collings 1999; Forsberg et al. 2002; Fišer and Varaus 2004; Modarres et al. 
2014; Cox and Howard 2013; Lane and Kazmierowski 2014). The use of 
CIR offers several construction, economic, and environmental advantages 
over other conventional rehabilitation techniques (Kim et al. 2009; Chen et 
al. 2010). For instance, CIR involves milling existing deteriorated pavement 
and reusing reclaimed millings to produce a stabilized base pavement layer. 
The CIR process leads to reduced construction time and eliminates the 
need to use virgin aggregates, thus persevering resources. 

CIR is a solution for constructing pavements in remote locations, such as 
the Arctic region, as it allows construction materials to be obtained from 
existing pavements. CIR provides meaningful savings regarding fuel con-
sumption and the number of trucks needed to haul materials. Research 
has also shown CIR to be an ecofriendly technique since it does not require 
any heating, which reduces the release of greenhouse gas emission. More-
over, traffic disruption is remarkably low when using CIR compared to 
other conventional techniques, facilitating rapid repairs and quick opening 
to traffic (Kim et al. 2011; Black 2013; Turk et al. 2016; Sanger et al. 2017). 

Several studies have conducted extensive research to improve the perfor-
mance of CIR mixtures (Kim and Lee 2006; Kim et al. 2007; Wegman and 
Sabouri 2016; Ozer 2015; Cox and Howard 2015a). Researchers, agencies, 
and state departments of transportation (DOTs) on CIR projects devel-
oped and utilized different mix design methods. However, previous CIR-
related studies had several gaps, discussed further in chapter 2: 
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• The CIR rehabilitation technique was generally performed on asphalt 
pavements with low to medium traffic conditions. 

• Most CIR mix design procedures did not include air-void measure-
ments of the prepared CIR mixtures. 

• CIR mix design methods have relied primarily on Marshall stability or 
indirect tensile strength, which have both exhibited shortcomings in 
other works. 

• Studies’ methods have not addressed how curing should be handled for 
CIR applications in cold and Arctic regions. 

• Studies lacked full-scale testing results for CIR mixtures. 

Therefore, there is a need to develop a balanced mix design (BMD) method 
for designing CIR mixtures to meet heavy loading, especially in airfields. It 
is also important to validate the efficiency of the BMD approach through a 
full-scale accelerated pavement testing program. Our research here is val-
uable as it will help guide the process of updating and modifying the 
standard practice for pavement recycling that the US Department of De-
fense currently uses for designing CIR mixtures.  

1.2 Objectives 

The overall goal of this study was to develop and validate a BMD approach 
for designing CIR mixtures that can withstand aircraft traffic. To achieve 
this goal, this study evaluated the impacts of compaction effort (30 vs. 70 
gyrations), curing process (hot vs. cold), and bituminous additive type 
(emulsion vs. foamed asphalt) on the rutting and cracking performance of 
CIR mixes. In addition, this study constructed three full-scale (60 ft 
[18.3 m] long by 12 ft [3.7 m] wide) CIR sections to validate the results of 
the performance-balanced laboratory mix design approach. 

The specific objectives established to successfully achieve the goal of this 
study included the following: 

• Develop a laboratory procedure for designing CIR mixtures, focusing 
on determining the optimal binder content at which both rutting and 
cracking performances of CIR mixtures are balanced. 

• Evaluate, experimentally and statistically, the impact of binding agent 
type, compaction level, and curing process on rutting and cracking per-
formances of CIR mixtures. 
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• Construct three fully instrumented CIR pavement sections and subject 
these sections to accelerated loading and testing using a heavy vehicle 
simulator (HVS). 

1.3 Approach 

This report is divided into seven chapters. Following this brief introduc-
tion and goals of the project, chapter 2 summarizes current literature per-
taining to CIR technologies, benefits of CIR, CIR mix design procedures, 
and more. Chapter 3 discusses materials used for this study, detailing the 
selected bituminous additives, curing conditions employed, and compac-
tion levels. Chapter 4 details the BMD approach as well as the experi-
mental program developed to evaluate CIR mixes. Chapter 5 discusses the 
laboratory performance-testing results and the subsequent statistical anal-
yses. Chapter 6 details the construction activities and testing results of 
three full-scale CIR test sections constructed as part of this study. Finally, 
chapter 7 presents a summary of findings, conclusions, and recommended 
future research. 
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2 Literature Review 

2.1 Introduction 

This chapter presents a comprehensive literature review pertaining to CIR 
asphalt mixtures. The following subsections provide information relevant 
to the CIR process, the various CIR mix design methodologies, the best 
CIR field construction practices, and the reported laboratory and field per-
formance of CIR mixtures and pavements. 

2.2 General cold in-place recycling process 

CIR consists of milling the existing pavement to a certain depth, width, 
and length, then sizing the reclaimed asphalt pavement (RAP) material to 
an evenly graded aggregate mix with a maximum size of 1 in (25 mm). Bi-
tuminous additives such as emulsified asphalt and foamed asphalt are 
then added to the graded RAP to obtain a homogeneous and uniformly 
coated recycled pavement mixture. The RAP material must be put in place, 
then compacted in conformance with the plans and standard specifications 
(Davidson and Croteau 2003; ARRA [Asphalt Recycling and Reclaiming 
Association] 1992; Hicks et al. 1987; Winke 2014). Figure 1 illustrates the 
CIR construction. The following subsections discuss the CIR construction 
and practice guidelines and provide information pertaining to the success-
ful construction of a CIR pavement layer. 

Figure 1. Cold in-place recycling equipment. 
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2.2.1 Step 1: Project selection and CIR requirements 

Prior to selecting CIR as the method for repairing a deteriorated pave-
ment, a field survey is required to examine the degree of existing distresses 
and identify their exact locations. In general, a field survey collects the fol-
lowing information (Stroup-Gardiner 2012):  

• Records review: assessment of construction and maintenance infor-
mation and review of past condition surveys 

• Visual inspection: determining mode and severity of pavement distresses  
• Pavement investigation: additional information on the nature and con-

dition of the asphalt pavement and the extent of the distresses 

Generally, CIR is performed on cracked asphalt pavements with sound 
structure and well-drained bases. CIR is also applicable on pavements fea-
turing load- and non-load-associated distresses (i.e., transverse cracks, 
longitudinal cracks, fatigue cracks, rutting, raveling, potholes, and pol-
ished surfaces). It is important to note that deteriorated asphalt pavement 
layer should be treated at early stages (i.e., when ruts and cracks begin to 
appear) to ensure a satisfactory service life of CIR-rehabilitated pavements 
(Federal Highway Administration 2018). 

2.2.2 Step 2: Mix design of CIR 

The second major step in the general CIR process is the design of CIR mix-
ture by determining the optimum binder content. A portion of the pave-
ment section is milled, and RAP is collected for further analysis. RAP is 
then used to prepare CIR mixtures. The mix design process also involves 
determining the percentages of water and cementitious additives to be 
used in the mixture. For additional details about the various methods for 
designing CIR mixtures, refer to section 2.3. 

2.2.3 Step 3: Milling the deteriorated surface pavement layer 

The field portion of the CIR process begins after finalizing the mix design. 
An equipment train (Figure 2) is used to complete the process on-site (or 
in-place). A milling machine is the first piece of equipment used for re-
claiming the deteriorated surface pavement layer (Figure 2). The milling 
machine mills the top 2–4 in. (51–102 mm) of the surface layer of deterio-
rated pavements. 
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Figure 2. CIR milling process.  

 

2.2.4 Step 4: Millings sizing and mixing with bituminous and 
cementitious additives 

Crushing and screening equipment is then used to reduce the RAP to de-
sired sizes (i.e., maximum size of 1 in; Kim and Lee 2011; Wirtgen 2016). 
After crushing and sizing, the RAP is treated in a mixing unit using se-
lected bituminous additives (e.g., emulsified asphalt) with water and ce-
mentitious additives. In addition, certain CIR practices call for spreading 
the cementitious additives (e.g., portland cement) on top of the existing 
pavement before milling instead of mixing it with RAP, bituminous addi-
tives, and water in the mixing unit.  

2.2.5 Step 5: Placement of the CIR mix 

The CIR mixture is placed over the milled pavement and graded to the de-
sired thickness. Conventional asphalt pavers or self-propelled pavers are 
used to place the CIR mixture (Figure 3). It is important to note that the 
lift thickness for a CIR mixture is typically a minimum of 2 in. (51 mm), es-
pecially when millings have a larger aggregate size (Wirtgen 2012). 
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Figure 3. CIR mix placement.  

 

2.2.6 Step 6: Compaction of placed CIR mix 

After the CIR mix is placed, primary compactionis applied on the CIR 
layer by using traditional compaction equipment such as a vibratory steel 
drum or pneumatic tire rollers (Figure 4). In general, compaction opera-
tions should start 15 minutes after placement of the CIR layer when the 
ambient temperature is above 60°F (15.6°C). Cases where the ambient 
temperature is below 60°F (15.6°C) require a waiting time of 10 minutes 
for each 5°F (−15°C) below 60°F (Tario 2010). Nuclear density testing 
(ASTM D2950) is conducted at regular intervals throughout the compac-
tion process (Wirtgen 2012, n.d.; ASTM 2014). 

Figure 4. Compaction process. 
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2.2.7 Step 7: Curing and maintenance 

Prior to placing the final surface, the CIR layer is typically given time to 
cure. For example, Tario (2010) requires (a) at least 2 days as long as mois-
ture is below 2.0% or (b) at least 10 days without rainfall. Once cured, a hot 
mix asphalt (HMA) layer is generally paved on top of the CIR layer to pro-
vide structural strength to the pavement. A fog seal can also be applied on 
the CIR layer to prevent the surface of asphalt pavement from oxidizing.  

2.3 General laboratory CIR mixture design approach 

Prior to treating deteriorated asphalt pavements by using CIR technology, 
it is necessary to determine the optimum contents of the bituminous and 
cementitious additives used in preparing CIR mixtures. The goal of a mix 
design is to prepare a mixture of aggregates and binder that can achieve 
desired levels of performance in the field. Researchers proposed different 
procedures for mix designs in the laboratory that are representative of CIR 
construction practices in the field (Salaices Gomez 2017; Ozer 2015; Buss 
et al. 2017). It is also important to mention that there is no universally ac-
cepted standard for designing CIR asphalt mix (Ozer 2015). Prior to pre-
paring CIR mixtures, CIR materials should be selected and characterized, 
and then the performance of the prepared mixtures is evaluated. This sec-
tion discusses in detail a general laboratory procedure for designing and 
evaluating CIR mixtures. This general procedure is common for all meth-
ods available in the literature. 

2.3.1 Overview of CIR mix design methods 

Various researchers, agencies, and state DOTs have developed several mix 
design procedures to select an optimal binder content and optimal water 
content for CIR projects (Salaices Gomez 2017; Ozer 2015; Buss et al. 
2017). The process of designing a CIR mix involves obtaining representa-
tive RAP materials from existing pavements, which would then be mixed 
at ambient temperatures with a binding agent (either asphalt emulsion or 
foamed asphalt) at varying binder and water contents. For each binder 
content, test specimens are prepared to conduct performance testing (e.g., 
indirect tensile strength, ITS, or semicircular bend, SCB). The optimum 
CIR binder content (or the optimum water content) is then determined as 
the binder content (or the water content) at which the highest ITS (or frac-
ture energy) is obtained (Kim and Lee 2011). The following subsections 
provide additional details. 
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2.3.2 Step 1: Collect RAP samples from the field 

RAP samples are collected from the milled pavement surface to be ana-
lyzed and characterized in the laboratory. There are different ways to col-
lect RAP. For instance, pavement cores or test pits can be collected from 
the pavement to be rehabilitated, then crushed in the lab into RAP with 
various sizes. Another method consists of using a CIR milling machine to 
mill the top 4 in. (102 mm) of the deteriorated asphalt pavement. Random 
sampling techniques in accordance with AASHTO T 2 (Standard Method 
of Test for Sampling of Aggregates) are generally used to collect repre-
sentative samples from the pavement (AASHTO 1991). The collected mill-
ings are then allowed to dry before producing the CIR mix (e.g., drying 
RAP at room temperature for 10 days until the moisture content of the 
RAP millings is below 0.3%; Epps 1990; Kim and Lee 2011).  

2.3.3 Step 2: Determine RAP properties 

Several studies focused on determining the characteristics of RAP materi-
als for preparing CIR mixtures. These characteristics included the existing 
asphalt content of RAP (e.g., penetration and viscosity of the binder recov-
ered from RAP), gradation, moisture content, and density measurements 
(i.e., maximum specific gravity). It is also optional to assess additional 
RAP properties such as permeability and abrasion resistance. RAP grada-
tion and extracted aggregates gradation (after recovery of binder) can be 
useful for determining if virgin aggregates are needed for a CIR mix (Kan-
dhal and Mallick 1997; Alam et al. 2010; Bleakley and Cosentino 2013).  

2.3.4 Step 3: Add aggregate (optional) 

Virgin aggregate may be added to CIR mixtures to improve the strength of 
CIR mixtures and to minimize RAP creep (Bleakley and Cosentino 2013). 
RAP gradation is usually affected by the fines generated during the milling 
process or due to contamination from underlying layers. Therefore, the 
gradation of RAP (as received from milling) may not be suitable for the in-
tended recycled base course. In this case, virgin aggregates are added to 
satisfy the gradation requirement or structural improvement of the recy-
cled mix (Epps 1980; ARRA 2016). 
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2.3.5 Step 4: Select type, amount, and grade of bituminous and 
cementitious additives 

The most commonly used bituminous additives are emulsified asphalt and 
foamed asphalt. Various types of polymer are also used to reduce rutting, 
increase early strength, and reduce thermal cracking of CIR mixtures. Ce-
mentitious additives can also be added to CIR mixtures such as portland 
cement and lime slurry. These additives are used in small amounts to en-
hance mix cohesion, to shorten the curing time, and to increase the mois-
ture susceptibility resistance of the CIR materials. Below are some descrip-
tions of CIR bituminous and cementitious additives (ARRA 2016): 

2.3.5.1 Asphalt emulsions 

Cationic and anionic emulsions are the most commonly considered as-
phalt emulsions in CIR. Dense-graded aggregate (or RAP) gradation con-
taining fines requires slow-setting emulsions. Asphalt emulsion is also se-
lected based on compatibility with RAP milling. Additionally, emulsion se-
lection considers binding properties, coating, initial strength, and breaking 
time of emulsion. It is important to note that a field coating test (AASHTO 
T 59) can be used to determine whether asphalt emulsions (anionic or cati-
onic emulsified asphalt) are compatible with RAP and new aggregate (Di-
vision of Construction 2009; Yan et al. 2009; AASHTO 2016). Table 1 
summarizes the recommended combinations (Asphalt Institute 1983).  

Table 1. Guidelines for Selection of Emulsified Asphalt Binders for CIR 
(Asphalt Institute 1983). 

Emulsion Type Aggregates 

Anionic Medium-setting emulsions 
(MS-2 and MS-2h) 

Open-graded aggregates 

 High-float medium-setting 
emulsions (HFMS-2, 
HFMS-2h, and HFMS-2s) 
Slow-setting emulsion (SS-
1 and SS-1h) 

Dense-graded aggregate, sand, and 
sandy soil 

Cationic Cationic medium-setting 
emulsions (CMS-2 and 
CMS-2h) 
 

Open-graded aggregate 

 Cationic slow-setting 
emulsions (CSS-1 and 
CSS-1h) 

Dense-graded aggregate, sand, and 
sandy soil 
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2.3.5.2 Foamed Asphalt 

The use of foamed asphalt offers several economic and construction bene-
fits. As the name indicates, foamed asphalts are produced using a foaming 
machine, which injects hot asphalt binder (e.g., performance grade [PG] 
64-22 asphalt) with cold water. Expansion ratio and half-life values are de-
termined to characterize foamed asphalts and to establish the optimum 
foaming water content (Kim et al. 2011; Kuna et al. 2014). The water con-
tent resulting in the highest values of expansion rate and half-life are used 
to produce foamed asphalt for CIR mixtures. 

2.3.5.3 Recycling additives 

Portland cement and lime slurry have been effective additives to CIR mix-
tures. These chemical additives provide improved early strength, enhanced 
rutting resistance, and improved moisture-damage protection. Cement 
and lime have been used successfully in combination with asphalt emul-
sions (Division of Construction 2009; Yan et al. 2009; Kim et al. 2011). 

2.3.6 Step 5: Determine the moisture content required for mixing 

Water is a key element in CIR mixes since it assists in coating RAP mill-
ings with the bituminous additives and facilitates compaction in the field 
(Anderson et al. 1985). In general, the typical moisture content for stand-
ard CIR is in the range of 2% to 5% (Scholz et al. 1991; Kim et al. 2011; 
ARRA 2016). Optimum moisture content of a CIR mix is often determined 
using Proctor compaction tests, which can produce a relatively high mois-
ture content. Other methods consist of using 75 Marshall blows at room 
temperature or gyratory compaction via the Superpave Gyratory Com-
pactor (SGC) to select the optimum moisture content of CIR mixtures 
(Carter et al. 2010; Bang et al. 2011; Cox and Howard 2016).  

2.3.7 Step 6: Compaction, curing, and density measurements 

CIR mixtures (loose and compacted specimens) consisting of emulsions or 
foamed asphalt, and sometimes low dosage of cement or lime (e.g., 1%), 
are cured in an oven for a given period of time (e.g., 7 days at 140°F 
[60°C]) (Cox and Howard 2015a). Table 2 presents compaction and curing 
procedures adopted by different agencies and DOTs summarized by 
Apeagyei and Diefenderfer (2013).Once the curing process of CIR speci-
mens is completed, compacted specimens are tested for bulk specific grav-
ity (Gmb), while theoretical maximum specific gravity (Gmm) is determined 
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for loose CIR mixtures. Different methods can be used to measure the air-
void level of CIR test specimens. The Gmb of the compacted CIR specimens 
is determined in accordance with AASHTO T 331 or AASHTO T 166, while 
ASTM D6857 or AASHTO T 209 are used to determine the Gmm of the 
loose CIR mixes (AASHTO 2013, 2020c, 2021; ASTM 2018a). 

Table 2. Examples of compaction and curing procedures for CIR mixes. 
(Table adapted from Apeagyei and Diefenderfer 2013.) 

Compaction Method Description References 

Marshall 75 blows Wirtgen (2006), Fu et al. (2010) 
Gyratory 25 gyrations Buss et al. (2017), Kim et al. (2011) 

 30 gyrations Kim and Lee (2006) 

 300 gyrations Martínez et al. (2007) 
Curing Temperature Curing Time References 
104°F (40°C) 2 days Tario (2010) 
113°F (45°C) 7 days Kim et al. (2011) 
160°F (71°C) 3 days Wirtgen (2006), Buss et al. (2017) 
77°F (25°C) 7 days Saleh (2006) 
77°F (25°C) 14 days Kim et al. (2011) 
77°F (25°C) 28 days Bessa et al. (2016)  

 

2.3.8 Step 7: Determine the optimum binder content 

A set of trial CIR mixtures are prepared to determine the optimum content 
for CIR bituminous (foamed asphalt) and cementitious additives. Previous 
studies accounted for different parameters, including initial and final cur-
ing properties and final moisture sensitivity (ARRA 2016; Tario 2010). The 
IDT test is often used to determine the optimum binder content for CIR 
mixes (compacted at 30 gyrations in SGC or 75 blows by Marshall ham-
mer) prepared at various binder contents (e.g., 0.5% through 3% at 0.5 
percentage-point increments) and using the selected moisture content 
(e.g., 4%) and additive dosages (Kim et al. 2007).Kim et al. (2007) re-
ported that the optimum content of foamed asphalt ranges between 1.5% 
and 2.5%. Other studies showed that the optimum binder content varies 
between 1.5% to 3%, the optimum water content varies from 1.5% to 4%, 
and optimum cement content varies from 0.5% to 2% (Niazi and Jalili 
2009; Brovelli and Crispino 2012; Berthelot et al. 2013; Gao et al. 2014; 
Bessa et al. 2016; Graziane et al. 2018). It is important to note that when 
CIR mixtures are prepared using virgin aggregates, higher ranges of bitu-
minous and cementitious additives contents are often necessary (Cox and 
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Howard 2015a; ARRA 1996; Lee et al. 2016). Finally, a job mix formula 
can be established and used to reproduce CIR mixtures in the field.  

Table 3 briefly summarizes the standard specifications different state DOTs 
and agencies use to design CIR mixtures and to assess their performance. 

Table 3. Example of main specifications for CIR asphalt mix design 
recommended by ARRA (2016). 

Test Properties 

AASHTO T 308  Existing binder content of RAP 
AASHTO T 11  
AASHTO T 27 

Gradation of RAP 

AASHTO T 166 Bulk specific gravity of compacted, cured specimen 
AASHTO T 209 Maximum theoretical specific gravity 
AASHTO T 269 Air voids of compacted, cured specimens 
AASHTO T 283 Indirect tensile strength 
AASHTO T 245 Marshall stability 
ASTM D7196 Tensile-strength ratio and retained Marshall stability based 

on moisture conditioning 
Note: Tests are in AASHTO (2018a, 2020a, 2020b, 2021, 2020c, 2018b, 2015b, 2018c) and ASTM (2018b). 

2.4 Laboratory CIR mix design methods 

Several agencies and DOTs have successfully established mix design pro-
cedures for CIR technology. For example, ARRA proposed three methods 
to design mixtures for CIR projects: modified Marshall mix design, modi-
fied Hveem mix design, and Oregon mix design (ARRA 2016). Other agen-
cies (i.e., Wirtgen and the Asphalt Institute), Departments of Transporta-
tion (i.e., Rhode Island, Pennsylvania, New Jersey, and Florida), and the 
US Department of Defense (DoD) have developed their own mix design 
procedures, which have many similarities and some differences (i.e., num-
ber of gyrations, type of binder, RAP gradation). This section presents the 
available CIR mix design procedures used by several agencies and DOTs. 

2.4.1 Unified Facilities Guide Specifications (UFGS) mix design procedure 
for CIR (DoD method) 

The current mix design procedure developed by DoD (Unified Facilities 
Guide Specifications [UFGS] 32 01 16.70) consists of obtaining RAP from 
milling existing asphalt concrete pavement (US Army Corps of Engineers 
[USACE] 2018). The UFGS specifies that the maximum particle size of 
RAP millings should be less than half the thickness of the compacted CIR 
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pavement (i.e., maximum particle size of 1.5 in. [38 mm] with at least 90% 
of the RAP passing a 1 in. [25 mm] sieve; USACE 2018). UFGS 32 01 16.70 
2018 focuses on determining the properties of RAP millings and the 
binder existing in them. RAP is then mixed with bituminous additives such 
as cationic emulsions (e.g., cationic slow-setting emulsion [CSS-1h]) in ac-
cordance with ASTM D977 (ASTM 2020a). The military mix design deter-
mines the amount of asphalt binder (i.e., tolerance of 0.3%) and specifies 
the amount of water (i.e., 0.5% intervals from 0% to 2.5%) to add to the 
CIR mixture. Once the optimum contents of asphalt binder and water are 
determined using a stability test, samples are compacted at higher temper-
ature than the one used for CIR (i.e., 250°F [121°C]) with 75 blows of the 
typical Marshall hammer according to CRD-C 649 and CRD-C 650 (US 
Army Corps of Engineers 1995a, 1995b). The compacted CIR specimens 
are placed in an oven at 140°F (60°C) for 96 hours. Then, the dry density 
of samples is determined. It is also worth mentioning that DoD (USACE 
2018) specifies completing CIR projects in good weather (i.e., no rain, 
storms, fog, etc.). CIR projects should be completed when the ambient air 
temperature is above 50°F (10°C), which can help with the curing process 
of the CIR layer (no delays). 

2.4.2 Modified Marshall mix design  

Previous studies used the modified Marshall mix design procedure to pre-
pare CIR mixtures at 3% total moisture content (including emulsion water, 
water remaining in RAP, and water added into the mixture; Epps and 
Monismith 1986; Asphalt Institute 1983). Emulsions are added to the mix-
tures at desired contents in 0.5% increments. CIR mixtures are then com-
pacted with 50 blows (per face) using the Marshall compacting hammer 
and, afterwards, allowed to cure in an oven at 140°F (60°C) for 6 hours. 
The cured CIR specimens are tested for bulk specific gravity, stability 
(140°F [60°C]), and flow (140°F [60°C]). The maximum specific gravity 
for each binder content is also determined using equation (1). CIR speci-
mens’ properties (air voids [AV], volume of asphalt binder [VB], voids in 
mineral aggregate [VMA], and voids filled with asphalt binder [VFB]) are 
determined using equations (2) through (5) (Epps and Monismith 1986; 
Asphalt Institute 1983). The Marshall stability test is used to determine 
the optimum binder content.  

 𝐺𝐺mm = 𝑊𝑊m
𝑊𝑊m−𝑊𝑊w

, (1) 



ERDC TR-22-21 15 

 

 AV = (Gmm−𝐺𝐺mb)×100
𝐺𝐺mm

, (2) 

 VB =
𝑊𝑊b
𝐺𝐺mb

𝑊𝑊1+𝑊𝑊2+𝑊𝑊3+𝑊𝑊b
𝐺𝐺mm

, (3) 

 VMA = AV + VB, (4) 

 VFB = VB ×100
VMA

, (5) 

where 

 Gmm = the maximum specific gravity of the mix, 
 Wm = the weight of the mix in air, 
 Ww = the weight of the mix in water, 
 W1 = the weight of the coarse aggregate, 
 W2 = the weight of the fine aggregate, 
 W3 = the weight of the filler in the total mix, 
 Wb = the weight of bitumen in the total mix, and 
 Gmb = the specific gravity of bitumen. 

2.4.3 Modified Marshall mix design used for Superpave mix design  

Lee et al. (2016) developed a mix design procedure using RAP obtained 
from different locations in the United States. The purpose of their study 
was to evaluate the effectiveness of CIR material compaction using an SGC 
rather than a Marshall hammer (Lee et al. 2016). This new mix design uses 
similar steps to those discussed in the previous section, “Modified Mar-
shall mix design.” However, the cured CIR specimens are compacted with 
52 gyrations using an SGC at 77°F (25°C) and then allowed to cure for 
6 hours at 140°F (60°C). The optimum binder content is determined using 
the peak ITS of CIR mixtures prepared at different binder contents (Lee et 
al. 2016). 

2.4.4 Modified Hveem mix design 

The modified Hveem mix design method of specimen preparation is simi-
lar to that of the modified Marshall method except the Marshall compactor 
is replaced by a kneading compactor, applying 20 tamping blows at 
250 psi (1.725 Mpa) pressure to achieve a semicompacted condition. After-
wards, the compaction pressure is raised to 500 psi (3.45 Mpa), and 150 
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tamping blows are applied to complete compaction. The specimen is sub-
jected to a leveling load with a testing machine at 1,259 lb (5.6 kN) at a 
head speed of 39 mil/min (1 mm/min). As in the modified Marshall 
method, this method also determines CIR parameters such as RAP proper-
ties and optimum binder-to-water-ratio contents (Epps and Monismith 
1986; Asphalt Institute 1983). 

2.4.5 Mix design developed for Oregon 

This method aims to select an initial asphalt emulsion content to be added 
into the recycled mix containing 100% RAP (i.e., no virgin aggregates are 
required). The procedure consists of adjusting from a base emulsion con-
tent of 1.2% (by weight of RAP) based on aggregate properties and asphalt 
binder recovered from RAP. The method is applicable only when the bitu-
minous additive is either a cationic medium setting or anionic high-float 
medium-setting type 150, also known as HFE-150 emulsion (Asphalt Insti-
tute 1983). The gradation of RAP millings is determined only for ½ in. 
(12.5 mm), ¼ in. (6.4 mm), and no. 10 sieves. Next, the estimated asphalt 
emulsion content (ECEST) is determined using equation (6). 

 ECEST = 1.2 +  𝐴𝐴G  +  𝐴𝐴AC  + 𝐴𝐴P/V, (6) 

where 

 ECEST = the estimated added emulsion content,  
 1.2 = the base emulsion content,  
 AG = the adjustment for milling gradations, 
 AAC = the adjustment for milling residual asphalt content, and 
 AP/V = the adjustment for millings penetration or viscosity. 

In the Oregon mix design method, CIR specimen were produced and 
tested to determine their mechanical properties and to select the optimum 
emulsion content. Each specimen was compacted gradually using a hy-
draulic compaction device with a load of 25,000 psi (172,400 kPa). In this 
process, the stress level is increased to achieve 20,000 psi (137, 900 kPa) 
for the first 1 minute, and then an additional 5,000 psi (34,500 kPa) is ap-
plied for next 30 seconds to attain a final load of 25,000 psi (172,400 kPa). 
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2.4.6 Wirtgen mix design  

The Wirtgen mix design procedure requires determining the engineering 
properties of RAP millings, such as gradation (sieves analysis), plasticity, 
and density, in accordance with ASTM D422, D4318, and AASHTO T 180, 
respectively (ASTM 2016, 2020b; AASHTO 2020d). RAP gradation for 
Wirtgen mix design is as follows: 53.6% passing no. 4 (0.187 in. [4.75 
mm]), 18.7% passing 0.51 in. (13.2 mm) and retained on sieve no. 4, and 
27.7% passing 0.75 in. (19 mm) but retained on a 0.51 in. (13.2 mm) sieve. 
Afterwards, the moisture content (Wair-dry) of selected RAP is determined 
by placing RAP samples in an oven at between 221°F (105°C) and 230°F 
(110°C). Wair-dry is determined using equation (7) (Wirtgen 2012, n.d.): 

 𝑊𝑊air-dry = (𝑀𝑀air-dry− 𝑀𝑀dry)
𝑀𝑀dry

, (7) 

where 

 Wair-dry = the hygroscopic moisture content (% by mass), 
 Mair-dry = the mass of air dried material (g), and 
 Mdry = the mass of oven dried material (g). 

The prepared CIR mixture is allowed to cure for 7 days at a temperature of 
60°F (15.5°C) to 70°F (21.1°C). Also, an accelerated curing can be achieved 
by placing CIR mixtures in sealed bags and allowing them to cure in an 
oven at 170°F (76°C) to 180°F (82°C). However, when cement is added to 
the mix, the curing period is reduced to 45 hours, and the oven tempera-
ture is reduced to 140°F (60°C). The optimum binder content of CIR mix-
tures is generally determined by conducting a test on CIR specimens pre-
pared with varied binder contents (Wirtgen 2012, n.d.). 

2.4.7 Mix design method developed for Rhode Island DOT  

The University of Rhode Island developed a mix design method that con-
sists of mixing cationic slow-setting emulsions (CSS-1h) with RAP ob-
tained from milling a construction site. Lee et al. (2014) investigated the 
appropriate number of gyrations for compactions so as to better represent 
field conditions. CIR mixtures were compacted with 175 gyrations using an 
SGC. Lee et al. (2014) determined the estimated bulk specific gravity (1) 
after each gyration and (2) after 175 gyrations. CIR specimens were al-
lowed to cure in an oven at 140°F (60°C) for 1 day (Lee and Mueller 2014). 
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Finally, CIR specimens were tested for ITS and creep compliance, in ac-
cordance with AASHTO T 322, at temperatures of −4°F (−20°C), 14°F 
(−10°C), and 32°F (0°C) (AASHTO 2007). The optimum binder content 
was determined from the peak of ITS.  

2.4.8 Mix design method developed for Iowa DOT  

The Iowa DOT mix design procedure developed by Kim and Lee (2012) 
consisted of mixing 100% RAP, collected from different CIR projects in the 
state, with type CSS-1h and HFMS-2 emulsions at different contents (of 
emulsion by total RAP weight (i.e., 0.5%, 1%, 1.5%, 2%, and 2.5%) and with 
constant moisture content (i.e., 3%). Prior to mixing, RAP was dried until 
obtaining a final RAP moisture content between 0.1% and 0.2%. Then, 
RAP gradations were designed by dividing into six stockpiles the materials 
retained from the following sieve sizes: 1 in. (25 mm), ¾ in. (19 mm), 3/8 
in. (9.5 mm), no. 4 (4.75 mm), no. 16 (1.18 mm), and passing no. 16 (1.18 
mm). Millings with size greater than 1 in. (25 mm) were discarded. After 
mixing the graded RAP with emulsions and water, the CIR mix was com-
pacted using an SGC with 25 gyrations. The compacted mix was allowed to 
cure in an oven at 104°F (40°C) for 3 days. The optimum binder content of 
CIR mixtures was determined using wet ITS (Kim and Lee 2011). 

2.4.9 Other mix design procedures  

Table 4 presents a brief summary of mix design methods developed by 
Pennsylvania; Minnesota; and Ontario, Canada. These procedures are dif-
ferent in the binder type (anionic or cationic emulsions), the binder-con-
tent range, compaction method, curing time, and target volumetric (Salo-
mon and Newcomb 2000). 
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Table 4. Additional example mix design procedures. 

Property Pennsylvania Minnesota Ontario 

Binder Type Use CMF-2 or CSS-1h. Use CSS-1h, HFMS-2s, or 
HFMS-2p. 

Use HF-150. 

Binder Content Vary the binder content from 
2% to 3.5%, in increments of 
0.5 percentage points, at 
optimum water content.  

Use the emulsion contents of 
1%, 1.5%, 2%, and 3%. 
Determine the optimum 
emulsion content. 

Vary the binder content from 
0.5% to 2.5%, in increments 
of 0.5 percentage points.  

Water Content Vary the water content from 
3% to 7%, in increments of 1 
percentage point, at 2.5% 
binder content. The optimum 
water content is then 
determined as the one 
yielding the best performance. 

Vary water content until 
obtaining 4% total liquid 
content. 

Vary water content until 
obtaining 4.5% total liquid 
content. 

Compaction Apply 75 blows with Marshall 
hammer at 73°F (22.8°C). 

Compact at 40 or 150 
gyrations using SGC, 
depending on experiments. 

Apply 50 blows with the 
Marshall hammer before 
curing and an additional 25 
blows after curing in the 
molds for 24 hours. 

Curing Allow CIR specimens to cure 
for up to 96 hours at 104°F 
(40°C). 

Allow CIR specimens to cure 
from 24 to 168 hours. 

Allow CIR specimens to cure 
for 72 hours at 140°F (60°C). 

Volumetrics Determine resilient modulus 
and bulk specific gravity. 

Determine resilient modulus, 
bulk specific gravity, and 
maximum specific gravity. 

Target air voids between 8% 
and 12% and a minimum 
Marshall stability of 2,000 lb 
(8.9 kN) at 72°F (22.2°C). 

 

2.5 Best practices of CIR field construction 

CIR technology has the ability to increase the service life of asphalt pave-
ments by approximately 11 years, provided that certain best practices are 
followed (Chen et al. 2010; Chesner et al. 2011). CIR performed on pave-
ments with minimal deterioration extends the service life of such pave-
ments by approximately 50% more than when performed on severely dam-
aged pavements (Chesner et al. 2011). Several construction factors affect 
the long-term CIR performance and the service life of rehabilitated pave-
ments (Chen et al. 2010; Cross et al. 2010). The following subsections de-
tail the best CIR construction practices. 

2.5.1 Best practices for CIR mix production 

The type and amount of binder and cementitious additives: Anionic and 
cationic emulsions, recycling additives, and water should not be added to 
CIR mixtures in excessive amounts. Excessive amounts of binder, addi-
tives, or water cause asphalt bleeding or flushing (ARRA 2016). 
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Mixing of the materials: When there is an inadequate mixing of RAP with 
binder and additives, or there is insufficient asphalt coating of the RAP, 
segregation can occur. To prevent this, all CIR materials should be suffi-
ciently held in the mixing chamber until the mixture is homogenous (up to 
2 minutes) (ARRA 2016). 

RAP gradation: When there is a variation in depth of the milled materials 
(some of the base layer is also milled), RAP behind the recycling unit is 
likely poorly graded. Therefore, depth of milling should be regularly 
checked and adjusted (ARRA 2016).  

Size of RAP: During the CIR milling process, RAP materials can be over-
sized if the screen bar (or breaker) is not properly adjusted. Therefore, the 
screen bar and all equipment should be carefully checked prior to CIR con-
struction (ARRA 2016). 

Emulsion content: After compaction, raveling can occur in the surface of 
the CIR-rehabilitated pavement when low emulsion content (e.g., 0.5%) is 
added to the mix. When higher contents of emulsion are used in the CIR 
mix (e.g., 5%), a shiny black mat can appear after compaction, which can 
simulate pavement distresses such as rutting. In this case, virgin aggre-
gates can be added to the CIR mix to absorb the extra emulsion in the mix. 

2.5.2 Environmental and other considerations 

Pavements engineers can encounter additional challenges during the early 
implementation of CIR with respect to the design approach and construc-
tion methodology (Harun et al 2010; ARRA 2016): 

• Weather: Rain during CIR operations or during the curing process can 
affect the performance of the recycled layer (e.g., moisture damage). 

• Equipment failure: The contractor’s equipment may fail to meet the re-
quirements. 

• Storage of bituminous and cementitious additives: Storing asphalt 
emulsion and cement helps maintain these additives in suspension in-
side the slurry feed tank. 

• Fabric and geosynthetic incorporation into the CIR layer: The presence 
of foreign materials in the existing pavements (e.g., rubberized crack 
filler, pavement markers, loop wires, thermoplastic markers, etc.) can 
affect the performance of CIR pavement by inhibiting its placing and 
its compaction. 
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• Curing time: Slow-curing problems may occur when work takes place 
in damp or cold weather conditions (Tabaković et al. 2016). 

• Moisture: Some CIR materials are susceptible to moisture damage, 
which can negatively affect the performance of the CIR mix. (Tabaković 
et al. 2016). 

• Drainage system: An inadequate or poor drainage system can also ag-
gravate failure of rehabilitated pavement. 

There are ways to prevent the above-mentioned challenges when con-
structing CIR-rehabilitated pavement:  

• Weather: Perform CIR operations when the pavement temperature is 
above 50°F (10°C) with overnight ambient temperatures above 35°F 
(2°C) (Tario 2010). 

• Equipment failure: Prior to construction, check all CIR construction 
equipment. In addition, evaluate pavements to be rehabilitated to iden-
tify areas where material properties are not uniform. This can cause 
damage to construction equipment (ARRA 2016). 

• Storage of bituminous and cementitious additives: Cement and lime 
slurry storage needs to have agitators or similar equipment to keep the 
recycling additives in suspension when held in the slurry feed tank as 
well as during transport (ARRA 2016). 

• Fabric and geosynthetic incorporation into the CIR layer: The contrac-
tor should conduct field investigations and prevent the incorporation of 
shredded materials into CIR materials (ARRA 2016). 

• Curing time: In addition to the ambient temperature being above 50°F, 
3% of moisture content, or less, allows for faster curing (ARRA 2016). 

• Moisture: Add portland cement or lime slurry to the CIR mix to en-
hance moisture-damage protection (ARRA 2016; Tabaković et al. 
2016). 

• Drainage system: Strengthen the drainage system of the rehabilitated 
pavement by selecting the appropriate CIR material prior to the mix 
design (ARRA 2016). 

2.6 Laboratory and field performance of CIR 

Several researchers have investigated the laboratory and field perfor-
mance of CIR mixtures in terms of rutting susceptibility and cracking re-
sistance (Buchanan et al. 2004; Cox and Howard 2015b).This section pre-
sents a review of both laboratory and field performance of CIR mixtures 
in previous studies. 
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2.6.1  Laboratory performance tests 

2.6.1.1 Asphalt pavement analyzer (APA) test 

The asphalt pavement analyzer (APA) test is typically conducted in accord-
ance with AASHTO T 340 to determine the rutting potential of CIR mixes 
(AASHTO 2010). A vertical load of 10o lb is applied to pressurized rubber 
hoses (i.e., pressure of 100 psi [0.7 Mpa]) placed on top of CIR specimens. 
The APA test determines whether a CIR mixture subjected to 8,000 passes 
at 147°F (64°C ) is susceptible to rutting (i.e., specimens fail before reach-
ing 8000 passes). Each state specifies the maximum rut depth allowed at 
8000 APA passes. For instance, most states specifications do not include a 
rut-depth threshold for CIR pavements. However, for HMA pavements, 
rut-depth values should be above 0.2 in. (5 mm) per New Jersey specifica-
tions, while in Mississippi, rut-depth values should range between 0.15 in. 
(4 mm) and 0.24 in. (6 mm) for high traffic (Buchanan et al. 2004; Cox 
and Howard 2015b). 

2.6.1.2 Dynamic modulus testing 

The dynamic modulus test is conducted according to AASHTO T 62 to 
evaluate the stiffness of CIR mixtures under different loading frequencies 
(e.g., 0.1, 10, and 25 Hz) and at various testing temperatures (e.g., 40°F 
[4°C], 98°F [37°C], and 129°F [54°C]; AASHTO 1986). The dynamic mod-
ulus is determined by dividing the maximum dynamic stress by the maxi-
mum axial strain obtained for CIR mixtures at a given loading frequency 
and testing temperature. The result of the dynamic modulus test is a mas-
ter curve developed based on the approach of time and temperature corre-
spondence. The master curve for a CIR mixture evaluates the rutting sus-
ceptibility (i.e., at high testing temperature and low loading frequency) 
and cracking resistance (i.e., low testing temperature and high loading fre-
quency) of CIR mixtures (Kim et al. 2009; Diefenderfer et al. 2016). 

2.6.1.3 Flow number testing 

The flow number (FN) test is conducted in accordance with AASHTO TP 
79 (AASHTO 2015). The FN test characterizes the rutting potential of as-
phalt mixtures subjected to haversine loading. Cumulative deformation is 
determined as a function of load cycles. In this test, load is generally ap-
plied for 0.1 second and then released for 0.9 second to form one cycle. 
This process is repeated up to 10,000 loading cycles. The results of the FN 
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test are presented as a cumulative permanent-deformation curve (El-Basy-
ouny et al. 2005; Kim et al. 2009). 

2.6.1.4 Resilient modulus testing 

The resilient modulus (Mr) test is conducted in accordance with ASTM 
D7369 (ASTM 2020c). The Mr test evaluates the elastic properties of as-
phalt mixtures (i.e., CIR mixtures) by measuring stress-strain responses of 
these mixtures when subjected to a load. The minimum load repetition for 
the Mr test typically ranges between 50 and 200. The load repetition de-
pends on testing temperature, the CIR mixture’s components, and loading 
frequency. For instance, Kavussi and Modarres (2010) conducted the Mr 
test on emulsified asphalt CIR mixtures by using 100 load repetitions and 
a 2 Hz loading frequency. 

2.6.1.5 Indirect tensile test 

The indirect tensile testing (IDT) test is conducted according to AASHTO 
T 283 (AASHTO 2018c).The IDT test is typically performed at 25°C with a 
loading rate of 50 mm/min. When conducted at lower temperatures (i.e., 
0°C), the loading rate is reduced to 25 mm/min. In this testing, a cylindri-
cal CIR specimen is subjected to compressive loads, creating a vertical 
stress (tensile) within the vertical plane, causing the specimen to break in 
two halves. Studies have shown that the fracture energy obtained from the 
IDT stress-strain curve can characterize the cracking potential of CIR mix-
tures (Koh and Roque 2010; Cox and Howard 2015b).  

2.6.1.6 Semicircular bend test 

The SCB test is conducted on cut and notched CIR specimens in accord-
ance with AASHTO TP 105 (AASHTO 2020e). Similar to the ITS test, the 
SCB test is performed at 77°F (25°C) or at 32°F (0°C), with loading rates of 
2 and 1 in./min (50 and 25 mm/min), respectively. This test characterizes 
the cracking resistance of CIR mixtures to loading by evaluating the frac-
ture energy of these mixtures. For instance, Charmot et al. (2017) evalu-
ated the cracking behavior of CIR mixtures prepared with varying contents 
of emulsion and cement at low temperature 32°F (0°C) to optimize these 
mixtures (e.g., determining the optimum binder-to-water ratio that corre-
sponds to the maximum SCB fracture energy). 
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2.6.2 Laboratory Performance Evaluation 

2.6.2.1 Properties of CIR mixtures 

Apeagyei and Diefenderfer (2013) conducted the Mr test on CIR cores col-
lected from different locations on Highway I-81 7 to 12 weeks after con-
struction. The Mr test was conducted at three temperatures (39°F [4°C], 
68°F [20°C], and 100°F [38°C]) and one loading frequency (10 Hz). The 
Mr results indicated a temperature-dependent behavior of CIR mixtures: 
as the temperature increases, Mr values decrease, indicating that CIR spec-
imens become less stiff at high temperatures. Apeagyei and Diefenderfer 
(2013) reported that the resilient modulus test was used successfully to de-
termine the mechanistic stiffness of CIR mixtures and, therefore, can be 
used in optimizing CIR mixtures. In a different study, Kavussi and Mo-
darres (2010) conducted Mr tests on CIR mixtures prepared with emulsi-
fied asphalt and cement and allowed to cure for different times (7, 28, and 
120 days) at room temperature. Results showed that the Mr values of CIR 
specimens significantly increased with an increase in both curing time and 
cement content. In addition, the testing temperature of CIR specimens im-
pacted Mr values. Each increase in testing temperature caused the Mr val-
ues of CIR specimens to decrease (Kavussi and Modarres 2010). 

Kim and Lee (2012) conducted a dynamic modulus test, in accordance 
with AASHTO T 342, on CIR emulsion mixes at three different tempera-
tures (40°F [4°C], 70°F [21°C], and 100°F [37°C]) and six different fre-
quencies (0.1, 0.5, 1, 5, 10, and 25 Hz; AASHTO 2019). Kim and Lee (2012) 
reported that, similar to FN testing, CIR cationic mixtures (i.e., CSS-1h) 
presented higher dynamic modulus values than CIR anionic mixes (i.e., 
HFMS-2P). Kim and Lee (2012) also stated that |E*| of CIR emulsion mix-
tures was affected by neither temperature nor loading frequency. Thus, 
they recommended the dynamic complex modulus to evaluate the stiffness 
of CIR mixtures at high and low temperatures (Kim and Lee 2012). 

2.6.2.2 Rutting performance of CIR mixtures 

Cox and Howard (2015b) conducted APA testing, according to typical Mis-
sissippi specs for asphalt mixtures, on CIR specimens with different prop-
erties (i.e., at 147°F [64°C]) for 8,000 cycles with a 100 lbf (0.45 kN) load 
applied by pressurized rubber hoses of 100 psi (0.69 Mpa). Results 
showed that CIR specimens prepared with cement had higher rutting re-
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sistance than those mixtures prepared with emulsion only. Therefore, add-
ing cement (i.e., 1%) to CIR mixtures would improve the resistance of 
emulsified asphalt CIR mixtures to rutting. Cox and Howard 2015b recom-
mended the APA test for evaluating rutting susceptibility of CIR-rehabili-
tated pavements. 

In addition to the APA test, previous studies conducted the FN test on CIR 
mixtures with different properties (i.e., binder type, content, and curing 
process) to assess CIR rutting resistance (Kim and Lee 2012, Rodezno et 
al. 2015). Kim and Lee (2012) conducted an FN test on CIR mixtures pre-
pared with emulsions (CSS-1h and HFMS-2P) to evaluate rutting suscepti-
bility of asphalt emulsion CIR mixtures. The FN test consisted of applying 
a 20 psi (140 kPa) loading stress on CIR emulsion mixtures at 104°F 
(40°C) up to 20,000 passes until 5% of the cumulative permanent strain 
was achieved. The results of the FN test conducted by Kim and Lee (2012) 
showed that CSS-1h emulsion CIR specimens presented higher FN values 
than those of HFMS-2P emulsion CIR specimens. In addition, an increase 
in emulsion content from 0.5% to 1.5% caused CIR specimens to fail. 
Therefore, Kim and Lee (2012) recommended the FN test to select opti-
mum binder content (typically emulsions) when designing CIR mixtures. 

2.6.2.3 Cracking performance of CIR mixtures 

The IDT testing is conducted at 77°F (25°C) with a load rate of 50 
mm/min in accordance with AASHTO T 283 (AASHTO 2018c). Different 
studies showed that the fracture energy obtained from the IDT stress-
strain curve can characterize the cracking behavior and the cracking po-
tential of CIR mixtures (Koh and Roque 2010; Cox and Howard 2015b). 
Recently, Lee et al. (2016) developed a volumetric-based CIR mix design 
procedure using the SGC. In this study, CIR specimens were prepared us-
ing RAP obtained from different geographic locations and emulsified as-
phalt. The CIR mixtures were compacted to densities similar to those 
measured in the field. The ITS and creep compliance of CIR specimens 
were determined using the IDT test. This study also focused on testing a 
full-scale CIR test section located in Arizona. Lee et al. (2016) reported 
that the IDT results were satisfactory; and therefore, they recommended 
this test for cracking characterization of CIR mixtures.  

Charmot et al. (2017) evaluated the cracking behavior of CIR mixtures 
prepared with varying contents of emulsion and cement, at low tempera-
ture (0°C). Results of SCB low-temperature fracture tests showed that 
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there is a strong correlation between fracture energy and emulsion con-
tents (positive trend) and fracture energy and cement content (negative 
trend). In addition, the SCB fracture energy was efficient in predicting 
CIR cracking performance and determining optimum contents of emul-
sion and cement. Therefore, Charmot et al. (2017) reported that the SCB 
test, conducted at low temperatures, was successfully used to evaluate 
CIR cracking performance and to select optimum contents for bituminous 
and cementitious additives. 

In summary, previous studies conducted by several researchers showed 
that performance tests such as APA, dynamic complex modulus, and FN 
tests successfully characterized the rutting performance of emulsified and 
foamed asphalt CIR mixture (Kavussi and Modarres 2010; Kim et al. 2011; 
Kim and Lee 2012; Apeagyei and Diefenderfer 2013; Cox and Howard 
2015b). These tests were able to capture the impact of varying the binder 
content and testing temperature on the strength of CIR mixtures. Both ITS 
and SCB tests were efficient in characterizing cracking performance of CIR 
mixtures. Researchers found that fracture energy and tensile strength pre-
sented a strong correlation with the content of bituminous and cementi-
tious additives (Koh and Roque 2010; Cox and Howard 2015b; Charmot et 
al. 2017). In addition, the ITS test was generally conducted when develop-
ing a mix design for CIR mixtures to determine optimum binder contents 
of these mixtures. Based on these findings, ITS and SCB tests seem rea-
sonable to evaluate cracking resistance of CIR mixtures.  

2.6.3 Field Performance Evaluation 

A laboratory experimental program for CIR mixtures helps establish a job 
mix formula to use when implementing CIR in the field. CIR pavements 
are generally monitored with respect to functional and structural perfor-
mances after the completion of construction. The functional performance 
of pavements is often evaluated using the International Roughness Index 
(IRI) (percentage of cracks and rut depth) while the structural perfor-
mance is measured using nondestructive methods (i.e., falling weight de-
flectometer [FWD]; Harun et al. 2010; VanFrank 2015; Buss et al. 2017). 
What follows is a discussion of CIR pavements’ performance evaluation. 

2.6.3.1 General pavement surveys 

Buss et al. (2017) aimed to investigate all the factors that can affect long-
term performance of CIR-rehabilitated pavements to estimate the viability 
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and effectiveness of the CIR technique on pavements with different levels 
of deterioration. The Pavement Management Information System of Iowa 
DOT provided pavement performance data of approximately 100 CIR pro-
jects on different pavements around Iowa. Buss et al. (2017) carried out 
statistical analysis to investigate the different types of pavement distresses 
likely occurring on CIR-rehabilitated pavements. The study by Buss et al. 
(2017) focused on the following distresses: 

Transverse cracks: A previous study by Huang (2004) revealed that the 
variation of temperature (from hot summer to very cold winter) is one of 
the reasons transverse cracking forms in asphalt pavements. In general, 
three types of transverse cracking appear on asphalt pavements’ surfaces, 
depending on the width of cracks (Miller and Bellinger 2003):  

• Low transverse cracks: when the mean width of a crack is less than 6 mm  
• Medium transverse cracks: when the mean width of a crack is between 

6 mm and 19 mm 
• High transverse cracks: when a mean width of a crack is more than 

19 mm wide  

Buss et al. (2017) reported that, 1 year after construction, there were no 
visible transverse cracks in any of the CIR pavements. Low to medium 
transverse cracks were observed in several CIR pavements 12 years after 
construction.  

Longitudinal cracks: This type of crack is generally found under one of the 
following levels of severity (Miller and Bellinger 2003):  

• Low-severity longitudinal cracks: when the mean width of a crack is 
equal to or less than 6 mm 

• Moderate-severity longitudinal cracks: when the mean width of a crack 
is between 6 mm and 19 mm 

• High-severity longitudinal cracks: when a mean width of a crack is 
equal to or more than 19 mm wide 

Buss et al. (2017) investigated longitudinal cracks present in two locations 
of the CIR-rehabilitated pavement: outside the wheel path and inside the 
wheel path. Analysis conducted on Iowa CIR-rehabilitated pavements 
showed that only low-severity cracks were present outside the wheel path. 
Eight years after construction, low-severity cracks appeared outside the 
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wheel path and tended to increase in the following years while a significant 
number of medium to high-severity longitudinal cracks were found in the 
wheel path (Buss et al. 2017).  

Fatigue cracks: Also known as alligator cracks, this pavement distress is 
generated when pavements are subjected to heavy load (Huang 2004). 
CIR-rehabilitated pavements in Iowa showed a considerable decrease in 
alligator cracking rates compared to pavement constructed with conven-
tional methods. Alligator cracks started to appear as low-severity cracking 
9 years after CIR construction (Buss et al. 2017). 

Rutting: This type of pavement distress is created in the wheel path as a 
longitudinal depression on the pavement surface (Huang 2004). Prior to 
constructing CIR pavement, rutting was observed in constant rates. After 
construction, the rutting rate was insignificant until the twelfth year when 
rutting progressively increased to the original rutting depth (same condi-
tion as before constructing CIR) (Buss et al. 2017). Buss et al. (2017) con-
cluded that CIR technology significantly improved rutting in most CIR-re-
habilitated pavements for 10 years after construction. 

2.6.3.2 CIR pavement functional performance 

In general, the IRI indicates the ride quality of roadways. Harun et al. 
(2010) conducted a study to evaluate the ride quality of different Malaysian 
roadways constructed via CIR technology. Sixty months after construction, 
IRI testing was performed on several locations of the CIR-rehabilitated 
roadways. Harun et al. (2010) obtained the IRI results by using the guide-
lines for evaluating the performance of CIR-rehabilitated pavements. They 
found that the IRI values ranged from 2.5 m/km to 3.5 m/km, indicating a 
poor ride quality of the tested roadways. In another study, Diefenderfer and 
Bowers (2017) analyzed a CIR pavement section on I-81, constructed in 
2011 by Virginia DOT. The pavement section was produced using foamed 
asphalt and portland cement. In 2016, this CIR pavement section had car-
ried almost 10 million equivalent single-axle load, also known as ESALs. 
Diefenderfer and Bowers (2017) reported that the average rut depth was 
around 2.54 mm and 0.7 m/km for the ride quality, which was regarded as 
an “excellent” ride quality, according to Virginia DOT. 
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2.6.3.3 Pavement structural performance 

The structural performance of CIR-rehabilitated pavements is generally 
evaluated with deflection data measured by FWD. The outcomes of this 
test assist in determining the structural condition of CIR-rehabilitated 
pavements. In addition, the elastic modulus of CIR pavements can also be 
determined using FWD to evaluate resistance to deformation under traffic 
load (Harun et al. 2010). Da Silva et al. (2013) conducted a set of FWD 
tests on CIR test sections during rainy and dry seasons for 2 years (2009 
and 2010) to study both seasonal and traffic effects. Da Silva et al. (2013) 
observed a significant difference in deflections between rainy and dry sea-
sons (around 20%). With regard to traffic effects, deflections also in-
creased by 15% per year, then continued increasing during rainy seasons 
and the following dry season (da Silva et al. 2013). 

2.6.3.4 Marshall stability testing (strength and durability testing) 

Cohen et al. (1989) constructed a trial CIR section of full-scale pavement 
in Israel type HFMS-1 (high floating anionic emulsion) emulsion and sub-
jected it to low-volume traffic. The CIR mix was designed in the lab ac-
cording to the modified Marshall mix design procedure but was modified 
to meet climate conditions in Israel (140°F [60°C]). The CIR mix consisted 
of 70% RAP, 20% virgin aggregates, 10% quarry sand, and HFMS-1. 
Twelve months after the construction of the CIR section, strength tests 
(Marshall stability test) at 140°F (60°C) and durability tests were per-
formed, in accordance with ASTM D1559, on cores obtained from the cold 
recycled section (ASTM 1998). Cohen et al. (1989) reported that the CIR 
layer showed satisfactory performance by attaining an acceptable re-
sistance to deformation, cracking, and rutting after 1 year of service. Fur-
thermore, the results of durability tests showed a high durability potential 
and a high resistance of the CIR layer to the damaging effects of water and 
high and low temperature (Cohen et al. 1989). 

2.7 Summary  

Overall, CIR has been used successfully to treat deteriorated asphalt pave-
ments in less time, more cost-efficiently, and without causing harm to the 
environment, compared to conventional asphalt pavement rehabilitation 
techniques. In addition, previous studies on CIR mixtures often consid-
ered the assessment of strength and cracking parameters, such as ITS, SCB 
fracture energy, and fracture index, when selecting optimum contents of 
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binding agents, recycling additives, and water of CIR mixtures. Mix design 
methods generally disregarded the rutting performance of CIR mixtures 
(Dong and Charmot 2018). The information provided in the literature re-
view leads to the following conclusions.  

The use of the CIR method was generally limited to low- and medium-traf-
ficked pavements, reporting no case of heavily trafficked pavements (i.e., 
airfields). For instance, some agencies restricted the use of CIR technique 
on pavements with traffic no greater than 4,000 ADT (Tario 2010). 

Virgin aggregate were added to CIR mixtures to improve the strength of 
these mixtures and to reduce the creep of RAP (Bleakley and Cosentino 
2013). Note that both RAP gradation and extracted aggregate gradation 
were two of the main properties for determining whether virgin aggregates 
were needed (Kandhal and Mallick 1997; Bennet and Maher 2005; Alam et 
al. 2010; Bleakley and Cosentino 2013). 

Several methods for designing CIR mixtures are currently available. Modi-
fied Marshall and modified Hveem mix designs are the most common 
(ARRA 2016). Other mix design methods were developed by different 
DOTs (i.e., Pennsylvania and New Jersey), agencies (i.e., Wirtgen and the 
Asphalt Institute), and DoD (i.e., UFGS). 

The type and amount of bituminous additives as well as RAP properties 
(i.e., size, gradation, and existing binder properties) are important factors 
affecting the long-term performance of CIR-rehabilitated pavements.  

In summary, there is a need to extend the use of CIR technology to reha-
bilitate not only low- to medium-trafficked pavements but also heavily 
trafficked pavements such as airfields. Because the performance of the CIR 
layer at the postconstruction stage depends on traffic level (low, medium, 
or heavy), a required preliminary study of materials should include a com-
parison between the structural requirements for heavy traffic and the 
structural properties achieved by the CIR technique. Thus, considering 
both cracking and rutting performance measures when selecting optimum 
binder contents is important. Therefore, this report presents a BMD ap-
proach for optimizing the performance of CIR mixtures. 
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3 Description of Cold In-Place Recycling 
(CIR) Materials Used 

CIR mixtures are made of pavement millings, also known as RAP; asphalt 
binder (i.e., foamed asphalt or emulsified asphalt); recycling additives (i.e., 
lime slurry or portland cement); and water. This study used RAP millings 
to prepare CIR mixtures without the addition of virgin aggregates. The 
study used two bituminous additives: CSS-1h emulsified asphalt and neat 
PG 64-22 foamed asphalt. Portland cement was added to CIR mixtures to 
increase their strength. Water was added to CIR mixtures to enhance the 
process of coating RAP with portland cement and to facilitate the compac-
tion process of these mixtures. Prior to mixing, the team identified the 
characteristics of RAP, bituminous additives, and cementitious additives. 
This chapter discusses the materials acquired for this study and presents 
the characteristics for each.  

3.1 Reclaimed asphalt pavement 

To collect RAP needed for preparing CIR mixtures, a portion of an HMA 
pavement section located at Rowan University Accelerated Pavement Test-
ing Facility (RUAPTF) was reclaimed using a milling machine typical of 
CIR projects. The rehabilitated pavement was tested in full-scale acceler-
ated pavement testing (Figure 5). A number of tests were performed on 
dry RAP to characterize the gradation, the maximum specific gravity, and 
the existing binder content of the RAP millings. The following subsections 
provide additional details about the properties of RAP millings collected as 
part of this study. 

Figure 5. RAP obtained from RUAPTF 
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3.1.1  Sieve analysis 

Dry sieve analysis was conducted in accordance with AASHTO T 27 to de-
termine the gradation of collected RAP (AASHTO 2020b). A meaningful 
quantity of CIR millings (approximately 992 lb [450 kg]) was sieved using 
a large sieve shaker to obtain a more representative gradation of the col-
lected RAP. Figure 6 shows the general gradation of the obtained RAP. As 
the figure shows, the gradation of RAP millings was dominated by materi-
als finer than sieve no. 4 (i.e., 65% of RAP passing sieve no. 4). 

Figure 6. Gradation of RAP materials. 
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The team performed washed sieve analysis on three similar RAP replicates 
in accordance with AASHTO T 11 (AASHTO 2020a). The results, summa-
rized in Figure 6, showed that the RAP millings collected for this study 
contained an average of 2.4% of particles passing sieve no. 200, which is a 
good indicator of the permeability of the RAP (drainage). This information 
is very important to know since the CIR mixture will be the base layer of 
the pavement. All the CIR mixtures prepared as part of this study are con-
sidered to have good permeability. 
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3.1.2 Maximum specific gravity 

The maximum theoretical specific gravity (Gmm) of collected RAP was de-
termined using the CoreLok device (Figure 7) in accordance with ASTM 
D6857 (ASTM 2018a; Cox and Howard 2017). Three replicates of RAP 
batched to the general gradation (Figure 6) were allowed to dry overnight 
in an oven at 80°C (176°F) to ensure that RAP millings were completely 
dry. Table 5 presents the results of Gmm.  

Figure 7. CoreLok device. 

 

Table 5. Maximum specific gravity results of RAP.  

Sample ID Gmm Average Gmm Standard Deviation 

RAP-1 2.525 
2.527 0.002 RAP-2 2.529 

RAP-3 2.528 

 

3.1.3 Existing binder content 

Extraction and recovery of the RAP asphalt binder was performed in ac-
cordance with AASHTO T 319 (AASHTO 2008). Prior to initiating the ex-
traction of the binder, three samples of RAP millings were blended to the 
general gradation and dried in an oven at 80°C (176°F) overnight. The re-
sults of the aged asphalt binder content, presented in Table 6, showed that 
the estimated average RAP binder content was approximately 5.5%.  
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Table 6. Aged binder content of RAP. 

Samples 
RAP Weight before 

(g) 

RAP Weight after 
(g) 

Weigh of  
Aged Binder  

(g) 
Binder Content 

(%) 
Average 

(%) 

RAP-1 1881.6 1771.8 63.3 5.65 
5.5% RAP-2 1870.6 1761.45 55.5 5.66 

RAP-3 1788.1 1692.36 60.2 5.22 

 

3.2 Bituminous additives 

One of this study’s objectives was to evaluate the impact of different bitu-
minous additives on the laboratory performance of CIR mixtures. Two bi-
tuminous additives, commonly used for CIR, were selected for this study 
based on literature findings. These binders were CSS-1h emulsified asphalt 
and neat PG 64-22 foamed asphalt. 

3.2.1 Emulsified asphalt 

This study used a slow-setting cationic asphalt emulsion (CSS-1h). A con-
tractor in New Jersey manufactured this emulsion and supplied it in small 
quantities periodically. The obtained emulsion was stored in 1 gal. (4 L) 
plastic containers at room temperature to prevent the emulsion from 
breaking (Figure 8). Before every use, these containers were gently agi-
tated to prevent settlement and separation of the emulsion. Table 7 pre-
sents the main properties of the CSS-1h emulsion.  

Figure 8. Bottles of CSS-1h emulsion.  
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Table 7. Properties of CSS-1h emulsified asphalt. 

Properties Results 

Sieve (%) 0.00 
25°C Saybolt Furol viscosity 22.0 seconds 
25°C, penetration 29 (0.1 mm)/(2.9 mm) 
pH 5 
Residue 63.15% 

 

3.2.2 Foamed asphalt 

This study used a neat PG 64-22 asphalt binder to produce foamed as-
phalt. The contractor supplied asphalt binder in 5 gal. (19 L) buckets. A 
Wirtgen WLB 2S asphalt foaming machine (laboratory scale) was used to 
produce foamed asphalt (Figure 9). Prior to preparing foamed asphalt CIR 
mixtures, the asphalt foaming process was evaluated at different water 
contents of foamed asphalt (2%–3.5%, with increments of 0.5%). The opti-
mum water content (OWC) of foamed asphalt was that at which foamed 
asphalt exhibited maximum values for the half-life and the expansion ra-
tio. Table 8 presents the properties of neat PG 64-22 foamed asphalt de-
termined at three temperatures (155°C, 165°C, and 175°C). 

Figure 9. Laboratory-scale foaming machine. 

 

Table 8. Foaming properties test results. 

Temperature (°C) Half-Life (seconds) Expansion Ratio OWC (%) 
155 8 8 2 
165 10.5 10 2.5 
175 7.5 9 3 

 
As Table 8 shows, an increase in the binder temperature from 311°F 
(155°C) to 329°F (165°C) caused a notable increase in the values of expan-
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sion ratio and half-life. However, these values were reduced when the tem-
perature was increased from 329°F (165°C) to 347°F (175°C). This showed 
that at 329°F (165°C), neat PG 64-22 foamed asphalt presented the high-
est half-life and the best expansion ratio values (peaks as shown in Figure 
10): 10 seconds for the half-life and 10.5 for the expansion ratio. Therefore, 
the study produced foamed asphalt at 329°F (165°C) by using a foaming 
water content of 2.5% to ensure high-quality foamed asphalt CIR mixtures.  

Figure 10. Selecting optimum foaming water content.  

 

3.3 Additives portland cement and water 

Type I portland cement was used to improve the strength of the CIR mix-
tures. The amount of portland cement added to the CIR mixtures was 1.0% 
of the total mix weight of these mixtures. The dosage of cement was se-
lected after the recommendations from Cox and Howard (2015a). In addi-
tion, 3.0% of water (of total mix weight of CIR mixtures) was added to fa-
cilitate the mixing process. No virgin aggregates were used in this study. 
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4 Balanced Mix Design Approach for Cold 
In-Place Recycling Mixtures 

Current CIR mix design methods focus on selecting CIR optimum binder 
and water contents based mostly on strength tests (e.g., maximum tensile 
strength and Marshal stability) and cracking performance tests (e.g., ravel-
ing and critical cracking temperature tests). Currently established CIR de-
sign methods often do not account for rutting performance of CIR mix-
tures when selecting optimum binder contents. To address this gap, this 
study established a laboratory experimental program to evaluate rutting 
susceptibility and cracking resistance of emulsified and foamed asphalt 
CIR mixtures compacted with different gyration levels and subjected to 
different curing processes. The goal of performance testing was to develop 
a CIR mix design method that balanced rutting and cracking when select-
ing optimum binder contents of CIR mixtures. The following subsections 
describe the developed CIR BMD method and discuss the performance 
evaluation program used as part of this study. 

4.1 Description of the BMD method 

This section presents a systematic approach for designing CIR mixes. The 
method aimed to balance rutting and cracking performance when selecting 
the optimum binder content. The developed design method consisted of 
five steps (Figure 11). 
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Figure 11. BMD design approach of CIR mixtures 

 



ERDC TR-22-21 39 

 

4.1.1 Step 1: Obtain representative RAP materials and select bituminous 
additives 

First, the research team obtained representative RAP materials from the 
pavement structure to be rehabilitated. RAP millings for laboratory produc-
tion of CIR mixtures were obtained through milling a portion of the pave-
ment section to be rehabilitated. Gradation and binder content were then 
determined for the RAP millings. In addition, the team selected the types of 
bituminous additives, which are emulsified asphalt and foamed asphalt. 

4.1.2 Step 2: Select CIR water content and dosages for other stabilizing 
additives 

The process of producing CIR mixtures in the field involved mixing pro-
cessed RAP millings with bituminous additives, water, and other cementi-
tious additives (such as portland cement or lime). To simulate this process 
and facilitate compaction in the laboratory, water was added into the mix. 
In the literature, the amount of water added into the CIR mix varied from 
1.5% to 3%. As part of this step, the research team determined the type and 
quantity of additives to be used for stabilizing such mixes in the field. Port-
land cement and lime are the most commonly used chemical additives for 
stabilizing CIR mixtures. For this study, a constant water content of 3% 
and a constant dosage of 1% (of total mix weight) of portland cement were 
added to the CIR mixtures because the focus was on the BMD (Scholz et al. 
1991; Cox and Howard 2015b; Kim and Lee 2011; Lee et al. 2016).  

4.1.3 Step 3: Mix components and produce CIR mixtures 

To produce CIR mixtures, batches of dry RAP millings were mixed with 
water at the selected water content (Step 2) and stabilizing agent (cement 
or lime) by using a bucket mixer for 3–5 minutes. The CIR bituminous ad-
ditives (foamed or emulsified asphalt) was then added at varying dosage 
rates to the mix and allowed to mix for 5–8 minutes. The RAP materials 
were graded according to the gradation determined in Step 1 (i.e., similar 
to the gradation determined for the representative RAP samples). 

In this study, five binder contents ranging from 1% to 5% of the total mix 
weight, in increments of 1 percentage point, were used to demonstrate the 
proposed design approach. For the production of foamed asphalt, a labor-
atory foaming machine was used to inject cold water (i.e., 2.5%) into hot 
liquid asphalt (i.e., 329°F [165°C]) and produce foamed asphalt. 
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4.1.4 Step 4: Compact, cure, and determine volumetrics of CIR samples 

CIR samples were then compacted at one of two levels of compaction (i.e., 
30 gyration and 70 gyrations) by using an SGC to produce test specimens 
for performance testing (Figure 12). In this study, the selection of the level 
of compaction depended on the level of traffic on the roadway to be reha-
bilitated (i.e., 30 for low to medium traffic levels and 70 gyrations for 
heavy traffic; Ali et al. 2012). In general, asphalt pavements are classified 
into three main categories depending on the traffic level (Li et al. 2018): 
(1) low-trafficked pavements with cumulative ESALs lower than 1.5 million 
per lane, (2) medium-trafficked pavements with cumulative ESALs rang-
ing between 1.5 and 12 million per lane, and (3) heavily trafficked pave-
ments with cumulative ESALs higher than 12 million per lane. In this 
study, the purpose of compacting the CIR specimens with a higher number 
of gyrations (i.e., 70 gyrations) was to evaluate the potential of using CIR 
for heavily trafficked pavements (Rushing et al. 2012). 

The compacted samples were then allowed to cure at hot conditions, that 
is placing the specimens in an oven for 3 days at 140°F (60°C). Cold curing 
at 50°F (10°C) for 3 days was also used to better represent the environ-
mental conditions during placement in the field. In addition, three loose 
CIR samples were used for determining the maximum theoretical (Rice) 
specific gravity by using CoreLok (ASTM D6857 [ASTM 2018a]).  

Figure 12. Superpave 
Gyratory Compactor. 
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4.1.5 Step 5: Density measurements of CIR mixtures 

Once cured, air voids were determined for all compacted samples by using 
the CoreLok method (AASHTO T 331 [AASHTO 2013] and ASTM D6857 
[ASTM 2018]; Figure 13). If the air-void levels of the specimens were not 
representative of typical field CIR densities (i.e., up to 20% air voids, de-
pending on binder content), the compacted samples were discarded. In 
this case, the research team conducted additional testing to adjust the gra-
dation of the RAP millings (Step 1). Mineral filler (<0.003 mil [0.075 μm]) 
or corrective virgin aggregates could be added if the RAP gradation, after 
evaluating the gradation of RAP by using more samples, was similar to the 
original gradation determined at the beginning of the design process. This 
process was continued until the compacted CIR specimens’ air voids were 
representative of typical field densities for CIR pavement layers. 

Figure 13. Density measurements using CoreLok. 

(a) Rice specific gravity  
(ASTM D6857 [ASTM 2018a]) 

 

(b) Bulk specific gravity  
(AASHTO T 331 [AASHTO 2013]) 

 

4.1.6 Step 6: Conduct performance testing and determine optimum 
binder content 

In this step, performance testing was selected and conducted to character-
ize the rutting and cracking susceptibility of CIR mixtures. In this study, 
rutting was quantified using the APA (AASHTO T 340) and the dynamic 
complex modulus (AASHTO T 342) while cracking was quantified Semicir-
cular Bend Fracture Energy (SCB-FE; AASHTO TP 105 [AASHTO 2010, 
2019, 2020e]). In addition, the strength of CIR mixes was measured using 
the IDT test in accordance with AASHTO T 283 (AASHTO 2018c). 
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On completion of all performance tests and regression analysis, the opti-
mum binder content of the CIR mix was selected using criteria that bal-
anced rutting and cracking performance. Figure 14 presents an example of 
a binder-content range that balances rutting and cracking performance. 
Figure 14a shows that, when the binder content determined by maximiz-
ing cracking resistance (i.e., at peak cracking measure) is lower than that 
obtained for maximizing rutting performance, the optimum binder con-
tent is the one maximizing the cracking resistance. This is because the rut-
ting threshold was met at lower binder contents. Figure 14b presents a sec-
ond case where the binder content based on cracking performance is 
higher than that obtained for optimal rutting performance. In this second 
case, the area between both binder contents (shaded area) was considered 
as the optimum binder-content range. The midpoint of this range was se-
lected as the optimum binder content, balancing rutting and cracking per-
formances. 

Figure 14. Example of how to select an optimum binder content by using CIR rutting and 
cracking performance measures. 

(a) Case I 

  

(b) Case II 

  

4.2 CIR test methods  

The purpose of conducting performance tests was to utilize performance 
measures (rutting and cracking) to select optimum binder contents. In this 
study, APA rut depth and the dynamic complex modulus (|E*|) were se-
lected to quantify rutting in accordance with AASHTO T 340 and AASHTO 
T 342, respectively, while ITS and SCB-FE were used to quantify the 
strength and the cracking resistance in accordance with ASTM D6931 and 
AASHTO TP 105, respectively (AASHTO 2010, 2019, 2020e; ASTM 2017). 
Other tests can be used provided that binder content is a strong predictor 
of test measures. 
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4.2.1 Asphalt pavement analyzer 

The APA is a wheel-tracking device typically used for evaluating the rut-
ting potential of asphalt mixtures (Figure 15). This test was conducted in 
accordance with AASHTO T 340 (AASHTO 2010). It involves applying a 
100 lb (45 kg) force on a steel wheel on top of a pressurized hose (100 psi 
[0.69 Mpa]), which then transfers the load to the test specimens. The 
wheel moves back and forth on top of the hose, and each movement from 
one side of the specimen to the other is considered one loading cycle. This 
study used the APA to determine rut-depth values of all four CIR mixtures 
discussed above. The test was conducted at 147°F (64°C) with specimens 
allowed to condition for a minimum of 6 hours at that temperature before 
testing. A total of six APA replicates (i.e., six SGC-compacted specimens) 
were tested (see chapter 5 for the average rut depth). All CIR samples were 
compacted to a height of 3 in. (75 mm), and the test was terminated after 
8,000 loading cycles. 

Figure 15. Asphalt pavement analyzer test. 

  

4.2.2 Dynamic complex modulus 

The dynamic complex modulus test is used to evaluate the performance of 
asphalt mixtures over a spectrum of temperatures and loading frequencies 
(Figure 16). As a result, this test provides a general overview of an asphalt 
mixture stiffness under a range of traffic speeds (i.e., frequencies) and en-
vironmental conditions (i.e., temperatures; AASHTO T 342 [AASHTO 
2019]). At high temperatures and low loading frequencies, rutting is the 
predominant failure mode of asphalt mixtures (including CIR mixtures). 
In this study, |E*| was measured at standard temperatures of 39°F (4°C), 
70°F (21°C), 99°F (37°C), and 129°F (54°C) while also applying loading at 
frequencies of 0.1, 0.5, 1, 5, 10, and 25 Hz. The dynamic modulus values 
obtained for high temperatures (37°C and 54°C for this study) and at low 
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frequencies (10 Hz) were selected to determine the rutting potential of CIR 
mixtures. This study used the frequency of 10 Hz was when interpreting 
|E*| results as it represents a common speed at which traffic travels (Ali et 
al. 2012). All samples were first compacted to a height of 7 in. (180 mm), 
allowed to cure, and then cored and cut to obtain cylindrical specimens 
having a diameter of 4 in. (100 mm) and a height of 6 in. (150 mm.). Three 
replicates were tested for each mix. 

Figure 16. Dynamic complex modulus test. 

  

4.2.3 Indirect tensile strength 

ITS is a measure of an asphalt mixtures’ tensile strength (Figure 17). This 
test involves diametrically loading asphalt specimens at a rate of 2 in./min 
(50 mm/min) at room temperature or higher or 0.5 in./min 
(12.5 mm/min) at 32°F (0°C) and lower and determining the stress at 
which a specimen breaks (using peak load). Higher ITS values are desira-
ble as they indicate that the tested asphalt mixture is stronger than lower 
ITS values. For this study, samples of all four CIR mixtures (previous sec-
tion) were compacted to a height of 2.5 in. (63 mm) and tested at 32°F 
(0°C) to determine ITS. Three replicates were tested for each mix. 
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Figure 17. ITS test. 

  

4.2.4 Semicircular bend 

The SCB is another test used for characterizing the cracking susceptibility 
of asphalt mixtures (Figure 18). Similar to the procedure of the IDT test, 
the notched semicircular specimens are loaded diametrically using a load-
ing rate of 50 mm/min. Using the recorded load versus displacement SCB 
curve, the fracture energy is computed as the area under that curve. The 
fracture energy is an indicator of an asphalt mixture’s ability to resist 
cracking; the higher the fracture energy, the more resistant the mix. In this 
study, SCB specimens were notched to simulate a crack in the test speci-
men using a 0.5 in. (12.5 mm) long and 0.04 in. (1 mm) wide notch. Test-
ing was conducted at 32°F (0°C), and three replicates per mix were tested 
according to AASHTO TP 105 (2020e). A testing temperature of 32°F 
(0°C) was selected for both ITS and SCB because it represents a more con-
servative temperature at which cracking will be more pronounced. This 
also falls in line with Charmot et al. (2017). 

Figure 18. Semicircular bend test. 
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5 Results, Analysis, and Discussion 

This chapter presents the challenges of the developed BMD approach by 
demonstrating and analyzing performance-testing results obtained for a 
total of eight CIR mixes. Specifically, chapter 5 discusses the most appro-
priate performance tests of those considered in this study to use when de-
signing CIR mixes. In addition, this chapter discusses various cases that 
might be encountered when using this BMD approach and how to select an 
optimum bituminous additives content for each case. 

5.1 Overview of CIR mixes and factors considered 

To evaluate the practicality and applicability of the developed BMD for 
CIR mixtures, several performance tests (chapter 4) were conducted on 
CIR mixes prepared at different binder contents (ranging from 1% to 5% 
with 1% increments). Table 9 presents all eight CIR mixes considered in 
this study along with the nomenclature used for each CIR mix based on its 
design factors. For instance, if a mixture was prepared using emulsion, 
compacted at 30 gyrations, and allowed to cure in an oven at 140°F (60°C) 
for 3 days, the mixture will be designated as CIR-E30H, where “E” stands 
for emulsion, “30” stands for 30 gyrations, and “H” stands for hot curing. 

As Table 9 shows, the following factors were considered when preparing 
CIR mixtures: 

• Bituminous additives type: Two bituminous additives were considered 
(for more details, refer to chapter 3). The first was asphalt emulsion 
(CSS-1h) and the second was foamed asphalt (PG64-22).  

• Compaction level: Two compaction levels were considered when pre-
paring CIR samples. The first was 30 gyrations, and the second was 70 
gyrations. The 70-gyration compaction effort was selected to represent 
heavily trafficked airfields or roadways. 

• Mix curing: Two curing procedures were implemented in this study to 
evaluate their impact on material performance. The first curing condi-
tion was “hot curing,” which involved placing samples in an oven at 
140°F (60°C) for 3 days. The second condition was “cold curing” 
through placing the samples in an oven at 50°F (10°C) for 3 days. 
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Table 9. CIR mixtures’ properties and designations. 

Mixture Bituminous Additives Gyration Level Curing Process 

CIR-E30H CSS-1h Emulsion 30 Gyrations 3 days at 140°F (60°C) 
CIR-E30C CSS-1h Emulsion 30 Gyrations 3 days at 140°F (60°C) 
CIR-E70H CSS-1h Emulsion 70 Gyrations 3 days at 140°F (60°C) 
CIR-E70C CSS-1h Emulsion 70 Gyrations 3 days at 140°F (60°C) 
CIR-F30H PG 64-22 Foamed 30 Gyrations 3 days at 50°F (10°C) 
CIR-F30C PG 64-22 Foamed  30 Gyrations 3 days at 50°F (10°C) 
CIR-F70H PG 64-22 Foamed  70 Gyrations 3 days at 50°F (10°C) 
CIR-F70C PG 64-22 Foamed  70 Gyrations 3 days at 50°F (10°C) 

 
Considering these factors and accounting for field curing (testing tempera-
tures discussed in chapter 4) allowed the study to comprehensively evalu-
ate the practicality and applicability of the developed balanced CIR mix 
design approach. Determining the most suitable performance tests for 
evaluating rutting and cracking is also possible on this wide range of CIR 
mixes. In addition, the experimental factors above investigate the impact 
of bituminous additive type, compaction level, and curing method on the 
performance of CIR mixtures. The significance of such impacts was as-
sessed using statistical analyses (i.e., Analysis of Variance, ANOVA) and is 
presented in the upcoming sections of this chapter. 

5.2 Analysis of volumetric data (air voids)  

Figures 19 and 20 present the air-void levels obtained for emulsified and 
foamed asphalt CIR samples compacted to different heights, depending on 
the performance test considered. All compacted samples met the air-void 
levels specified in the BMD approach (i.e., all were less than 20% air 
voids). However, initial CIR samples prepared using the washed sieve 
analysis gradations presented in Figure 6 (chapter 3) had air-void higher 
than 20%. As this was not representative of typical field CIR air-void lev-
els, the research team sieved and graded 462 kg of RAP millings to deter-
mine the general gradation. Using the general gradation, all compacted 
CIR samples met the 20% maximum air-void level without the need for 
adding virgin aggregates. However, for practical reasons, designers may 
add virgin aggregates to adjust the RAP millings gradation and thus en-
sure meeting the air-void requirements in a short period of time.  

In general, Figures 19 and 20 show that an increase in binder content de-
creases air-void levels (drop by up to 4% for every increase of 1% binder). 
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In terms of bituminous additive type, emulsified asphalt CIR mixtures pre-
sented slightly higher air voids than foamed asphalt (up to 2% difference 
for the same binder content). Compaction level also impacted CIR volu-
metrics. That is, CIR mixtures compacted with 70 gyrations were lower by 
up to 4% air-void level than that of CIR mixtures compacted using 30 gy-
rations. CIR mixtures subjected to hot curing (3 days at 140°F [60°C]) had 
lower air-void levels than that of mixtures subjected to cold curing. These 
volumetric results were expected because the addition of more binder fills 
more voids within the RAP matrix, causing air voids to drop. In addition, 
increasing the compaction effort typically leads to lower air voids. 

5.3 Identification of proper performance tests for balanced design 
of CIR mixes 

A successful BMD approach conducts performance tests (or measures) 
that can distinguish between CIR mixes prepared at different binder con-
tents. In other words, if binder content influences the performance of a 
CIR mix, which is generally the case for asphalt mixtures, laboratory tests 
must be capable of capturing this impact so a designer can optimize the se-
lection of binder content that maximizes (or balances) performance. 

Figure 21 presents the relationships between rutting and cracking perfor-
mance measures with binder content for the CIR-E30H mix. As Figure 21a 
shows (APA rut depth vs. binder content), increases in binder content re-
sulted in an increase in APA rut-depth values. Using a second-degree poly-
nomial regression curve clearly shows (Figure 21a) that the relationship 
between the APA rut depth and CIR binder content is significant (strong 
correlation at 99.4% R2). This indicates that the APA test is capable of cap-
turing the change in CIR mixes’ rutting resistance caused by a change in 
binder content.  

Figure 21b presents the relationship between |E*| (second rutting meas-
ure) at high temperatures (99°F [37°C] and 129°F [54°C]) and CIR binder 
content. As Figure 21b shows, |E*| was not able to differentiate between 
the CIR samples prepared at different binder contents for both test tem-
peratures. This is because change in binder content did not result in a 
meaningful increase (or decrease) in measured |E*| values (remaining a 
constant trend). 
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Figure 19. Volumetric analyses of emulsified asphalt CIR mixtures. 
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Figure 20. Volumetric analyses of foamed asphalt CIR mixtures. 

(a) CIR-F30H 

 

(b) CIR-F70H 

 

(c) CIR-F30C 

 

(d) CIR-F70C 
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Figure 21. Correlation between performance measures and binder content (CIR-E30H Mix). 

(a) APA Rut Depth 

 

(b) |E*| 

 

(c) ITS 

 

(d) SCB-FE 
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Weak correlations (R2 of 29.6% at best for 99°F [37°C] results) were also 
observed for this relationship (second-degree polynomial regression curve), 
indicating that the CIR mix’s dynamic modulus is not a strong predictor of 
the binder content. Therefore, the dynamic complex modulus test does not 
appear suitable for the CIR BMD method as it cannot be used for selecting 
a binder content that maximizes rutting resistance. 

With regard to strength and cracking, Figure 21c and d presents the rela-
tionships obtained for the ITS and SCB-FE with binder content, respec-
tively. As illustrated in Figure 21c, increase in binder content resulted in 
an increase in measured ITS values until a peak was reached. After the 
peak in ITS, the increase in binder content resulted in a decrease in ITS 
values measured. A similar observation (or trend) was found for SCB-FE 
measured values (Figure 21d). For both the ITS and SCB-FE, strong corre-
lations were obtained for these relationships (ITS vs. Binder content: R2 = 
92%; SCB-FE vs binder content: R2 = 80%). These results demonstrate 
that both measures (ITS and SCB-FE) were able to capture the effect of 
varying binder contents. Both measures also allow for maximizing (and ul-
timately balancing) strength and cracking resistance of CIR mixtures. Fur-
thermore, it is worth noting that these trends fall in line with previous 
studies that aimed to select an optimum binder content for CIR mixes (Ni-
azi and Jalili 2009; Brovelli and Crispino 2012; Berthelot et al. 2013; Gao 
et al. 2014; Bessa et al. 2016; Graziane et al. 2018). Therefore, the study 
team considered both ITS and SCB-FE measures for developing the BMD 
design for CIR mixtures. 

5.4 Balanced CIR optimum binder content selection 

To select a balanced optimum binder content (i.e., one that balances rut-
ting and cracking performance), this study determined the relationships 
between APA rut depth and both strength and cracking measures (ITS and 
SCB-FE) as well as binder content for all eight mixes considered. These re-
lationships assist in selecting an optimum binder content by using two 
main parameters: (1) maximum CIR strength or cracking resistance (peak 
of ITS or SCB-FE), and (2) assumed CIR rut-depth threshold (0.2 in. 
[5 mm]). Note that the trends observed for the mixes varied and can be 
grouped into three cases: (1) both cracking and rutting measures are rele-
vant, (2) only cracking measures are relevant, and (3) both rutting and 
cracking measures show increasing trends (Table 10). It is important to 
mention that a performance measure has a relevant trend when the binder 
content increases, the rutting measure (APA rut depth) increases, and the 
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cracking measure (SCB-FE) and strength measure (ITS) show peaking 
trends. The following subsections discuss each case.  

Table 10. Selection methods of CIR optimum binder contents. 

Cases 
Trend of Rutting 

Measure 
Trend of Cracking 

Measure Optimum Binder Content Selection 

I Increasing Peaking Midpoint of the area between rut-depth 
threshold (5 mm) and SCB-FE and ITS peaks 

II Constant Peaking Peak of SCB-FE and ITS 

III Increasing Increasing APA Rut depth vs. SCB-FE: APA rut-depth 
(5 mm) threshold  
APA Rut depth vs. ITS: Midpoint of the area 
between rut-depth threshold (5 mm) and ITS 
peaks 

 

5.4.1 Case I: Both performance measures are relevant  

Figure 22 illustrates this case for CIR-E30H mix. As shown, the trends for 
rutting and cracking performance measures continuously increase (APA 
rut depth) and “peak” (SCB-FE and ITS), respectively, with the increase in 
binder content, making both measures relevant for selecting an optimum 
binder content. Assuming a rut-depth threshold of 0.2 in. (5 mm), the op-
timum binder content for optimizing rutting performance can be selected 
as shown in Figure 22 (i.e., 2%). Based on peak SCB-FE (Figure 22a) and 
ITS (Figure 22b) values, the optimum binder content for maximizing 
strength and cracking performance can be selected as 3.2% and 3%, re-
spectively. These selected optimum binder contents established two ranges 
for binder contents balancing rutting and cracking, depending on whether 
ITS or SCB-FE was utilized. In this case for CIR-E30H, the average of the 
midpoint of both ranges (established based on ITS vs. APA and SCB-FE vs. 
APA) are used as the optimum binder content (i.e., for CIR-E30H, the op-
timum binder content is 2.7%). It is important to mention that, in some 
cases, the determined optimum binder content can exceed the rutting 
threshold (0.2 in.[5 mm]) to achieve more cracking resistance. The rutting 
threshold, suggested by the research team, can be exceeded by no more 
than 0.04 in. (1 mm) when selecting balanced optimum binder content. 
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Figure 22. BMD results for CIR mixtures (case I). 
(a) CIR-E30H: APA vs. SCB-FE 

 

(b) CIR-E30H: APA vs. ITS  
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5.4.2 Case II: Only cracking measures are relevant  

This case occurs when the rut-depth values measured for a CIR mix are 
relatively constant when binder content increases while cracking measures 
are also showing a “peaking trend.” Figure 23 presents an example for 
CIR-E70H mix. For this case, any of the binder contents can be selected 
for designing CIR mixtures to meet a rutting threshold of 5 mm, making 
the rutting performance irrelevant when selecting the optimum binder 
content. Therefore, for this case, the optimum binder content can be se-
lected based on the peak ITS and SCB-FE values and a slight 5% percent 
reduction in these peak values. The research team suggested this reduction 
because it will not meaningfully change strength (e.g., for CIR-E70H, peak 
ITS is 312 psi [2.15 Mpa] while a 5% reduction is at 348 psi [2.04 Mpa]). 
The binder content resulting in a maximum cracking resistance is 3.5% for 
CIR-E70H). Note that using this 5% reduction in the cracking perfor-
mance measure may present a more practical way of selecting optimum 
binder contents without compromising performance. 

Figure 23. BMD results for CIR mixtures (case II). 
(a) CIR-E70H: APA vs. ITS 
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Figure 23 (cont.). BMD results for CIR mixtures (case II). 
(b) CIR E70H: APA vs. SCB-FE 

  

 

5.4.3 Case III: Both performance measures show increasing trends 

In this case (Figure 24), one or both of the SCB-FE and ITS values are 
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Figure 24. BMD results for CIR mixtures (case III).  
(a) CIR-F30H: APA vs. ITS 

 

(b) CIR-F30H: APA vs. SCB-FE 

 

In summary, the results presented in Figures 22 through 24 indicate that 
CIR mixtures can be successfully designed using the BMD approach devel-
oped as part of this study. The BMD method is efficient because it yielded 

0

2

3

5

6

8

9

11

12

14

15

0

0.5

1

1.5

2

2.5

3

0 1 2 3 4 5 6

A
P

A
 R

u
t 

D
ep

th
 (

m
m

)

In
d

ir
ec

t T
en

si
te

l S
tr

en
gt

h
, I

T
S

 (
M

P
a)

Binder Content (%)

Cracking Results (ITS Test)
Rutting Results (APA)

Balanced Optimum 
Binder Content Range

Maximum ITS

Rut Depth Threshold

0

2

3

5

6

8

9

11

12

14

15

0

100

200

300

400

500

600

700

0 1 2 3 4 5 6

A
P

A
 R

u
t 

D
ep

th
 (

m
m

)

S
C

B
 F

ra
ct

u
re

 E
n

er
gy

, F
E

 (
Jo

u
le

/m
2 )

Binder Content (%)

Cracking Results (FE Test)
Rutting Results (APA)

Rut Depth Threshold

Maximum SCB-FE

Balanced Optimum 
Binder Content Range



ERDC TR-22-21 58 

 

balanced optimum binder contents, ranging between 2.5% and 3.2%, that 
are similar to those typically found in the literature (e.g., Kim and Lee 
2011). Table 11 summarizes the balanced optimum binder contents for all 
eight CIR mixtures considered in this study and as determined based on 
case I, II, or III. The variability of the selected balanced optimum binder 
contents (Table 11) varied for the eight CIR mixes. The lowest coefficient of 
variation within the data was 1.3% (CIR-F70C) while the highest coeffi-
cient of variation was 19.8% (CIR-F70H), indicating that the variability in 
the selected optimum binder contents is low. 

Table 11. Balanced optimum binder contents for all eight CIR mixtures considered in this 
study. 

Mixture 

Optimum Binder Content (%) 

Average 

Standard 
Deviation 

Coefficient Of 
Variance (%) Case Sample 1 Sample 2 Sample 3 

CIR-E30H 3.2 2.4 2.5 2.7 0.4 16.1 I 
CIR-E70H 3.2 2.9 2.8 2.9 0.1 3.0 II 
CIR-F30H 2.7 2.6 2.6 2.6 0.1 2.9 III 
CIR-F70H 2.0 2.8 3.0 2.6 0.5 19.8 I 
CIR-E30C 2.8 3.0 2.7 2.8 0.1 4.5 III 
CIR-E70C 3.2 2.6 3.2 3.0 0.3 11.2 I 
CIR-F30C 3.0 2.8 3 2.9 0.1 4.6 III 
CIR-F70C 3.2 3.3 3.2 3.2 0.04 1.3 III 

 

5.5 Performance of CIR mixtures at optimum binder content 

5.5.1 General performance comparison 

Figure 25 presents the overall results for rutting measures (APA rut depth 
and |E*| at 129°F [54°C] and 10 Hz) and cracking measures (ITS and SCB-
FE at 0°C) at optimum binder contents for all eight CIR mixtures. As Fig-
ure 25 shows, both rutting and cracking performance varied for the differ-
ent CIR mixtures. For instance, APA rut-depth values (Figure 25a) ranged 
between 0.75 in. (1.9 mm; CIR-F70H) and 0.2 in. (5.1 mm; CIR-F30C), in-
dicating a satisfactory rutting performance (APA rut-depth threshold as-
sumed at 0.2 in. [5 mm]). In addition, all CIR mixtures subjected to hot 
curing presented relatively lower APA rut-depth values than those of CIR 
mixtures subjected to cold curing (Figure 25a).  
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In terms of |E*| (Figure 25b), all CIR mixtures had similar moduli values 
at high temperature (129°F [54°C]) and 10 Hz loading frequency. The sig-
moidal master curves developed for the eight CIR mixtures at optimum 
binder contents showed that bituminous additive type, compaction level, 
and curing process had no to little impact on CIR rutting performance. All 
CIR mixtures subjected to hot curing presented slightly higher |E*|values 
than those subjected to cold curing. 

For cracking performance (Figure 25c and d), the tensile strength values 
(at 32°F [0°C]) of CIR mixtures ranged between 57 psi (0.39 Mpa) (CIR-
E30C) and 303 psi (2.09 Mpa) (CIR-E70H), while SCB fracture energy 
values (at 32°F [0°C]) ranged between 174.8 and 622.3 J.m−2. Figure 25c 
shows that CIR mixtures subjected to hot curing exhibited significantly 
higher tensile strength and SCB fracture energy than those with cold cur-
ing. In summary, CIR mixtures prepared with different bituminous addi-
tives types, gyration levels, and curing processes did not have similar per-
formances in terms of rutting and cracking. Thus, there is a need to evalu-
ate the impact of each factor (binding agent, compaction level, and curing 
process) on CIR rutting susceptibility and cracking resistance, which the 
following sections present.  
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Figure 25. Performance-testing results for all eight CIR mixtures considered in this study.  

(a) APA results 

 

(b) Dynamic complex modulus results 

 

(c) ITS results at 32°F (0°C) 

 

(d) SCB-FE results at 32°F (0°C) 
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5.5.2 Impact of bituminous additives on performance (rutting and 
cracking) 

Figures 26 and 27 present rutting and cracking performance-testing re-
sults, respectively, at optimum binder contents for emulsified and foamed 
asphalt CIR mixtures. As shown in Figure 26a and b, both emulsified and 
foamed asphalt CIR mixtures had similar APA rut-depth values (within 
0.04 in. [1 mm]) for the same compaction effort and curing process. In ad-
dition, Figure 26c and d shows that emulsified and foamed asphalt CIR 
mixtures had similar |E*| values. These observations indicate that the bitu-
minous additives used in the various CIR mixes did not have a strong im-
pact on their rutting resistance. 

Regarding cracking performance, Figure 27 shows ITS and SCB-FE results 
for all eight CIR mixtures, grouped by curing conditions. As Figure 27a 
and b shows, both emulsified and foamed asphalt CIR mixtures had simi-
lar ITS values when compacted at the same gyration level and subjected to 
the same curing process. However, emulsified CIR mixtures presented 
higher SCB-FE values (approximately 20% more) than those of foamed as-
phalt mixes. This effect was more pronounced for mixes compacted at 70 
gyrations (Figure 27c and d). These observations indicate that CIR mix-
tures prepared with CSS-1h emulsified asphalt mixes may be slightly better 
at resisting cracks than neat PG 64-22 foamed asphalt CIR mixes, pro-
vided that both are prepared using the same gyration level and curing pro-
cess. It is important to note that these results are limited to the materials 
used in this study and that different results may occur for other binder or 
emulsion grades and types. 
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Figure 26. Performance-testing results highlighting the effect of bituminous additive type on CIR rutting performance. 
(a) APA rut-depth results after hot curing 

 

(b) APA rut-depth results after cold curing 

 

(c) |E*| results after hot curing 

 

(d) |E*| results after cold curing 
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Figure 27. Performance-testing results highlighting the effect of bituminous additive type on CIR cracking performance. 

(a) ITS results after hot curing 

 

(b) ITS results after cold curing 

 

(C) SCB-FE results after hot curing 

 

(e) SCB-FE results after cold curing 
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5.5.1  Compaction-level impact on performance (rutting and cracking) 

Figures 28 and 29 illustrate the impact of compaction level on CIR rutting 
and cracking performances when the same bituminous additives and cur-
ing process are used in preparing mixes. As shown in Figure 28a and b, 
both emulsified and foamed asphalt CIR mixtures compacted at 30 gyra-
tions had higher APA rut-depth values than those of CIR mixtures com-
pacted at 70 gyrations. This observation was expected as higher compac-
tion energy (i.e., 70 gyrations) results in “denser” (or having fewer voids) 
CIR mixes, which in turn leads to increased rutting resistance. Figure 28c 
and d presents |E*| results for all eight mixes. As the figure shows, mixes 
compacted at 70 gyrations and cold cured had similar |E*| value to those 
compacted at 30 gyrations and cold cured. Hot-cured mixes had mixed 
|E*| results (Figure 28c). These mixed observations may indicate that |E*| 
was not able to capture the impact of compaction effort on CIR mix perfor-
mance. Thus, only APA results established a clear trend. 

Figure 29 presents the results for cracking performance, grouping them by 
curing process. As Figure 29a and b shows, both emulsified and foamed 
asphalt CIR mixtures compacted at 70 gyrations presented slightly higher 
ITS values than those compacted at 30 gyrations. This indicates that com-
paction effort did impact cracking performance as measured using the ITS. 
In contrast, Figure 29c and d shows that both emulsified and foamed as-
phalt compacted at 70 gyrations exhibited significantly higher fracture en-
ergy than that for CIR mixtures compacted at 30 gyrations. This indicates 
that using higher compaction effort for CIR mixes, as expected, leads to 
better cracking resistance. This may also indicate that the ITS results were 
not able to capture this impact. 
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Figure 28. Performance-testing results highlighting the effect of compaction level on CIR rutting performance. 

(a) APA rut-depth results after hot curing 

 

(b) APA rut-depth results after cold curing 

 

(c) |E*| results after hot curing 

 

(d) |E*| results after cold curing 
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Figure 29. Performance-testing results highlighting the effect of compaction level on CIR cracking performance. 

(a) ITS results after hot curing 

 

(b) ITS results after cold curing 

 

(c) SCB-FE results after hot curing 

 

(a) SCB-FE results after cold curing 
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5.5.1  Impact of curing process on performance (rutting and cracking) 

Figures 30 and 31 illustrate performance-testing results, highlighting the 
impact of curing process (i.e., hot vs. cold) on the performance of CIR mix-
tures, grouped by gyration level. As Figure 30a shows, CIR mixtures sub-
jected to hot curing (at 140°F [60°C] for 3 days) had slightly lower rut-
depth values than those subjected to cold curing (at 50°F [10°C] for 
3 days). When the compaction effort is increased to 70 (Figure 30b), the 
impact of curing process is more pronounced on rutting resistance (ap-
proximately 80% lower rutting for hot-cured samples when compared to 
cold-cured samples). Therefore, curing CIR mixtures at high temperatures 
(or allowing them to cure for longer time) will lead to better rutting re-
sistant mixtures. Figure 30c and d presents the |E*| testing results for all 
eight CIR mixtures, grouped by compaction effort. As Figure 30c illus-
trates, both emulsified and foamed asphalt CIR mixtures compacted using 
30 gyrations had similar |E*| values at both curing conditions. When com-
pacted at 70 gyrations (Figure 30d), hot-cured CIR mixtures had higher 
|E*| than those cold cured. 

Figure 31 presents cracking test results for all eight CIR mixtures, grouped 
by gyration level. As Figure 31a shows, the ITS values for CIR mixtures 
subjected to hot curing were higher (by more than 300%) than those mix-
tures subjected to cold curing. This is regardless of the compaction effort 
used to prepare the samples. Similarly, hot-cured emulsified and foamed 
asphalt CIR mixes had higher fracture energy than those cold cured. These 
results indicate that the curing process affects the cracking performance of 
CIR mixtures and that hot curing (or allowing the mix to cure for a longer 
period of time if temperatures are low) leads to superior cracking perfor-
mance. Overall, these observations were expected because the increase in 
curing temperature ensures that a CIR mix has gained more strength in a 
shorter period of time than that cured at a lower temperature for the same 
period of time.   
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Figure 30. Performance-testing results highlighting the effect of curing process on CIR rutting performance. 

(a) APA rut-depth results at 30 gyrations 

 

(b) APA rut-depth results at 70 gyrations 

 

(c) |E*| results at 30 gyrations 

 

(d) |E*| results at 70 gyrations 
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Figure 31. Performance-testing results highlighting the effect of curing process on CIR cracking performance. 

(a) ITS results at 30 gyrations 

 

(b) ITS results at 70 gyrations 

 

(c) SCB-FE results at 30 gyrations 

 

(d) SCB-FE results at 70 gyrations 
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5.6 Statistical analyses 

To further compare the difference between all eight CIR mixtures and to 
evaluate the impact of bituminous additives, compaction effort, and curing 
process on performance, ANOVA was conducted. Specifically, this study 
statistically compared the rutting and cracking testing results for all eight 
mixes to evaluate the effect of binding agent type, compaction level, and 
curing process on CIR performance. The interaction between these three 
factors (i.e., binder type, compaction level, and curing process) was also 
assessed to determine the significance of their impact on performance 
(i.e., p-value is less than 0.05). The following subsections discuss the re-
sults of the ANOVA for data from each performance test. 

5.6.1 ANOVA results for APA rut-depth measurements  

Table 12 presents ANOVA results obtained when comparing the difference 
in mean between the rut-depth measurements (APA test) for all eight CIR 
mixtures. None of the interactions between bituminous additives, compac-
tion effort, and curing process were statistically significant. As Table 12 
shows, only the compaction effort (number of gyrations applied to com-
pact samples) had a significant impact on the rut-depth measurements 
(i.e., p-value of 0.017). These results also indicate that rut-depth measure-
ments for foamed asphalt CIR mixes were statistically similar to those for 
emulsified asphalt CIR mixes, provided that both mixes were compacted 
using the same compaction effort. Curing process did not show a signifi-
cant impact on APA rut-depth measurements for all eight mixes. 

Table 12. ANOVA results comparing APA rut-
depth measurements for all eight CIR mixtures. 

Source F-Statistic p-Value 

Binder 0.449 0.509 
Gyration  6.563 0.017 
Curing  1.177 0.289 
Binder * Gyration 0.814 0.376 
Binder * Curing 0.002 0.969 
Gyration * Curing 0.131 0.721 
Binder * Gyration * Curing 0.250 0.622 
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5.6.2 ANOVA results for dynamic complex modulus (|E*|) data 

Table 13 presents the ANOVA results obtained when comparing the |E*| 
values measured at 54 C and 10 Hz loading frequency for all eight CIR 
mixtures considered in this study. As Table 13 shows, only the curing pro-
cess had a statistically significant impact (i.e., p-value of 0.033) on meas-
ured |E*| values, further validating the observation that hot curing leads to 
CIR mixes with higher stiffness and ultimately better rutting resistance. 
These results (Table 13) also indicate that |E*| measurements for foamed 
asphalt CIR mixes were statistically similar to those for emulsified asphalt 
CIR mixes, provided that both mixes were cured using the same curing 
process (i.e., either hot curing or cold curing). Compaction effort and other 
interaction effects between factors did not have a significant impact on 
measured |E*| values.  

Table 13. ANOVA comparing |E*| values 
measured at 54°C and 10 Hz loading 
frequency for all eight CIR mixtures. 

Source F-Statistic p-Value 

Binder 0.900 0.371 
Gyration  0.600 0.813 
Curing  6.580 0.033 
Binder * Gyration 0.330 0.577 
Binder * Curing 0.490 0.501 
Gyration * Curing 0.690 0.428 
Binder * Gyration * Curing 1.437 0.265 

 

5.6.3 ANOVA results for ITS measurements 

Table 14 presents the ANOVA results obtained when comparing the ITS val-
ues for all eight CIR mixtures. As Table 14 shows, both compaction effort 
and curing process had a statistically significant impact (i.e., p-values of 
0.002 and 0.000, respectively) on measured ITS values. These results (Ta-
ble 14) also indicate that ITS measurements (or cracking resistance) for 
foamed asphalt CIR mixes were statistically similar to those for emulsified 
asphalt CIR mixes, provided that mixes were compacted and cured using 
the same compaction effort and curing process. The results also suggest that 
curing and compaction effort significantly affect the cracking resistance of 
CIR mixtures. Bituminous additives and other interaction effects between 
factors did not have a significant impact on measured |E*| values. 
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Table 14. ANOVA analysis on ITS measure. 

Source F-Statistic p-Value 

Binder 0.037 0.849 
Gyration  11.660 0.002 
Curing  220.54 0.000 
Binder * Gyration 0.001 0.981 
Binder * Curing 0.596 0.448 
Gyration * Curing 1.958 0.175 
Binder * Gyration * Curing 0.082 0.777 

 

5.6.4 ANOVA results for semicircular bend fracture energy data 

Table 15 presents the ANOVA results for comparing SCB-FE measure-
ments for all eight CIR mixtures. All factors (bituminous additive type, 
compaction level, and curing process) are statistically significant (i.e., p-
values of 0.011, 0.027, and 0.000, respectively). These results indicate that 
bituminous additives, compaction effort, and curing process have a signifi-
cant impact on the cracking resistance of CIR mixtures. Therefore, these 
factors should be considered when designing and using CIR mixtures for 
rehabilitating deteriorated flexible pavements. In addition, the ANOVA re-
sults suggest that the SCB-FE test was more capable of differentiating be-
tween the cracking performance of CIR mixes than was the ITS. As a re-
sult, the SCB-FE test may be more suitable than ITS for conducting BMD 
of CIR mixes. All other two-way and three-way interactions were insignifi-
cant (Table 15). 

Table 15. ANOVA analysis on SCB-FE measure. 

Source F-Statistic p-Value 

Binder 7.620 0.011 
Gyration  5.561 0.027 
Curing  25.942 0.000 
Binder * Gyration 1.284 0.268 
Binder * Curing 2.094 0.161 
Gyration * Curing 0.001 0.974 
Binder * Gyration * Curing 0.775 0.387 
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6 Construction and Accelerated Testing of 
Full-Scale CIR Pavement Sections 

This chapter discusses three full-scale CIR pavement sections constructed 
at RUAPTF located at the Center for Research and Education in Advanced 
Transportation Engineering Systems (CREATEs). The sections were con-
structed to evaluate field performance under full-scale accelerated pave-
ment loading and to assess the impact of varying binder content on the 
performance of CIR full-scale pavement sections. Analyses of all full-scale 
testing results are also presented as part of this chapter. 

6.1 Description of constructed CIR sections 

This study constructed three full-scale CIR pavement sections in April 
2019 at the RUAPTF. The CIR mixes for these sections were selected based 
on findings from the laboratory BMDs conducted as part of chapter 4. Spe-
cifically, one CIR section was constructed using a “CIR4%FAC” CIR mix 
(i.e., containing 4% bituminous additives content), one section used a 
“CIR3%FAC” CIR mix (i.e., containing 3% bituminous additives content), 
and a third section used a “CIR2%FAC” CIR mix (i.e., containing 2% bitu-
minous additives content). All CIR mixes were produced using foamed as-
phalt binder (foamed neat PG 64-22) and without adding cement. While 
the intention was to add 1% cement to the CIR mix as in the laboratory de-
sign, no cement was added to the mix due to a miscommunication with the 
contractor. Details of the three mixes are as follows: 

A. CIR4%FAC section: 
a. Binder type: neat PG 64-22 foamed asphalt 
b. Target binder content: 4% by total mix weight 
c. Cement content: 0% by total mix weight 
d. Target total added water: 3.1% (3% by mix weight and 2.5% by 

foamed asphalt weight) 
e. Strength: minimum 145 psi (1 Mpa) ITS 

 
B. CIR3%FAC section: 

a. Binder type: neat PG 64-22 foamed asphalt 
b. Target binder content: 3% by total mix weight 
c. Cement content: 0% by total mix weight 
d. Target total added water: 3.1% (3% by mix weight and 2.5% by 

foamed asphalt weight) 
e. Strength: minimum 145 psi (1 Mpa) ITS 
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C. CIR2%FAC section: 

a. Binder type: neat PG 64-22 foamed asphalt 
b. Target binder content: 2% by total mix weight 
c. Cement content: 0% by total mix weight 
d. Target total added water: 3.1% (3% by mix weight and 2.5% by 

foamed asphalt weight) 
e. Strength: minimum 145 psi (1 Mpa) ITS 

Figure 32 presents the location in RUAPTF (Figure 32a) and the pavement 
structure of the CIR pavement sections (Figure 32b). The CIR sections 
were constructed in a 225 ft (68.6 m) long by 12 ft (3.7 m) wide lane at 
RUAPTF. The structure of the pavement sections is as follows (from the 
top down): 
1. 1 in. (25 mm) of a 4.75 mm nominal maximum aggregate size high-perfor-

mance thin overlay (HPTO) mix 
2. CIR layer (the next paragraph describes this further) 
3. A 0.5 in. (12.5 mm) thin layer of the old HMA pavement 
4. A 16 in. (406 mm) New Jersey DOT–designated I-3 subbase layer consist-

ing of 4.75 mm nominal maximum aggregate size with a gradation ranging 
between 100% and 30% passing 

5.  A 12 in. (304 mm) layer 0f compacted soil 
6. Natural soil 

Each test section was 60 ft (18.3 m) long by 12 ft (3.7 m) wide with two ap-
proximately 20 ft (6.1 m) transition areas between the sections. A paving 
contractor (from New York State) constructed all sections by using a sin-
gle-unit CIR train by first milling approximately 4 in. (0.1 m) of the exist-
ing surface HMA layer (Figure 32b). Then, millings were mixed with water 
and foamed asphalt (at the desired dosage) to produce CIR mixes, which 
were then dumped over into a paver. Finally, the CIR layer for each section 
was placed and compacted using vibratory and roller compactors. To facil-
itate continuous operations of the milling and mixing machine without in-
terruptions, foamed asphalt binder was used as the only CIR bituminous 
additive. This eliminated the need to stop operations for switching binder 
tanks and cleaning the equipment. This was also necessary since the 
length of the lane was “short” relative to typical distances used to reach the 
target bituminous additives contents for CIR mixes during actual field CIR 
construction. The transition areas between the sections were necessary for 
the contractor to reduce the binder content of the CIR mix from 4% to 3% 
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and from 3% to 2%. As noted earlier, no portland cement or virgin aggre-
gates were added when constructing each of the three sections. However, 
this study evaluates the minimum performance of CIR pavements de-
signed when cementitious additives are not added (e.g., portland cement 
and lime slurry). 

Figure 32. Location and pavement structure of all three CIR sections. 
(a) Locations of CIR sections 

  

(b) Pavement structures 
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During construction of the sections (after the paver placed the CIR mixes 
and before roller compaction), the CREATEs team installed pavement sen-
sors in each section. As Figure 33 shows, two pressure cells, four asphalt 
strain gauges, and three thermocouples were placed at the bottom of each 
CIR layer. The strain gauges were installed in both longitudinal (in direc-
tion of loading) and transverse directions. All sensors survived the con-
struction phase except for one pressure cell located in the CIR2%FAC CIR 
section. Once all instruments were placed and the CIR sections were com-
pacted, the mixes were allowed to cure for 2 weeks, after which a 1 in. (25 
mm) thick layer of a standard New Jersey HMA mix was placed, also 
known as HPTO.  

Figure 33. Locations and types of pavement sensors placed in the full-scale CIR sections 
constructed at CREATEs.  
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It is important to also mention that, for quality control purposes, CRE-
ATEs’ team collected loose CIR mix samples during construction and cores 
from different locations in each test section(2 ft [0.6 m] from HVS wheel 
path) after construction. These materials were tested to determine the ac-
tual properties of the mixes used for constructing the CIR sections and to 
evaluate the differences in their laboratory performance. The following 
sections provide additional details. 

6.2 Measured field densities and actual layer thicknesses 

A nuclear density gauge was utilized after compaction of the CIR layers to 
measure as-constructed density (Table 16). Densities were measured at 
four randomly selected locations in each section. As Table 16 shows, densi-
ties for all sections ranged from a minimum of 96.3 lb/ft3 (1,542 kg/m3) to 
a maximum of 120.7 lb/ft3 (1,930 kg/m3). The average densities for each 
section, however, were similar (i.e., within 5.2 lb/ft3 [83 kg/m3]). While 
this is not similar to compaction trends observed in the lab (i.e., mixes 
with higher binder content had higher bulk densities), the similar average 
field densities for all three sections is mainly attributed to the inherent dif-
ference between lab and field compaction procedures. 

After completing construction of the CIR sections (i.e., placement and 
compaction of a 1 in. [25 mm] thick HPTO layer), cores were taken from 
all three sections (outside of the load trafficking area) to determine the ac-
tual thicknesses of the CIR and HPTO layers. As shown in Table 16, the av-
erage thicknesses of the CIR layers for the CIR4%FAC, CIR3%FAC, and 
CIR2%FAC sections were approximately 2.9 in. (47 mm), 2.7 in. (69 mm), 
and 2.8 in.(71 mm), respectively. With a target CIR layer thickness of 3 in. 
(75 mm), the sections were constructed at a maximum of 0.3 in. (8 mm; 
CIR4%FAC section) less than the target thickness. As a result, the CIR 
layer thickness and overall pavement structure of each section is consid-
ered to be similar for field performance comparison reasons. Therefore, 
the only difference between the sections is the binder content.  
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Table 16. Field density measurements for all three CIR sections. 

Section 
Avg. Density  

(lb/ft3) 
Section Avg. Density  

(lb/ft3) 
Averaged CIR Layer Thickness  

(in.) 

CIR2%FAC 

115.1 

113.33 2.83 
108.6 
115.2 
114.4 

CIR3%FAC 

120.7 

108.13 2.71 
113.9 
96.3 

101.6 

CIR4%FAC 

111.4 

112.93 2.88 
111.8 
118.0 
110.5 

 

6.3 Properties of field-produced CIR mixes 

It is important to quantify the properties of the CIR mixes produced and 
placed for each of the three field CIR sections to make proper conclusions. 
For this reason, properties of the field-produced CIR mixes were deter-
mined. In particular, compactability (volumetric and air voids of com-
pacted samples), water content, bituminous additives content, strength 
(using the ITS test), and rutting performance (using the APA test) were 
evaluated. The following subsections present the testing results. 

6.3.1 Water and binder contents of field-produced CIR mixtures 

Loose CIR mix samples collected from each full-scale section were tested 
to determine the amount of water used in producing the CIR mixes. For 
this reason, loose mix samples, on the day of constructing the three full-
scale sections, were weighed in pans and placed in an oven to dry over-
night until reaching a constant mass. The average estimated moisture con-
tent was approximately 4%. Note that all laboratory mixes were produced 
at 3% moisture content. The difference in water content may slightly affect 
performance due to its potential impact on the air voids of the samples 
(discussed in the previous subsection) and the longer time needed to cure 
the field mixes. 

In addition to testing the water content of the CIR mixes, another im-
portant factor was to determine the actual binder content of the field CIR 
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mixes. As a result, the research team conducted binder extraction and re-
covery, according to AASHTO T 111 and T 319, to determine the binder 
content of the three CIR mixes (AASHTO 2011, 2008). Table 17 presents 
the mineral matter and binder content percentages in each of the mixes. 
As the table shows, although the binder contents were at most 0.35% 
lower than targeted binder contents, the average difference in binder con-
tents between the sections was still around 1%. This indicates that the sec-
tions were successfully constructed as the binder contents used were 
within acceptable field construction ranges (i.e., within ±0.5% of target 
binder contents). 

Table 17. Extraction and recovery analysis. 

CIR Sections 
Mineral Matter  

(%) 
Binder Content  

(%) 
Target Binder Content  

(%) 

CIR2%FAC 0.54 1.81 2.00 
CIR3%FAC 0.65 2.65 3.00 
CIR4%FAC 0.57 3.76 4.00 

 

6.3.2 Compactability and volumetric properties 

Loose mix samples collected during the construction of the CIR sections 
were compacted using an SGC to prepare samples for ITS and APA perfor-
mance testing. The samples were compacted using 30 gyrations and were 
allowed to cure for 3 days at 140°F (60°C). Separately, the obtained cores 
from each section were cut from both sides to the thickness required for 
APA and ITS tests, 3 in. (75 mm) and 2.5 in. (63 mm), respectively. Bulk 
specific gravity (Gmb) was determined using the CoreLok device (AASHTO 
T 331 [AASHTO 2013]). Loose CIR mix samples were also tested to deter-
mine their maximum theoretical specific gravity (Gmm) by using the Core-
Lok device (ASTM D6857 [ASTM 2018a]). Figure 34 presents the air voids 
of both field-produced mixes and cores for ITS and APA test specimens. As 
the figure shows, the ITS and APA field cores presented lower air-void lev-
els than those of the field-produced, lab-compacted CIR specimens (within 
+4% max difference). In addition, as expected, air voids decreased with 
the increase in binder content for both CIR specimens. This drop in air 
voids could be due to (1) trimming cores from both sides and (2) compact-
ing CIR mixtures during construction is different from the one in the lab.  
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Figure 34. Comparison of field cores and plant-produced, lab-compacted CIR mixes 
(a) Air-void level determined for APA samples 

 

(b) Air-void level determined for ITS samples 
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6.3.3 Performance of plant-produced, lab-compacted mixes 

APA and IDT tests were conducted on the field cores and the plant-pro-
duced, lab-compacted CIR mixtures. Figure 35 shows that ITS values for 
both field cores and plant-produced, lab-compacted specimens increased 
with the increase of binder content. This observation falls in line with 
BMD results discussed in Chapter 4. Conversely, the average ITS values for 
the plant-produced, lab-compacted specimens were considerably higher 
than the ones of field cores (by more than 73 psi [0.5 Mpa]). This differ-
ence in ITS values could be due to the coring and trimming of CIR speci-
mens, which in return may affect aggregate interlock of the CIR layer, 
thus, reducing its strength. 

Alternately, Table 18 shows that all field-produced, lab-compacted APA 
samples for all three CIR mixes failed the APA test (i.e., reached more than 
0.56 in. [14 mm] before 8,000 cycles). The cycles to failure were different 
for the different mixes (i.e., at different binder contents). Nonetheless, the 
number of cycles to failure showed a distinction between the rutting re-
sistances of the field-produced CIR mixes. However, the CIR cores ob-
tained from all the sections passed the APA test and exhibited better rut-
ting resistance than that of field-produced, lab-compacted mixes. This dif-
ference in rutting performance between field-produced, lab-compacted 
samples and CIR cores could be due to the difference in air-void levels. Ta-
ble 18 also shows that the CIR2%FAC mix (i.e., one with 2% binder con-
tent) failed after 6,800 cycles for field-produced compacted mixes and 
presented lower APA rut depth for CIR2%FAC cores, indicating that it was 
the most rut-resistant mix. The CIR3%FAC mix was in the middle, as ex-
pected, while the CIR4%FAC mix had the highest rutting susceptibility for 
both field-produced, lab-compacted mixes and CIR4%FAC cores. Despite 
that all the mixes presented higher rutting susceptibility compared to the 
balanced CIR mixes (chapter 5), which is probably due to the absence of 
cement, the resistance of these mixtures t0 rutting is still different. This 
means that the BMD approach can be used successfully to optimize the 
rutting resistances of field-produced CIR mixes. 
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Figure 35. ITS results for field-produced, lab-compacted CIR mixes and cores 
obtained from each section. 

 

Table 18. APA cycles to failure for field-produced, 
lab-compacted CIR samples. 

CIR Section 

APA Rut Depth (mm) 
Field-Produced,  
Lab-Compacted Field Cores 

CIR2%FAC Failed at 6800 12.85 
CIR3%FAC Failed at 4100 13.35 
CIR4%FAC Failed at 2000 13.71 

 

6.4 Testing program of full-scale CIR pavement sections 

A testing program was prepared to evaluate the field performance of the 
three CIR sections constructed as part of this study. The program involved 
applying full-scale accelerated loading on each of the sections by using the 
HVS. Testing of the sections by using a heavy weight deflectometer (HWD) 
and laser profiler was also conducted to evaluate the integrity of the pave-
ment structures and to quantify permanent deformation (rutting), respec-
tively, due to the application of accelerated loading. In addition, the testing 
program involved collecting mechanistic responses (i.e., compressive 
stresses and tensile strains at the bottom of the CIR layer of each section) by 
using the embedded asphalt strain gauges and pressure cells. The following 
subsections provide additional details about each of the tests conducted. 
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6.4.1 Full-scale accelerated loading 

An HVS was utilized to apply full-scale accelerated loading on each of the 
CIR sections constructed as part of this study. Loading was applied ac-
cording to the following program: 

• Loading mode: The HVS’s wheel carriage applied a bidirectional load-
ing on top of a pavement section without lifting the wheel, with a wheel 
wander of 8 in. (200 mm). 

• Tire configuration: The first 150,000 loading passes were applied using 
a dual truck tire (115 psi [0.8 Mpa] tire pressure) placed on a single 
axle while the remaining loading until failure was applied using a single 
aircraft tire (Douglas DC-8 tire with 196 psi [1.4 Mpa] tire pressure). 

• Loading magnitude: The loading magnitude applied using the truck-
tire configurations was 9,000 lb (40 kN) whereas 22,500 lb (100 kN) 
were applied using the aircraft tire configurations. 

• Air Temperature: The air temperature around each test section during 
the application of loading was maintained around 50°F (10°C). 

• Failure Criteria: the application of accelerated loading was discontin-
ued when the rut depth, measured using a laser profiler, reached 1 in. 
(25 mm) for any of the three CIR sections. 

6.4.2 Structural integrity testing using a heavy weight deflectometer 

An HWD was used to evaluate the impact of accelerated loading on moduli 
(or structural integrity; Figure 36a). For this reason, CREATEs’ team con-
ducted HWD testing before the application of accelerated loading and after 
completion of truck-tire and aircraft-tire loading phases. Testing was con-
ducted at three locations within the HVS loaded area as shown in Figure 
36b. Deflections were recorded and used to backcalculate the layer moduli 
values for each of the CIR sections. The impact of accelerated loading was 
then evaluated and contrasted for all of the three CIR sections. 
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Figure 36. Heavy weight deflectometer (HWD) and testing locations. 
(a) HWD 

 

(b) Location and direction of HWD testing 

  

6.4.3 Quantification of rut depth and permanent deformation by using a 
laser profiler 

The permanent deformation observed at the surface of the CIR sections 
was assessed using a laser profiler to determine the extent of rutting in 
each section due to the application of HVS loading. For this reason, sur-
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face pavement profiles of each CIR section were measured every day, dur-
ing the application of HVS loading, at three different locations (spaced 6 ft 
[1.8 m] away from the middle of a section as shown in Figure 37). The 
loading pass at which the HVS was stopped for taking the laser profile 
measurements was also recorded, allowing for the evaluation of rutting 
progression as full-scale loading was applied.  

Figure 37b illustrates the approach used to compute the permanent defor-
mation and rut depth at each pass. As the figure shows, the difference be-
tween the maximum measured depth (peak) and a flat reference line (de-
termined based on profile depth measurements taken before the applica-
tion of HVS loading, that is at zero loading cycles) is defined as the meas-
ured total rut depth after any particular number of loading passes applied. 
Comparing the total rut depth after truck and aircraft loading sequences 
facilitates evaluating the rutting performance of the various CIR sections 
as well as its sensitivity to the change of CIR mix binder content. 

Figure 37. Location for measuring the transverse depth profiles 
and definition of rut-depth measurements. 

(a) Locations of laser profiler testing 

  

(b) Rut-depth definition 
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6.4.4 Mechanistic responses recorded from pavement instruments 

The mechanistic responses (i.e., compressive stresses and tensile strains) 
were recorded during the application of HVS full-scale loading from the 
asphalt strain gauges and pressure cells. Temperature variations were also 
recorded using type T thermocouples. All measurements from the pave-
ment sensors were collected at a frequency of 1,613 data points per pass 
from each sensor. Therefore, each sensor provided 6,000 data points in a 
period of 3.72 s of data recording. Note that data were collected after the 
application of 10 loading cycles (i.e., 20 bidirectional loading passes on top 
of a CIR section). 

Figure 38 presents the locations and labels of the asphalt strain gauges 
and pressure cells. As the figure shows, a total of four asphalt strain gauges 
were placed in each section (two in the direction of loading, ASG1 and 
ASG2, and two in the transverse direction, ASG3 and ASG4). The tensile 
strains recorded from each of these sensors for each section were com-
pared to assess the cracking resistance of each section. Similarly, two pres-
sure cells were embedded in each CIR section (Figure 38) with measured 
peak compressive stresses compared to evaluate the rutting potential of 
each section. The temperature variations in each section were analyzed to 
evaluate the impact of temperature on mechanistic responses. 

Figure 38. Plan view of instrumented CIR sections. 
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6.5 Discussion of full-scale testing results 

6.5.1 Heavy weight deflectometer (HWD) results  

Figure 39 presents the deflection basins obtained from HWD testing for all 
CIR sections before and after the application of HVS truck loading (i.e., 
145,000 passes of 9,000 lb (40 kN) truck load) and aircraft loading (i.e., 
50,000 passes of 22,500 lb (100 kN) aircraft load). Note that the maxi-
mum deflections were normalized to a plate load of 9,000 lb (40 kN) and a 
test temperature of 68°F (154°C)before and after HVS loading. This was 
necessary to ensure valid comparisons between the sections and to ac-
count for the impact of ambient temperatures during the time of testing 
(before and after testing was conducted, approximately 1–2 months apart).  

As Figure 39a, d, and g shows, recorded deflections for the lower layers (ge-
ophones spaced 24 in. [610 mm] and more away from loading) of the CIR 
sections (below CIR layer) were relatively similar before and after the appli-
cation of HVS truck loading. This was expected as the materials for all these 
lower layers in the CIR sections were similar (existing pavement section). 
This observation also suggests that the application of full-scale truck loading 
(40 kN; Figure 39b, e, and h) and full-scale aircraft loading (100 kN; Figure 
39c, f, and i) using the HVS did not impact the integrity of these layers. For 
the case of the upper layers of the CIR sections, the deflection recorded (i.e., 
for geophones placed close to the load but not more than 10 in. away) were 
different for the different sections. For instance, the deflections directly un-
der the HWD load (geophone located at location 0) and before the applica-
tion of HVS loading for the CIR4%FAC section (Figure 39g) were higher 
than (by approximately 30 mil [0.8 mm] on average) the deflections at the 
same location for the other two sections. Similarly, Figure 39d shows that 
the deflections for the CIR3%FAC section were higher than the CIR2%FAC 
section (Figure 39a) for the CIR and HPTO layers of these sections. These 
observations suggest that before the application of HVS loading, the sections 
had different structural integrity with the weakest section being the 
CIR4%FAC section (i.e., the one that had highest deflections). 

Figure 39b, e, and h shows that after application of truck loading, deflec-
tions in the upper layers (i.e., HPTO and CIR) for all three sections were 
reduced. The extent of reduction in deflections for the CIR4%FAC section 
(Figure 39g and h) was the highest (around 12 mil [0.3 mm] reduction in 
deflections in position 2), while both CIR2%FAC and CIR3%FAC sections 
presented similar reduction in deflections (up to 7 mil [0.18 mm] recorded 
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in position 2 of both sections). After the application of aircraft full-scale 
loading (Figure 39c, f, and i), little to no reduction in deflections was ob-
served in the upper layers for all the three CIR sections. The CIR4%FAC 
section presented the highest reduction in deflection after applying aircraft 
accelerated loading (reduced by about 3 mil [0.08 mm] at both positions 1 
and 3), while both CIR2%FAC and CIR3%FAC sections presented similar 
reduction in deflections (less than 2 mil [0.05 mm]). These results from 
both truck and aircraft full-scale testing suggest that all the CIR sections 
presented relatively similar deflection values before and after the applica-
tion of accelerated truck and aircraft loading.  

In addition to the recorded deflection data, the research team backcalcu-
lated layer moduli values for the different layers in each CIR section (Ta-
bles 19–21). The analyses were conducted on layers with the following 
seeded values:  
• HPTO overlay (1 in. [25 mm], 947,000 psi [6,530 Mpa]) 
• A composite layer combining two layers: (1) the old HMA (0.5 in. 

[12.5 mm]) and (2) the CIR. The thickness of the CIR layer and the 
seeded moduli values varied depending on the CIR section:  
o CIR2%FAC section (2.83 in. [72 mm], 693,670 psi [4,783 Mpa]) 
o CIR3%FAC section (2.71 in., 671,234 psi [4,628 Mpa]) 
o CIR4%FAC section (2.88 in. [73 mm], 635,265 psi [4,380 Mpa])  

• I-3 granular base (16 in. [406 mm], 15,000 psi [103 Mpa])  
• Compacted soil (12 in. [304 mm], 10,000 psi [69 Mpa])  
• Natural soil (semi-infinite, 10,000 psi [69 Mpa])  

It is important to mention that both moduli for the HPTO and CIR layers 
were determined in the lab by using |E*| at 10 Hz and 70°F [21°C]. In addi-
tion, the modulus of the HPTO overlay was fixed during the backcalcula-
tion analysis to better capture the impact of accelerated loading on the 
stiffness of CIR layer at different asphalt contents (Tables 19–21).  

As shown in Tables 19–21, the estimated CIR moduli of each section in-
creased after performing HVS full-scale testing. In fact, after the applica-
tion of accelerated truck loading, the stiffness of the CIR layer at the three 
positions of all the CIR sections increased by (a) 50,000 psi (325 Mpa) on 
average for the CIR2%FAC section, (b) 30,000 psi (207 Mpa) on average 
for the CIR3%FAC section, and (c) 20,000 psi (138 Mpa) on average for 
the CIR4%FAC section. Conversely, the estimated moduli of the lower lay-
ers did not show a significant change during HVS testing (change by 
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roughly 5,000 psi [35 Mpa]). After the application of accelerated aircraft 
loading, the backcalculated moduli of the CIR layer of all test sections in-
creased considerably: (a) by 90,000 psi (620 Mpa) on average for the 
CIR2%FAC section, (b) by 118,000 psi (814 Mpa) on average for the 
CIR3%FAC section, and (c) by 270,000 psi (1,862 Mpa) on average for the 
CIR4%FAC section. Similar to the observations made from deflection ba-
sins, this suggests that compaction (or densification) of the upper layers of 
the CIR sections occurred due to repeated truck and aircraft loading at dif-
ferent positions for each CIR section. 

Tables 19–21 show that the CIR3%FAC section had a higher CIR layer 
modulus (on average) than the other two CIR sections. This was the case 
before and after the application of accelerated truck loading. This was ex-
pected and is a direct result of the lower deflections measured for the 
CIR3%FAC section when compared to those recorded for the CIR4%FAC 
and CIR2%FAC sections, specifically in both positions 1 and 2. After the 
application of aircraft loading, the backcalculated moduli values of the CIR 
layer for the CIR4%FAC were higher than those of the CIR3%FAC section, 
which in turn presented higher estimated moduli than those of the 
CIR2%FAC section. These observations suggest that rate of the densifica-
tion and compaction of the CIR layer due to repeated truck and aircraft 
loading seems to increase with the increase of the asphalt binder content 
of the CIR layer.  

Alternately, Table 22 presents the estimated moduli for all the layers form-
ing each CIR section, including the HPTO overlay, after applying the accel-
erated aircraft loading. The analyses of HWD deflections would help in un-
derstanding whether the manifested distresses (i.e., transverse cracks) 
originated from the CIR layer or from the HPTO layer. As Table 22 shows, 
the CIR2%FAC section presented estimated moduli of the HPTO layer 
lower than those of both CIR3%FAC and CIR4%FAC sections. In addition, 
the CIR layer estimated modulus for the CIR4%FAC section was higher (by 
more than 200,000 psi [1,380 Mpa] in position 1 and 2) than that of the 
CIR3%FAC section. This suggested that the CIR4%FAC could be the best 
performing section when subjected to accelerated truck and aircraft load-
ing. In fact, these observations were evidenced by performing a visual in-
spection for the three CIR sections, which indeed showed that the 
CIR2%FAC section, as well as the CIR3%FAC section, presented longitudi-
nal cracks at the surface close to the HVS wheel path, particularly near po-
sition 2 (Figure 40). 
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Figure 39. Deflection basins from HWD testing for all CIR sections before and after the application of accelerated truck and aircraft loading. 

 

(a) CIR2%FAC before HVS loading 

 

(b) CIR2%FAC after truck loading 

 

(c) ICIR2%FAC after aircraft loading 

 

(d) CIR3%FAC before truck loading 

 

(e) ICIR3%FAC after truck loading 

 

(f) CIR3%FAC after aircraft loading 
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Figure 39 (cont.). Deflection basins from HWD testing for all CIR sections before and after the application of accelerated truck and aircraft loading. 

(g) CIR4%FAC before HVS loading 

 

(h) CIR4%FAC after truck loading 

 

(i) CIR4%FAC after aircraft loading 

 

 

Table 19. Layer moduli values backcalculated for CIR2%FAC sections before and after full-scale accelerated loading.  

Pavement  
Layer 

Thickness 
(in.) 

Seed Values 
(psi) 

Est. Mod. Before HVS Est. Mod. After Truck Loading Est. Mod. After Aircraft Loading 
Position 1 Position 2 Position 3 Position 1 Position 2 Position 3 Position 1 Position 2 Position 3 

HPTO 1 947,000 947,000 947,000 947,000 947,000 947,000 947,000 947,000 947,000 947,000 
CIR 2.83 693,670 35,004 69,597 43,414 63,006 107,573 70,715 162,573 171,887 225,003 
HMA 0.5           
I-3 base 16 15,000 19,159 23,106 25,954 21,309 26,255 25,802 24,105 21,843 21,014 
Compacted Soil 12 10,000 26,459 27,804 23,635 29,553 27,002 27,837 24,080 27,544 21,097 
Natural soil Semi-infinite 10,000 28,720 29,839 26,102 32,185 32,900 28,746 27,910 25,516 27,305 
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Table 20. Layer moduli values backcalculated for CIR3%FAC sections before and after full-scale accelerated loading.  

Pavement  
Layer 

Thickness 
(in.) 

Seed Values 
(psi) 

Est. Mod. Before HVS Est. Mod. After Truck Loading Est. Mod. After Aircraft Loading 
Position 1 Position 2 Position 3 Position 1 Position 2 Position 3 Position 1 Position 2 Position 3 

HPTO 1 947,000 947,000 947,000 947,000 947,000 947,000 947,000 947,000 947,000 947,000 
CIR 2.71 671,234 66,258 57,315 46,945 93,124 116,772 102,567 162,263 223,216 282,315 
HMA 0.5           
I-3 base 16 15,000 23,154 21,640 25,428 23,154 23,038 26,948 19,007 21,059 22,633 
Compacted Soil 12 10,000 22,381 25,088 27,969 22,381 24,280 21,414 26,125 22,988 21,811 
Natural soil Semi-infinite 10,000 29,023 24,889 27,969 29,023 29,777 32,120 24,779 25,668 31,890 

 
Figure 40. Visual inspection results for the three CIR sections after HVS-accelerated loading (longitudinal shots). 

(a) CIR3%FAC section 

 

(b) CIR4%FAC section 

 

(c) ICIR2%FAC section 
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Table 21. Layer moduli values backcalculated for CIR4%FAC sections before and after full-scale accelerated loading.  

Pavement  
Layer 

Thickness 
(in.) 

Seed Values 
(psi) 

Est. Mod. Before HVS Est. Mod. After Truck Loading Est. Mod. After Aircraft Loading 
Position 1 Position 2 Position 3 Position 1 Position 2 Position 3 Position 1 Position 2 Position 3 

HPTO 1 947,000 947,000 947,000 947,000 947,000 947,000 947,000 947,000 947,000 947,000 
CIR 2.88 635,265 35,067 41,045 34,621 43,086 62,343 55,850 305,729 433,927 230,029 
HMA 0.5           
I-3 base 16 15,000 20,697 20,414 24,657 25,126 24,935 23,373 25,772 26,128 23,594 
Soil Layer 10,000 10,000 30,437 28,561 26,544 30,130 34,459 31,124 30,213 31,380 25,669 
Natural soil Semi-infinite 10,000 30,115 29,141 27,495 35,826 33,036 30,464 31,703 29,108 30,167 

 
Table 22. Layer moduli values backcalculated for CIR sections after the application of accelerated aircraft loading.  

Pavement  
Layer 

Seed Values 
(psi) 

Est. Mod. Before HVS Est. Mod. After Truck Loading Est. Mod. After Aircraft Loading 
Position 1 Position 2 Position 3 Position 1 Position 2 Position 3 Position 1 Position 2 Position 3 

HPTO 947,000 195,068 176,157 343,510 346,253 498,488 589,750 483,798 505,016 451,390 
CIR 635,265 241,929 452,680 818,213 263,041 258,841 259,855 505,059 678,951 328,576 
HMA           
I-3 base 15,000 23,866 25,879 21,656 16,495 19,760 25,756 18,764 27,171 21,376 
Soil Layer 10,000 26,694 24,904 20,862 28,190 22,550 27,109 27,212 23,765 23,661 
Natural soil Semi-infinite 27,789 26,004 24,493 25,067 24,066 23,653 29,085 29,267 26,821 

 

 



ERDC TR-22-21 94 

 

6.5.2 Permanent deformation and rutting 

Figure 41 presents the transverse profiles for all three CIR sections as HVS 
loading progressed. As Figure 41a–c shows, the average maximum rutting ob-
served for the CIR2%FAC section is approximately 0.23 in. (5.78 mm) with an 
average value of permanent deformation of 0.28 in. (7.18 mm) after the appli-
cation of 150,000 HVS truck loading passes. Figure 41d–f shows that the 
CIR3%FAC section had an average maximum rutting of 0.33 in. (or 8.34 
mm.) with rut-depth values of 0.34 in. (8.61 mm) on average. Figure 41g–I 
shows that the average maximum rutting, as well as the average rut depth, ob-
served for the CIR4%FAC section was approximately 0.29 in. (or 7.3 mm).  

These results show that both CIR3%FAC and CIR4%FAC sections pre-
sented relatively similar rutting performance (i.e., difference in average 
rutting is 0.04 in. [1 mm]). However, the rutting resistance for the 
CIR2%FAC section is slightly better than that of the CIR4%FAC and 
CIR3%FAC sections (i.e., average rutting is less by 0.11 in. [2.8 mm] than 
that of the CIR3%FAC section and less by 0.07 in. [1.78 mm] than that of 
the CIR4%FAC section). In addition, both accumulated rut-depth and per-
manent-deformation values were similar for all the CIR sections. This may 
indicate that the accelerated truck loading (i.e., 9,000 lb (40 kN) for 
150,000 passes) did not cause a significant shear flow on the surface of the 
CIR sections. It is also important to mention that both accumulated rut-
depth and permanent-deformation values are less than the rutting thresh-
old for asphalt highways, which is 0.5 in. (12.5 mm). Despite these three 
sections having about 1% difference in the binder content of the CIR 
mixes, the similar rutting performance for the CIR3%FAC and CIR4%FAC 
sections with a slightly better rutting resistance for the CIR2%FAC section 
is likely due to the similar field densities recorded for these sections. 
Therefore, the binder content of the CIR layer mix may not have been a 
critical factor defining the rutting performance of CIR layers in the field at 
truck loading magnitudes (i.e., 9,000 lb [40 kN] in this case).  

After the application of aircraft loading, as illustrated in Figure 42, the per-
manent deformation measured for each CIR section significantly increased 
and passed the failure criteria of 1 in. (25 mm) before completing 11,000 
HVS passes. In fact, the CIR2%FAC section unexpectedly presented the 
highest rut-depth values as Figure 42a–c shows (average maximum rutting 
of 1.59 in. [40.4 mm]). As shown in Figure 42d–I, both CIR3%FAC and 
CIR4%FAC sections presented relatively similar rutting performance after 
applying aircraft loading (approximately 1.39 in. [35.2 mm] for the 
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CIR3%FAC section and 1.30 in. [33.1 mm] for the CIR4%FAC section). This 
suggests that there may be a minimum binder threshold where the material 
behaves more like an unbound layer rather than a bound CIR layer (e.g., 
CIR2%FAC section) under accelerated aircraft loading. In addition, the aver-
age rut depth measured for the three CIR sections presented a significant in-
crease compared to the ones measured during accelerated truck loading. In 
fact, the average rut-depth values were 2.01 in. (51.3 mm) for the CIR2%FAC 
section, 1.85 in. (47.1 mm) for the CIR3%FAC section, and 1.78 in. (45.3 mm) 
for the CIR4%FAC section. This suggests that the accelerated aircraft loading 
(i.e., 100 kN) may cause large shear forces on the pavement surface. Indeed, 
these results show that both accumulated permanent-deformation and rut-
depth values are not within the rutting threshold for airfields, which is 1 in. 
(25 mm). Figure 43 compares the surface depression (rut) obtained after ap-
plication of truck- and aircraft-accelerated loading on CIR sections. 

To validate the measurements of the laser profiler, the research team per-
formed a forensic investigation at the three locations of the CIR sections 
where the rut measurements were taken (Figure 37a). This investigation 
consisted of cutting 6 in. (152 mm) deep and 10 in. (254 mm) wide pave-
ment trenches at each location to better determine the actual rutting per-
formance of the CIR layer (below the 1 in. [25 mm] HPTO). Figure 44 illus-
trates an example of a trench taken from location 1 of the CIR3%FAC sec-
tion. It is important to note that the rut-depth measurements of the over-
lay and the CIR layers were taken in place and not from the trenches. Ta-
ble 23 presents the forensic investigation results for the three CIR sections 
at three locations after the application of accelerated aircraft loading. As 
Table 23 shows, the permanent deformation measured for the overlay af-
ter the application of aircraft loading is relatively similar for the three CIR 
sections (about 0.35 in. [9 mm] on average). However, the CIR layer of the 
three CIR sections exhibited considerably more rutting than the HPTO 
overlay (by more than 100%). In fact, the CIR layer of the CIR2%FAC sec-
tion presented higher rutting values (0.9 in. [23.4 mm]), followed by that 
of the CIR3%FAC section (0.75 in. [19.1 mm] on average) and that of the 
CIR4%FAC section (0.7 in. [17.5 mm] on average). Conversely, the old 
HMA layer of the three CIR sections exhibited less rutting than the upper 
layers (less than 0.3 in. [8 mm]). Based on the forensic investigation re-
sults, the CIR layer contributes more than 50% of the total measured per-
manent deformation for all the CIR sections. In addition, as observed by 
the laser profiler results, the permanent deformation measured at 
CIR2%FAC for the CIR layer was the highest among all the sections. 
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Figure 41. Transverse depth profiles for all CIR Sections after the application of truck full-scale accelerated loading. 

(a) CIR2%FAC Position 1 

 

(b) CIR2%FAC Position 2 

 

(c) ICIR2%FAC Position 3 

 

(d) CIR3%FAC Position 1 

 

(e) ICIR3%FAC Position 2 

 

(f) CIR3%FAC Position 3 
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Figure 41 (cont.). Transverse depth profiles for all CIR sections after the application of truck full-scale accelerated loading. 

(g) CIR4%FAC Position 1 

 

(h) CIR4%FAC Position 2 

 

(i) CIR4%FAC Position 3 

 

Figure 42. Transverse depth profiles for all CIR sections after the application of aircraft full-scale accelerated loading. 

(a) CIR2%FAC Position 1 

 

(b) CIR2%FAC Position 2 

 

(c) ICIR2%FAC Position 3 
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Figure 42 (cont.). Transverse depth profiles for all CIR Sections after the application of aircraft full-scale accelerated loading. 

(d) CIR3%FAC Position 1 

  

(e) ICIR3%FAC Position 2 

 

(f) CIR3%FAC Position 3 

 

(g) CIR4%FAC Position 1 

 

(h) CIR4%FAC Position 2 

 

(i) CIR4%FAC Position 3 
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Figure 43. Comparison of rut depth after truck and aircraft full-scale loading. 

(a) Rut after truck loading 

 

(b) Rut after aircraft loading 

 
 

Figure 44. Example of pavement trench cut at position 1 in 
CIR3%FAC section. 

 

Table 23. Forensic investigation of trenches obtained from each CIR 
section.  

CIR Section 

Rut Depth (mm) 
CIR2%FAC CIR3%FAC CIR4%FAC 

Pos1 Pos2 Pos3 Pos1 Pos2 Pos3 Pos1 Pos2 Pos3 

Overlay (1 in.) 8.76 8.85 8.82 9.39 11.4 9.15 10.4 10.6 8.89 
CIR layer (3 in.) 21.3 23.6 25.2 17.3 22.1 17.8 14.7 17.5 20.3 
Old HMA (0.5 in.) 7.11 6.50 6.50 2.54 0.7 6.35 6.09 7.87 6.09 
Total Rut Depth 37.1 39.0 40.5 29.2 34.2 33.3 31.2 35.9 35.3 
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6.5.3 Analysis of mechanistic responses 

6.5.3.1 Tensile and compressive strains from asphalt strain gauges 

Four asphalt strain gauges (ASGs) were placed in each of the CIR sections. 
Gauges ASG1 and ASG2 were placed at the bottom of the CIR layer in the 
longitudinal (or loading) direction while ASG3 and ASG4 were placed in 
the transverse direction (perpendicular to loading). To analyze the data 
from the strain gauge, the peak tensile and peak compressive strains were 
quantified from each strain pulse.  

Figure 45 shows example strain pulses as obtained from all strain gauges 
(ASG1 through ASG4). As illustrated in this figure, the peak tensile strain 
is defined as the distance between a reference line and the maximum posi-
tive peak (above the reference line). Similarly, the peak compressive strain 
(Figure 45) is defined as the distance between a line and the maximum 
negative peak (below the reference line). The figure also shows that longi-
tudinal strain gauges provide a different strain pulse (shape and magni-
tude) than the transverse strain gauges. The research team believes that 
the orientation of the gauge and the location of the wheel path are the rea-
son for these different pulse shapes and magnitudes, respectively.  

Figure 46 presents the peak tensile and compressive strains as obtained 
from longitudinal gauges ASG1 and ASG2 and transverse gauges ASG3 and 
ASG4 for all CIR sections. As Figure 46a shows, the peak tensile strains 
seem to remain constant (for the tracked wheel path) for all three CIR sec-
tions as truck loading (i.e., 40 kN) progresses. A similar trend is also 
shown for the peak compressive strains (Figure 46b). In addition, Figure 
46a and b shows that the peak tensile and compressive strains for the 
CIR3%FAC section were lower by about 30 µε than the CIR4%FAC section 
and about 20 µε lower than the CIR2%FAC section. This may indicate that 
all CIR sections are experiencing similar strains at the bottom of the CIR 
layer when subject to accelerated truck loading. This in turn might indicate 
that the three CIR sections have similar cracking resistance, despite the 1% 
difference in binder content.  
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Figure 45. Example strain pulses as obtained from the transverse and longitudinal asphalt strain gauges (ASGs) at 20,000 loading passes. 

(a) Asphalt Strain Gauge 1 (longitudinal direction) 

 

(b) Asphalt Strain Gauge 2 (longitudinal direction) 

 

(c) Asphalt Strain Gauge 3 (transverse direction) 

 

(d) Asphalt Strain Gauge 4 (transverse direction) 

 

-60

-59.8

-59.6

-59.4

-59.2

-59

-58.8

-58.6

-58.4

-58.2

200 250 300

A
S

G
 1

 R
es

p
on

se
s 

at
 C

yc
le

 1
0

K
 (
μ
ε)

 

Cycle Time (second)

Longitudinal ASG 1

Compressive Strain

Tensile Strain

Residual Strain

-67.8

-67.6

-67.4

-67.2

-67

-66.8

-66.6

-66.4

200 250 300 350 400

A
S

G
 2

 R
es

p
on

se
s 

at
 C

yc
le

 1
0

K
 (
μ
ε)

 

Cycle Time (second)

Longitudinal ASG 2

Tensile Strain

Compressive Strain

Residual Strain

-137.5

-137

-136.5

-136

-135.5

-135

-134.5

-134

-133.5

-133

200 250 300 350

A
SG

 3
 R

es
p

on
se

s 
at

 C
yc

le
 1

0
K

 (
μ
ε)

 

Cycle Time (second)

Transverse ASG 3

Compressive Strain

Tensile Strain

0

1

2

3

4

5

6

7

200 250 300 350

A
S

G
 4

 R
es

p
on

se
s 

at
 C

yc
le

 1
0

K
 (
μ
ε)

 

Cycle Time (second)

Transverse ASG 4
Tensile Strain

Compressive Strain



ERDC TR-22-21 102 

 

Figure 46c and d presents the peak tensile and compressive strains as ob-
tained from ASG 3 and ASG 4, which were installed in a transverse direc-
tion to the HVS wheel path, for all CIR test sections. As Figure 46c shows, 
similar to ASG 1 and 2 responses, the tensile strains recorded by both ASG 
3 and ASG 4 seemed to remain constant as the HVS loading progressed. 
Additionally, Figure 46c and d shows that both peak tensile and compres-
sive strains for the CIR4%FAC section were higher than both CIR3%FAC 
and CIR2%FAC sections (by about 100 µε for tension and by about 80 
µε for compression). This suggests that CIR3%FAC and CIR2%FAC sec-
tions might exhibit a slightly better cracking resistance than that of the 
CIR4%FAC section when subjected to accelerated truck loading. 

Figure 47 presents the peak tensile and compressive strains as obtained 
from longitudinal gauges ASG1 and ASG2 and transverse gauges ASG3 and 
ASG4 for all CIR sections. It important to note that the stain gauge ASG 2 
embedded in the CIR3%FAC section broke prior to applying the aircraft-
accelerated loading; thus, the peak tensile and compressive strain data for 
this section were obtained from only ASG1, ASG3, and ASG4. As Figure 47 
shows, all tensile and compressive strain peaks significantly increased (by 
up to more than 1,000 µε) compared to the values obtained during the 
truck full-scale loading. The HVS testing was terminated at 11,000 passes 
as previously mentioned in section 6.4.2. Similar to the results obtained 
during the truck full-scale loading, the peak tensile and compressive 
strains remained relatively constant for the three CIR section. In addition, 
the CIR4%FAC section presented higher peak tensile strain values than 
those obtained for the CIR2%FAC (higher by approximately 400 µε) and 
CIR3%FAC (higher by approximately 600 µε) sections, as shown in Figure 
47. Based on these observations, the binder content seems to impact the 
cracking performance of the CIR full-scale sections when subjected to ac-
celerated loading of heavy traffic (i.e., 100 kN), where the CIR3%FAC sec-
tion presented better cracking resistance. Despite these observations, it is 
important to note that these peak tensile and compressive strain values 
should be interpreted cautiously because visual inspection results (Figure 
40) showed little to no cracking in the CIR4%FAC section while other sec-
tions had cracks. Other factors may influence the cracking resistance of a 
pavement sections in addition to recorded tensile strains. 
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Figure 46. Peak tensile and compressive strains after the application of truck full-scale accelerated loading. 

(a) Peak tensile strains from ASG 1 and ASG 2 

 

(b) Peak compressive strains from ASG 1 and ASG 2 

 

(c) Peak tensile strains from ASG 3 and ASG 4 

 

(d) Peak compressive strains from ASG 3 and ASG 4 
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Figure 47. Peak tensile and compressive strains after the application of aircraft full-scale accelerated loading. 

(a) Peak tensile strains from ASG 1 and ASG 2 

 

(b) Peak compressive strains from ASG 1 and ASG 2 

 

(c) Peak tensile strains from ASG 3 and ASG 4 

 

(d) Peak compressive strains from ASG 3 and ASG 4 
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6.5.3.2 Compressive stresses from earth pressure cells 

Similar to the ASGs, peak compressive stress as measured using the pres-
sure cells was tracked. Figure 48 presents peak compressive stress as ob-
tained from Pressure Cell 1 and Pressure Cell 2 (PC1 and PC2) during ac-
celerated truck loading. As shown in Figure 48, peak compressive stress 
seemed to increase slightly (approximately linearly by about 2 psi) as HVS 
loading passes increased. This was the case for all three sections (Figure 
48). The reason for this slight increase in compressive stress under truck 
loading magnitudes (i.e., 40 kN) is believed to be the densification of the 
HPTO and CIR layers as HVS loading is applied. By comparing the rec-
orded compressive stresses for all the three CIR sections (Figure 48), one 
can potentially assess these sections’ susceptibility to rutting (i.e., compar-
ing compressive strains at the top of the base course for all sections). Fig-
ure 48a and c shows that the compressive stresses measured from the 
CIR4%FAC and the CIR2%FAC sections were roughly around 7.5 psi 
(52 Kpa) (after 145,000 loading passes), which is slightly higher than that 
observed for the CIR3%FAC section (Figure 48b). Since the difference in 
compressive stresses for the sections is at a maximum of 2 psi (14 Kpa), 
they are considered similar for all three sections. Therefore, no clear dis-
tinction between the sections, with regard to rutting susceptibility, can be 
made (at least based on truck loading magnitudes). 

Figure 49 presents the CIR sections’ compressive stress obtained from 
pressure cells during accelerated aircraft loading (i.e., 100 kN) for 11,000 
passes. Unfortunately, compressive-stress data were measured for only the 
CIR4%FAC and CIR2%FAC sections due to malfunction of both pressure 
cells embedded in the CIR3%FAC section. As illustrated in Figure 49a and 
b, the peak compressive stress, recorded by PC1 and PC2 of the CIR4%FAC 
section and PC2 of the CIR2%FAC section, considerably increased under 
the aircraft loading magnitudes by approximately 20 psi. In addition, both 
sections presented similar compressive stresses, indicating that the 
CIR2%FAC and CIR4%FAC sections may have the same ability to resist 
rutting under aircraft loading magnitudes. No clear distinction can be 
made between the sections based on the recorded compressive stresses. 
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Figure 48. Peak compressive stress during truck full-scale accelerated loading. 

(a) CIR4%FAC section 

 

(b) CIR3%FAC section 

 
(c) ICIR2%FAC section 

 

Figure 49. Peak compressive stress during aircraft full-scale accelerated loading. 

(a) CIR4%AC section 

 

(b) CIR2%AC section 
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6.5.3.3 Temperature measurements from thermocouples 

The target air temperature around the test sections when HVS loading was 
applied was set to 50°F (10°C). To monitor the difference in temperature, 
which was caused by variation in weather conditions and limitations of the 
HVS’s cooling and heating systems, the research team installed three ther-
mocouples (labeled top, mid, and bottom) in the CIR layer of each section. 
For the purposes of this study, temperatures were measured in only the 
CIR layers. The top thermocouple was placed 0.5 in. (12.5 mm) from the 
top of the CIR layer, the mid thermocouple was placed in the middle of the 
layer, and the bottom was placed 0.5 in. (12.5 mm) above the bottom of the 
CIR layer. Figure 50 presents temperatures at each of these locations along 
with the air temperature inside the HVS enclosure. 

As Figure 50a–c shows, the temperature inside the CIR layer for the 
CIR4%FAC section was lower than that in the CIR3%FAC and CIR2%FAC 
sections. This is because the CIR4%FAC section was tested in May 2019 
(late spring) while the other two sections were tested in June–August 2019 
(summer) with increased ambient temperatures. Nonetheless, Figure 50 
shows that the temperatures recorded were within 10°F (−12°C) to 15°F 
(−9°C) of the target air temperature (i.e., 50°F [10°C]). Therefore, the rela-
tively higher temperature recorded at the CIR3%FAC and CIR2%FAC sec-
tions can potentially explain why this section presented higher rut-depth 
values than those measured at the CIR4%FAC section when subjected to 
accelerated truck loading. With regard to the temperature recorded during 
the accelerated aircraft loading (Figure 50d–f), the three CIR sections pre-
sented similar air temperature and temperature of the CIR layer (about 
60°F [15.5°C] on average). Thus, this suggests that temperature may not 
have an impact on trafficking performance during the aircraft loading por-
tion of the HVS testing. 
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Figure 50. Recorded temperatures at the top, middle, and bottom of the CIR layer. 

(a) CIR4%FAC section 

 

(b) CIR3%FAC section 

 

(c) ICIR2%FAC section 

 

(d) CIR4%FAC section 

 

(e) ICIR3%FAC section 

 

(f) CIR2%FAC section 
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6.5.3.1  Statistical analysis of the measured response data 

The research team statistically assessed the impact of CIR binder content 
on the field performance of CIR sections by using one-way ANOVA and 
Tukey’s HSD post hoc analysis. The analysis was performed on a 95% con-
fidence level: when p-values and sigmoid values are less than 0.05, the im-
pact of binder content on the field performance is considered significant. 
Table 24 presents the ANOVA and Tukey’s HSD post hoc analysis for rut 
depth, estimated CIR layer moduli, and tensile strain values measured af-
ter the application of accelerated truck and aircraft loading. ANOVA analy-
sis showed that the estimated layer moduli and tensile strain (at the bot-
tom of the CIR layer) presented p-values less than 0.05 (0.026 and 0.038) 
after the application of accelerated truck loading, while the rut depth pre-
sented a p-value of 0.356. This suggests that the binder content has a sig-
nificant impact on the estimated moduli and cracking resistance of CIR 
sections under truck traffic. Further, varying the binder content by 1% did 
not cause a significant change in the rutting performance. In addition, post 
hoc analysis investigated which binder contents caused the significant 
change in estimated moduli and tensile strain values. Results showed that 
only the sigmoid values between 3% and 4% binder contents were less 
than 0.05 (0.022 and 0.035, respectively). Therefore, increasing the 
binder content from 3% to 4% has a significant impact on both moduli and 
tensile strain under truck loading. At 3% binder content, the CIR layer pre-
sented higher values of estimated moduli and lower cracking susceptibility 
than the other sections.  

With regard to accelerated aircraft loading, ANOVA and post hoc analysis 
showed that all the performance measures (rut depth, estimated layer 
moduli, and tensile strain) presented p-values higher than 0.05 (Table 24). 
This indicates that the change in CIR binder contents by 1% has a minor 
impact on the stiffness, rutting, and cracking performance of CIR layers 
under accelerated aircraft loading. Based on statistical analyses, the im-
pact of binder content depends on the traffic level applied on the CIR 
pavement. When the loading magnitude of traffic is low to medium, vary-
ing the binder content will result in different performance of the CIR layer, 
which falls in line with the findings of the BMD design developed as part of 
this study (see chapter 4). However, when loading magnitude of traffic in-
creases considerably (heavy traffic), it becomes hard to capture the impact 
of a 1% incremental change of binder content on the stiffness and the per-
formance of CIR.  
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Table 24. ANOVA and post hoc analysis results. 

After the Application of Truck Loading 
Performance Measure Rut Depth Estimated Moduli Tensile Strain 

p-Value 0.356 0.026 0.038 
Binder Content (%) Tukey’s HSD Post Hoc Analysis (Sig.) 

2 & 3 0.605 0.256 0.596 
2 & 4 0.851 0.194 0.125 
3 & 2 0.605 0.256 0.596 
3 & 4 0.337 0.022 0.035 
4 & 2 0.851 0.194 0.125 
4 & 3 0.605 0.256 0.035 

After the Application of Aircraft Loading 
Performance Measure Rut Depth Estimated Moduli Tensile Strain 
p-Value 0.491 0.128 0.416 

Binder Content (%) Tukey’s HSD Post Hoc Analysis (Sig.) 
2 & 3 0.68 0.816 0.999 
2 & 4 0.478 0.125 0.485 
3 & 2 0.68 0.816 0.999 
3 & 4 0.929 0.273 0.47 
4 & 2 0.478 0.125 0.485 
4 & 3 0.68 0.816 0.47 
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7 Summary of Findings, Conclusions, and 
Recommendations  

7.1 Summary of findings and conclusions 

This study presented a method for designing emulsified and foamed as-
phalt CIR mixtures that balances cracking and rutting performance. To 
evaluate the feasibility and practicality of the BMD method, eight CIR mix-
tures were produced in the lab by using a combination of two bituminous 
additives (foamed asphalt or emulsion), two compaction levels (30 or 70 
gyrations), and two curing temperatures (cold curing at 50°F [10°C] or hot 
curing at 140°F [60°C]). All the laboratory CIR mixtures were prepared us-
ing a constant dosage of portland cement and water, 1% and 3%, respec-
tively. Air-void levels were determined for each mixture by using a Core-
Lok device. APA and dynamic complex modulus tests were conducted to 
evaluate rutting susceptibility while ITS and SCB-FE tests were conducted 
to assess strength and cracking resistance. Regression analysis was per-
formed on rutting and cracking performance measures to evaluate the 
ability of laboratory performance tests to predict the rutting and cracking 
performances of CIR mixtures at different binder contents. Performance 
measures exhibiting strong correlations with CIR binder content were 
then used to select the optimum binder content of the eight CIR mixes. 
The process of selecting optimum binder contents was demonstrated for 
all CIR mixes and presented as part of this study.  

Based on laboratory results and subsequent ANOVA analyses, the conclu-
sions are the following: 

• The BMD approach was used successfully to design eight CIR mixtures. 
Because of its sensitivity to binder content, performance-testing results 
highlighted the importance of rutting measures, which currently estab-
lished CIR mix design methods do not consider, perhaps with the ex-
ception of Marshall stability and flow. 

• Three of the four rutting and cracking measures (i.e., APA rut depth, 
ITS, and SCB-FE) presented a strong dependence on CIR binder con-
tents. Regression analysis conducted on CIR performance measures 
showed that there is a strong correlation between each of these 
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measures (i.e., APA rut depth, ITS, and SCB-FE) and CIR binder con-
tent, therefore, indicating that these measures may be useful for devel-
oping a BMD method.  

• The results from the dynamic complex modulus, |E*|, conducted at 
high temperature (i.e., 129°F [54°C]) and a loading frequency of 10 Hz 
showed a relatively constant trend for all CIR mixtures. The rutting 
measure determined from the dynamic complex modulus test was, in 
fact, unable to capture the change in CIR binder content; thus, the |E*| 
measure was not considered for the BMD method. 

• Three cases for determining ranges of balanced optimum binder con-
tents for CIR mixtures were observed. Each case is related to the trend 
of the performance measures (i.e., APA rut depth, ITS, and SCB-FE) 
versus the CIR binder content. The BMD results also indicated that 
these cases can be dependent on the type of CIR bituminous additive, 
compaction level, and curing process used in designing CIR mixtures. 
Based on the results, optimum contents can be selected from APA and 
SCB-FE plots. 

• Bituminous additive type (emulsion or foamed asphalt) showed a mi-
nor effect on rutting performance. This can be explained by the fact 
that, when compacted using the same compaction level, both foamed 
and emulsified mixtures had similar ability to resist rutting. However, 
SCB results at optimum binder contents showed that emulsion mix-
tures exhibited higher fracture energy values than those of foamed as-
phalt mixtures, indicating that emulsion mixtures are better at resist-
ing cracking than those prepared using foamed asphalt. 

• Compaction level had a significant impact on both rutting and cracking 
performance. APA rut-depth results at optimum binder contents 
showed that CIR mixtures compacted at 70 gyrations had lower rutting 
susceptibly than those of CIR mixtures compacted at 30 gyrations.  

• Curing process also had a significant impact on rutting and cracking. 
Performance-test results showed that mixtures subjected to hot curing 
(i.e., 140°F [60°C] for 3 days) had relatively lower rutting susceptibly 
(i.e., lower APA rut depths and higher |E*|) and higher cracking re-
sistance (i.e., higher ITS and SCB-FE) than those submitted to cold 
curing (i.e., 50°F [10°C] for 3 days). 
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In addition to the laboratory study, an accelerated pavement testing study 
was conducted on three full-scale CIR sections to evaluate field perfor-
mance and to verify laboratory results. Specifically, the main purpose of 
full-scale testing was to verify whether different laboratory-designed CIR 
mixes (i.e., CIR4%FAC at 4% binder content, CIR3%FAC at 3% binder 
content, and CIR2%FAC at 2% binder content) will perform similarly un-
der field conditions (e.g., verify that the CIR4%FAC section was the most 
crack resistant). To characterize the performance of the full-scale sections, 
truck and aircraft loading (i.e., 9,000 lb [40 kN] and 22,500 lb [100 kN], 
respectively) was applied. HWD, transverse depth laser profiles, and 
mechanistic responses from pavement sensors were utilized to collect in-
formation about the rutting and cracking responses. 

Full-scale accelerated testing results and subsequent analyses conducted 
resulted in the following conclusions: 

• Pavement deflections decreased (by up to 12 mil [0.3 mm] in some 
cases) after applying HVS truck loading. Applying aircraft loading 
showed a slight decrease in deflections (by roughly 3 mil [0.08 mm]). 
This is likely due to the densification of the HMA and CIR materials 
under HVS loading.  

• Applying the truck loading (40 kN) increased the estimated moduli of 
the upper layers of CIR sections by up to 50%. In addition, the esti-
mated moduli of the upper layers of the CIR section increased by more 
than 100% after aircraft loading (100 kN).  

• Transverse pavement profiles showed that the CIR3%FAC and 
CIR4%FAC sections had similar rut-depth values (i.e., within 0.04 in. 
[1 mm] rut depth) after truck loading. The CIR2%FAC section had 
slightly better rutting resistance (i.e., lower recorded rut-depth values) 
than the other two sections. 

• Under aircraft loading conditions (i.e., 22,480 lb [100 kN]), following 
the application of accelerated truck loading for 150,000 passes, rec-
orded rut-depth values increased considerably for all three sections, ex-
ceeding the 1 in. (25 mm) rutting failure criteria of within 11,000 passes. 
Rate of failure was fastest for the CIR2%FAC section compared to the 
other two CIR sections. While the overall trend of the measured perma-
nent deformation shows that lower binder content in the mix results in 
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better rutting resistance, under high loading the CIR layer might be 
more like an unbound granular layer as opposed to a bound pavement 
layer. This may explain why the CIR2%FAC section (i.e., lowest binder 
content) was the most rutting susceptible under aircraft loading. 

• Earth pressure cells installed at the bottom of the CIR layers showed 
overall equivalent responses in the three CIR sections during repeated 
HVS loading. A slight ascending trend was observed after 90,000 truck 
loading passes in all the CIR test sections, which could be due to the 
stiffening of the CIR layer. An increase of measured peak stress values 
(by up to 20 psi [138 Kpa]) was observed after aircraft loading, which 
indicates that the rutting susceptibility decreased. 

• During both accelerated truck and aircraft loading, the CIR3%FAC sec-
tion exhibited lower measured strain values at the bottom of the CIR 
layer than those of the CIR2%FAC and CIR4%FAC sections. This sug-
gests that the CIR3%FAC section may be the best option for airfields of 
these materials tested. This finding may be different when different 
combinations and types of RAP, bituminous, and cementitious addi-
tives are used. 

• Thermocouple measurements showed that air temperature and the 
temperature of the CIR layer of the different CIR sections varied be-
tween 50°F (10°C) and 70°F (21.1°C) during both truck and aircraft 
loading.  

7.2 Future works 

The study team recommends that future CIR research focus on the following: 

• Compare mix design methods typically used for CIR techniques by cer-
tain agencies (i.e., Pennsylvania mix design, military mix design, and 
modified Marshall mix design) to the BMD approach developed as part 
of this study.  

• Evaluate the impact of recycling binder type (emulsion vs. foamed as-
phalts), cementitious additives (cement vs. lime), and water content at 
varying contents and dosages on CIR mixtures. Further, investigate 
the impact of these factors on the design approach proposed as part of 
this study. 
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• Develop an approach for optimizing the selection of CIR mix constit-
uents other than bituminous additives (e.g., cementitious additives 
and water). 

• Validate the approach for optimizing more than one CIR constituents 
through controlled, full-scale accelerated pavement testing experiments.  

Overall, adopting the BMD approach on multiple CIR ingredients (i.e., bi-
tuminous, cementitious additives, and water) will further optimize the 
ability of CIR mixtures to resist rutting and cracking. This approach will 
also help to understand the chemical reaction occurring between bitumi-
nous and cementitious additives and water at different dosages and to as-
sess their impact on the strength of CIR mixes. Therefore, this research is 
needed to design longer-lasting, ecofriendly, and economical pavements 
for different traffic levels, including airfields. A second phase of the cur-
rent research will address all these recommendations. 
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