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SI* (MODERN METRIC) CONVERSION FACTORS 
APPROXIMATE CONVERSIONS TO SI UNITS

Symbol When You Know Multiply By To Find Symbol 
LENGTH 

in inches 25.4 millimeters mm 
ft feet 0.305 meters m 
yd yards 0.914 meters m 
mi miles 1.61 kilometers km 
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in2 square inches 645.2 square millimeters mm2
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oz ounces 28.35 grams g
lb pounds 0.454 kilograms kg
T short tons (2000 lb) 0.907 megagrams (or "metric ton") Mg (or "t") 

TEMPERATURE (exact degrees) 
oF Fahrenheit 5 (F-32)/9 Celsius oC 

or (F-32)/1.8 
ILLUMINATION 

fc foot-candles 10.76 lux lx 
fl foot-Lamberts 3.426 candela/m2 cd/m2

FORCE and PRESSURE or STRESS 
lbf poundforce   4.45    newtons N 
lbf/in2 poundforce per square inch 6.89 kilopascals kPa 

APPROXIMATE CONVERSIONS FROM SI UNITS 
Symbol When You Know Multiply By To Find Symbol 

LENGTH
mm millimeters 0.039 inches in 
m meters 3.28 feet ft 
m meters 1.09 yards yd 
km kilometers 0.621 miles mi 
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mm2 square millimeters 0.0016 square inches in2 

m2 square meters 10.764 square feet ft2 

m2 square meters 1.195 square yards yd2 

ha hectares 2.47 acres ac 
km2 square kilometers 0.386 square miles mi2 

VOLUME 
mL milliliters 0.034 fluid ounces fl oz 
L liters 0.264 gallons gal 
m3 cubic meters 35.314 cubic feet ft3 

m3 cubic meters 1.307 cubic yards yd3 

MASS 
g grams 0.035 ounces oz
kg kilograms 2.202 pounds lb
Mg (or "t") megagrams (or "metric ton") 1.103 short tons (2000 lb) T 

TEMPERATURE (exact degrees) 
oC Celsius 1.8C+32 Fahrenheit oF 

ILLUMINATION 
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cd/m2 candela/m2 0.2919 foot-Lamberts fl

FORCE and PRESSURE or STRESS 
N newtons 0.225 poundforce lbf 
kPa kilopascals 0.145 poundforce per square inch lbf/in2
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EXECUTIVE SUMMARY 
Reflective cracking is considered one of the most important issues that cause premature 
deterioration of composite pavements. Many types of mitigation methods have been studied in the 
past. However, they are either not effective in delaying the reflective cracking, or they only extend 
the service life by a few years. To address this critical issue and significantly extend the service 
life of the composite pavement, in this research, a ductile interlayer made of engineered 
cementitious composites (ECC) was proposed. It was hypothesized that by adding a thin layer of 
highly ductile ECC material between the existing pavement and overlay, reflective cracking could 
be arrested by the ductile interlayer and this hypothesis was experimentally evaluated in this 
research project.  

In this project, world-wide literature were reviewed to identify the current practice of pavement 
overlay systems; currently used interlayer systems and design and their limitations; available ECC 
mixtures and properties; and testing methods and standards for pavement interlayers and 
overlays. This information was used to facilitate the design and testing of the proposed ECC 
interlayers.  

A laboratory test protocol was designed. Small scale specimens with and without ECC interlayers 
were prepared and tested under three-point flexural fatigue loadings to simulate repeated traffic 
loadings. The fatigue life of the specimens was then determined based on the testing data and used 
to evaluate the effectiveness of the ECC interlayer system.  

The major findings of this research are listed below: 
• Existing methods to prevent or retard reflective cracking include polymer modification of 

asphalt mixtures, saw, and seal, rigid interlayers like galvanized steel net, geogrids, and 
softer interlayers like Geosynthetics, SAMI, membranes, and composites. However, these 
treatments either have their own drawbacks or only extend the service life by a few years 
and therefore did not fully solve the problem of reflective cracking.  

• ECC interlayer significantly delays reflective crack growth by providing a firm base 
underneath the HMA. It was found that thicker ECC interlayer (12.5 mm) increased fatigue 
life by 140% while the thinner ECC interlayer (6.5 mm) showed 70% improvement under 
point load. 

• Test results also illustrated that the ECC interlayer distributes the stress concentration at 
the joint to a broader area. For fatigue test, ECC reduced the tensile stress level on the 
bottom of HMA, which delayed reflective crack initiation, propagation, and acceleration. 
This delay ultimately increased the fatigue life of the ECC specimen. Instead of one single 
reflective crack as observed in the control specimen, ECC interlayer specimen under point 
load generated multiple reflective cracks, which were merged together at failure. But in 
case of distributed load, ECC interlayer specimen cracks were generated at the top of the 
HMA and propagated downward.  

• ECC interlayer beam did not show any significant strain and crack during ramp loading 
and fatigue tests. It was observed that the crack initiated and propagated through the HMA 
only.  

The results of the experimentation clearly indicate that ECC has high potential to be used as an 
interlayer system to mitigate reflective cracking in composite pavements. 
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1. INTRODUCTION 
Overlays are constructed over existing pavement structures as a repair measure. When an overlay 
is placed on the existing pavement, under thermal, shrinkage or traffic induced loadings, cracking 
of the overlay often takes place at locations where there are joints or cracks in the underlying 
pavement due to stress concentration. This phenomenon is referred to as reflective cracking. 
Reflective cracking in the overlay allows water to penetrate the pavement structure and contributes 
to many forms of pavement deterioration, including increased roughness, spalling, and decreased 
fatigue life (1). Therefore, to achieve an effective and durable pavement repair using the overlay 
system, reflective cracking needs to be suppressed. 

In the past, researchers have investigated various methods to mitigate the problems of reflective 
cracking, including saw and seal, fractured slabs, and many forms of interlayers. However, the 
majority of the methods are either not effective or only extend the service of the pavement overlay 
by a few years. A new method to suppress or significant delay reflective cracking is in desperate 
need. 

In this research, a ductile Engineered Cementitious Composite (ECC) which is a high-performance 
fiber reinforced concrete (HPFRC) interlayer, was proposed in this research to mitigate the 
reflective cracking problem in pavement overlays. It was hypothesized that by adding a thin layer 
of highly ductile ECC material between the existing pavement and overlay, reflective cracking 
could be arrested by the ductile interlayer.  

ECC is a special kind of fiber reinforced concrete that exhibits strain hardening behavior and high 
ductility under tension (2-4). Unlike conventional brittle concrete, ECC forms multiple tight cracks 
under tension before the final fracture, which leads to high deformation capacity and fracture 
resistance. Studies also showed that using ECC as overlays for the repair of the bridge deck and 
rigid pavement successfully suppressed reflective cracking and dramatically extended the fatigue 
life of the repair (5-12). Although ECC overlays have been demonstrated to be effective, 
constructing the entire overlay using ECC is costly. Therefore, in this research, an ECC interlayer 
was proposed.  

In the proposed interlayer system, a thin precast layer of ECC was placed between the existing 
pavement and the actual overlay. The performance of the proposed ECC interlayer was 
experimentally evaluated in this study.  
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2. OBJECTIVES 
This research assessed the performance of the proposed innovative interlayer system. The new 
repair system is expected to have much higher structural and durability performance than that of 
the currently used overlay and interlayer system. The overall objective of the project is to design 
and evaluate the behavior and fatigue performance of a novel interlayer (ECC) system made of 
ductile ECC. The specific objectives are:   

• Review the current practice of pavement interlayer system. 
• Experimentally study the performance of the proposed ECC interlayer system. 
• Make design recommendations of ECC interlayer system. 
• Disseminate the research findings through various educational and outreach programs   

The scope of this project includes the following specific tasks that were completed to achieve the 
project objective. 

2.1. Task 1: Review of Worldwide Literature 
The literature review was conducted to identify:  

• The current practice of pavement overlay systems  
• Currently used interlayer systems and design and their limitations.  
• Available ECC mixtures and properties.  
• Testing methods and standards for pavement interlayers and overlays.  

2.2. Task 2-3: Experimentation  
In the experimental program, a recently developed ECC mixture using locally accessible sand and 
fibers were selected, and its mechanical properties were characterized. Lab scale specimens similar 
to that shown in Figure 1 were prepared and tested under static and cyclic three-point flexural 
loadings. The measured fatigue behavior and fatigue life of samples with ECC interlayer and 
control specimens (without interlayers) were compared to evaluate the effectiveness of the ECC 
interlayer to suppress the reflective cracking and to find the optimal design of the ECC interlayer 
system. 

 
Figure 1. Interlayer specimen configuration. 

2.3. Task 4-5: Data Analysis and Reporting 
Analysis of all experimental data obtained from the above tasks was conducted. The performance 
of the proposed interlayer system was evaluated based on all experimental data. All the findings 
of test results, data analysis, and conclusions are documented in this report. 
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3. LITERATURE REVIEW 

3.1. Introduction 
Hot Mix Asphalt (HMA) overlays are constructed over existing pavement structures as a repair 
measure. When HMA is overlaid over an existing Portland Cement Concrete (PCC) layer, tensile 
stress concentrates at the bottom of the HMA at the location of transverse joints or pre-cracks in 
the PCC underlayer. After a certain period, this tensile stress generates micro cracks at the 
maximum strain origination area due to this tensile stress. Eventually, the microcracks transformed 
into macrocracks and propagate to the surface of the HMA overlay. This phenomenon is known 
as Reflective Cracking (see Figure 2).   

 
Figure 2. Propagation of reflective crack from the existing concrete pavement into the new asphalt overlay (13). 

Reflective cracking in the overlay allows water to penetrate the pavement structure and contributes 
to many forms of pavement deterioration, including increased roughness, spalling, and decreased 
fatigue life. According to a survey data, (see Figure 3) (1) collected from 25 states, the Quebec 
Department of Transportation, and the Saskatchewan Ministry of Highway and Infrastructure 
(Canada), the average service life of a 1.5–2.0 inch. (38.1–50.8 mm) HMA overlay against 
reflection cracking is just 1 to 6 years.   

 
Figure 3. The average service life of an HMA overlay against reflection cracking (1). 
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3.2. Mechanism of Reflective Cracking 
Reflective cracks propagate to the pavement surface at an average rate of approximately 1 inch per 
year, and within around three years, it appears in the surface (2). The propagation of the Reflective 
cracking can be divided into two different stages, that are crack initiation at the bottom of the 
overlay stage and crack propagation to the top surface of the overlay stage. The reflective cracks 
in an overlay can be formed because of two reasons. One is due to thermal loading which is in 
generally introduced to HMA overlay for the horizontal and vertical movement of the underlying 
rigid pavement due to temperature variation, and another one is traffic induced loading (see Figure 
4). Traffic-induced loading may have more contribution than thermal loading in the origination of 
reflective crack, but the thermal load plays the significant role in propagating the crack from the 
bottom of the overlay to the surface (1). Also, in a survey, It was also noticed that the states with 
a short service life of HMA (1–3 years) are mainly located in the northern region of the US and 
Canada. This trend is expected due to the impacts of thermal movement on the fast propagation of 
reflection cracking (1). According to Lytton et al. (4), the traffic induced load over a crack in the 
existing pavement causes three critical pulses (one maximum bending and two maximum shear 
stresses).  

 

Figure 4. Mechanism of reflective cracking due to two different kinds of loading (5). 

3.3. Different Modes of Loading Responsible For Reflective Cracking 
Generally, these two types of loads are applied on a pavement structure as a combination of three 
different modes (see Figure 5), which represent the worst cases of loading for fracture (5): Mode 
1: loads normally applied to the crack plane (thermal and traffic loading); Mode 2: In-plane shear 
loading, which leads to crack faces sliding against each other normal to the leading edge of the 
crack (traffic loading); and Mode 3: Out-of-plane shear loading parallel to the crack leading edge. 
This mode of loading is known as tearing mode, but the real effect of this mode in reflective crack 
formation in the composite pavement is questionable. 
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Figure 5. Different modes of fracture (5). 

3.4. Current Practice of Overlay System  
In the current highway systems in the United States, there are about 850,000 lane km of Portland 
Cement Concrete (PCC) or rigid pavements, where at least 50 percent of them are Interstate system 
(14). Any deterioration of the highway systems can adversely affect the road users’ safety, vehicle 
operating costs, ride quality, and the cost of highway maintenance. To overcome the situation, Hot 
mix asphalt overlay has been recognized as a viable solution of rigid pavement rehabilitation. 
Asphalt overlays are not only used to improve the functional behavior of an already distressed 
rigid pavement, but it can also be used to reduce the noise, increase the skid resistivity, and 
improvement of the ride quality. Asphalt overlays can be placed over pavements in various degrees 
of distress, and the performance of the overlay depends upon the preparation of the existing 
pavement. The most beneficial aspect of asphalt overlay is the cost-effectiveness of this 
rehabilitating method for an existing roadway. Another significant benefit of the asphalt overlay 
is construction speed and convenience. AC overlays can be constructed on flexible or rigid 
pavement without significant traffic obstruction or redirection. Nevertheless, the use of the overlay 
rather than costlier alternatives (e.g., full-depth repair), is another benefit. Whereas expensive 
options can provide the required structural serviceability, often a major rehabilitation which 
involves a simple AC overlay of the proper thickness can save both time and money. Another 
benefit of asphalt overlay is the versatility, which can be applied either as a maintenance technique 
to eradicate unexpected environmental or traffic loading or as a rehabilitation process to increase 
the service life of an existing pavement. 
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Figure 6. Terms for pavement improvement efforts relative to condition of pavement over time (15). 

3.4.1. Changes in The HMA Overlay Design 
The researchers used a different technique to reduce the reflective by using more adaptable asphalts 
modified with polymer or rubber or changing the depth of the asphalt overlay for an increment of 
the design life against reflective cracking. 

Increasing the HMA Overlay Thickness: Finn et al. developed the empirical relation between 
the thickness of HMA and minimization of reflective cracking from local experiences (16). The 
type of pavement (HMA or PCC), nature of distresses, environmental conditions, and traffic 
loadings were the main parameter of that empirical relation. Later, many researchers had updated 
the findings of the relationships between reflective cracking and HMA overlay thickness: 

• In Georgia, Gulden et al. had found that the 20% area of cracking for a 6-inch overlay takes 
around six years while it is just two years for a 4-inch overlay on PCC pavement. A 2-inch 
overlay showed almost no resistance against reflective cracking (17). 

• Predoehl et al. researched in California, which showed that 4.8 inches of the overlay could 
reduce reflective cracking for ten years. With the prerequisite condition that the old 
pavement is structurally sound and adequately repaired (18). 

• McLaughlin et al. investigated reflective cracking in the airport pavements and experienced 
severe reflective cracking when a thin overlay (about 2 inches) is placed over pre-cracked 
HMA or PCC pavement. This research showed that a 4-inch overlay could arrest reflective 
cracking better than the previously used thinner overlay (19). 

Special Type of Design in Overlay: The bituminous mix design is modified by the addition of 
synthetic fibers (polypropylene or polyester), ground scrap tire rubber, and geosynthetic materials. 
The above technique increases the overlay’s tensile strength or flexibility (compliance), which 
helps in minimizing reflective cracking without disturbing the stability of the overlay. But 
sometimes, the use of harder asphalts may increase the tensile strength in the overlay, but due to 
lower flexibility will cause other types of crackings in the pavement such as rutting or flushing. 
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The balance between increasing the tensile strength and maintaining proper flexibility is the 
fundamental objective of modified HMA design: 

• McLaughlin et al. (19) used a crumb rubber HMA overlay at the Phoenix International 
Airport and other pavements in Arizona, which showed high performance in fatigue 
cracking and reflective crack resistance. 

• Button et al. performed a series of laboratory and field tests with eight types of chopped 
synthetic fibers as an additive in HMA overlays. This investigation indicated that in a 
laboratory test of fabrics mixed in asphalt concrete specimens improved the tensile 
properties, increased fatigue performance, and reduced crack propagation rate, and 
compound overlay slippage problems can be eliminated, but that operation requires better 
field compaction of the overlay (20).  

• Beckham et al. constructed eight experimental sections using cotton fabric to reinforce 
HMA surface treatments on both roads and wooden bridge floors between 1926 and 1935 
in South Carolina and achieved superior durability (21). 

• Lytton et al. described three uses of geotextiles: reinforcing, strain relief, and undersealing 
in their report. They made a systematic approach to test the fracture properties of the HMA 
overlay for crack growth prediction. This research provides design equations for 
determining the thickness of HMA overlay. The major problem with designing an overlay 
system with geosynthetic is the lack of product characteristics information except some 
index properties provided by the manufacturers which are not crucial for pavement design 
(4).  

3.4.2. Different Pre-Overlay Concrete Pavement Repair and Preparation 
While constructing asphalt overlay on an existing PCC pavement, it is recommended that all the 
discontinuities and distresses in the rigid pavement, like deteriorated joints, cracks, and punchouts 
must be corrected with full-depth repairs before the overlaying process. It helps in reducing 
reflective cracking. In this surface preparation process, strong bonding between two layers can be 
achieved through one or a combination of the following methods (22): 

• Texturing the PCC surface; 
• Cleaning the PCC surface; and 
• Placing the proper type and quantity of tack coat on the cleaned PCC surface. 

The asphalt overlay can correct specific distress in the pavement by itself and restore ride quality, 
but It is important to eliminate the causes of different distresses from the original concrete 
pavement before overlay. But it cannot fix problems such as loss of support, poor drainage, full 
depth cracks, or low load transfer between slabs. Failure to resolve these issues before overlaying 
will reduce the effectiveness of the asphalt overlay. Once all repairs have been made, the surface 
of the concrete slab needs to be cleaned and prepared to start the overlaying. Small particles are 
removed from the surface by sweeping or compressed air. (23). For areas with hard to remove 
substances like mud, water spraying may be used for cleaning, but the portion must be dry before 
the application of the overlay. 

Fractured Slab Techniques for Preparing PCC Underlayer: As an alternative to traditional 
pre-overlay repairs, the existing concrete pavement can be repaired by breaking it into many pieces 
to create a base layer on which the asphalt overlay can be placed. “Crack-and-seating” and 
“Rubblization” are two types of fractured slab techniques that can be used as a reflective crack 
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mitigation process in asphalt overlays of concrete pavements. These techniques are useful for 
deteriorated rigid pavements (24).  

Crack and Seat: In this technique, the slab is cracked into roughly two feet in diameter pieces, 
and a roller is used for seating the broken pieces, which helps to create a firm and relatively leveled 
base for the asphalt overlay. Load transfer is partially preserved between the slab-lets, but the 
potential for reflective cracking is reduced. Seating re-establishes contact and support between the 
concrete slab and the underlying layers which have been lost in the deterioration period. Possible 
weak areas in the base or subgrade can be located during the rolling process and must be replaced 
before the overlay is placed (25). 

Rubblization: This process is similar to crack-and-seat, except that the resulting concrete pieces 
are 2-3 inches at the surface of the PCC layer. Rubblizing destroys the integrity of the slab, and 
can’t transfer load between the pieces (26), and it is not considered as a suitable pre-overlay 
treatment for pavements with poor subgrade support (27). After rubblization, the pavement  must 
be rolled before the overlaying, which is similar to seating cracked pavement in the crack-and-seat 
procedure. It is used to create a solid, stable base to overlay the asphalt concrete. In both methods, 
the existing concrete slab is crushed into small pieces (see Figure 7) before placement of the 
overlay. The difference between the two processes is the size of the resulting pieces of concrete. 
The reason behind further breaking the concrete is that the probability of reflective cracking 
decreases with the decrement of crack spacing. This method works because small concrete pieces 
ensure smaller gaps between them and therefore deformation is less in response to temperature 
changes, which lower the magnitude of critical strains at the bottom of the asphalt overlay (28). 

 

Figure 7. Rubblization size and depth: (a) Particle size viewed from the surface and (b) Influence depth seen from the side 
(28). 

3.4.3. Saw and Seal 
The Saw and Seal method is ideal for increasing the longevity of asphalt pavement through the 
insertion of sealed control cracks that allow more expansion without causing cracks. The saw joints 
should cut in the asphalt no earlier than 48 hours after paving of the overlay. After sawing, the gap 
must be to be free from any loose particle or dust which ensures an effective seal in the joint. 
Sealing is recommended to construct during daylight hours and not in unfavorable weather 
condition (29). Overlays with saw and seal treatment keep the ride quality better by slowing down 
the increment in IRI (International Roughness Index) than standard overlays. However, at high 
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cracking levels, saw and seal process is less effective in arresting the reflective cracking than 
overlays placed on crack-and-seat slabs. Also, saw and seal doesn’t affect the amount of rutting 
experienced by the overlay (30). 

 
Figure 8.  Illinois tollway saw-and-seal (30). 

3.5. Current Practice of Interlayer System 
Since the early 1930s, a  substantial amount of resources and efforts have been spent on finding 
new and economical techniques to arrest reflection crack (9). Different methods, like the use of 
interlayer systems, have been suggested to enhance the pavement resistance to reflection cracking. 
In the early 1980s, the experiments showed that interlayer systems might be used to delay the 
reflective cracking through a new overlay placed over an old pavement (10). Later, Button et al. 
suggested that the introduction of the interlayer to mitigate reflection cracking can be provided 
through two different methods:  

• Reinforcing the overlay with a stiff interlayer which can provide better load distribution 
over a larger area and get along through the weak tensile strength of the HMA; and 

• Eliminating strain energy in the cracks through the use of a soft layer (11). 

Generally, each treatment method is a specific target based, and all methods may not have a 
strengthening capability. Sometimes, treatment methods affect negatively on the performance of 
the pavement. The highway agencies have a strong disagreement regarding the benefits of various 
treatment methods due to the oversimplified view of this situation. Even sometimes, when a 
technique successfully delays reflection cracking, the cost is equivalent to the cost of repairing the 
cracks (12). There are several interlayer systems which are being used in current engineering 
practice.  

3.5.1. Geosynthetics 
In the word Geosynthetics, Geo relates to the placement of the material on or in the earth or ground 
(e.g., in a pavement) and synthetic stands for an artificial material made by a human being. It can 
be anything like fabric, grid, composite, or membrane. Grids and composites are new generation 
materials developed for specific purposes.  

Geotextiles: Fabrics or geotextiles are mainly of two types: 
• Woven; and 
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• Nonwoven. 

It is generally made of thermoplastics like polypropylene or polyester and sometimes also contain 
nylon and other polymers, natural organic materials, or fiberglass. Nonwoven fabrics have 
filaments which are typically bonded together mechanically (needle-punched) or by adhesive 
solutions (spun-bonded, using heat or chemicals) (12). The relative performance of the geotextiles 
available in the market, depending on many factors related to design and construction (31). The 
different researcher had gotten different performance matrix of geotextiles in reducing reflection 
cracking (32), and they concluded bond between the old pavement and the new overlay had been 
considered an important factor (33, 34). That Interfacial bond depends upon the type and amount 
of tack coat. Ameri et al. developed a model that shows inadequacy in interface bonding strength 
can cause premature overlay rutting by lateral movement of the HMA due to traffic loads (35). It 
was also found that the micro-surfacing using modified asphalt emulsion over the fabric can not 
maintain a sufficient bond. They have concluded that geotextile and other types of interlayers 
performed considerably better in warm and mild weather than in cold climates to arrest reflective 
cracks (see Figure 9) (36) and also recommended a minimum overlay thickness of 2 inches in 
warmer climates. Carmichael et al. also stated from their field experience that apart from resisting 
the reflective cracking, the fabrics are also helpful in waterproofing the lower layer and stabilizing 
the subgrade moisture content (37). 

 
Figure 9. Locations of selected favorable and unfavorable paving fabric installations in the United States (36). 

Geogrids: Grids (mesh or geonets) are woven glass fibers or polymeric (polypropylene or 
polyester) filaments. They can be pressed or cut down from plastic sheets, and then post tension 
force is applied to maximize strength and modulus. Grids typically are rectangular with opening 
width from ¼ inch to 2 inches. Previously manufactured polymer grids were stiff and often buckled 
and protrude through the surface of the overlay. Some grid manufacturers have eliminated these 
problems by applying an adhesive to one side of his product. Even after that, proper positioning 
and correct installation of the grid is an essential factor for excellent performance (37). Newer self-
adhesive fiberglass grids are more flexible and make better positioning and proper installation is 
more manageable. Typically this grid has a thin membrane lamination that helps in construction 
(i.e., attach to the asphalt tack coat) but melts when the hot HMA overlay is applied. Nevertheless, 
some grids contain thin, permanent fiber strands which partially fill the apertures and adhere the 
grid to the tack coat without creating a waterproof barrier. Grids are designed to exhibit a high 
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modulus of elasticity at low strain levels such that their reinforcing benefits begin before the 
occurrence of tension failure of HMA overlay. 

Composites and Membrane: Composites are made of a laminated fabric onto a grid. For the 
composite, the fabric provides absorbency to hold the asphalt and a continuous layer to ensure 
proper adhesion between composite and the pavement surface. The grid is also designed to provide 
high tensile strength and stiffness (high modulus at low strain levels). A heavy-duty membrane is 
also a composite system, generally made of a polypropylene or polyester mesh laminated on either 
or both sides of a rubber-asphalt membrane which should be impermeable. These are usually more 
expensive than fabrics and grid, but they offer the advantages of both of them. Membranes are 
typically placed in strips on joints in concrete pavements. 

3.5.2. Stress Absorbing Membrane Interlayer (SAMI) 
A Stress Absorbing Membrane Interlayer or SAMI is a single surface treatment consisting of a 
sprayed layer of asphalt and rubber binder followed by a heated stone chips application. The binder 
is mixed in-situ, and it contains a blend of around 80% asphalt cement and 20% crumb rubber (0.6 
to 0.8 gal/yd2 asphalt rubber material). Application of a SAMI prevents reflection of cracks 
through an overlay (38). This overlay will behave independently from the underlying structure, 
which implies that, depending on its thickness, reasonable high tensile strains can be resisted the 
overlay and the overlay will act independently from the underlying structure. This thin overlays 
can be constructed instead of over thick overlays. Application of a SAMI can be made on 
pavements with a cracked top layer but with still enough bearing capacity of base and subgrade 
(39, 40). The typical thickness of the SAMI ranges between 0.35 to 0.50 inch. Barksdale et al. 
showed that SAMI could delay reflective cracking for three to five years, but it exhibited bleeding 
and rutting more frequently than with the fabrics (41). But according to Herbst et al. (40), the 
overlays using SAMI can be constructed typically about 10 percent more costly than a 
conventional overlay. 

3.6. Current Test Procedure 
The reflective cracks initiate and propagate mainly because of two reasons: the passing of traffic 
loads and the horizontal movements due to temperature change in concrete layers (42-48). Many 
authors suggested that the effect of thermal loading is more critical for reflective cracking than the 
traffic loads in an overlay (49-56). There are several numbers of tests done by the various 
researcher to understand the procreation of cracks in the overlays, and most of them were designed 
to study the different systems to arrest reflective cracks, using two layer specimens with an induced 
crack and with the anti-reflective cracking systems placed in the interface. These tests can be 
differentiated by the type of applied load (i.e., traffic loads and thermal loads). Nevertheless, there 
are tests that evaluate both of the effects of traffic and temperature variations to determine the 
effectiveness of the different anti-reflective cracking systems. Generally, the tests can be divided 
into two segments according to the scale of the test setups: 

3.6.1. Small Scale Testing 
The tests which can be conducted within the scope of a laboratory, are considered as small scale 
tests. In this type of test, typically a model specimen of the pavement section is created in the lab. 
The different effects that are responsible for reflective cracking are stimulated on that specimen to 
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understand the various reflective cracking system. The small scale tests can be differentiated in 
various categories according to the test procedures: 

Test Procedure Stimulating Vertical Load: Test procedures where the load is applied vertically, 
have the goal to stimulate the effect of traffic-induced loads. In the previous studies, the researchers 
used different methods which can be categorized into two distinct segments:  

Passing Wheel Over the Surface: It is based on the Wheel Tracking Test. This test method 
evaluates the propagation of cracks in the pavement caused by the repeated passing of wheel loads. 
In 1993, Livneh et al. (57) developed the Wheel Tracking Device where a test sample of sand 
asphalt beam is placed upon a rubber base with a rigid bottom and gap of 10 mm at the middle. A 
saw cut of 30 to 40 mm deep is introduced at the bottom of the beam as a pre-crack (see Figure 
10.a). After that, other researchers have utilized the same concept to test the samples with 
interlayers by changing the support and boundary conditions of the specimens (58, 59). Gibney et 
al. (58) restrained the sample in a steel mold and used two metal plates between the specimen and 
the support in order to prevent the crack from initiating anywhere but in the gap between the plate 
(see Figure 10(b)). 

 
Figure 10. The laboratory Wheel Tracking Device: (a) Dimensions of the setup and (b) Test setup (58, 59). 

Vertical Load in Fixed Position: In other cases, the vertical loads are applied directly to the 
specimen at a fixed location. Within this type of tests, Denolf et al. considered the effect of the 
non-centered traffic loads (60). They developed a new test method to simulate vertical load by a 
rigid prism on cement concrete slabs with an asphalt overlay. The samples used in the test, have a 
length of 60 cm and a width of 14 cm. They are composed of a cement concrete support with a 
thickness of 7 cm covered with an adhesive layer and an anti-cracking product. The reference 
sample, which was used to compare the effectiveness of the anti-reflective product, only an 
adhesive layer was used. In the end, an asphalt overlay with a thickness of 6 cm was applied as an 
overlay. A discontinuity of 4 mm wide was introduced in the middle of the cement concrete support 
to simulate the joint or a pre-crack effect. 
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Figure 11. Diagram of the test setup and the specimen under vertical loading (60). 

Test Procedure Stimulating Horizontal Tension: Another important loading is introduced to the 
overlay is due to the effect of temperature changes. In the laboratory test setup, this kind of loading 
is generally stimulated through horizontal movements of the bottom of the specimen. This 
reciprocates the mechanisms of thermal loading by opening and closing of an induced crack. These 
types of tests were performed in the Belgium Laboratory of Roads (BRRC test) (61), the ENTPE 
test (62) or the test of the University of Illinois (63). In all these tests, the effect of Mechanically 
Induced Thermal Strain on the Specimen had been measured. For example, for the test setup made 
in the University of Illinois, The testing equipment and the arrangement of the materials are shown 
in Figure 12. The testing setup consists of one fixed box and a horizontally movable box on rollers. 
A pavement section 15.2 cm wide and 2.28 m long consisting of a 12.7-cm thick PCC slab, an 
Interlayer Stress Absorbing Composite (ISAC) layer, and 6.3 cm of AC was placed on top of the 
two box sections. A hydraulic ram attached with the movable box can open and closes the PCC 
slab joint to simulate seasonal or daily temperature variations. The force exerted by the hydraulic 
ram and the relative movement between the fixed and movable box sections can be noted by a load 
cell and a Linear Variable Differential Transducer (LVDT). The entire system was placed in a 
chamber at a temperature of −1.1°C during testing.  
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Figure 12. Testing of the overlay against thermal cracking (63). 

In Texas Transportation Institute (TTI) overlay testing project (64), an upgraded overlay tester was 
developed to test smaller samples (150 mm diameter) that could be easily manufactured in the lab 
using a gyratory compactor or collect from standard field cores. The modified overlay test 
apparatus (see Figure 13) has of two steel plates, one fixed and the other can move horizontally to 
simulate the opening and closing of joints or pre-cracks in the old pavements beneath an overlay. 
In TTI, they used two setups; one is for a smaller specimen size of 15 in (375 mm) by 3 in (75 
mm) with different height; the other is for larger size specimen of 20 in (500 mm) by 6 in (150 
mm) with variable height.  

 
Figure 13. Conceptual figure of overlay tester (64). 

Test Procedure Stimulating Combination of Forces: There are some laboratory tests which 
perform the combination of the traffic and thermal loading, by applying vertical loads and 
horizontal displacements of the crack opening. Some other tests as the Reflective Cracking Device 
(65) and the test from Autun Laboratory (66), a slow horizontal displacement and a vertical cyclic 
load at a higher frequency simultaneously applied on the Specimen. Other tests like Prieto et al. 
developed the Wheel Reflective Cracking (WRC) Test (67) were bending, tensile and shear 
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stresses are produced together by mobile support on which the test specimen is placed. However, 
the thermal effect is simulated by an opening and closing movement and the traffic load through 
the continuous passing of a wheel (at a rate of 43 passes/min) on the specimen surface (see Figure 
14). They used 305mm x 305mm samples with a variable thickness ranging from 40mm to 80 mm 
for testing. They defined an empirical definition of failure based on loss of load transfer by the 
0.2mm crack movement. 

 
Figure 14. Diagram of the WRC Test (67). 

In some of the most recent studies, Moreno-Navarro and Rubio-Gámez in 2013 (68) have 
developed the UGR-FACT test where they used a new laboratory device to study the effect of 
tensile and shear stress due to the traffic loads and the tensile strains that are introduced by the 
thermal contractions. They developed a test device (see Figure 15) that proposes fatigue cracks by 
stimulating the stress that might affect the bitumen overlay during its design life. The device 
consists of a base, two sliding supports, and a load application plate. The bottom has two sloping 
surfaces and two rails that allow the sliding support to change position with any residual 
movement. With the Independent load application head and the simple geometry of the test device, 
it is straightforward to generate and measure vertical as well as horizontal deformation in the 
specimen with a dimension of 200mm x 60mm x 60mm. They have studied the behavior of 
different anti-reflective cracking systems using this method, but they had used a single frequency 
to simulate both of the effects (69). 

 
Figure 15. UGR-FACT Test Setup (68). 
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Test Procedure Stimulating Dynamic Load: Some authors (2, 69) have studied either or both 
static and dynamic loads in a single test setup to study the effectiveness of various interlayers. 
They admitted that the loading should not have a constant amplitude to study the fatigue life of the 
specimen. Torre et al. did an experimental setup where the test device combines high and low-
frequency loads, i.e., 0.005 Hz triangular load and 10 Hz senoidal load (see Figure 16) to simulate 
both thermal and traffic effects. In this case, only vertical loads are applied to simulate both effects. 
Unlike the tests carried out in other researches, here's two loads with different frequencies and 
amplitudes are superpositioned by a rigid prism of 100mm width on a relatively smaller scale 
specimen with a plan dimension of 260mm X 410mm of each layer (71). The entire loading system 
is applied on the specimen using Universal Testing Machine (UTM) which is an advantage since 
the accuracy of the applied load and frequency can be assured without any particular device or set 
up dedicated for this test. 

 
Figure 16. The diagram of: (a) Applied load frequency and (b) Test setup (71). 

3.6.2. Large Scale Testing 
In the large scale testing, the anti-reflective cracking systems are installed in different stretches of 
pavement under the same physical and loading condition. Researchers collect data from those 
pavements and conduct a comparative study of the response of the anti-reflective cracking system. 
Morian et al. conducted a study in Pennsylvania to evaluate the performance of Stress Absorbing 
Membrane Interlayer (SAMI) and cold-in-place recycling. They installed them in a total of 49 
different sections, and cost-effectiveness of these two systems was evaluated through this study 
(72). Greene et al. did a large scale testing of the feasibility of Asphalt Rubber Membrane 
Interlayer (ARMI) for the Department of Transportation, Florida (FDOT). They used Accelerated 
Pavement Technique (APT) and long-term field performance of the experimental project to 
evaluate the performance of that interlayer system. In FDOT’s ATP program, a Heavy Vehicle 
Simulator (HVS) had been used. It was capable of applying 7 to 45 kip load along a 20-feet long 
test strip (see Figure 17) (73). 
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Figure 17. HVS and APT test tracks for FDOT (73). 

3.7. ECC Interlayer System 
Engineered Cementitious Composite or ECC is a type of High-Performance Fiber-Reinforced 
Cementitious Composite (HPFRCC) with high ductility. It was initially developed for the 
applications in the cost-sensitive and construction with massive material volume usage, but for a 
decade ECC has undergone through significant evolution through a significant evolution in both 
the range of application and material development. ECC gives an extraordinarily high performance 
as an advance construction material. Comparing the behavior of conventional concrete, fiber 
reinforced concrete (FRC) and ECC under tension (see Figure 18) (74), the traditional concrete 
shows a brittle failure and the FRC exhibits a softening behavior post the first crack while a 
pseudo-strain hardening behavior in ECC is experienced under the same test conditions (75). 
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Figure 18. Typical ECC tensile stress-strain curve and multiple cracking behaviors (74). 

It provides a remarkable contribution to structural ductility, deformation capacity, strength, 
damage tolerance, and repairability (76). It also has a high shear capacity (77) and superior 
durability performance under various environmental loadings including chloride attack, sulfate 
attack, hot and humid environment, accelerated corrosion, and freezing and thawing cycles (78). 
ECC even can deliver compatible deformation with multiple small cracks width limited to below 
0.2mm. (79) while concrete and FRC failed with single localized cracking.  

Typical ECC material consists of cement, silica sand, fly ash, water, admixtures, and polymeric 
fibers (polyvinyl alcohol (PVA) fibers, polyethylene (PE) fibers, etc.). Polyvinyl Alcohol (PVA) 
fiber is a type of fiber which is made from Polyvinyl alcohol through wet spinning, heat treatment, 
and crimping-oil in the water at normal temperature. It shows good physical, mechanical property, 
and dry heat stability. Another essential characteristic of the PVA fiber is solubility in water at a 
range of temperature. Typically, it has a tensile strength between 1600 and 2500 MPa, but the cost 
is almost 1/8th of the conventional Poly Ethylene (PE) fiber. Due to its hydrophilic nature, PVA 
fiber shows strong affinity to hydroxy groups in hydrated cement and it results in strong chemical 
bond which allows tailoring of material to achieve energy and strength balances between fiber, 
matrix, and interface properties to have a higher tensile strain capacity at moderate fiber content 
(less than 2%) (80).  

While comparing to the concrete overlay system and the HMA overlay system, ECC overlay 
system reduces greenhouse gas emissions by 32% and 37%, total life cycle energy by 15% and 
72%, total life cycle energy by 15% and 72%, and costs by 40% and 58%, respectively, over the 
entire 40-year life cycle (81). But when we consider the initial cost of construction, constructing 
an entire overlay with ECC is not an economical solution due to its high material cost. The 
relatively high material cost of ECC is mostly associated with the high cost and lack of local 
availability of raw ingredients including polymer fibers and fine silica sand. and that’s why ECC 
can be installed an interlayer system instead of an overlay with locally available cost-effective 
materials.  
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In recent years, cost-effective ECC mixtures with sufficient tensile ductility were developed by a 
various researcher with locally available PVA fibers (typically with no surface oil coatings) (82) 
and local sands with coarser particle size than silica sand (83). Nevertheless, it has found that due 
to typically 2-3 times higher cement usage in the ECC than normal cement causes higher 
autogenous shrinkage, the heat of hydration and material cost. To overcome these impacts, in ECC 
design, a significant portion of cement can be replaced with industrial by-product like fly ash, slag 
and surprisingly, it does not compromise the mechanical properties of ECC; somewhat, it often 
improves the performance (84). Yang et al. (85) tested the mechanical performance of ultra-high 
volume fly ash with cement replacement up to 85% by weight. Even at such high fly ash content, 
ECC retained the tensile ductility of approximately 2 to 3% and exhibits strain capacity in the 
range of 3-5% (86) compared to 0.01% for ordinary concrete (see Figure 19). Additionally, the 
results showed that with the increment of fly ash content, crack width, and free drying shrinkage 
reduced. Matrix densification occurred due to pozzolanic property, shape, and micro-filler effect 
of fly ash. Also, the un-hydrated fly ash particles served as fine aggregate to restrain the shrinkage 
behavior (87, 88).  

 
Figure 19. Representative tensile stress-strain cure of HVFA ECC tested at 28 days (85). 

The compressive strength of ECC varies in between the range of 20-165 MPa depending on the 
design mix of the ECC, which is similar to regular concrete. The elastic modulus of ECC is around 
18-34 MPa, which is slightly lower than that of concrete as the coarse aggregates are not used in 
the ECC mix. The highly ductile tensile behavior of ECC also leads to a ductile flexural response 
(84). Due to multiple crack formation on the tension side under bending allows ECC to attain large 
curvature and deflection capacity (see Figure 20) without failure and thus it is often referred to as 
bendable concrete (89). That’s why it is hypothesized that ECC will provide the structural stability 
of the rigid interlayers and reduce the strain energy at the bottom of the overlay just like soft 
interlayers. 
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Figure 20. Flexural response of ECC (89). 

A summary of significant mechanical properties of ECC is shown in Table 1. ECC mix is tailorable 
according to specific application requirement, maintaining the feature of high tensile ductility is 
maintained, through the guidance of the micromechanics design principle.  

Table 1. Mechanical properties of ECC (90, 91). 

Compressive 
Strength 
(MPa) 

First 
Cracking 
Strength 

(MPa) 

Ultimate 
Tensile 

Strength 
(MPa) 

Ultimate 
Tensile 

Strain (%) 
 

Flexural 
Strength 

(MPa) 
 

Young’s 
Modulus 

(GPa) 
 

20-165 3-8 4-15 1-8 10-30 18-34 
 

With all above-mentioned characteristics, It has been seen that Engineer Cementitious Composite 
(ECC) has excellent potential as an interlayer system causes significant improvement at any stress 
level compared to other types of interlayers. 

 



21 
 

4. METHODOLOGY 

4.1. Materials and Specimen Preparation  

4.1.1. Hot-Mix Asphalt (HMA)  
Superpave mixture design was conducted for HMA mixture. The mix design yielded 4.75% 
optimum asphalt content for the target air void of 4%. PG64-22 and limestone aggregates were 
acquired from a local contractor. The aggregate gradation used for HMA mixture is shown in Table 
2.  

Table 2. Aggregate gradation used for the HMA mix. 

Sieve (mm) Passing (%) 

12.5 100 

9.5 94 

No. 4 85 

No. 8 68 

No. 16 46 

No. 30 25 

No. 50 14 

No. 100 8 

No. 200 3 

4.1.2. HMA Beam Specimen  
HMA beam specimens of 51mm x 51mm x 305mm were prepared using 90 kN (20 kips) dynamic 
press machine. The loose HMA mixture heated at compaction temperature of 150-degree Celsius 
was poured into a steel mold. The top plate of the dynamic press machine was allowed to sit on 
the steel compaction beam and then a ramp load of 20 kN was slowly applied. After initial 
compaction, a cyclic load using Haversine waveform was applied, where maximum and minimum 
loads were 65 kN and 2 kN, respectively. The cyclic load over the specimen was released after the 
required thickness to achieve target density was obtained. The above procedure yielded uniform 
beam specimens of about 51 ± 2 mm thickness and air void content of 4 ± 0.25%.  
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4.1.3. Engineered Cementitious Composite (ECC) 
The material used to develop ECC mixture is Type 1 Portland cement, class F fly ash, river sand, 
water, high range water reducing admixture, and Polyvinyl Alcohol (PVA) fibers. The mix 
proportion is summarized in (19). 

Table 3. Mix design of ECC (kg/m3). 

Mix ID Cement 
(gm) 

Fly Ash 
(gm) 

River Sand 
(gm) 

Water (gm) Admixture 
(gm) 

PVA Fiber 
(2% by 

Volume) 
(gm) 

FA 3.2 302 965 467 329 3.6 26 
 

To construct ECC, all the solid ingredients were thoroughly dry-mixed for 2 min. Water was then 
gradually added and mixed for another 2 min followed by a water reducer agent as per need to 
achieve a workable paste. After reaching the required consistency, fibers were added slowly and 
blended carefully for another 4 to 6 min. The mixture was then poured on plate molds of 305mm 
x 51mm x 12.5mm to prepare 12.5 mm and 6.25 mm thick ECC specimens. The ECC used in this 
study was designed based on locally available material with an average tensile strength of 2.4 MPa 
and tensile strain capacity of 2.5%. All specimens were cured for 28 days under standard laboratory 
conditions (23±3°C and 50±10% relative humidity) sealed in a plastic sheet.  

4.1.4. Portland Cement Concrete (PCC)  
A quick mix of concrete was used to prepare 51mm x 51mm x 152mm PCC beam as a base layer 
for the interlayer specimens. Two such beams 6mm apart were placed underneath the control HMA 
or ECC interlayer, representing a PCC joint under HMA layer.  

4.1.5. Control HMA and ECC Interlayer Composite Specimen  
To prepare the control specimen, the HMA and two PCC beams were preheated at 145°C for 30 
min. The HMA beam was then bonded to the two PCC beams (6 mm joint at the center) using a 
thin layer of preheated PG64-22 asphalt binder as a tack coat. A 15 kg sustained load was placed 
on the top of the HMA layer for 45 min to achieve adequate adhesion. To prepare the interlayer 
specimen, the preheated HMA beam was bonded with the ECC interlayer beam using preheated 
asphalt binder as before. The ECC beam was not heated unlike the PCC beam of control specimen. 
The HMA and ECC combined beam were then bonded with two PCC beams using epoxy glue. It 
should be noted that center span of about 150mm for ECC beam was not bonded with PCC to 
utilize maximum strain capacity of ECC interlayer. The combined thickness of ECC and HMA 
was always maintained at 50 mm. HMA beams thickness was reduced by a saw-cut before it was 
bonded to ECC. Figure 21 shows a schematic image of an ECC Interlayer specimen. 
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Figure 21. Specimen diagram: (a) Point load and (b) Distributed load. 

4.2. Test Methods  

4.2.1. Digital Image Correlation (DIC)  
DIC technique is one of the ways to measure any strain in any direction on a 2D plane for a test 
specimen. Researchers have been using this technique to measure strain development and 
propagation on laboratory test specimens recently. In this technique, the specimen face is painted 
with densely spread black dots on a white background. From the respective displacement of black 
dots (in any direction) on a white surface, the strain could be measured from the following images 
at the time loading and unloading. Hence, horizontal/vertical or shear strains could be measured 
by following images of the surface and could be corresponded to loading. Using this technique, a 
virtual extensometer could be put on any direction and strain could also be measured at that 
direction (92-95). Several researchers have used this DIC technique to study the strain 
development and propagation in different types of interlayers on pavements. With the help of the 
DIC technique, they also estimated fatigue lives of test specimens for the performance measure of 
interlayer (97-100).  

In this research, the DIC technique has been implemented to study the strain development and 
crack propagation of the HMA layer with or without ECC interlayer. With the help of the DIC 
technique, fatigue lives of the specimens were also measured, and the performance of ECC was 
evaluated.  

4.2.2. Flexural Ramp Loading Test  
At first, a flexural ramp loading test was performed on both ECC and control specimens to 
understand and compare the reflective crack development and propagation pattern. Specimens 
were supported uniformly by 12.5 mm thick rubber pad. The rubber pad was resting on a 50 mm 
thick steel base. A point load was applied at the center of the specimen at a rate of 0.5 mm/min 
(Figure 21). With the help of DIC camera, images were taken at every 0.25 s interval. These images 
were used to analyze horizontal strain distribution for the test. Triplicate specimens were tested 
for control, 6.25 mm, and 12.5 mm thick ECC interlayer under HMA beam.  

4.2.3. Flexural Fatigue Test  
Haversine load waveform with 0.1 sec of the load-unload period and 0.5 sec of rest period was 
used for fatigue test. Maximum and minimum applied cyclic loads were 1.0 kN and 0.1 kN, 
respectively. The repeated load was applied until the complete failure of the specimen. While the 
test was being conducted, continuous DIC images were obtained using the camera with an interval 
of 60 sec. With the help of DIC images, horizontal tensile strain map was drawn, and cumulative 
tensile strains were calculated to determine fatigue life for each specimen. For fatigue test under 
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distributed loading, the same load was applied to an area of 6 sq. in. (3 in. x 2 in.) in the middle of 
the specimen. 
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5. ANALYSIS AND FINDINGS  

5.1. Horizontal Tensile Strain Map From Ramp Loading Test 
For the flexural ramp-loading test, the horizontal tensile strain (Exxt) map obtained from DIC is 
shown in Figure 22. Three different time points from the beginning of the test were chosen (T1=90 
sec, T2=240 sec, T3=420 sec) for Exxt map as shown in the figures. It is worth mentioning that 
this strain is a total strain, which comprises elastic, plastic and viscous strain. Flexural Stress (ơ) 
at the bottom of the HMA layer corresponding to time is calculated and mentioned in the figure. 
It is clear that without any ECC interlayer, one single reflective crack propagates from bottom to 
top, whereas with the presence of ECC interlayer, multiple cracks propagate from the bottom of 
HMA and they join together at the time of failure. Furthermore, DIC images did not detect any 
crack in ECC interlayer at failure. It was found that the ECC interlayer specimens showed higher 
flexural stress level at failure (14 MPa) as opposed to the control specimens which failed at a stress 
level of 8.6 MPa. 

 
Figure 22. Distribution of horizontal tensile strain (Exxt) for control and ECC Interlayer specimens. 

5.2. Fatigue Life 
From the fatigue test specimens, the cumulative horizontal tensile strain (Exxc) is calculated from 
DIC images for each cycle at the bottom of the HMA layer. Location of virtual extensometer for 
Exxc calculation is shown in Figure 21 by a red line at the center-bottom of the HMA layer.  Figure 
23 illustrates a comparison of cumulative horizontal tensile strains (Exxc) as a function of load 
cycles for both ECC interlayer and control specimens. 
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Figure 23. Analysis results: (a) Cumulative tensile strain comparison and (b) Fatigue life determination. 

It can be seen in Figure 23(a) that for the same load cycle, the thicker ECC interlayer of 12.5 mm 
exhibited significantly lower Exxc values as compared to the control ones. Similarly, for the 
thinner ECC interlayer of 6.25 mm, the Exxc values were lower than the control specimens during 
higher load cycles. Since the accumulation of tensile strain at the bottom of the HMA layer was 
much lower for ECC interlayer system, it is expected that the fatigue life (Nf) for such mixtures 
will be much higher. To determine fatigue life, Exxc was plotted against the number of load cycles 
for each specimen as shown in Figure 23(b). The rate of strain accumulation was calculated and 
then plotted as a function of load cycles. It can be seen that the rate of accumulation decreased 
first, reached a minimum value and then started to increase. It is assumed that the increase in the 
rate is due to microcrack initiation and propagation. The number of load cycles at which the rate 
of cumulative tensile strain just started to increase was reported as the fatigue life of the specimen 
as shown in Figure 23(b). The fatigue lives of the control and ECC interlayer specimens were 
determined and compared as shown in Table 4. It is obvious that the ECC interlayer specimens 
exhibited approximately 70% and 140% average increase of fatigue lives, for 6.25 mm and 12.5 
mm thick ECC, respectively. This indicates that the ECC interlayers were successful in distributing 
the stresses to a wider area. Thus, resulting in lower tensile strains at the bottom of the HMA layer 
and delaying the microcrack initiation, formation of macrocracks and propagation as reflective 
cracks. 

Table 4. Summary of fatigue life of control and ECC interlayer systems under point load. 

Specimen Type Average Standard Deviation Co efficient of Variation (%) 

Control 27,400 8,950 32.66 

ECC interlayer 6.25 mm 46,500 750 1.62 

ECC interlayer 12 mm 65,000 1,850 2.85 

 
For the fatigue test specimens, the cumulative horizontal strain map comparison for control, ECC 
6.5 mm and ECC 12.5 mm interlayer at 36,000 and 84,000 cycles are shown in Figure 24. By 
36,000 cycles, the control specimen failed as the rate of strain (Exxc) accumulation started to 
increase rapidly and crack initiation was also detected by DIC. On the contrary, the ECC 6.25 mm 
specimen did not reach fatigue life as its rate of strain (Exxc) did not start increasing by this time. 
The strain map is also showing that the ECC 6.5 mm has distributed the strains (Exxc) on a wider 
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area with respect to the control specimen. Maximum strain level for ECC 6.25 mm specimen was 
slightly less than the control specimen at this stage. ECC 12.5 mm showed a significantly lower 
maximum strain (1.48%) at this stage and were not even nearer to fatigue life. ECC 12.5 mm also 
distributes the strains to a wider area like the 6.25 mm specimen. 

 
Figure 24. Distribution of horizontal tensile strain under fatigue loading. 

One single reflective crack is clearly visible at 84,000 cycles for the control specimen, but ECC 
6.25 mm specimen did not show a full depth crack at this time although the specimen exceeded its 
fatigue life. This implies that the ECC 6.25 mm specimen takes a longer time to generate a full 
crack after the crack initiation. In other words, ECC delays crack propagation and full crack 
development. Although ECC 12.5 mm exceeded its fatigue life at 84,000 cycles due to an increased 
rate of strain, it shows thin crack initiation lines at this stage. It is also noticeable that ECC itself 
did not show any crack or plastic strain in these images. 

Three ECC interlayer and three control samples were also tested under distributed loading. The 
control samples failed in reflective cracking just like the samples under point load but the ECC 
specimens did not fail in reflective crack failure. The crack initiated at the top of the specimen and 
propagated towards the bottom and showed similar strain comparison pattern (see significant 
improvement in fatigue life).  
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Figure 25. Cumulative tensile strain comparison of specimens under distributed loading. 

5.3 Cost Analysis 
For lifecycle cost analysis, the following assumptions were made: 

• The fatigue life improved by 300% for laboratory HMA specimen using the high-performance fiber 
reinforced cement composite (HPFRC) interlayer system for concentrated load condition. Even 
though it is difficult to quantify the actual field performance from laboratory data, it is expected 
that such improvements may lead to the pavement service life extension of about 100%.  

• Composite pavement with HMA application of 3.5”over PCC base for Arterial system is used in 
this comparison. 

The following calculations were made: 
• Cost of 3.5” HMA over PCC base/lane-mile = $225,000; 
• Service life of such composite pavement = 8 yr; 
• Cost of HPFRC interlayer 2’ wide placed on each Joint (16’ spacing)/ lane-mile = 

$5,000;                         
• Service life of pavement with HPFRC interlayer (100% increase) on PCC joints  = (2*8) 

= 16 yr; 
• Cost /lane-mile/year of 3.5” HMA on PCC = ($225,000/8) = $28,125; 
• Cost /lane-mile/year of 3.5” HMA with HPFRC interlayer on PCC joints = ($230,000/16) 

= $14,375; 
• Cost Reduction/lane-mile/year = ($28,125 - $14,375) = $13,750; and 
• % Reduction in Cost /lane-mile/year = ($13,750/$28,125)*100 = 49%.
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6. CONCLUSIONS 
To mitigate the reflective cracking in the HMA overlay constructed on top of deteriorated concrete 
pavement, the introduction of a thin layer of Engineered Cementitious Composite was found 
effective. For the laboratory experimentation, The improvement in the test specimens with ECC 
interlayer was evaluated under fatigue loading condition, and the result was compared with the test 
specimens without ECC interlayers without changing loading conditions. To understand the 
behavior of the ECC as an interlayer, two different bonding conditions were established, i.e., fully 
bonded and half bonded between the ECC and the PCC underlay. A Direct Image Correlation 
method was employed to study the strain maps, crack initiation and propogation.  

Based on the results and discussion, the following conclusions were made: 

• ECC interlayer significantly delays reflective crack growth by providing a firm base 
underneath the HMA. It was found that thicker ECC interlayer (12.5 mm) increased fatigue 
life by 140% while the thinner ECC interlayer (6.5 mm) showed 70% improvement under 
point load. 

• Horizontal tensile strain map as observed from DIC images for both ramp loading and 
fatigue test has illustrated that the ECC interlayer distributes the stress concentration at the 
joint to a broader area. For fatigue test, ECC reduced the tensile stress level on the bottom 
of HMA, which delayed reflective crack initiation, propagation, and acceleration. This 
delay ultimately increased the fatigue life of the ECC specimen.  

• It was found that instead of one single reflective crack as observed in the control specimen, 
ECC interlayer specimen under point load generated multiple reflective cracks, which were 
merged at failure. But in case of distributed load, ECC interlayer specimen cracks were 
generated at the top of the HMA and propagated downward.  

• ECC interlayer beam did not show any significant strain and crack during ramp loading 
and fatigue tests. It was observed that the crack initiated and propagated through the HMA 
only.  

The results of the experimentation indicate that ECC has high potential to be used as an interlayer 
system to mitigate reflective cracking in composite Pavements. However, the current study only 
focuses on small scale lab testing under repeated loadings, in order to adopt this technology in the 
field, additional evaluation such as shear or interface failure between ECC and HMA layer, and 
full scale pavement testing and validations are needed. 
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