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ABSTRACT

Hot-mix asphalt (HMA) overlay is regarded as an efficient method to rehabilitate
moderately deteriorated pavements. Despite the application of an adequately designed
overlay, when HMA overlays are built on jointed concrete pavement (JCP) or a cracked
surface, reflective cracking can develop shortly after the overlay application due to traffic
loads and environmental changes. Several remedial techniques, including interlayer
systems, have been incorporated into HMA overlays to control reflective cracking. This
study examined the behaviour of traffic-induced reflective cracking using a finite element
(FE) model for an HMA overlay with and without interlayer systems, and evaluated the
performance of interlayer systems in controlling reflective cracking. To achieve these
objectives, a three-dimensional FE model was built for a typical HMA overlay constructed
over JCP. A linear viscoelastic model and a bilinear cohesive zone model (CZM) were
incorporated into the FE model to characterize continuum and fracture behaviour of the
HMA. Using the bilinear CZM, reflective cracking initiation and propagation were
simulated. Transient moving vehicular loading was applied across a joint to develop
reflective cracking. In order to force reflective cracking development by one pass of load
application, various levels of overload were applied. Two distinct interlayer systems, sand
mix and steel netting with slurry seal, were examined for their effectiveness in controlling
reflective cracking. The sand mix was modelled with the LVE model and bilinear CZM. The
steel netting interlayer system was modelled with beam elements for steel wires and
membrane elements for slurry seal To quantify the status of reflective cracking development,
a representative fractured area (RFAq.), that is equivalent stiffness degradation in the
entire HMA overlay, was used. A limit state load approach was used to determine the
resistance of the HMA overlay to reflective cracking in terms of normalized axle load of an
overload equivalent to an 80-kN single-axle load. The service life of the HMA overlay
regarding reflective cracking was specified by the number of load repetitions based on the
Paris law. A reflective cracking control factor was defined as the ratio of the service life to
the HMA overlay without an interlayer system; the factor was used to evaluate the
performance effectiveness of these interlayer systems in controlling reflective cracking.

It was found that the bearing capacity of existing JCP played an important role in
developing reflective cracking. Reflective cracking potential increased inversely with the
modulus of base and sub grade layers. Interface bonding conditions, especially bonding
strength, affected the development of reflective cracking. Lower interface bonding strength
resulted in greater potential for developing reflective cracking. The study concluded that the
sand mix interlayer system extended the service life of the HMA overlay regarding reflective
cracking due to its relatively high fracture energy. A macro-crack level of reflective
cracking was initiated in the wearing course in the HMA, so-called crack jumping. The
softer the sand mix, the tougher it may be, but it may cause shear rutting in HMA overlay.
Hence, sand mix fracture energy and thickness thresholds should be identified. The steel
netting interlayer system performed better than the sand mix; the performance of the latter
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is thickness and fracture energy dependent. When the steel netting interlayer system was
installed properly, the reflective cracking service life of the HMA overlay was found to be
six times longer than that of the HMA. The performance was still better than sand mix when
localized deboning induced. However, severe de-bonding of steel netting can be detrimental
to its performance

Keywords: Hot-Mix Asphalt (HMA), Jointed Concrete Pavement (JCP), cohesive zone
model (CZM). representative fractured area (RFAoL

1. Introduction
1.1 Reflective Cracking

Pavement rehabilitation is needed to restore the structural and/or functional capacity of
deteriorated pavements. Typical pavement rehabilitations include restoration, recycling,
resurfacing, and reconstruction. The proper rehabilitation method is determined based on the
type and condition of the existing pavement. For a moderately deteriorated Portland cement
concrete (PCC) pavement, resurfacing existing pavement with a relatively thin hot-mix
asphalt (HMA) layer, known as an HMA overlay, is regarded as an efficient method. HMA
overlays are designed to support anticipated traffic volume over a specific period of time.
Despite the application of an adequately designed overlay, when HMA overlays are built on
a jointed concrete pavement (JCP) or a cracked surface, reflective cracking can develop
shortly after the overlay application. Coupled with the presence of discontinuities in existing
pavement, reflective cracking in HMA is caused by traffic loads and environmental changes
that result in a large amount of movement in the HMA overlay at the discontinuities. Hence,
stresses in the HMA overlay are intensified in the vicinity of discontinuities. Since the
cracks become an extension of these discontinuities, this process is called reflective (or
reflection) cracking. Reflective cracking is classified into four types: transverse, centreling,
“D,” and widening reflective cracking (Miller and Bellinger, 2003). Transverse reflective
cracking occurs directly over a contraction joint of underlying JCP. The location of the
reflective cracking coincides approximately with the JCP transverse joint. Centreline and
widening reflective cracking are parallel to traffic direction. Several remedial techniques
have been incorporated into HMA overlays to control reflective cracking, including placing
a thin layer at the interface between an existing pavement

1.2 Problem Statement

Considerable research has been conducted to explain the behaviour of reflective cracking
and to examine the performance of interlayer systems using mechanical and empirical
methods. These approaches have advantages as well as drawbacks. In field crack surveys,
the behaviour of reflective cracking in its early stages of crack initiation and propagation
cannot be examined explicitly, since reflective cracking cannot be observed until it reaches
the HMA overlay surface. Field tests have other inherent limitations, including high
variability. Laboratory tests overcome some field limitations by controlling for material
quality, loading characteristics, temperature, and specimen geometry; however, laboratory
tests are limited in simulating real-life conditions.

Mechanistic approaches using a layered theory and a finite element (FE) analysis may allow
predictions of the pavement response to loading. Compared to layered theory, FE analysis is
superior in modelling complicated geometry for interlayer systems and moving traffic
loading, allowing it to provide more insights into the development of reflective cracking
under various loading conditions. However, conventional FE analysis, which is based on
continuum mechanics, has been unable to capture the fracture behaviour of HMA overlays
directly. HMA failures have been predicted using transfer functions based on empirical
methods.
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Fracture mechanics based FE analysis can be used to address the drawbacks of conventional
FE analysis. The fracture mechanics approach has been also applied to predict fracture
behaviour of HMA using a stress intensity factor (SIF) and the path-independent J-integral
in a vicinity of a crack. Recently, a cohesive zone model (CZM) has been adapted to
facilitate modelling the entire crack process for HMA pavements (Jeng and Perng, 1991;
Soares et al., 2003; Paulino et al., 2004; Song, 2006; Baek and Al-Qadi, 2008; Kim et al.,
2009). This adaptation has made it possible to predict the fracture behavior of HMA
overlays under stationary traffic loading and temperature variation. To date, the fracture
behaviour of HMA overlays under more realistic traffic loading has not been investigated.
Also, the performance of interlayer systems depends on the circumstances of HMA overlay
design and installation conditions.

1.3 Research Objectives

The principal objectives of this study were to examine the behaviour of traffic-induced
reflective cracking using an FE model for an HMA overlay with and without interlayer
systems, and to evaluate the performance of interlayer systems in controlling reflective
cracking. To achieve these objectives, a typical HMA overlay constructed over a JCP was
modelled and a moving traffic loading was applied across a joint. Crack initiation and
propagation were modelled in an HMA overlay using a bilinear CZM. Two distinct
interlayer systems, sand mix and steel netting, were examined for their effectiveness in
resisting reflective cracking.

2. HOT-MIX ASPHALT OVERLAY PAVEMENT MODEL
2.1 Three-Dimensional Hot-Mix Asphalt Overlay Pavement Modeling
2.1.1 Geometry and boundary condition

A three-dimensional FE model was built for a typical HMA overlay placed on a JCP. Figure
4.1 illustrates the HMA overlay pavement model (Baek and Al-Qadi, 2009). This pavement
has four layers: an HMA overlay 57 mm thick, two concrete slabs 200 mm thick, a base
layer 150 mm thick, and a subgrade layer 10,000 mm thick. The HMA overlay consists of a
leveling binder 19 mm thick and a wearing surface layer 28 mm thick. A full-cut
construction joint 6.4 mm wide was made in transverse direction to be a vulnerable structure
regarding reflective cracking, and joint spacing was 6.0 m. To make it more critical to
reflective cracking, no dowel bars or aggregate interlocking are considered in this pavement
model, but the effect of joint stiffness is examined. The dimensions of a one-lane concrete
slab are 6.0 m in length and 3.6 m in width. Since one concrete slab is geometrically
symmetric with respect to the center of the slab, one quarter of the slab was chosen to
simplify the pavement model. When moving vehicular loading is applied on the HMA
overlay, the symmetric condition is not valid along the longitudinal direction. Because only
local behaviors in the HMA overlay in the vicinity of the joint far from the boundary are
investigated, the symmetric condition assumes to be held for more efficient computation.
Symmetric boundary conditions were applied accordingly to the three faces surrounding the
two concrete slabs. Three-dimensional linear infinite elements (CIN3D8) were used at a far-
field zone. To set zero-deformation and to minimize reflection of stress wave, called a
“quiet” boundary condition for dynamic analysis. Tangential behaviors at pavement
interfaces were controlled by the Coulomb friction model, which has been used often in
pavement modeling (Yoo and Al-Qadi, 2006). A friction coefficient of 1.0 was assumed for
all pavement interfaces except a wearing surface-leveling binder interface, where the
bonding condition can be regarded as excellent. A “rough” tangential condition was adapted
to the interface by imposing an infinite friction coefficient. No separation in normal
direction was allowed in this friction model once two interfaces were contacted. This
interface condition is appropriate for conventional pavement modeling in which no
debonding is assumed to occur. However, it may not be ideal for the HMA overlay
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pavement model, because slipping and debonding may occur at an HMA-concrete interface.
In future studies, more realistic interface models to simulate slipping and debonding shall be
used. To ensure the effect of boundary conditions applied to the quarter-scale pavement
model on pavement responses of interest, pavement responses calculated from the quarter-
scale pavement model are compared with those from a full-scale pavement model. The
geometry and boundary conditions of full-scale and quarter-scale pavement models. The
two pavement models consist of the same layers of HMA overlay 57 mm thick, JCP 200
mm thick, base 150 mm thick, and subgrade 10000 mm thick. The size of the full-scale
pavement model is 12 m long in the traffic direction, 12 m wide in the transverse direction,
and 10 m deep. Each concrete slab is 6 m in length and 3.6 m in width in the full-scale
pavement model. Fixed boundary conditions (ux = u, = u, =0, [y = [Iy = [, = 0) are
imposed on four outer planes of the subgrade in the full-scale pavement model. The two
sides of the HMA overlay, JCP, and base are set to move freely. For the quarter-size
pavement model, in contrast, the x-axis symmetric boundary condition (u, =0, "Iy = [, =0)
is given to the two x-z planes, and the y-axis symmetric boundary condition (ux=0, [, = [,
=0) is given to the y-z plane. Pavement responses of HMA overlay by an 80-kN single-axle
dual-tire loading in the full-scale and quarter-scale pavement models are compared. Surface
deflections on the HMA overlay directly over the joint along the entire HMA overlay width
of 3.6 m. As expected, surface deflections are symmetric to the longitudinal center line of
the pavement in the full-scale pavement model. In addition, transverse, longitudinal, and
vertical strains are computed at the bottom of the HMA overlay for the full- and quarter-
scale. For the half width of the pavement of L of 1.8 m, all strain values of the quarter-size
pavement model are fairly identical to those of the full-scale pavement model. Hence, it is
valid to apply the axis symmetric boundary condition to the quarter-size pavement model.

2.2 Interlayer System Modeling

Three HMA overlay designs were modeled to evaluate the effectiveness of the interlayer
system in controlling reflective cracking. The three HMA overlay alternatives. The HMA
overlay model described in the previous section is a control section having no interlayer
system.

In addition, it is built on two alternative HMA overlays where sand mix and steel netting
interlayer systems are used, while the three HMA overlays have the same structure and
materials, with the exception of the following:

Design A (control section): The leveling binder HMA consists of 9.5 mm NMAS of
aggregates and PG 64-22 unmodified asphalt binder; Design B (sand mix section): The
leveling binder layer is replaced with the sand mix interlayer system whose NMAS is 4.75
mm, and PG 78-28 polymer modified binder is used and Design C (steel netting section):
Steel netting interlayer system is placed beneath the leveling binder.

2.3 Steel netting interlayer system modeling

The steel netting interlayer system consists of two major components to be modeled: steel
netting and slurry seal. The steel netting has a hexagonal woven grid structure. The
dimension of a single aperture of the steel netting is 120 mm traffic direction by 80 mm in
transverse direction. In addition, transverse reinforcing bars are placed in a spacing of 240
mm in traffic direction. Each component of the steel netting is modeled with a beam
element. Two-node linear beam elements (B31) are assigned for the single wires and three-
node quadratic beam elements (B32) are assigned for the double-twisted wires and
reinforcing bars. The beam elements have a circular cross section. The diameter is 2.7 mm
for single wires, 5.4 mm for double-twisted wires, and 4.9 mm for reinforcing bars (Elseifi
and Al-Qadi, 2005a). The linear elastic material property for the beam elements is presented
in Table 4.2. The slurry seal is modeled with membrane elements that can carry in-plane
force. In the steel netting system, slurry seals have the important roles of providing better
bonding to surrounding layers, protecting the steel netting, and absorbing strain energy.
From a modeling point of view, the protective function is not necessarily realized. While
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slurry seals can absorb strain energy, this effect can conservatively be assumed to be
insignificant. Slurry seal is used in the steel netting interlayer system to specify bonding
conditions at two interfaces at which the steel netting is attached. Two different interface
conditions are assumed: the steel netting is attached perfectly to the HMA overlay and
normally to the concrete surface. The steel netting is embedded into the slurry seal layer by
sharing its nodes with the membrane elements. For the perfect bonding condition, a “tied”
constraint is applied to the upper surface of the membrane elements and the bottom of the
HMA overlay, so no slip or debonding occurs at the steel netting/HMA interface. Interface
conditions between the steel netting interlayer system and concrete surface are controlled by
the Coulomb friction model, similar to the other interfaces in this pavement model. The
slurry seal was assumed to have a low modulus of 1.0 GPa at -10°C.

3.0 Hot-Mix Asphalt Overlay Behavior at a Joint

Stress analysis was conducted to examine potential problems due to traffic loading in the
HMA overlay without interlayer systems (System A). Stress distributions induced at the
vicinity of the concrete joint in HMA and concrete slabs as moving loading is applied. To
examine critical responses, stress distributions were captured at a middle-cut cross section in
a y-z plane under the wheel path. In the Cartesian coordination used in this study, x, y, and z
axes indicate transverse direction, longitudinal (or traffic) direction, and depth, respectively.
When traffic loading approaches the joint, compressive (negative) vertical stresses (/1)
occur under the loading, and higher tensile (positive) (1 and 1y,) and shear ("1,,) stresses
are concentrated at the top of the approaching concrete slab. This results from the flexural
behavior of the approaching concrete slab near the joint. As shown in Figure 5.1(a), if the
tensile stress at the HMA-concrete interface reaches its bonding and/or shear strength,
traffic loading can induce debonding and/or delamination at the interface.

3.1 Limit state load approach

In the limit state load approach, one pass of an overload is applied in order to force
reflective cracking in the HMA overlay. A total axle load of the overload is amplified,
keeping the same speed, contact area, and normalized vertical contact stress distribution of
the 80-kN, single-axle, dual-assembly tire used in the previous analysis (see section 4.21). A
limit state load is determined when a macro-crack level of reflective cracking occurs in the
entire cross section of the HMA overlay. The limit state load can represent the capacity of
the HMA overlay to withstand reflective cracking. The relationship between the overload
and the number of load repetitions is established by the standard 80-kN axle load based on
the Paris-Erdogan law. The service life of the HMA overlay related to reflective cracking is
estimated in terms of the number of load repetitions. Figure 5.4 summarizes the limit state
load approach.

3.2 Effect of Bearing Capacity on Reflective Cracking Development

Evaluation of existing pavement conditions plays an important role in the design of HMA
overlay. Depending on the level of deterioration, an appropriate pre-overlay treatment must
be performed prior to construction of the HMA overlay. In addition, structural capacity of
the existing pavement is used to determine the thickness of the HMA overlay, taking into
consideration its overall structural integrity of the HMA overlay. However, the structural
HMA overlay design does not account for reflective cracking localized behavior of the
HMA overlay, especially in the vicinity of the joint of existing concrete pavements,
although it is relevant to the development of reflective cracking, especially due to traffic
loading. Hence, it is necessary to examine the effect of joint condition of existing jointed
concrete pavements (JCP) on the behavior of reflective cracking.
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4. CONCLUSIONS

In this study, a three-dimensional FE model was built for an HMA overlay on an existing
JCP. By integrating a LVE model and bilinear CZM, continuum and fracture behaviors of
HMA were characterized. Transient moving vehicular loading was applied to develop
reflective cracking. In order to force reflective cracking development by one pass of load
application, various levels of overload were applied. The magnitude of the overload was
converted to an equivalent number of load repetitions of an 80-kN axle load based on the
Paris law. The development of reflective cracking was quantified using representative
fractured area (RFA), an equivalent stiffness degradation parameter, and a fracture energy
damage parameter that indicates fracture energy dissipation. Two types of interlayer systems
were selected: sand mix and steel netting interlayer systems. The sand mix was modeled
with the LVE model and bilinear CZM. Compared to the leveling binder, the modulus was
relatively lower but fracture energy was higher. The steel netting interlayer system was
modeled with beam elements for steel wires and membrane elements for slurry seal. To
simulate ideal field installation conditions, steel netting interlayer systems were assumed to
bond perfectly to the HMA. The performance effectiveness of the interlayer systems was
evaluated in terms of the reflective fracture resistance factor, '/,, defined as a ratio of the
number of load repetitions of the HMA with an interlayer system to the HMA without
interlayer system.

Using the FE model, this study provided a better understanding of the fracture mechanism in
the HMA overlay over JPC due to moving vehicular loading, as well as understanding of the
reflective cracking control mechanism of sand mix and steel netting interlayer systems.
Under various conditions, the development of reflective cracking was examined and the
performance of interlayer systems was evaluated. The main conclusions of this study
include the following:

The bearing capacity of existing JCP plays an important role in the development of
reflective cracking. The potential for reflective cracking increases inversely with the
modulus of base and subgrade layers. Hence, reflective cracking becomes a critical distress
when the bearing capacity of an existing JCP is insufficient.

Interface bonding conditions, especially bonding strength, affect the development of
reflective cracking. The lower the interface bonding strength, the greater the potential for
reflective cracking. On the other hand, interface stiffness insignificantly affects the
development of reflective cracking.

The sand mix interlayer system is sufficiently effective in controlling reflective cracking.
The sand mix interlayer system extends the service life of the HMA overlay in terms of
reflective cracking. The increase in service life depends on fracture energy of the sand mix.
The softer the sand mix, the tougher it may be, but it may cause shear rutting in HMA
overlay. Hence, sand mix fracture energy and thickness thresholds should be identified.
Also, as the bearing capacity of existing JCP increases, the performance effectiveness of the
sand mix interlayer system gradually decreases, but service life enhancement becomes
greater.

Due to higher fracture tolerance of the sand mix, macro-crack level of reflective cracking is
initiated in the wearing course in the HMA, so-called crack jumping. In some cases, the
crack jump phenomenon can play an important role in the performance of the HMA overlay
because it can prevent both penetration of moisture into underlying pavement layers as well
as material loss by pumping.

The performance of the steel netting interlayer system is superior to that of the sand mix.
When the steel netting interlayer system is installed properly, the reflective cracking service
life of the HMA overlay was found to be six times longer than that of the HMA. Local
interface debonding at a joint negatively affects controlling reflective cracking initiation, but
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the steel netting interlayer system is still efficient to retard reflective cracking. Due to
improper installation, severe debonding at the interface between the steel netting interlayer
system and surrounding layers could significantly reduce control of reflective cracking.

5. References:

[1] M Balamurugan & R Santhosh (2017), “Influence of Egg shell Ash on the Properties of Cement”, Imperial
Journal of Interdisciplinary Research, 2017.

[2] D.Gowsika, S.Sarankokila, K.Sargunan (2014), Experimental Investigation of Egg Shell Powder as Partial
Replacement with Cement in Concrete” International Journal of Engineering Trends and Technology
(JETT) —Volumel4 Number 2-Aug2014.

[3] N. Parthasarathi, M. Prakash ,K. S. Satyanarayanan, “Experimental study on partial replacement of cement
with egg shell powder & silica fume”, Rasayan J. Chem., 10(2), 442 - 449(2017)

[4] 1S 10262:2009, Bureau of Indian Standards, New Delhi, India.
[5] IS 456:2000 ,Bureau of Indian Standards, New Delhi, India.
[6] Bureau of Indian Standards, IS 4031 : 1968, For Determining the properties of Cement.

[7] Mohamed Ansari M, Dinesh Kumar M, Milan Charles J, Dr.Vani G, “Replacement of Cement using Eggshell
Powder” SSRG International Journal of Civil Engineering (SSRG-IJCE) —Volume3 Issue3—March2016.

[8] Dr.Amarnath Yerramala “Properties of concrete with eggshell powder as cement replacement”. The Indian
concrete journal october 2014.

[9] DivyaB, Vasanthavalli K, Ambalavanan R, “Investigation on Cement Concrete at Mixed With Egg Shell
Powder “International Journal of Innovative Research in Science, Engineering and Technology Vol. 6,
Issue 3, March 2017.

[11] Aktan, A.E., Catbas, F.N., Grimmelsman, K.A. and Tsikos, C.J. (2000). “Issues in Infrastructure Health
Monitoring for Management”, Journal of Engineering Mechanics, 126(7): 711-724.

[12] Adams, R.D., Cawley, P., Pye, C.J. and Stone, B.J. (1978). “A Vibration Technique for Non-Destructively
Assessing the Integrity of Structures”, Journal of Mechanical Engineering Science, 20: 93-100.

[13] B. Savet Divsholi, and Y. Yang, “Application of PZT Sensors for Detection of Damage Severity and
Location in Concrete”, Proc. of the SPIE, The International Society for Optical Engineering, vol. 7268,
art.no. 726813, 2008.

[14] Bing Chen, J. L. ( November 2008). Damage in carbon fiber-reinforced concrete, monitored by both
electrical resistance measurement and acoustic emission analysis. Construction and Building Materials ,
2196-2201.

[15] Cao Jingyao, Chung D.D.L. “Degradation of the bond between concrete and steel undercyclic shear loading,
monitored by contact electrical resistance measurement” Composite Materials Research Laboratory, State
University of New York at Buffalo, Buffalo, NY 14260-4400, USA

[16] C. Lee, and S. Park, “De-Bonding Detection on a CFRP Laminated Concrete Beam Using Self Sensing-
Based Multi-Scale Actuated Sensing with Statistical Pattern Recognition”, Advances in Structural
Engineering, vol. 15(6), pp. 919-927, 2012.

[17] C. P. Providakis, D.-P. N. Kontoni, M. E. Voutetaki, and M. E. Stavroulaki, “Comparisons of Smart
Damping Treatments Based On FEM Modeling of Electromechanical Impedance”, Smart Structures and
Systems, vol. 4(1), pp. 35-46, 2008.

[18] C.P. Providakis, and E. Liarakos, “T-WIEYE: An Early-Age Concrete Strength Development Monitoring
and Miniaturized Wireless Impedance Sensing System”, Procedia Engineering, vol.10, pp. 484- 489, 2011.

[19] C.P. Providakis, and M. E. Voutetaki, “Electro-mechanical Admittance Based Damage Identification Using
Box-Behnken Design of Experiments”, Structural Durability and Health Monitoring, vol.3 (4), pp. 211-227,
2007.

[20] El-Borgi, S., Choura, S., Ventura, C., Baccouch, M. and Cherif, F. (2005). “Modal Identification and Model
Updating of a Reinforced Concrete Bridge”, Smart Structures and Systems, 1: 83-101.

[21] Esteban, J. (1996). “Analysis of the Sensing Region of a PZT Actuator-Sensor”, Ph.D. Dissertation,
Virginia Polytechnic Institute and State University, Blacksburg, VA.Fairweather, J.A. (1998). “Designing
with Active Materials: An Impedance Based Approach”, Ph.D. Thesis. Rensselaer Polytechnic Institute,
New York.

Volume 8, Issue X1, NOVEMBER/2018 Page No:501



International Journal of Management, Technology And Engineering ISSN NO : 2249-7455

[22] Farrar, C.R. and Jauregui, D.A. (1998). “Comparative Study of Damage Identification Algorithms Applied
to a Bridge: I. Experiment”, Smart Materials and Structures, 7(5): 704-719.

[23] Giurgiutiu, V. and Zagrai, A.N. (2002). “Embedded Self-Sensing Piezoelectric Active Sensors for On-Line
Structural Identification”, Journal of Vibration and Acoustics, ASME, 124: 116-125.

[24] Giurgiutiu, V., Redmond, J., Roach, D. and Rackow, K. (2000). “Active Sensors for Health Monitoring of
Ageing Aecrospace Structures”, Proceedings of the SPIE Conference on Smart Structures and Integrated
Systems, SPIE 3985: 294-305.

[25] J. Wolf, S. P. (2015). Detection of crack propagation in concrete with embedded ultrasonic sensors. fracture
mechanics .

[26] Kabir Md. Rashedul, Islam Md. Mashfiqul September 2014 “Bond stress behavior between concrete and
steel rebar: Critical investigation of pull-out test via Finite Element Modeling” International Journal for
Computational Civil and Structural Engineering.

[27] Kamada, T., Fujita, T., Hatayama, T., Arikabe, T., Murai, N., Aizawa, S. and Tohyama, K. (1997). “Active
Vibration Control of Frame Structures with Smart Structures Using Piezoelectric Actuators (Vibration
Control by Control of Bending Moments of Columns)”, Smart Materials and Structures, 6: 448-456.

[28] Kumar, S. (1991). “Smart Materials for Accoustic or Vibration Control”, Ph.D. Dissertation. Pennsylvania
State University, USA.

[29] Lee C, Park S; De-bonding detection on a CFRP laminated concrete beam use self-sensing based multi-
scale actuated sensing with statistical pattern recognition. Advances in Structural Engineering.
2012;15(6):919-927.

[30] Lynch, J.P., Partridge, A., Law, K.H., Kenny, T.W., Kiremidjian, A.S. and Carryer, E. (2003). “Design of
Piezoresistive MEMS-Based Accelerometer for Integration with Wireless Sensing Unit for Structural
Monitoring”, Journal of Aerospace Engineering, 16(3): 108-114.

[31] Abaqus. (2007). Abaqus/Standard User’s Manual Version 6.7, ABAQUS, Inc., Palo Alto, CA. Asphalt
Institute. (1993). “Asphalt overlays for Highway and Street Rehabilitation,” ManualSeries No. 17 (MS-17),
The Asphalt Institute, College Park, MD.

[32] Al-Qadi, I. L. (2007). “Reflective cracking: Initiation and propagation mechanisms,” Presented at the 5th
International Conference on Maintenance and Rehabilitation of Pavements and Technological Control (M
AIREPAVS), Park City, UT.

[33] Al-Qadi, I. L., Elseifi, M. A., and Loulizi, A. (2000). “Geocomposite membrane effectiveness in flexible
pavements,” Final Report Project TRA-00-002, The Roadway Infrastructure Group, Virginia Tech
Transportation Institute, Blacksburg, VA.

[34] Al-Qadi, 1. L., Elseifi, M. A., and Leonard, D. (2003). “Development of an overlay design model for
reflective cracking with and without steel reinforcement,” Journal of the Association of Asphalt Paving
Technologists, VVol. 72, pp. 388 —423.

Volume 8, Issue X1, NOVEMBER/2018 Page No:502



